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Foreword 

The purpose of this briefforeword is unchanged 
from the first edition; it is simply to make you, 
the reader, hungry for the scientific feast that 
follows. These four volumes on the prokaryotes 
offer an expanded scientific menu that displays 
the biochemical depth and remarkable physi
ological and morphological diversity of prokar
yote life. The size ofthe volumes might initially 
discourage the unprepared mind from being at
tracted to the study of prokaryote life, for this 
landmark assemblage thoroughly documents 
the wealth of present knowledge. But in con
fronting the reader with the state of the art, the 
Handbook also defines where more work needs 
to be done on well-studied bacteria as well as 
on unusual or poorly studied organisms. 

This edition of The Prokaryotes recognizes 
the almost unbelievable impact that the work 
of Carl Woese has had in defining a phylogenetic 
basis for the microbial world. The concept that 
the ribosome is a highly conserved structure in 
all cells and that its nucleic acid components 
may serve as a convenient reference point for 
relating all living things is now generally ac
cepted. At last, the phylogeny of prokaryotes 
has a scientific basis, and this is the first serious 
attempt to present a comprehensive treatise on 
prokaryotes along recently defined phylogenetic 
lines. Although evidence is incomplete for many 
microbial groups, these volumes make a state
ment that clearly illuminates the path to follow. 

There are basically two ways of doing re
search with microbes. A classical approach is 
first to define the phenomenon to be studied and 
then to select the organism accordingly. An
other way is to choose a specific organism and 
go where it leads. The pursuit of an unusual 
microbe brings out the latent hunter in all of 
us. The intellectual challenges of the chase fre
quently test our ingenuity to the limit. Some
times the quarry repeatedly escapes, but the fi
nal capture is indeed a wonderful experience. 

For many of us, these simple rewards are suf
ficiently gratifying so that we have chosen to 
spend our scientific lives studying these unusual 
creatures. In these endeavors many of the strat
egies and tools as well as much of the philos
ophy may be traced to the Delft School, passed 
on to us by our teachers, Martinus Beijerinck, 
A. J. Kluyver, and C. B. van Niel, and in turn 
passed on by us to our students. 

In this school, the principles of the selective, 
enrichment culture technique have been devel
oped and diversified; they have been a major 
force in designing and applying new principles 
for the capture and isolation of microbes from 
nature. For me, the "organism approach" has 
provided rewarding adventures. The organism 
continually challenges and literally drags the in
vestigator into new areas where unfamiliar tools 
may be needed. I believe that organism-oriented 
research is an important alternative to problem
oriented research, for new concepts of the future 
very likely lie in a study of the breadth of mi
crobiallife. The physiology, biochemistry, and 
ecology of the microbe remain the most pow
erful attractions. Studies based on classical 
methods as well as modern genetic techniques 
will result in new insights and concepts. 

To some readers, this edition of the The Pro
karyotes may indicate that the field is now ma
ture, that from here on it is a matter of filling 
in details. I suspect that this is not the case. 
Perhaps we have assumed prematurely that we 
fully understand microbial life. Van Niel 
pointed out to his students that-after a lifetime 
of study-it was a very humbling experience to 
view in the microscope a sample of microbes 
from nature and recognize only a few. Recent 
evidence suggests that microbes have been 
evolving for nearly 4 billion years. Most cer
tainly those microbes now domesticated and 
kept in captivity in culture collections represent 
only a minor portion of the species that have 
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evolved in this time span. Sometimes we must 
remind ourselves that evolution is actively tak
ing place at the present moment. That the eu
karyote cell evolved as a chimera of certain 
prokaryote parts is a generally accepted concept 
today. Higher as well as lower eukaryotes 
evolved in contact with prokaryotes, and evi
dence surrounds us of the complex interactions 
between eukaryotes and prokaryotes as well as 
among prokaryotes. We have so far only 
scratched the surface of these biochemical in
terrelationships. Perhaps the legume nodule is 
a pertinent example of nature caught in the act 
of evolving the "nitrosome," a unique nitrogen
fixing organelle. Study of prokaryotes is pro
ceeding at such a fast pace that major advances 
are occurring yearly. The increase of this edition 
to four volumes documents the exciting pace of 
discoveries. 

To prepare a treatise such as The Prokaryotes 
requires dedicated editors and authors; the task 

has been enormous. I predict that the scientific 
community of microbiologists will again show 
its appreciation through use of these volumes
such that the pages will become "dog-eared" 
and worn as students seek basic information for 
the hunt. These volumes belong in the labora
tory, not in the library. I believe that a most 
effective way to introduce students to micro
biology is for them to isolate microbes from 
nature, i.e., from their habitats in soil, water, 
clinical specimens, or plants. The Prokaryotes 
enormously simplifies this process and should 
encourage the construction of courses that con
tain a wide spectrum of diverse topics. For the 
student as well as the advanced investigator 
these volumes should generate excitement. 

Happy hunting! 

Ralph S. Wolfe 
Department of Microbiology 

University of Illinois at Urbana-Champaign 



Preface 

In 1962 R. Y. Stanier and C. B. van Niel for
mulated the view that bacteria represented a 
definable, biologically coherent group of organ
isms called the prokaryotes. They pointed out 
that, up to that time, "the abiding intellectual 
scandal ofbacteriology has been the absence of 
a clear concept of a bacterium" (Archiv fur Mi
krobiologie 42:17-35, 1962). In addition to for
malizing the distinction between the eukaryotes 
and the prokaryotes, Stanier and van Niel also 
emphasized the diversity of the prokaryotes. 

The early view of Ferdinand Cohn that bac
teria were simply a group of unicellular micro
organisms that divide by binary fission had 
gradually been supplanted, so that by 1962, 
Stanier and van Niel could point out that bac
teria were "photosynthetic or non-photosyn
thetic; motile by any one of three different 
mechanisms or permanently immotile; unicel
lular, multicellular or coenocytic; multiplying 
by binary transverse fission, or by formation of 
gonidia or conidia." Although Stanier and van 
Niel never actually defined the bacteria as a 
group, their seminal article explicitly empha
sized the wide variety of metabolic, physiolog
ical, and morphological types among the bac
teria, a variety which was reflected in cellular 
organization, modes of cell division, mecha
nisms of locomotion, and patterns of energy
yielding metabolism. Nevertheless, the succeed
ing decades saw a narrowing of the scope of 
research on the bacteria, since the incredible 
power and successes of molecular biology re
quired intense study of only a few suitable 
model organisms. The hypothesis that there was 
a small group of typical bacteria whose mech
anisms and processes were accurately repre
sentative of the bacteria as a whole became tac
itly accepted. Most areas ofhuman activity have 
a dialectic quality, and the evolution of scien
tific ideas is no exception. Thus, the narrow fo
cus on a small group of bacteria is now being 

broadened to recognize new mechanisms, new 
strategies for coping with the environment, 
newly expanded limits to the abilities of the 
microbe, and new experimental systems. The 
publication in 1981 of the first edition of The 
Prokaryotes played an important role in this 
broadening of the perspective of the microbial 
world. Ten years later, the second edition con
tinues to emphasize the diversity of the pro
karyotes while adding the entirely new per
spective of prokaryotic phylogeny. As far as 
possible, in this edition the chapters dealing 
with individual groups and genera of bacteria 
are arranged in strictly phylogenetic order. 

The pioneering work of Carl Woese in cata
loging and sequencing the ribosomal ribonu
cleic acid of prokaryotes has, for the first time 
in the history of biology, provided a means of 
establishing a truly phylogenetic system for liv
ing organisms-a goal previously thought to be 
impossible. The use of the oligonucleotide se
quences of 16S rRNA as a molecular/evolu
tionary chronometer has revealed unsuspected 
phylogenetic affiliations. Furthermore, it has 
shown that the uniform concept of the prokar
yotes must give way to a dichotomy dividing 
the prokaryotes into two groups (the archae
bacteria, or Archaea, and the eubacteria, or Bac
teria) no more closely related to each other than 
either of them is to the eukaryotes. In essence, 
the molecular approach has added an entirely 
new dimension to prokaryotic diversity, pro
viding a fascinating opportunity for gaining in
sight into the origin of life. 

The work of Woese and his coworkers has 
uncovered so many inconsistencies in classical 
prokaryotic systematics that an entirely new 
system for the taxonomy of the prokaryotes will 
undoubtedly emerge. These phylogenetic con
clusions, drawn mainly from 16S rRNA analy
ses, have been strongly supported by nucleic 
acid hybridization studies and comparative se-
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quence analysis of 23S rRNA, of the beta sub
unit of adenosine triphosphatase, and of the 
elongation factor Tu. The phylogenetic rela
tionships ofbacteria are also reflected by studies 
of chemotaxonomic markers such as peptido
glycan and lipid. 

A reader familiar with the first edition of The 
Prokaryotes will note that, in the new edition, 
the subtitle has been changed from "A Hand
book on Habitats, Isolation, and Identification 
of Bacteria" to "A Handbook on the Biology of 
Bacteria: Ecophysiology, Isolation, Identifica
tion, Applications." This change reflects devel
opments in bacteriology over the past 10 years 
as well as the growing awareness of the impor
tant role that prokaryotes play in determining 
and stabilizing the global environment. The 
term "Habitats" has been changed to "Ecophys
iology" to emphasize the interactions of micro
organisms both with their habitats and with 
other organisms that occupy those habitats. In 
this context, the number of chapters dealing 
with symbiotic and syntrophic associations of 
prokaryotes with other prokaryotes and with 
eukaryotes has been substantially increased in 
the new edition. 

The terms "Isolation" and "Identification" 
have been maintained because they reflect es
sential aspects of the second edition of The Pro
karyotes. However, the individual chapters have 
undergone considerable change so as to include 
new techniques for the handling of fastidious 
anaerobes, for chemotaxonomic analysis, for 
molecular genetic methods of identification, etc. 
In addition, the results of another 10 years of 
experience in preserving and maintaining cul
tures have been included in many of the chap
ters. An important addition has been the new 
key term "Applications." This reflects the con
scious move by microbiology into biotechnol
ogy. The use of microbes to produce new and 
useful products and to recycle undesirable prod
ucts is now of worldwide economic and ecolog
ical importance. 

But the organization of the second edition of 
The Prokaryotes differs even more fundamen
tally than the subject matter of the first edition. 
The decision to organize the Handbook on the 
basis of phylogenetic relationships generated 
two problems. First, bacteria have traditionally 
been divided into groups that share one or more 
phenotypic properties. Thus, microbiologists 
are used to dealing with collective entities such 
as the "gliding bacteria," "the autotrophs," and 

"the photosynthetic bacteria." These are groups 
that are similar in their overall physiology, be
havior, or metabolism, or that inhabit similar 
ecological niches. However, the new phyloge
netic analyses have made it clear that these 
groups are not necessarily related to each other 
in any evolutionary sense. Thus, an organiza
tion that reflected the true evolutionary rela
tions among the prokaryotes would necessarily 
have sacrificed the familiar and intellectually 
useful associations of phenotypic properties, 
but retention of the traditional arrangements 
would have ignored the phylogenetic revolution 
that has taken place. A second problem is that 
there are still a number of genera or groups 
whose position in the phylogenetic scheme have 
not been determined. 

The solution to this dilemma was to divide 
the present edition of The Prokaryotes into six 
parts. Part I contains introductory essays deal
ing with the broader aspects of microbiology 
that underlie the rest of the Handbook. Part II 
contains general chapters that cover life cycles, 
prokaryotic behavior, anaerobic growth, syn
trophism, and a series of synoptic chapters that 
describe the familiar phenotypically organized 
groups. This has allowed us to retain discus
sions of those useful physiological, metabolic, 
and ecological generalizations that characterize 
the bacteria. Parts III and IV of the Handbook 
consist of phylogenetically arranged chapters 
devoted to genera, families, and sometimes 
higher taxa of related prokaryotes. For example, 
the archaebacteria (Archaea) have been strictly 
separated from the eubacteria, and within these 
major groups the individual genera are arranged 
phylogenetically. 

These phylogenetic groupings have generated 
some phenotypically strange bedfellows. Never
theless, the editors hope that the juxtaposition 
of organisms that are phylogenetically related, 
but appear phenotypically dissimilar, may stim
ulate microbiologists to seek taxonomically rel
evant similarities that otherwise would not have 
been evident. Following the major groups of ge
neric chapters, Part V covers those microorgan
isms that have established firm symbiotic re
lationships. Finally, those genera that have not 
been phylogenetically allocated as yet are dealt 
with in Part VI. In order to help the reader find 
a specific genus, an alphabetical listing of genera 
and other higher taxa follows the Contents. 

Microbiology is in the midst of the most sig
nificant conceptual revolution it has experi-



enced in the past few decades. We have the priv
ilege of a new way of thinking about the 
evolution of bacteria that may even help us to 
understand the origin of life. We also have a set 
of molecular tools that allow us to probe the 
innermost details of the workings of the cell and 
that may also allow us to ask ecological ques
tions, the answers to which have thus far eluded 
us. Nevertheless, in the final analysis, it is only 
the ability to isolate and cultivate microbes in
dividually and as consortia that will lead to a 
full understanding of the strategies, mecha
nisms, and processes of biodiversity. We dedi
cate this Handbook to the efforts of those who 
pursue these goals. 

A scientific work of this magnitude requires 
support, advice, and assistance from many peo
ple with a wide range of skills and knowledge. 
We would be remiss if we failed to express our 
thanks and appreciation for the suggestions and 
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hard work provided by many secretaries, typ
ists, graphic artists, and photographers who 
worked with all of the authors of The Prokar
yotes, second edition. We are indebted to the 
staff of Springer-Verlag who encouraged and in
dulged us and demonstrated remarkable pa
tience with us. We are equally grateful to 
Thomas D. Brock and the staff of Science Tech 
Publishers, especially Carol Bracewell and Ruth 
Siegel, whose copyediting expertise and prob
lem-solving capabilities lightened our load con
siderably. Finally, we are beholden to the more 
than 300 people throughout the world who gave 
of their time, knowledge, and experience to 
serve as authors in this international effort. 

Albert Balows 
Hans G. Triiper 
Martin Dworkin 
Wim Harder 
Karl-Heinz Schleifer 



Contents 

Foreword 

Preface 

Contents of Volume I 

Contents of Volume II 

Contents of Volume III 

Contents of Volume IV 

Alphabetical List of Genera and Groups 

Contributors 

Volume I 
Part I: Introductory Essays 

1. 

2. 

3. 

4. 

5. 

Prokaryote Systematics: The Evolution of a Science 
CARL R. WOESE 

Unifying Phylogeny and Phenotypic Diversity 
ERKOSTACKEBRANDT 

Prokaryotic Diversity 
MARTIN DWORKIN 

Prokaryotes and Their Habitats 
HANS G. SCHLEGEL and HOLGER W. JANNASCH 

Prokaryote Characterization and Identification 
HANS G. TRUPER and KARL-HEINZ SCHLEIFER 

v 

vii 

xi 

xiv 

xviii 

xxi 

xxvii 

XXXV 

3 

19 

48 

75 

126 



xn Contents 

6. 

7. 

Principles of Enrichment, Isolation, Cultivation, and Preservation 
of Bacteria 
JAN C. GOTTSCHAL, WIM HARDER, and RUDOLF A. PRINS 

Applications of Prokaryotes 
LUBBERT DIJKHUIZEN and WIM HARDER 

Part II: Ecophysiological and Biochemical Aspects of Phylogenetically 
Diverse Groups 

149 

197 

8. Prokaryotic Life Cycles 209 
MARTIN DWORKIN 

9. Behavioral Responses in Bacteria 241 
JUDITH P. ARMITAGE, R. ELIZABETH SOCKETT, and PHILIPS. POOLE 

10. Planktonic Versus Sessile Life of Prokaryotes 262 
KEVIN C. MARSHALL 

11. Syntrophism among Prokaryotes 276 
BERNHARD SCHINK 

12. The Anaerobic Way of Life 300 
GERHARD GOTTSCHALK and SUSANNE PEINEMANN 

13. The Phototrophic Prokaryotes 312 
ELENA N. KONDRATIEVA, NORBERT PFENNIG, and HANS G. TRUPER 

14. The Chemolithotrophic Prokaryotes 331 
DONOVAN P. KELLY 

15. The Mesophilic Hydrogen-Oxidizing (Knallgas) Bacteria 344 
MICHEL ARAGNO and HANS G. SCHLEGEL 

16. The Colorless Sulfur Bacteria 385 
LESLEY A. ROBERTSON and J. GIJS KUENEN 

17. Oxidation of Inorganic Nitrogen Compounds as Energy Source 414 
EBERHARD BOCK, HANS-PETER KOOPS, BEATE AHLERS, and HEINZ HARMS 

18. The Aerobic Methylotrophic Bacteria 431 
MARY E. LIDSTROM 

19. The Hydrocarbon-Oxidizing Bacteria 446 
EUGENE ROSENBERG 

20. The Cellulose-Decomposing Bacteria and Their Enzyme Systems 460 
MICHAEL P. COUGHLAN and FRANK MAYER 

21. The Acetogenic Bacteria 517 
GABRIELE DIEKERT 



22. The Dinitrogen-Fixing Bacteria 
ROBERT R. EADY 

23. The Denitrifying Prokaryotes 
WALTER G. ZUMFT 

24. The Dissimilatory Sulfate- and Sulfur-Reducing Bacteria 
FRIEDRICH WIDDEL and THEO A. HANSEN 

25. The Luminous Bacteria 
KENNETH H. NEALSON and J. WOODLAND HASTINGS 

26. Bacterial Virulence 
PAUL E. ORNDORFF 

27. Plant Pathogenic Bacteria 
CLARENCE I. KADO 

Part Ill: Archaea 

28. The Order Thermoproteales 
ROBERT HUBER and KARL 0. STETTER 

29. The Order Sulfolobales 
ANDREAS H. SEGERER and KARL 0. STETTER 

30. The Order Thermococcales 
WOLFRAM ZILLIG 

31. The Genus Archaeoglobus 
KARL 0. STETTER 

32. The Genus Thermoplasma 
ANDREAS H. SEGERER and KARL 0. STETTER 

33. The Methanogenic Bacteria 
WILLIAM B. WHITMAN, TIMOTHY L. BOWEN, and DAVID R. BOONE 

34. The Family Halobacteriaceae 
B. J. TINDALL 

Part IV: Bacteria 

Division A: Firmicutes (Gram-positive Bacteria) 

Subdivision Al: Firmicutes with High GC Content of DNA 

35. Introduction to the Actinomycetes 
J. C. ENSIGN 

36. The Genus Bifidobacterium 
BRUNO BIAVATI, BARBARA SGORBATI, and VITTORIO SCARDOVI 

Contents xiii 

534 

554 

583 

625 

640 

659 

677 

684 

702 

707 

712 

719 

768 

811 

816 



x1v Contents 

37. The Genus Propionibacterium 
CECIL S. CUMMINS and JOHN L. JOHNSON 

38. The Genera Actinomyces, Arcanobacterium, and Rothia 
KLAUS P. SCHAAL 

39. The Genus Mobiluncus 
CAROL A. SPIEGEL 

40. Gardnerella vagina/is 
M. J. PICKETT, JAMES R. GREENWOOD, and SYDNEY M. HARVEY 

41. The Family Streptomycetaceae 
FELICITAS KORN-WENDISCH and HANS JURGEN KUTZNER 

42. The Family Pseudonocardiaceae 
THOMAS MARTIN EMBLEY 

Index Volumes I-IV 

Volume II 
43. The Genus Actinoplanes and Related Genera 

GERNOT VOBIS 

44. The Genus Saccharothrix 
DAVID P. LABEDA 

834 

850 

906 

918 

921 

996 

1029 

1061 

45. The Family Frankiaceae 1069 
ANTOON D. L. AKKERMANS, DITTMAR HAHN, and DWIGHT D. BAKER 

46. The Family Thermomonosporaceae 1085 
REINER MICHAEL KROPPENSTEDT and MICHAEL GOODFELLOW 

47. The Family Streptosporangiaceae 1115 
MICHAEL GOODFELLOW 

48. The Genus Nocardiopsis 1139 
REINER MICHAEL KROPPENSTEDT 

49. The Genus Corynebacterium-Nonmedical 1157 
WOLFGANG LIEBL 

50. The Genus Corynebacterium-Medical 
ALEXANDER VON GRAEVENITZ and THOMAS KRECH 

51. The Family Nocardiaceae 
MICHAEL GOODFELLOW 

52. The Genus Mycobacterium-Nonmedical 
SYBE HARTMANS and JAN A. M. DE BONT 

1172 

1188 

1214 



Contents XV 

53. The Genus Mycobacterium-Medical 1238 
ROBERT C. GOOD 

54. Mycobacterium leprae 1271 
THOMAS M. SHINNICK 

55. The Genus Arthrobacter 1283 
DOROTHY JONES and R. M. KEDDIE 

56. The Genus Micrococcus 1300 
MILOSLAV KOCUR, WESLEY E. KLOOS, and KARL-HEINZ SCHLEIFER 

57. The Genus Renibacterium 1312 
T. MARTIN EMBLEY 

58. The Genus Stomatococcus 1320 
ERKOSTACKEBRANDT 

59. The Family Cellulomonadaceae 1323 
ERKO STACKEBRANDT and HELMUT PRAUSER 

60. The Family Dermatophilaceae 1346 
ERKOSTACKEBRANDT 

61. The Genus Brevibacterium 1351 
MATTHEW D. COLLINS 

62. The Genera Agromyces, Aureobacterium, Clavibacter, Curtobacterium, 
and Microbacterium 1355 
MATTHEW D. COLLINS and JOHN F. BRADBURY 

Subdivision A2: Firmicutes with Low GC Content of DNA 

63. The Genus Staphylococcus 1369 
WESLEY E. KLOOS, KARL-HEINZ SCHLEIFER, and FRIEDRICH GOTZ 

64. The Genus Streptococcus-Oral 1421 
JEREMY M. HARDIE and ROBERT A. WHILEY 

65. The Genus Streptococcus-Medical 1450 
KATHRYN L. RUOFF 

66. The Genus Enterococcus 1465 
LUC A. DEVRIESE, MATTHEW D. COLLINS, and REINHARD WIRTH 

67. The Genus Lactococcus 1482 
MICHAEL TEUBER, ARNOLD GElS, and HORST NEVE 

68. The Genera Pediococcus and Aerococcus 1502 
NORBERT WEISS 

69. The Genus Leuconostoc 1508 
WILHELM H. HOLZAPFEL and ULRICH SCHILLINGER 



XVI Contents 

70. The Genera Lactobacillus and Carnobacterium 1535 
WALTER P. HAMMES, NORBERT WEISS and WILHELM HOLZAPFEL 

71. The Genus Listeria 1595 
DOROTHY JONES and H. P. R. SEELIGER 

72. The Genus Brochothrix 1617 
DOROTHY JONES 

73. The Genus Erysipelothrix 1629 
ANNETTE C. REBOLI and W. EDMUND FARRAR 

74. The Genus Gemella 1643 
ULRICH BERGER 

75. The Genus Kurthia 1654 
RONALD M. KEDDIE and DOROTHY JONES 

76. The Genus Bacillus-Nonmedical 1663 
RALPH A. SLEPECKY and H. ERNEST HEMPHILL 

77. The Genus Bacillus-Insect Pathogens 1697 
DONALD P. STAHLY, ROBERT E. ANDREWS, and ALLAN A. YOUSTEN 

78. The Genus Bacillus-Medical 1746 
W. EDMUND FARRAR and ANNETTE C. REBOLI 

79. Genera Related to the Genus Bacillus-Sporolactobacillus, Sporosarcina, 
Planococcus, Filibacter, and Caryophanon 1769 
DIETER CLAUS, DAGMAR FRITZE, and MILOSLAV KOCUR 

80. The Genus Desulfotomaculum 1792 
FRIEDRICH WIDDEL 

81. The Genus Clostridium-Nonmedical 1800 
HANS HIPPE, JAN R. ANDREESEN, and GERHARD GOTTSCHALK 

82. The Genus Clostridium-Medical 1867 
LOUIS D.S. SMITH 

83. The Anaerobic Gram-Positive Cocci 1879 
TAKAYUKI EZAKI, HIROSHI OYAIZU, and EIKO YABUUCHI 

84. The Genera Haloanaerobium, Halobacteroides, 
and Sporohalobacter 1893 
AHARONOREN 

85. The Genera Thermoanaerobacter, Thermoanaerobium, and Other 
Thermoanaerobic Saccharolytic Bacteria of Uncertain Taxonomic 
Affiliation 1901 
MAHENDRA K. JAIN and J. GREGORY ZEIKUS 

86. The Genus Eubacterium 1914 
JAN R. ANDREESEN 



87. The Genera Acetobacterium, Acetogenium, Acetoanaerobium, 
and Acetitomaculum 
BERNHARD SCHINK and MARTIN BOMAR 

88. The Genera Mycoplasma, Ureaplasma, 
Acholeplasma, Anaeroplasma, and Asteroleplasma 
SHMUEL RAZIN 

89. The Genus Spiroplasma 
JOSEPH G. TULLY and ROBERT F. WHITCOMB 

Subdivision A3: Firmicutes with Atypical Cell Walls 

90. The Family Heliobacteriaceae 
MICHAEL T. MADIGAN 

91. The Genera Pectinatus and Megasphaera 
AULI HAIKARA 

92. The Genus Selenomonas 
ROBERT B. HESPELL, BRUCE J. PASTER, and FLOYD E. DEWHIRST 

93. The Genus Sporomusa 
JOHN A. BREZNAK 

94. The Genera Butyrivibrio, Lachnospira, and Roseburia 
ROBERT B. HESPELL 

95. The Genus Veillonella 
PAUL E. KOLENBRANDER and LILLIAN V. H. MOORE 

96. The Genus Syntrophomonas and Other Syntrophic Anaerobes 
MICHAEL J. MCINERNEY 

Division B: Cyanobacteria 

Contents xvii 

1925 

1937 

1960 

1981 

1993 

2005 

2014 

2022 

2034 

2048 

97. The Cyanobacteria-Isolation, Purification, and Identification 2058 
JOHN B. WATERBURY 

98. The Cyanobacteria-Ecology, Physiology, and Molecular Genetics 2079 
YEHUDA COHEN and MICHAEL GUREVITZ 

99. The Order Prochlorales 2105 
LUUC R. MUR and TINEKE BURGER-WIERSMA 

Division C: Proteobacteria 

100. The Proteobacteria: Ribosomal RNA Cistron Similarities and 
Bacterial Taxonomy 
JOZEF DE LEY 

Index Volumes I-IV 

2111 



xvm Contents 

Volume III 
Subdivision Cl: Alpha Subclass 

101. The Genus Rhodospirillum and Related Genera 
JOHANNES F. IMHOFF AND HANS G. TRUPER 

102. The Genus Roseobacter 
TSUNEO SHIBA 

2141 

2156 

103. The Genera Prosthecomicrobium, Ancalomicrobium, and Prosthecobacter 2160 
JAMES T. STALEY 

104. The Genus Stella 
HEINZ SCHLESNER 

105. The Genus Blastobacter 
PETER HIRSCH 

106. Dimorphic Prosthecate Bacteria: The Genera Caulobacter, Asticcacaulis, 
Hyphomicrobium, Pedomicrobium, Hyphomonas, and Thiodendron 
JEANNE S. POINDEXTER 

107. The Rhizobia 
GERALD H. ELKAN and CLARA R. BUNN 

108. The Genus Agrobacterium 
ALLEN KERR 

109. The Genera Azospirillum and Herbaspirillum 
JOHANNA DOBEREINER 

110. The Genus Beijerinckia 
JAN HENDRIK BECKING 

111. The Genera Acetobacter and Gluconobacter 
JEAN SWINGS 

112. The Genus Zymomonas 
HERMANN SAHM, STEPHANIE BRINGER-MEYER, and GEORG SPRENGER 

113. The Genus Nitrobacter and Related Genera 
EBERHARD BOCK and HANS-PETER KOOPS 

114. The Manganese-Oxidizing Bacteria 
KENNETH H. NEALSON 

115. The Genus Paracoccus 
HENK W. VAN VERSEVELD and ADRIAAN H. STOUTHAMER 

116. The Genus Phenylobacterium 
JURGEN EBERSPACHER and FRANZ LINGENS 

2167 

2171 

2176 

2197 

2214 

2236 

2254 

2268 

2287 

2302 

2310 

2321 

2335 



Contents x1x 

117. The Genus Methylobacterium 2342 
PETER N. GREEN 

118. The Obligate Methanotrophic Bacteria Methylococcus, Methylomonas, 
and Methylosinus 2350 
R. S. HANSON, A. I. NETRUSOV, and K. TSUJI 

119. The Genus Xanthobacter 2365 
JUERGEN WIEGEL 

120. The Genus Brucella 
NELSON P. MOYER and WILLIAM J. HAUSLER, JR. 

121. Introduction to the Rickettsiales and Other Parasitic or 
Mutualistic Prokaryotes 
EMILIO WEISS and GREGORY A. DASCH 

122. The Genera Rickettsia, Rochalimaea, Ehrlichia, Cowdria, 
and Neorickettsia 
GREGORY A. DASCH and EMILIO WEISS 

123. The Genera Coxiella, Wolbachia, and Rickettsiella 
J. C. WILLIAMS, E. WEISS, and G. A. DASCH 

124. The Genus Erythrobacter 
TSUNEO SHIBA 

125. The Genus Seliberia 
JEAN M. SCHMIDT and JAMES R. SWAFFORD 

Subdivision C2: Beta Subclass 

126. The Genus Neisseria 
STEPHEN A. MORSE and JOAN S. KNAPP 

127. The Genus Bordetella 
ALISON ANN WEISS 

128. The Genera Alcaligenes and "Achromobacter" 
HANS-JURGEN BUSSE and GEORG AULING 

129. The Genera Rhodocyclus and Rubrivivax 
H. G. TRUPER and J. F. IMHOFF 

130. The Genus Spirillum 
NOEL R. KRIEG 

131. The Genus Aquaspirillum 
BRUNO POT, MONIQUE GILLIS, and JOZEF DE LEY 

132. The Genus Comamonas 
ANNE WILLEMS, PAUL DE VOS, and JOZEF DE LEY 

2384 

2401 

2407 

2471 

2485 

2490 

2495 

2530 

2544 

2556 

2562 

2569 

2583 



XX Contents 

133. The Genera Chromobacterium and Janthinobacterium 2591 
MONIQUE GILLIS and JOZEF DE LEY 

134. The Genera Phyllobacterium and Ochrobactrum 2601 
JEAN SWINGS, BART LAMBERT, KAREL KERSTERS, and BARRY HOLMES 

135. The Genus Derxia 2605 
JAN HENDRIK BECKING 

136. The Sheathed Bacteria 2612 
EPPE GERKE MULDER and MARIA H. DEINEMA 

137. The Lithotrophic Ammonia-Oxidizing Bacteria 2625 
HANS-PETER KOOPS and UWE CHRISTIAN MOLLER 

138. The Genera Thiobacillus, Thiomicrospira, and Thiosphaera 2638 
J. GIJS KUENEN, LESLEY A. ROBERTSON, and OLLI H. TUOVINEN 

139. The Genera Simonsiella and Alysiella 2658 
DAISY A. KUHN 

140. Eikenella corrodens 2668 
PAUL A. GRANATO 

Subdivision C3: Gamma Subclass 

141. Introduction to the Family Enterobacteriaceae 2673 
DON J. BRENNER 

142. The Genus Escherichia 2696 
KARL A. BETTELHEIM 

143. The Genus Edwardsiella 2737 
RIICHI SAKAZAKI and KAZUMICHI TAMURA 

144. The Genus Citrobacter 2744 
WILHELM FREDERIKSEN and PER S0GAARD 

145. The Genus Shigella 2754 
HARUO WATANABE and NOBORU OKAMURA 

146. The Genus Salmonella 2760 
LEON LE MINOR 

147. The Genus Klebsiella 2775 
FRANCINE GRIMONT, PATRICK A. D. GRIMONT, and CLAUDE RICHARD 

148. The Genus Enterobacter 2797 
FRANCINE GRIMONT and PATRICK A. D. GRIMONT 

149. The Genus Hafnia 2816 
RIICHI SAKAZAKI and KAZUMICHI TAMURA 



Contents xxi 

150. The Genus Serratia 2822 
FRANCINE GRIMONT and PATRICK A. D. GRIMONT 

151. The Genera Proteus, Providencia, and Morganella 2849 
JOHN L. PENNER 

152. The Genus Yersinia (Excluding Y. pestis) 2863 
EDWARD J. BOTTONE 

153. Yersinia pestis 2888 
THOMAS J. QUAN 

154. The Genus Erwinia 2899 
MICHEL C. M. PEROMBELON 

155. Additional Genera of Enterobacteriaceae 2922 
DON J. BRENNER 

156. The Family Vibrionaceae 2938 
J. J. FARMER III 

157. The Genera Vibrio and Photobacterium 2952 
J. J. FARMER III and F. W. HICKMAN-BRENNER 

158. The Genera Aeromonas and Plesiomonas 3012 
J. J. FARMER III, M. J. ARDUINO, and F. W. HICKMAN-BRENNER 

159. The Genera Alteromonas and Marinomonas 3046 
MICHEL J. GAUTHIER and VIOLETTE A. BREITTMAYER 

160. Introduction to the Family Pseudomonadaceae 3071 
NORBERTO J. PALLERONI 

161. Human- and Animal-Pathogenic Pseudomonads 3086 
NORBERTO J. PALLERONI 

162. Phytopathogenic Pseudomonads and Related 
Plant-Associated Pseudo monads 3104 
MILTON N. SCHROTH, DONALD C. HILDEBRAND, and NICKOLAS PANOPOULOS 

Index Volumes I-IV 

Volume IV 
163. The Genus Xylophilus 

ANNE WILLEMS, MONIQUE GILLIS, and JOZEF DE LEY 

164. The Genus Acinetobacter 
KEVIN J. TOWNER 

165. The Family Azotobacteraceae 
JAN HENDRIK BECKING 

3133 

3137 

3144 



xxii Contents 

166. The Genus Beggiatoa 3171 
DOUGLAS C. NELSON 

167. The Family Halomonadaceae 3181 
RUSSELL H. VREELAND 

168. The Genus Deleya 3189 
KAREL KERSTERS 

169. The Genus Frateuria 3198 
JEAN SWINGS 

170. The Family Chromatiaceae 3200 
NORBERT PFENNIG and HANS G. TRUPER 

171. The Family Ectothiorhodospiraceae 3222 
JOHANNES F. IMHOFF 

172. The Genus Oceanospirillum 3230 
BRUNO POT, MONIQUE GILLIS, and JOZEF DE LEY 

173. Serpens flexibilis: An Unusually Flexible Bacterium 3237 
ROBERT B. HESPELL 

174. The Genus Psychrobacter 3241 
ELLIOT JUNI 

175. The Genus Leucothrix 3247 
THOMAS D. BROCK 

176. The Genus Lysobacter 3256 
HANS REICHENBACH 

177. The Moraxella and Brdnhamella Subgenera of the Genus Moraxella 3276 
GARY V. DOERN 

178. The Genus Legionella 3281 
A. WILLIAM PASCULLE 

179. The Genus Haemophilus 3304 
SUSAN K. HOISETH 

180. The Genus Pasteurella 3331 
REGGIE Y. C. LO and PATRICIA E. SHEWEN 

181. The Genus Cardiobacterium 3339 
SYDNEY M. HARVEY and JAMES R. GREENWOOD 

182. The Genus Actinobacillus 3342 
JAMES E. PHILLIPS 



Subdivision C4: Delta Subclass 

183. Gram-Negative Mesophilic Sulfate-Reducing Bacteria 
FRIEDRICH WIDDEL and FRIEDHELM BAK 

184. The Genus Desulfuromonas and Other Gram-Negative Sulfur
Reducing Eubacteria 
FRIEDRICH WIDDEL and NORBERT PFENNIG 

185. The Genus Thermodesulfobacterium 
FRIEDRICH WIDDEL 

186. The Genus Pelobacter 
BERNHARD SCHINK 

187. The Genus Bdellovibrio 
EDWARD G. RUBY 

188. The Myxobacteria 
HANS REICHENBACH and MARTIN DWORKIN 

Subdivision C5: Epsilon Subclass 

189. The Genera Campylobacter and Helicobacter 
FRED C. TENOVER and CYNTHIA L. FENNELL 

190. The Genus Wolinella 
ANNE TANNER and BRUCE J. PASTER 

Division D: Spirochetes 

191. Free-Living Saccharolytic Spirochetes: The Genus Spirochaeta 
ERCOLE CANALE-PAROLA 

192. The Genus Treponema 
JAMES N. MILLER, ROBERT M. SMIBERT, and STEVEN J. NORRIS 

193. The Genus Borrelia 
RUSSELL C. JOHNSON and CARRIE A. NORTON HUGHES 

194. The Genus Leptospira 
SOLLY FAINE 

Division E: Chlorobiaceae 

195. The Family Chlorobiaceae 
HANS G. TRUPER and NORBERT PFENNIG 

Contents xxiii 

3352 

3379 

3390 

3393 

3400 

3416 

3488 

3512 

3524 

3537 

3560 

3568 

3583 



xx1v Contents 

Division F: Bacteroides and Cytophaga Group 

196. The Genus Bacteroides and Related Taxa 
HAROUN N. SHAH 

197. The Genus Porphyromonas 
HAROUN N. SHAH 

198. The Genera Flavobacterium, Sphingobacterium, and Weeksella 
BARRY HOLMES 

199. The Order Cytophagales 
HANS REICHENBACH 

200. The Genus Saprospira 
HANS REICHENBACH 

201. The Genus Haliscomenobacter 
EPPE GERKE MULDER and MARIA H. DEINEMA 

Division G: Chlamydia 

202. The Genus Chlamydia 
PATRICIA I. FIELDS and ROBERT C. BARNES 

Division H: Planctomyces and Related Bacteria 

203. The Order Planctomycetales and the Genera Planctomyces, Pirellula, 

3593 

3608 

3620 

3631 

3676 

3688 

3691 

Gemmata, and Isosphaera 3710 
J. T. STALEY, J. A. FUERST, S. GIOVANNONI, and H. SCHLESNER 

Division 1: Deinococcaceae and Thermus 

204. The Family Deinococcaceae 
ROBERT G. E. MURRAY 

205. The Genus Thermus and Related Microorganisms 
R. A. D. WILLIAMS and MILTON S. DA COSTA 

Division J: Chloroflexaceae and Related Bacteria 

206. The Family Chloroflexaceae 
BEVERLY K. PIERSON and RICHARD W. CASTENHOLZ 

207. The Genus Thermomicrobium 
JEROME J. PERRY 

208. The Genus Thermoleophi/um 
JEROME J. PERRY 

3732 

3745 

3754 

3775 

3780 



Contents xxv 

209. The Genus Herpetosiphon 3785 
HANS REICHENBACH 

Division K: Verrucomicrobium 

210. The Genus Verrucomicrobium 
HEINZ SCHLESNER 

Division L: Thermotogales 

211. The Order Thermotogales 
ROBERT HUBER and KARL 0. STETTER 

Part V: Symbiotic Associations 

212. Cyanobacterial Symbioses 
HAINFRIED E. A. SCHENK 

213. Prokaryotic Symbionts of Amoebae and Flagellates 
KWANG W. JEON 

214. Prokaryotic Symbionts of Ciliates 
KLAUS HECKMANN and HANS-DIETER GORTZ 

215. Prokaryotic Symbionts of Marine Invertebrates 
HORST FELBECK and DANIEL L. DISTEL 

216. Prokaryotic Symbionts of the Aphid 
DAVID L. GUTNICK 

Part VI: Phylogenetically Unaffiliated Bacteria 

3806 

3809 

3819 

3855 

3865 

3891 

3907 

217. Thermophilic, Aerobic, Hydrogen-Oxidizing (Knallgas) Bacteria 3917 
MICHEL ARAGNO 

218. Morphologically Conspicuous Sulfur-Oxidizing Eubacteria 3934 
JAN W. M. LA RIVIERE and KARIN SCHMIDT 

219. The Genus Propionigenium 3948 
BERNHARD SCHINK 

220. The Genus Zoogloea 3952 
PATRICK R. DUGAN, DAPHNE L. STONER, and HARVEY M. PICKRUM 

221. Large Symbiotic Spirochetes: Clevelandina, Cristispira, Diplocalyx, 
Hollandina, and Pi/latina 3965 
LYNN MARGULIS and GREGORY HINKLE 

222. The Genera Succinivibrio and Succinimonas 3979 
ROBERT B. RESPELL 



xxvi Contents 

223. The Genus Leptotrichia 3983 
TOR HOFSTAD 

224. The Genus Francisella 3987 
FRANCIS E. NANO 

225. The Hemotrophic Bacteria: The Families Bartonellaceae 
and Anaplasmataceae 3994 
JULIUS P. KREIER, RAINER GOTHE, GARRET M. IHLER, HEINZ E. KRAMPITZ, 
GLENDA MERNAUGH, and GUY H. PALMER 

226. Streptobacillus moniliformis 4023 
JAMES R. GREENWOOD and SYDNEY M. HARVEY 

227. The Genus Toxothrix 4026 
PETER HIRSCH 

228. Fastidious Bacteria of Plant Vascular Tissues and Their 
Invertebrate Vectors 4030 
MICHAEL J. DAVIS 

229. Mycoplasma-Like Organisms-Plant and Invertebrate Pathogens 4050 
BRUCE C. KIRKPATRICK 

230. The L-Forms of Bacteria 4068 
SARABELLE MADOFF and JOHN W. LAWSON 

231. The Genus Gallionella 4082 
HANS H. HANERT 

232. The Genus Nevskia 4089 
PETER HIRSCH 

233. The Genera Caulococcus and Kusnezovia 4093 
JEAN M. SCHMIDT and GEORGI A. ZAVARZIN 

234. The Genus Brachyarcus 4095 
PETER HIRSCH 

235. The Genus Pelosigma 4098 
PETER HIRSCH 

236. The Genus Siderocapsa (and Other Iron- or 
Manganese-Oxidizing Eubacteria) 4102 
HANS H. HANERT 

237. The Genus Fusobacterium 4114 
TOR HOFSTAD 

Index Volumes I-IV 



Alphabetical List of Genera 
and Groups* 

Genus or group Chapter Senior author 

Acetoanaerobium 87 Bernhard Schink 
Acetobacter 111 Jean Swings 
Acetobacterium 87 Bernhard Schink 
Acetogenium 87 Bernhard Schink 
Acetogens 21 Gabriele Diekert 
Acholeplasma 88 Shmuel Razin 
Achromatium 218 Jan Ia Riviere 
Achromobacter 128 Hans-J iirgen Busse 
Acinetobacter 164 Kevin J. Towner 
Actinobacillus 182 James E. Phillips 
Actinomaduraceae 46 R.M. Kroppenstedt 
Actinomyces 38 K.P. Schaal 
Actinomycetales 35 Jerry Ensign 
Actinoplanaceae 43 Gernot Vobis 
A egypt ianella 225 Julius P. Kreier 
Aerobacter 149 Riichi Sakazaki 
Aerococcus 68 Nor bert Weiss 
Aero monas 158 J.J. Farmer III 
Agarbacterium 168 Karel Kersters 
Agrobacterium 108 Allen Kerr 
Agromyces 62 Matthew D. Collins 
Alteromonas 159 Michel J. Gauthier 
Alysiella 139 Daisy Kuhn 
Ammonia oxidizers 137 Hans-Peter Koops 
Amoebobacter 170 Nor bert Pfennig 
Anaerobic Gram-positive cocci 83 Takayuki Ezaki 
Anaeroplasma 88 Shmuel Razin 
Anaerorhabdus 196 Haroun N. Shah 
Anaplasmataceae 225 Julius P. Kreier 
Ancalomicrobium 103 James Staley 
Aquaspirillum 131 Bruno Pot 
Arcanobacterium 38 K.P. Schaal 
Archaeoglobus 31 Karl 0. Stetter 
Arthrobacter 55 Dorothy Jones 
Asteroleplasma 88 Shmuel Razin 
Asticcacaulis 106 Jeanne Poindexter 
Aureobacterium 62 Matthew D. Collins 
Azorhizobium 107 Gerald Elkan 
Azospirillum 109 Johanna Dobereiner 
Azotobacteraceae 165 Jan H. Becking 

*Only the number of the primary chapter is given here; for further information, see the index. 

Page Volume 

1925 II 
2268 III 
1925 II 
1925 II 
517 I 

1937 II 
3934 IV 
2544 III 
3137 IV 
3342 IV 
1085 II 
850 I 
811 I 

1029 II 
3994 IV 
2816 III 
1502 II 
3012 III 
3189 IV 
2214 III 
1355 II 
3046 III 
2658 III 
2625 III 
3200 IV 
1879 II 
1937 II 
3593 IV 
3994 IV 
2160 III 
2569 III 

850 I 
707 I 

1283 II 
1937 II 
2176 III 
1355 II 
2197 III 
2236 III 
3144 IV 



xxviii Alphabetical List of Genera and Groups 

Genus or group Chapter Senior author Page Volume 

Azotomonas 165 Jan H. Becking 3144 IV 
Bacillus-insect pathogens 77 Donald P. Stahly 1697 II 
Bacillus-medical 78 W. Edmund Farrar 1746 II 
Bacillus-nonmedical 76 Ralph Slepecky 1663 II 
Bacillus-related genera 79 Dieter Claus 1769 II 
Bacteroides 196 Haroun N. Shah 3593 IV 
Bartonellaceae 225 Julius P. Kreier 3994 IV 
Bdellovibrio 187 Edward Ruby 3400 IV 
Beggiatoa 166 Douglas Nelson 3171 IV 
Beijerinckia 110 Jan H. Becking 2254 III 
Beneckea 156 J.J. Farmer III 2938 III 
Bifidobacterium 36 Bruno Biavati 816 I 
Blastobacter 105 Peter Hirsch 2171 III 
Bordetella 127 Alison Weiss 2530 III 
Borrelia 193 Russell C. Johnson 3560 IV 
Brachyarcus 234 Peter Hirsch 4095 IV 
Brachybacterium 61 Matthew D. Collins 1351 II 
Bradyrhizobium 107 Gerald Elkan 2197 III 
Branhamella 177 Gary V. Doern 3276 IV 
Brevi bacterium 61 Matthew D. Collins 1351 II 
Brochothrix 72 Dorothy Jones 1617 II 
Brucella 120 Nelson Moyer 2384 III 
Butyrivibrio 94 Robert B. Hespell 2022 II 
Caedibacter 214 Klaus Heckmann 3865 IV 
Campylobacter 189 Fred Tenover 3488 IV 
Capnocytophaga 199 Hans Reichenbach 3631 IV 
Cardiobacterium 181 Sydney M. Harvey 3339 IV 
Carnobacterium 70 W.P. Hammes 1535 II 
Caryophanon 79 Dieter Claus 1769 II 
Caulobacter 106 Jeanne Poindexter 2176 III 
Caulococcus 233 Jean M. Schmidt 4093 IV 
Cedecea 155 Don J. Brenner 2922 III 
Cellulomonadaceae 59 Erko Stackebrandt 1323 II 
Cellulose decomposers 20 Michael P. Coughlan 460 I 
Chemolithotrophs 14 Donovan P. Kelly 331 I 
Chlamydia 202 Patricia I. Fields 3691 IV 
Chlorobiaceae 195 H.G. Triiper 3583 IV 
Chloroflexaceae 206 Beverly K. Pierson 3754 IV 
Chromatiaceae 170 Nor bert Pfennig 3200 IV 
Chromobacterium 133 Monique Gillis 2591 III 
Citrobacter 144 Wilhelm Frederiksen 2744 III 
Clavibacter 62 Matthew D. Collins 1355 II 
Clevelandina 221 Lynn Margulis 3965 IV 
Clostridium-medical 82 Louis D.S. Smith 1867 II 
Clostridium-nonmedical 81 Hans Hippe 1800 II 
Comamonas 132 Anne Willems 2583 III 
Corynebacterium-medical 50 Alexander von Graevenitz 1172 II 
Corynebacterium-nonmedical 49 Wolfgang Liebl 1157 II 
Cowdria 122 Gregory A. Dasch 2407 III 
Coxiella 123 J.C. Williams 2471 III 
Cristispira 221 Lynn Margulis 3965 IV 
Curtobacterium 62 Matthew D. Collins 1355 II 
Cyanobacteria-identification 97 John Waterbury 2058 II 
Cyanobacteria-physiology 98 Yehuda Cohen 2079 II 



Alphabetical List of Genera and Groups XXIX 

Genus or group Chapter Senior author Page Volume 

Cytophagales 199 Hans Reichenbach 3631 IV 
Deinococcaceae 204 Robert G.E. Murray 3732 IV 
Deleya 168 Karel Kersters 3189 IV 
Denitrifiers 23 Walter G. Zumft 554 I 
Dermatophilaceae 60 Erko Stackebrandt 1346 II 
Derxia 135 Jan H. Becking 2605 III 
Desulfotomaculum 80 Friedrich Widdel 1792 II 
Desulfovibrio 183 Friedrich Widdel 3352 IV 
Desulfuromonas 184 Friedrich Widdel 3379 IV 
Dinitrogen fixers 22 Robert R. Eady 534 I 
Diplocalyx 221 Lynn Margulis 3965 IV 
Ectothiorhodospiraceae 171 Johannes F. Imhoff 3222 IV 
Edwardsiella 143 Riichi Sakazaki 2737 III 
Ehrlichia 122 Gregory Dasch 2407 III 
Eikenella 140 Paul Granato 2668 III 
Enterobacter 148 Francine Grimont 2797 III 
Enterobacteriaceae 141 Don Brenner 2673 III 
Enterobacteriaceae-additional 155 Don Brenner 2922 III 

genera 
Enterococcus 66 Luc A. Devriese 1465 II 
Eperythrozoon 225 Julius P. Kreier 3994 IV 
Erwinia 154 Michel C.M. Perombelon 2899 III 
Erysipelothrix 73 Annette Reboli 1629 II 
Erythrobacter 124 Tsuneo Shiba 2485 III 
Escherichia 142 Karl A. Bettelheim 2696 III 
Eubacterium 86 J .R. Andreesen 1914 II 
Euplotes 214 Klaus Heckmann 3865 IV 
Ewingella 155 Don J. Brenner 2922 III 
Fervidobacterium 211 Robert Huber 3809 IV 
Filibacter 79 Dieter Claus 1769 II 
Flavobacterium 198 Barry Holmes 3620 IV 
Flexibacter 199 Hans Reichenbach 3631 IV 
Flexithrix 199 Hans Reichenbach 3631 IV 
Francisella 224 Francis E. Nano 3987 IV 
Frankiaceae 45 Antoon D.L. Akkermans 1069 II 
Frateuria 169 Jean Swings 3198 IV 
Fusobacterium 237 Tor Hofstad 4114 IV 
Gallionella 231 Hans H. Hanert 4082 IV 
Gardnerella 40 M.J. Pickett 918 I 
Gemella 74 Ulrich Berger 1643 II 
Gemmata 203 James Staley 3710 IV 
Gluconobacter 111 Jean Swings 2268 III 
Grahamella 225 Julius P. Kreier 3994 IV 
Haemobartonella 225 Julius P. Kreier 3994 IV 
Haemophilus 179 Susan K. Hoiseth 3304 IV 
Hafnia 149 Riichi Sakazaki 2816 III 
Haliscomenobacter 201 Eppe G. Mulder 3688 IV 
Haloanaerobium 84 Aharon Oren 1893 II 
Halobacteriaceae 34 Brian J. Tindall 768 I 
Halobacteroides 84 Aharon Oren 1893 II 
Halomonadaceae 167 Russell H. Vreeland 3181 IV 
Helicobacter 189 Fred C. Tenover 3488 IV 
Heliobacteriaceae 90 Michael T. Madigan 1981 II 
Herbaspirillum 109 Johanna Dobereiner 2236 III 



XXX Alphabetical List of Genera and Groups 

Genus or group Chapter Senior author Page Volume 

Herpetosiphon 209 Hans Reichenbach 3785 IV 
Hollandina 221 Lynn Margulis 3965 IV 
Hydrocarbon oxidizers 19 Eugene Rosenberg 446 I 
Hydrogenobacter 217 Michel Aragno 3917 IV 
Hydrogen oxidizers 15, Michel Aragno 344, I, 

217 3917 IV 
Hyphomicrobium 106 Jeanne Poindexter 2176 III 
Hyphomonas 106 Jeanne Poindexter 2176 III 
Isosphaera 203 James Staley 3710 IV 
Janthinobacterium 133 Monique Gillis 2591 III 
Kingella 126 Stephen A. Morse 2495 III 
Klebsiella 147 Francine Grimont 2775 III 
Kluyvera 155 Don J. Brenner 2922 III 
Kurthia 75 Ronald M. Keddie 1654 II 
Kusnezovia 233 Jean M. Schmidt 4093 IV 
L-forms 230 Sarabelle Madoff 4068 IV 
Lachnospira 94 Robert B. Respell 2022 II 
Lactobacillus 70 W.P. Hammes 1535 II 
Lactococcus 67 Michael Teuber 1482 II 
Legionella 178 A. William Pasculle 3281 IV 
Leptospira 194 Solly Faine 3568 IV 
Leptothrix 136 Eppe G. Mulder 2612 III 
Leptotrichia 223 Tor Hofstad 3983 IV 
Leuconostoc 69 Wilhelm Holzapfel 1508 II 
Leucothrix 175 Thomas D. Brock 3247 IV 
Listeria 71 Dorothy Jones 1595 II 
Luminous bacteria 25 Kenneth H. Nealson 625 I 
Lysobacter 176 Hans Reichenbach 3256 IV 
Lyticum 214 Klaus Heckmann 3865 IV 
Macro monas 218 Jan Ia Riviere 3934 IV 
Maduromycetes 47 Michael Goodfellow 1115 II 
Manganese-oxidizing bacteria 114 Kenneth H. Nealson 2310 III 
Marinomonas 159 Michel J. Gauthier 3046 III 
Megasphaera 91 Auli Haikara 1993 II 
Methanobacillus 186 Bernhard Schink 3393 IV 
Methanogenic bacteria 33 William B. Whitman 719 I 
Methanolomonas 118 Richard Hanson 2350 III 
Methylobacterium 117 P.N. Green 2342 III 
Methylococcus 118 Richard Hanson 2350 III 
Methylomonas 118 Richard Hanson 2350 III 
Methylosinus 118 Richard Hanson 2350 III 
Methylotrophs 18 Mary E. Lidstrom 431 I 
Microbacterium 62 Matthew D. Collins 1355 II 
Micrococcus 56 Milos1av Kocur 1300 II 
Mobiluncus 39 Carol Spiegel 906 I 
Moraxella 177 Gary V. Doern 3276 IV 
Morganella 151 John L. Penner 2849 III 
Mycobacterium leprae 54 Thomas M. Shinnick 1271 II 
Mycobacterium-medical 53 Robert C. Good 1238 II 
Mycobacterium-nonmedical 52 S. Hartmans 1214 II 
Mycoplasma and related genera 88 Shmuel Razin 1937 II 
Mycoplasma-like organisms 229 Bruce C. Kirkpatrick 4050 IV 
Myxobacteria 188 Hans Reichenbach 3416 IV 
Neisseria 126 Stephen Morse 2495 III 



Alphabetical List of Genera and Groups XXXI 

Genus or group Chapter Senior author Page Volume 

Neorickettsia 122 Gregory Dasch 2407 III 
Nevskia 232 Peter Hirsch 4089 IV 
Nitrifying bacteria 17 Eberhard Bock 414 I 
Nitrobacter 113 Eberhard Bock 2302 III 
Nitrogen fixers 22 Robert R. Eady 534 I 
Nitrosococcus 137 Hans-Peter Koops 2625 III 
Nitrosolobus 137 Hans-Peter Koops 2625 III 
Nitrosomonas 137 Hans-Peter Koops 2625 III 
Nitrosospira 137 Hans-Peter Koops 2625 III 
Nitrosovibrio 137 Hans-Peter Koops 2625 III 
Nocardiaceae 51 Michael Goodfellow 1188 II 
Nocardia psis 48 R.M. Kroppenstedt 1139 II 
Oceanospirillum 172 Bruno Pot 3230 IV 
Ochrobactrum 134 Jean Swings 2601 III 
Oscillochloris 206 Beverly K. Pierson 3754 IV 
Paracoccus 115 Henk Van Verseveld 2321 III 
Paramecium symbionts 214 Klaus Heckmann 3865 IV 
Pasteurella 180 Reggie Lo 3331 IV 
Pectinatus 91 Auli Haikara 1993 II 
Pediococcus 68 Norbert Weiss 1502 II 
Pedomicrobium 106 Jeanne Poindexter 2176 III 
Pelobacter 186 Bernhard Schink 3393 IV 
Pelodictyon 195 Hans Triiper 3583 IV 
Pelosigma 235 Peter Hirsch 4098 IV 
Peptostreptococcus 83 Takayuki Ezaki 1879 II 
Phenylobacterium 116 Jiirgen Eberspacher 2335 III 
Photobacterium 157 J.J. Farmer III 2952 III 
Phototrophs 13 Elena N. Kondratieva 312 I 
Phyllobacterium 134 Jean Swings 2601 III 
Pi/latina 221 Lynn Margulis 3965 IV 
Pirellula 203 James Staley 3710 IV 
Planctomyces 203 James Staley 3710 IV 
Planococcus 79 Dieter Claus 1769 II 
Plesiomonas 158 J.J. Farmer III 3012 III 
Porphyromonas 197 Haroun N. Shah 3608 IV 
Prochlorales 99 Luuc R. Mur 2105 II 
Propionibacterium 37 C.S. Cummins 834 I 
Propionigenium 219 Bernhard Schink 3948 IV 
Prosthecobacter 103 James Staley 2160 III 
Prosthecomicrobium 103 James Staley 2160 III 
Pro teo bacteria 100 JozefDe Ley 2111 II 
Proteus 151 John L. Penner 2849 III 
Providencia 151 John L. Penner 2849 III 
Pseudocaedibacter 214 Klaus Heckmann 3865 IV 
Pseudomonadaceae 160 Norberto J. Palleroni 3071 III 
Pseudomonas-pathogenic 161 N orberto J. Palleroni 3086 III 
Pseudomonas-plant associated 162 Milton N. Schroth 3104 III 
Pseudonocardiaceae 42 T.M. Embley 996 I 
Psychrobacter 174 Elliot Juni 3241 IV 
Renibacterium 57 T.M. Embley 1312 II 
Rhizobium 107 Gerald Elkan 2197 III 
Rhodocyclus 129 H.G. Triiper 2556 III 
Rhodospirillum 101 Johannes F. Imhoff 2141 III 
Rickettsia 122 Gregory Dasch 2407 III 



xxxii Alphabetical List of Genera and Groups 

Genus or group Chapter Senior author Page Volume 

Rickettsiales 121 Emilio Weiss 2401 III 
Rickettsiella 123 J.C. Williams 2471 III 
Rochalimaea 122 Gregory Dasch 2407 III 
Roseburia 94 Robert B. Respell 2022 II 
Roseobacter 102 Tsuneo Shiba 2156 III 
Rothia 38 K.P. Schaal 850 I 
Rubrivivax 129 J.F. Imhoff 2556 III 
Ruminococcus 83 Takayuki Ezaki 1879 II 
Saccharothrix 44 D.P. Labeda 1061 II 
Salmonella 146 Leon Le Minor 2760 III 
Saprospira 200 Hans Reichenbach 3676 IV 
Selenomonas 92 Robert B. Respell 2005 II 
Seliberia 125 Jean M. Schmidt 2490 III 
Serpens 173 Robert B. Respell 3237 IV 
Serratia 150 Francine Grimont 2822 III 
Shigella 145 Haruo Watanabe 2754 III 
Siderocapsa 236 Hans H. Hanert 4102 IV 
Simonsiella 139 Daisy Kuhn 2658 III 
Sphaerotilus 136 Eppe G. Mulder 2612 III 
Sphingobacterium 198 Barry Holmes 3620 IV 
Spirillum 130 Noel Krieg 2562 III 
Spirochaeta 191 E. Canale-Parola 3524 IV 
Spiroplasma 89 Joseph G. Tully 1960 II 
Sporocytophaga 199 Hans Reichenbach 3631 IV 
Sporohalobacter 84 Aharon Oren 1893 II 
Sporolactobacillus 79 Dieter Claus 1769 II 
Sporomusa 93 John Breznak 2014 II 
Sporosarcina 79 Dieter Claus 1769 II 
Staphylococcus 63 W.E. Kloos 1369 II 
Stella 104 Heinz Schlesner 2167 III 
Stomatococcus 58 Erko Stackebrandt 1320 II 
Streptobacillus 226 James R. Greenwood 4023 IV 
Streptococcus-medical 65 Kathryn L. Ruoff 1450 II 
Streptococcus-oral 64 Jeremy M. Hardie 1421 II 
Streptomycetaceae 41 Felicitas Korn-Wendisch 921 I 
Streptosporangiaceae 47 Michael Goodfellow 1115 II 
Succinimonas 222 Robert B. Respell 3979 IV 
Succinivibrio 222 Robert B. Respell 3979 IV 
Sulfate reducers 24, Friedrich Widdel 583, I, 

183 3352 IV 
Sulfo1obales 29 Andreas H. Segerer 684 I 
Sulfur bacteria (colorless) 16 Lesley A. Robertson 385 I 
Sulfur oxidizers 218 Jan Ia Riviere 3934 IV 
Syntrophobacter 96 Michael J. Mcinerney 2048 II 
Syntrophomonas 96 Michael J. Mcinerney 2048 II 
Syntrophospora 96 Michael J. Mcinerney 2048 II 
Syntrophus 96 Michael J. Mcinerney 2048 II 
Thermoanaerobacter 85 Mahendra K. Jain 1901 II 
Thermoanaerobium 85 Mahendra K. Jain 1901 II 
Thermococcales 30 Wolfram Zillig 702 I 
Thermodesulfobacterium 183 Friedrich Widdel 3352 IV 
Thermoleophilum 208 J.J. Perry 3780 IV 
Thermomicrobium 207 J.J. Perry 3775 IV 
Thermomonosporaceae 46 R.M. Kroppenstedt 1085 II 



Alphabetical List of Genera and Groups xxxiii 

Genus or group Chapter Senior author Page Volume 

Thermop/asma 32 Andreas H. Segerer 712 I 
Thermoproteales 28 Robert Huber 677 I 
Thermosiphon 211 Robert Huber 3809 IV 
Thermotoga 211 Robert Huber 3809 IV 
Thermus 205 R.A.D. Williams 3745 IV 
Thiobacillus 138 J. Gijs Kuenen 2638 III 
Thiobacterium 218 Jan la Riviere 3934 IV 
Thiodendron 106 Jeanne Poindexter 2176 III 
Thiomicrospira 138 J. Gijs Kuenen 2638 III 
Thiosphaera 138 J. Gijs Kuenen 2638 III 
Thiospira 218 Jan la Riviere 3934 IV 
Toxothrix 227 Peter Hirsch 4026 IV 
Treponema 192 James N. Miller 3537 IV 
Urea plasma 88 Shmuel Razin 1937 II 
Veillonel/a 95 Paul Kolenbrander 2034 II 
Verrucomicrobium 210 Heinz Schlesner 3806 IV 
Vibrio 157 J.J. Farmer III 2952 III 
Vibrionaceae 156 J.J. Farmer III 2938 III 
Weeks ella 198 Barry Holmes 3620 IV 
Wolbachia 123 J.C. Williams 2471 III 
Wolinella 190 Anne Tanner 3512 IV 
Xanthobacter 119 J uergen Wiegel 2365 III 
Xanthomonas 160 N.J. Palleroni 3071 III 
Xenorhabdus 155 Don J. Brenner 2922 III 
Xy/ophi/us 163 Anne Willems 3133 IV 
Yersinia 152 Edward J. Bottone 2863 III 
Yersinia pestis 153 Thomas J. Quan 2888 III 
Zoog/oea 220 Patrick R. Dugan 3952 IV 
Zymomonas 112 Hermann Sahm 2287 III 



Contributors 

B. Ahlers 
lnstitut flir Allgemeine Botanik 
Universitiit Hamburg 
D-2000 Hamburg 52 
Germany 

Antoon D.L. Akkermans 
Department of Microbiology 
Agriculture University 
6703 CT Wageningen 
The Netherlands 

Jan R. Andreesen 
lnstitut flir Mikrobiologie 
Universitiit Gottingen 
D-3400 Gottingen 
Germany 

Robert E. Andrews 
Department of Microbiology 
University of Iowa 
Iowa City, lA 52242 
USA 

Michel Aragno 
Institut de Botanique 
Universite de Neuchiitel 
CH-2007 Neuchiltel 
Switzerland 

M.J. Arduino 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Judith P. Armitage 
Department of Biochemistry 
University of Oxford 
Oxford OX! 3QU 
England 

Georg Auling 
Institut flir Mikrobiologie 
Universitiit Hannover 
D-3000 Hannover 1 
Germany 

Friedheim Bak 
Max-Planck-Institut flir Terrestrische 

Mikrobiologie 
D-3550 MarburgjLahn 
Germany 

Dwight D. Baker 
School of Forestry and 

Environmental Studies 
Yale University 
New Haven, CT 06511 
USA 

Albert Balows 
105 Bay Colt Rd. 
Alpharetta, GA 30201 
USA 

Robert C. Barnes 
Center for Infectious Disease 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Jan Hendrik Becking 
Stichting ITAL 
Research Institute of the Ministry of 

Agriculture and Fisheries 
6700 AA Wageningen 
The Netherlands 

Ulrich Berger 
Georg-Friedrich-Hiindel-Strasse 18 
D-6904 Eppelheim/Heidelberg 
Germany 

Karl A. Bettelheim 
Department of Pathology 
Fairfield Hospital 
Fairfield, Victoria 3078 
Australia 

Bruno Biavati 
lnstituto di Microbiologia Agraria e 

Tecnica 
Universita degli Studi di Bologna 
40126 Bologna 
Italy 

Eberhard Bock 
lnstitut fiir Allgemeine Botanik 
Universitiit Hamburg 
D-2000 Hamburg 52 
Germany 

Martin Bomar 
Lehrstuhl Mikrobiologie I 
Eberhard-Karls-Universitiit 
D-7400 Tiibingen 1 
Germany 

David R. Boone 
Department of Environmental 

Science and Engineering 
Oregon Graduate Institute 
Beaverton, OR 97006 
USA 

Edward J. Bottone 
Clinical Microbiology Laboratories 
Mt. Sinai Hospital 
New York, NY 10029 
USA 

Timothy L. Bowen 
Department of Microbiology 
University of Georgia 
Athens, GA 30602 
USA 

John F. Bradbury 
Commonwealth Mycological Institute 
Kew, Richmond TW93AF 
England 

Violette A. Breittmayer 
INSERM Unite 303 
1 Avenue Jean-Lorrain 
06300 Nice 
France 

Don J. Brenner 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

John A. Breznak 
Department of Microbiology and 

Public Health 
Michigan State University 
East Lansing, MI 48824 
USA 

Stephanie Bringer-Meyer 
Institut fiir Biotechnologie I 
KFA Jiilich GmbH 
D-5170 Jiilich 
Germany 

Thomas D. Brock 
Department of Bacteriology 
University of Wisconsin-Madison 
Madison, WI 53706 
USA 



XXXVl Contributors 

Clara R. Bunn 
Department of Biology 
Meredith College 
Raleigh, NC 27607 
USA 

Tineke Burger-Wiersma 
Laboratorium voor Microbiologie 
University of Amsterdam 
1018 WS Amsterdam 
The Netherlands 

Hans-Jiirgen Busse 
Institut fiir Mikrobiologie 
Universitiit Hannover 
D-3000 Hannover I 
Germany 

Ercole Canale-Parola 
Department of Microbiology 
University of Massachusetts 
Amherst, MA 01003 
USA 

Richard W. Castenholz 
Biology Department 
University of Oregon 
Eugene, OR 97403 
USA 

Dieter Claus 
Deutsche Sammlung von 

Mikroorganismen 
D-3300 Braunschweig-Stockheim 
Germany 

Yehuda Cohen 
Division of Microbial and Molecular 

Ecology 
Life Sciences Institute 
Hebrew University 
Jerusalem 
Israel 

Matthew D. Collins 
AFRC Institute of Food Research 
Reading Laboratory 
Schinfield, Reading RG2 9AT 
England 

Michael P. Coughlan 
Department of Biochemistry 
University College 
Galway 
Ireland 

Cecil S. Cummins 
Department of Anaerobic 

Microbiology 
Virginia Polytechnic Institute and 

State University 
Blacksburg, VA 24061 
USA 

Milton S. da Costa 
Departmento de Zoologia 
Universidade de Coimbra 
3049 Coimbra Codex 
Portugal 

Gregory A. Dasch 
Rickettsial Diseases Division 
Naval Medical Research Institute 
Bethesda, MD 20814 
USA 

Michael J. Davis 
Institute of Food and Agricultural 

Sciences 
University of Florida 
Homestead, FL 33031 
USA 

Jan A.M. de Bont 
Department of Food Science 
Agricultural University 
6700 EV Wageningen 
The Netherlands 

JozefDe Ley 
Laboratorium voor Microbiologic en 

Microbiele Genetica 
Rijksuniversiteit Ghent 
B-9000 Ghent 
Belgium 

Paul DeVos 
Laboratorium voor Microbiologic en 

Microbiele Genetica 
Rijksuniversiteit Ghent 
B-9000 Ghent 
Belgium 

Maria H. Deinema 
Laboratory of Microbiology 
Agricultural University 
6703 CT Wageningen 
The Netherlands 

Luc A. Devriese 
Faculty of Veterinary Medicine 
University of Ghent 
B-9000 Ghent 
Belgium 

Floyd E. Dewhirst 
Forsyth Dental Center 
140 Fenway 
Boston, MA 02115 
USA 

Gabriele Diekert 
Institut fiir Mikrobiologie 
Universitiit Stuttgart 
D-7000 Stuttgart I 
Germany 

Lubbert Dijkhuizen 
Department of Microbiology 
University of Groningen 
9751 NN Haren 
The Netherlands 

Daniel L. Distel 
Scripps Institution of Oceanography 
University of California-San Diego 
La Jolla, CA 92093 
USA 

Johanna I>Obereiner 
EMPRABA 
23851 Seropedica, Rio de Janeiro 
Brazil 

GaryV. Doem 
Department of Clinical Microbiology 
University of Massachusetts Medical 

Center 
Worcester, MA 01605 
USA 

Patrick R. Dugan 
Idaho National Engineering 

Laboratory 
EG & G Idaho 
Idaho Falls, ID 83415 
USA 

Martin Dworkin 
Department of Microbiology 
University of Minnesota 
Minneapolis, MN 55455 
USA 

Robert R. Eady 
AFRC Institute of Plant Science 

Research 
The University of Sussex 
Brighton BNI 9RQ 
England 

Jiirgen Eberspiicher 
lnstitut fiir Mikrobiologie 
Universitiit Hohenheim 
D-7000 Stuttgart 70 
Germany 

Gerald H. Elkan 
Department of Microbiology 
North Carolina State University 
Raleigh, NC 27695 
USA 

T. Martin Embley 
Department of Paramedical Sciences 
North East London Polytechnic 
London E15 4LZ 
England 

Jerry Ensign 
Department of Bacteriology 
University of Wisconsin-Madison 
Madison, WI 53706 
USA 

Takayuki Ezaki 
Department of Microbiology 
Gifu University School of Medicine 
Gifu 500 

'Japan 



Solly Faine 
Department of Microbiology 
Monash University 
Clayton, Melbourne, Victoria 3168 
Australia 

J .J. Farmer III 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

W. Edmund Farrar 
Department of Medicine 
Medical University of South 

Carolina 
Charleston, SC 29425 
USA 

Horst Felbeck 
Scripps Institution of Oceanography 
University of California-San Diego 
La Jolla, CA 92093 
USA 

Cynthia L. Fennell 
Department of Medicine 
Harborview Medical Center 
Seattle, WA 98105 
USA 

Patricia I. Fields 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Wilhelm Frederiksen 
Department of Diagnostic 

Bacteriology and Antibiotics 
Statens Seruminstitut 
DK-2300 Copenhagen S 
Denmark 

Dagmar Fritze 
Deutsche Sammlung von 

Mikroorganism 
D-3300 Braunschweig-Stockheim 
Germany 

John Fuerst 
Department of Microbiology 
University of Queensland 
St. Lucia, Queensland 4067 
Australia 

Michel J. Gauthier 
INSERM Unite 303 
I Avenue Jean-Lorrain 
06300 Nice 
France 

Arnold Geis 
lnstitut fUr Mikrobiologie 
Bundesanstalt fUr Milchforschung 
D-2300 Kiel 
Germany 

Monique Gillis 
Laboratorium voor Microbiologie 

and Microbiele Genetica 
Rijksuniversiteit Ghent 
B-9000 Ghent 
Belgium 

Stephen Giovannoni 
Department of Microbiology 
Oregon State University 
Corvallis, OR 97331 
USA 

Robert C. Good 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Michael Goodfellow 
Department of Microbiology, 

The Medical School 
The University of Newcastle upon 

Tyne 
Newcastle upon Tyne NE2 4HH 
England 

Hans-Dieter Gortz 
Zoologisches Institut 
Westfalische Wilhelms Universitat 

Munster 
D-4400 Munster 
Germany 

Rainer Gothe 
Institut fUr Vergleichende 

Tropenmedizin und Parasitologie 
Universitat Munchen 
8000 Munchen 40 
Germany 

Jan C. Gottschal 
Department of Microbiology 
University of Groningen 
9751 NN Haren 
The Netherlands 

Gerhard Gottschalk 
lnstitut fUr Mikrobiologie 
Universitat Gottingen 
D-3400 Gottingen 
Germany 

Friedrich Gotz 
Universitat Tubingen 
D-7400 Tubingen 1 
Germany 

Paul A. Granato 
Department of Pathology 
Crouse Irving Memorial Hospital 
Syracuse, NY 13210 
USA 

Contributors xxxvn 

Peter N. Green 
NCIMB Ltd. Torry Research Station 
P.O. Box 31 
Aberdeen AB9 8DC 
Scotland 

James R. Greenwood 
Bio-Diagnostics Laboratories 
3555 Voyager Street 
Torrance, CA 90503 
USA 

Francine Grimont 
Unite 199 INSERM 
Institut Pasteur 
75724 Paris Cedex 15 
France 

Patrick A.D. Grimont 
Unite 199 INSERM 
lnstitut Pasteur 
75724 Paris Cedex 15 
France 

Michael Gurevitz 
Department of Botany 
Life Sciences Institute 
Tel Aviv University 
Ramat Aviv 69978 
Israel 

David L. Gutnick 
Department of Microbiology 
Tel Aviv University 
Ramat Aviv 69978 
Israel 

Dittmar Hahn 
Department of Microbiology 
Agriculture University 
6703 CT Wageningen 
The Netherlands 

Auli Haikara 
Valtion Teknillinen Tutkimuskeskus 
Biotekniikan Laboratory 
SF-02150 Espoo 
Finland 

Walter P. Hammes 
Institut ftir Lebensmitteltechnologie 
Universitiit Hohenheim 
D-7000 Stuttgart 70 
Germany 

Hans Helmut Hanert 
Institut ftir Mikrobiologie 
Technische Universitat Braunschweig 
D-3300 Braunschweig 
Germany 

Theo A. Hansen 
Laboratorium voor Microbiologie 
Rijksuniversiteit Groningen 
NL-9751 NN Haren 
The Netherlands 



XXXVlll Contributors 

Richard S. Hanson 
Gray Freshwater Biology Research 

Institute 
University of Minnesota 
Navarre, MN 55392 
USA 

W. Harder 
Hoofdgroep Maatschappelijke 

Technologie 
MT-TNO Delft 
2600 AE Delft 
The Netherlands 

Jeremy M. Hardie 
The London Hospital Medical 

College Dental School 
University of London 
London E 1 2AD 
England 

H. Harms 
lnstitut ftir Allgemeine Botanik 
Universitat Hamburg 
D-2000 Hamburg 52 
Germany 

Sybe Hartmans 
Department of Food Science 
Agricultural University Wageningen 
6700 EV Wageningen 
The Netherlands 

Sydney M. Harvey 
Nichols Institute Reference 

Laboratories 
32961 Calle Perfecto 
San Juan Capistrano, CA 92675 
USA 

J. Woodland Hastings 
Department of Biology 
Harvard University 
Cambridge, MA 02138 
USA 

William J. Hausler, Jr. 
Hygienic Laboratory 
University of Iowa 
Iowa City, lA 52242 
USA 

Klaus Heckmann 
Zoologisches Institut 
Westfalische Wilhelms-Universitat 

Miinster 
D-4400 Munster 
Germany 

H. Ernest Hemphill 
Department of Biology 
Syracuse University 
Syracuse, NY 13244 
USA 

Robert B. Respell 
Northern Regional Research Center, 

ARS 
US Department of Agriculture 
Peoria, IL 61604 
USA 

F.W. Hickman-Brenner 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Donald C. Hildebrand 
Department of Plant Pathology 
University of California-Berkeley 
Berkeley, CA 94720 
USA 

Gregory Hinkle 
Department of Botany 
University of Massachusetts 
Amherst, MA 01003 
USA 

Hans Hippe 
lnstitut fiir Mikrobiologie 
Universitat Gottingen 
D-3400 Gottingen 
Germany 

Peter Hirsch 
lnstitut fiir Allgemeine Mikrobiologie 
Universitat Kiel 
D-2300 Kiel 
Germany 

Tor Hofstad 
Department of Microbiology and 

Immunology 
University of Bergen 
N-5021 Bergen 
Norway 

Susan K. Hoiseth 
Department of Microbiology 
Georgetown University School of 

Medicine 
Washington, D.C. 20007 
USA 

Barry Holmes 
Central Public Health Laboratory 
National Collection of Type Cultures 
London NW9 5HT 
England 

Wilhelm H. Holzapfel 
Bundesforschungsanstalt fiir 

Ernahrung 
Institut ftir Hygiene und Toxologie 
D-7500 Karlsruhe 1 
Germany 

Robert Huber 
lnstitut ftir Mikrobiologie 
Universitiit Regensburg 
D-8400 Regensburg 
Germany 

Carrie A. Norton Hughes 
Department of Microbiology 
University of Minnesota Medical 

School 
Minneapolis, MN 55455 
USA 

Garret M. Ihler 
Department of Medical Biochemistry 

and Genetics 
Texas A & M College of Medicine 
College Station, TX 77843 
USA 

Johannes F. Imhoff 
lnstitut fiir Mikrobiologie 
Rheinische Friedrich-Wilhelms-

Universitat 
D-5300 Bonn 1 
Germany 

Mahendra K. Jain 
Michigan Biotechnology Institute 
3900 Collins Road 
Lansing, MI 48909 
USA 

Holger W. Jannasch 
Biology Department 
Woods Hole Oceanographic 

Institution 
Woods Hole, MA 02543 
USA 

Kwang W. Jeon 
Department of Zoology 
University of Tennessee 
Knoxville, TN 37996 
USA 

John L. Johnson 
Department of Anaerobic 

Microbiology 
Virginia Polytechnic Institute and 

State University 
Blacksburg, VA 24601 
USA 

Russell C. Johnson 
Department of Microbiology 
University of Minnesota Medical 

School 
Minneapolis, MN 55455 
USA 

Dorothy Jones 
Department of Microbiology 
University of Leicester, School of 

Medicine 
Leicester LEI 9HN 
England 



Elliot Juni 
Department of Microbiology and 

Immunology 
University of Michigan 
Ann Arbor, MI 48109 
USA 

Clarence Kado 
Department of Plant Pathology 
University of California-Davis 
Davis, CA 95616 
USA 

Ronald M. Keddie 
Craigdhu, 3 Ness Way 
Fortrose 
Ross-shire IV 10 8SS 
Scotland 

Donovan P. Kelly 
Natural Environment Research 

Council 
Polaris House 
Swindon SN2 lEU 
England 

Allen Kerr 
Waite Agricultural Research Institute 
The University of Adelaide 
Glen Osmond 5064 
South Australia 

Karel Kersters 
Laboratorium voor Microbiologie en 

Microbiele Genetica 
Rijksuniversiteit Ghent 
B-9000 Ghent 
Belgium 

Bruce C. Kirkpatrick 
Department of Plant Pathology 
University of California-Davis 
Davis, CA 95616 
USA 

Wesley E. Kloos 
Department of Genetics 
North Carolina State University 
Raleigh, NC 27695 
USA 

Joan S. Knapp 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Miroslav Kocur 
Czechoslovak Collection of 

Microorganisms 
J.E. Purkyne University 
662 43 Brno 
Czechoslovakia 

Paul E. Kolenbrander 
National Institute of Dental Research 
National Institutes of Health 
Bethesda, MD 20892 
USA 

Elena N. Kondratieva 
Department of Microbiology 
Moscow State University 
Moscow B-234 
U.S.S.R. 

Hans-Peter Koops 
Institut fiir Allgemeine Botanik 
Universitiit Hamburg 
D-2000 Hamburg 52 
Germany 

Felicitas Korn-Wendisch 
Institut fiir Mikrobiologie 
Technische Hochschule 
D-61 00 Darmstadt 
Germany 

Heinz Eberhard Krampitz 
Universitiit Miinchen 
D-8000 Miinchen 90 
Germany 

Thomas Krech 
Risch Medical Laboratories 
Landstrasse 97 
FL-9494 Schaan 
Liechtenstein 

J olios P. Kreier 
The Ohio State University 
2047 Iuka Avenue 
Columbus, OH 43201 
USA 

Noel R. Krieg 
Department of Biology 
Virginia Polytechnic Institute and 

State University 
Blacksburg, VA 24061 
USA 

Reiner Michael Kroppenstedt 
Deutsche Sammlung von 

Mikroorganism und Zellkulturen 
D-3300 Braunschweig 
Germany 

J. Gijs Koenen 
Kluyver Laboratorium voor 

Microbiologie 
Delft University of Technology 
Julianalaan 67 
2628 BC Delft 
The Netherlands 

Daisy Kuhn 
Department of Biology 
California State University 
Northridge, CA 91330 
USA 

Contributors 

Hans Jiirgen Kutzner 
Institut flir Mikrobiologie 
Technische Hochschule 
D-61 00 Darmstadt 
Germany 

David P. Labeda 

XXXIX 

Northern Regional Research Center, 
ARS 

US Department of Agriculture 
Peoria, IL 61604 
USA 

Bart Lambert 
Plant Genetic Systems N.Y. 
J. Plateaustraat 22 
B-9000 Ghent 
Belgium 

Jan W.M. Ia Riviere 
Institut fUr Mikrobiologie 
Universitiit Gi:ittingen 
D-3400 Gi:ittingen 
Germany 

John W. Lawson 
Department of Microbiology 
Clemson University 
Clemson, SC 29632 
USA 

Ikon Le Minor 
WHO Collaborating Center for 

Reference and Research on 
Salmonella 

Institut Pasteur 
75724 Paris Cedex 15 
France 

Mary Lidstrom 
Environmental Engineering Science 
California Institute of Technology 
Pasadena, CA 91125 
USA 

Wolfgang Liebl 
Lehrstuhl flir Mikrobiologie 
Technische Universitiit Miinchen 
D-8000 Miinchen 
Germany 

Franz Lingens 
Institut fiir Mikrobiologie 
Universitat Hohenheim 
D-7000 Stuttgart 70 
Germany 

Reggie Y.C. Lo 
Department of Microbiology 
University of Guelph 
Guelph, Ontario NlG 2W1 
Canada 

Michael T. Madigan 
Department of Microbiology 
Southern Illinois University 
Carbondale, IL 62901 
USA 



xl Contributors 

Sarabelle Madoff 
Department of Bacteriology 
Massachusetts General Hospital 
Boston, MA 02114 
USA 

Lynn Margulis 
Department of Botany 
University of Massachusetts 
Amherst, MA 01003 
USA 

Kevin C. Marshall 
School of Microbiology 
University of New South Wales 
Kensington, New South Wales 2033 
Australia 

Frank Mayer 
Institut flir Mikrobiologie 
Universitiit Gottingen 
D-3400 Gottingen 
Germany 

Michael J. Mcinerney 
Department of Botany and 

Microbiology 
University of Oklahoma 
Norman, OK 73109 
USA 

Glenda R. Mernaugh 
Department of Medical Biochemistry 

and Genetics 
Texas A & M College of Medicine 
College Station, TX 77843 
USA 

James N. Miller 
Department of Microbiology and 

Immunology 
University of California-Los Angeles 
Los Angeles, CA 90024 
USA 

Uwe Christian Moller 
lnstitut flir Allgemeine Botanik 
Universitiit Hamburg 
D-2000 Hamburg 52 
Germany 

Lillian V.H. Moore 
Department of Anaerobic 

Microbiology 
Virginia Polytechnic Institute and 

State University 
Blacksburg, VA 24061 
USA 

Stephen A. Morse 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Nelson P. Moyer 
Hygienic Laboratory 
University of Iowa 
Iowa City, lA 52242 
USA 

Eppe Gerke Mulder 
Laboratory of Microbiology 
Agricultural University 
6703 CT Wageningen 
The Netherlands 

Luuc R. Mur 
Laboratorium voor Microbiologie 
University of Amsterdam 
1018 WS Amsterdam 
The Netherlands 

Robert G.E. Murray 
Department of Microbiology and 

Immunology 
University of Western Ontario 
London, Ontario N6A 5Cl 
Canada 

Francis E. Nano 
Department of Biochemistry and 

Microbiology 
University of Victoria 
Victoria, British Columbia V8W 2Y2 
Canada 

Kenneth H. Nealson 
Center for Great Lakes Studies 
University of Wisconsin-Milwaukee 
Milwaukee, WI 53204 
USA 

Douglas Nelson 
Department of Bacteriology 
University of California-Davis 
Davis, CA 95616 
USA 

A.I. Netrusov 
Microbiology Department 
Moscow University 
Moscow 119899 
U.S.S.R. 

Horst Neve 
Institut flir Mikrobiologie 
Bundesanstalt flir Milchforschung 
D-2300 Kiel 
Germany 

Steven J. Norris 
Department of Pathology and 

Laboratory Medicine 
University of Texas Medical School 

at Houston 
Houston, TX "77225 
USA 

Noboru Okamura 
Department of Microbiology 
Institute of Public Health 
Shirokanedai, Minato-ku 
Tokyo 
Japan 

Aharon Oren 
Institute of Life Sciences 
The Hebrew University of Jerusalem 
Jerusalem 91904 
Israel 

Paul Orndorff 
School of Veterinary Medicine 
North Carolina State University 
Raleigh, NC 27606 
USA 

Hiroshi Oyaizu 
Department of Microbiology 
Gifu University School of Medicine 
Gifu 500 
Japan 

Norberto J. Palleroni 
Department of Microbiology 
New York State University School of 

Medicine 
New York, NY 
USA 

Guy H. Palmer 
Department of Veterinary 

Microbiology and Pathology 
Washington State University 
Pullman, WA 99164-7040 
USA 

Nickolas Panopoulos 
Department of Plant Pathology 
University of California-Berkeley 
Berkeley, CA 94720 
USA 

A. William Pasculle 
Department of Pathology 
University of Pittsburgh School of 

Medicine 
Pittsburgh, PA 15261 
USA 

Bruce J. Paster 
Forsyth Dental Center 
140 Fenway 
Boston, MA 02115 
USA 

Susanne Peinemann 
lnstitut flir Mikrobiologie 
Universitiit Gottingen 
D-3400 Gottingen 
Germany 



John L. Penner 
Department of Medical Microbiology 
University of Toronto 
Toronto, Ontario M5G 1L5 
Canada 

Michel C.M. Perombelon 
Scottish Crop Research Institute 
Invergowrie, Dundee DD2 5DA 
Scotland 

Jerome J. Perry 
Department of Microbiology 
North Carolina State University 
Raleigh, NC 27695 
USA 

Norbert Pfennig 
Fakultat fUr Biologie 
Universitiit Konstanz 
D-7750 Konstanz 
Germany 

James E. Phillips 
Royal (Dick) School of Veterinary 

Studies 
University of Edinburgh 
Summerhall, Edinburgh EH9 1QH 
Scotland 

M.J. Pickett 
Department of Microbiology 
University of California-Los Angeles 
Los Angeles, CA 90024 
USA 

Harvey M. Pickrum 
Proctor and Gamble Co. 
Miami Valley Laboratories 
Cincinnati, OH 45239 
USA 

Beverly K. Pierson 
Department of Biology 
University of Puget Sound 
Tacoma, WA 98416 
USA 

Jeanne S. Poindexter 
Biology Department 
Long Island University 
Brooklyn, NY 11201 
USA 

Philip S. Poole 
Department of Biochemistry 
University of Oxford 
Oxford OX! 3QU 
England 

Bruno Pot 
Laboratorium voor Microbiologie en 

Microbiele Genetica 
Rijksuniversiteit Ghent 
B-9000 Ghent 
Belgium 

Helmut Prauser 
Zentralinstitut flir Mikrobiologie und 

Therapie 
6900 Jena 
Germany 

RudoH A. Prins 
Department of Microbiology 
University of Groningen 
9751 NN Haren 
The Netherlands 

Thomas J. Quan 
Center for Infectious Diseases 
Centers for Disease Control 
Ft. Collins, CO 80522 
USA 

Shmuel Razin 
Department of Membrane and 

Ultrastructure Research 
The Hebrew University, 

Haddassah Medical School 
Jerusalem 91010 
Israel 

Annette C. Reboli 
Department of Medicine 
Hahneman University Hospital 
Philadelphia, PA 19102 
USA 

Hans Reichenbach 
Gesellschaft fUr Biotechnologische 

Forschung 
Arbeitsgruppe Mikrobielle 

Sekundarstoffe 
D-3300 Braunschweig 
Germany 

Claude Richard 
Service des Enterobacteries 
lnstitut Pasteur 
75724 Paris Cedex 15 
France 

Lesley A. Robertson 
Kluyver Laboratorium voor 

Microbiologie 
Delft University of Technology 
Julianalaan 67 
2628 BC Delft 
The Netherlands 

Eugene Rosenberg 
Microbiology Department 
Tel Aviv University 
Ramat Aviv 69978 
Israel 

Edward Ruby 
Department of Biological Science 
University of South California 
Los Angeles, CA 90089 
USA 

Contributors xli 

Kathryn L. Ruoff 
Francis Black Bacteriology 

Laboratory 
Massachusetts General Hospital 
Boston, MA 02114 
USA 

Hermann Sahm 
Institut fUr Biotechnologie I 
KFA Jiilich GmbH 
D-5170 Jiilich 
Germany 

Riichi Sakazaki 
Department of Microbiology 
Tokai University 
Bouseidai, Isehara, Kanagawa 259-11 
Japan 

Vittorio Scardovi 
Instituto di Microbiologia Agraria e 

Tecnica 
Universita degli Studi di Bologna 
40126 Bologna 
Italy 

Klaus P. Schaal 
Institut fUr Medizinische 

Mikrobiologie 
Universitiit Bonn 
D-5300 Bonn 1 
Germany 

Hainfried E.A. Schenk 
Institut fUr Biologie I 
Universitiit Tiibingen 
D-7400 Tiibingen 1 
Germany 

Ulrich Schillinger 
Bundesforschungsanstalt fUr 

Erniihrung 
Institut flir Hygiene und Toxologie 
D-7500 Karlsruhe I 
Germany 

Bernhard Schink 
Lehrstuhl Mikrobiologie I 
Eberhard-Karls-Universitiit 
D-7400 Tiibingen I 
Germany 

Hans G. Schlegel 
Institut fUr Mikrobiologie 
Universitiit Gottingen 
D-3400 Gottingen 
Germany 

Karl-Heinz Schleifer 
Lehrstuhl fUr Mikrobiologie 
Technische Universitiit Miinchen 
D-8000 Miinchen 2 
Germany 



xlii Contributors 

Heinz Schlesner 
Institut fiir Allgemeine Mikrobiologie 
Christian-Albrechts-Universitiit 
D-2300 Kiel 1 
Germany 

Jean M. Schmidt 
Department of Botany and 

Microbiology 
Arizona State University 
Tempe, AZ 85287 
USA 

Karin Schmidt 
Institut flir Mikrobiologie 
Georg-August-Universitiit 
D-3400 Gottingen 
Germany 

Milton N. Schroth 
Department of Plant Pathology 
University of California-Berkeley 
Berkeley, CA 94 720 
USA 

H.P.R. Seeliger 
Institute fiir Hygiene und 

Mikrobiologie 
D-8700 Wurzburg 
Germany 

Andreas H. Segerer 
lnstitut fiir Mikrobiologie 
Universitiit Regensburg 
D-8400 Regensburg 
Germany 

Barbara Sgorbati 
Instituto di Microbiologia Agraria e 

Tecnica 
Universita degli Studi di Bologna 
40126 Bologna 
Italy 

Haroun N. Shah 
Department of Oral Microbiology 
The London Hospital Medical 

College 
London E1 2AD 
England 

Patricia E. Shewen 
Department of Veterinary 

Microbiology and Immunology 
University of Guelph 
Guelph, Ontario N1G 2Wl 
Canada 

Tsuneo Shiba 
Ocean Research Institute 
University of Tokyo 
Akahama, Otsuchi, Iwate 02811 
Japan 

Thomas M. Shinnick 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Ralph Slepecky 
Department of Biology 
Syracuse University 
Syracuse, NY 13244 
USA 

Robert M. Smibert 
Department of Anaerobic 

Microbiology 
Virginia Polytechnic Institute and 

State University 
Blacksburg, VA 24061 
USA 

Louis D.S. Smith 
2449 N. Baker Avenue 
East Wenatchee, WA 98802 
USA 

Elizabeth Sockett 
Department of Biochemistry 
University of Oxford 
Oxford OXl 3QU 
England 

Per Sogaard 
Department of Clinical Microbiology 
Arhus Kommunehospital 
8000 Arhus C 
Denmark 

Carol Spiegel 
University of Wisconsin Hospitals 

and Clinics 
A4/204 esc 
Madison, WI 53792 
USA 

Georg Sprenger 
Institut fUr Biotechnologie I 
KFA Jiilich GmbH 
D-5170 Jiilich 
Germany 

Erko Stackebrandt 
Department of Microbiology 
University of Queensland 
St. Lucia, Queensland 4067 
Australia 

Donald P. Stahly 
Department of Microbiology 
University of Iowa 
Iowa City, Iowa 52242 
USA 

James T. Staley 
Department of Microbiology 
University of Washington 
Seattle, WA 98105 
USA 

Karl 0. Stetter 
lnstitut fiir Mikrobiologie 
Universitiit Regensburg 
D-8400 Regensburg 
Germany 

Daphne L. Stoner 
Idaho National Engineering 

Laboratory 
EG & G Idaho 
Idaho Falls, ID 83415 
USA 

Adriaan H. Stouthamer 
Biologisch Laboratorium 
Vrije Universiteit 
1 081 HV Amsterdam 
The Netherlands 

James R. Swafford 
Department of Botany and 

Microbiology 
Arizona State University 
Tempe, AZ 85287 
USA 

Jean Swings 
Laboratorium voor Microbiologie en 

Microbiele Genetica 
Rijksuniversiteit Ghent 
B-4000 Ghent 
Belgium 

Kazumichi Tamura 
Enterobacteriology Laboratory 
National Institute of Health 
Kamiosaki, Shinagawa-ku, Tokyo 

141 
Japan 

Anne Tanner 
Departments of Periodontology and 

Microbiology 
Forsyth Dental Center 
Boston, MA 02115 
USA 

Fred C. Tenover 
Center for Infectious Diseases 
Centers for Disease Control 
Atlanta, GA 30333 
USA 

Michael Teuber 
Laboratory of Food Microbiology, 

Institute of Food Science 
Swiss Federal Institute of Technology 
CH-8092 Zurich 
Switzerland 

Brian J. Tindall 
Deutsche Sammlung von 

Mikroorganismen 
D-3300 Braunschweig 
Germany 



Kevin J. Towner 
University Hospital 
Queen's Medical Centre 
Nottingham NG7 2UH 
England 

Hans G. Triiper 
Institut fUr Mikrobiologie 
Rheinische Friedrich-Wilhelms-

Universitiit 
D-5300 Bonn I 
Germany 

K. Tsuji 
Gray Freshwater Biology Research 

Institute 
University of Minnesota 
Navarre, MN 55392 
USA 

Joseph G. Tully 
National Institute for Allergy and 

Infectious Diseases 
Frederick Cancer Research Center 
Frederick, MD 21701 
USA 

Olli H. Tuovinen 
Department of Microbiology 
The Ohio State University 
Columbus, OH 43210 
USA 

Henk W. Van Verseveld 
Biologisch Laboratorium 
Vrije Universiteit 
1081 HV Amsterdam 
The Netherlands 

Gernot Vobis 
Centro Regional Universitario 

Bariloche 
Universidad Nacional del Comahue 
Barioloche 8400, Rio Negro 
Argentina 

Alexander von Graevenitz 
Department of Medical Microbiology 
University of Zurich 
CH 8028 Zurich 
Switzerland 

Russell H. Vreeland 
Department of Biology 
West Chester University 
West Chester, PA 19383 
USA 

Haruo Watanabe 
Department of Bacteriology 
The National Institute of Health 
Shinagawa-ku, Tokyo 
Japan 

John B. Waterbury 
Woods Hole Oceanographic 

Institution 
Woods Hole, MA 02543 
USA 

Alison Ann Weiss 
Department of Microbiology and 

Immunology 
Medical College of Virginia 
Richmond, VA 23298 
USA 

Emilio Weiss 
Infectious Disease Department 
Naval Medical Research Institute 
Bethesda, MD 20889 
USA 

Norbert Weiss 
Deutsche Sammlung von 

Mikroorganism und Zellkulturen 
D-3300 Braunschweig 
Germany 

Robert A. Whiley 
The London Hospital Medical 

College Dental School 
University of London 
London E I 2AD 
England 

Robert F. Whitcomb 
Insect Pathology Laboratory 
Agricultural Research Service 
USDA 
Beltsville, MD 20705 
USA 

William B. Whitman 
Department of Microbiology 
University of Georgia 
Athens, GA 30602 
USA 

Friedrich Widdel 
Institut fiir Genetik und 

Mikrobiologie 
Universitat Miinchen 
D-8000 Miinchen 19 
Germany 

Juergen Wiegel 
Department of Microbiology 
University of Georgia 
Athens, GA 30602 
USA 

Anne Willems 
Laboratorium voor Microbiologie en 

Microbiele Genetica 
Rijksuniversiteit Ghent 
B-9000 Ghent 
Belgium 

Contributors xliii 

J.C. Williams 
Department of Intracellular 

Pathogens, USAMRIID 
Fort Detrick 
Frederick, MD 21701 
USA 

R.A.D. Williams 
Department of Biochemistry 
Queen Mary and Westfield College 
London E1 4NS 
United Kingdom 

Reinhard Wirth 
Institut fiir Genetik und 

Mikrobiologie 
Universitat Miinchen 
D-8000 Miinchen 19 
Germany 

Carl Woese 
Department of Microbiology 
University of Illinois 
Urbana, IL 61801 
USA 

Ralph S. Wolfe 
Department of Microbiology 
University of Illinois 
Urbana, IL 61801 
USA 

Eiko Yabuuchi 
Department of Microbiology 
Gifu University School of Medicine 
Gifu 500 
Japan 

Allan A. Yousten 
Biology Department 
Virginia Polytechnic Institute and 

State University 
Blacksburg, VA 24061 
USA 

Georgi A. Zavarzin 
Institute of Microbiology 
Academy of Sciences of the USSR 
117312 Moscow 
USSR 

J. Gregory Zeikus 
Michigan Biotechnology Institute 
3900 Collins Road 
Lansing, MI 48909 
USA 

Wolfram Zillig 
Max-Planck-Institut fiir Biochemie 
D-8033 Martinsried bei Miinchen 
Germany 

W. Zumft 
Lehrstuhl fiir Mikrobiologie 
Universitat Karlsruhe 
D-7500 Karlsruhe 
Germany 



CHAPTER 163 

The Genus Xylophilus 

ANNE WILLEMS, MONIQUE GILLIS, and JOZEF DE LEY 

The genus Xylophilus comprises strains path
ogenic for the grapevine, Vitis vinifera. Xylo
philus ampelinus, the only species, is the causal 
agent of bacterial necrosis and canker of grape
vine and is therefore responsible for important 
economic losses to viticulture in both Europe 
and South Africa. Although the disease was first 
described in France in 1895 as "Maladie d'O
leron" (Ravaz, 1895), the causal pathogen was 
not isolated until 1969. 

In 1939 Sarejanni had reported on "Tsilik 
marasi", a disease of Cretan grapevines which 
he attributed to a fungus of the family Pythi
aceae, and which he considered to be different 
from the "Maladie d'Oleron", the "Gommose 
bacillaire" in France and from the "Mal nero" 
in Italy. The former three diseases of grapevines 
and the similar South African "Vlamsiekte" 
were at that time all attributed to Erwinia vi
tivora (Sarejanni, 1939; Du Plessis, 1940). This 
bacterium (syn. Erwinia lathyri and Erwinia 
herbicola) was subsequently shown to be an or
dinary saprophyte, commonly isolated from in
fected plant material (Lelliott, 1974). In 1969, 
Panagopoulos reported the isolation of a very 
slow growing yellow-pigmented bacterium from 
grapevines with "Tsilik marasi" symptoms. 
This organism proved to be pathogenic upon re
inoculation of healthy plants. It was named 
Xanthomonas ampelina (Panagopoulos, 1969) 
and was shown to be identical to the causal 
agent of "Maladie d'Oleron" (Prunier et al., 
1970), "Vlamsiekte" (Erasmus et al., 1974) and 
"Mal nero" (Grasso et al., 1979). 

The pathogen was originally classified in the 
genus Xanthomonas because it is a Gram-neg
ative, aerobic, nonsporeforming, monotri
chously flagellated rod-shaped, plant pathogenic 
bacterium that produces a yellow water-insol
uble pigment and metabolizes sugars oxida
tively (Panagopoulos, 1969). Gradually how
ever, it became evident that Xanthomonas 
ampelina was not a genuine Xanthomonas 
(Bradbury, 1984) because of 1) the absence of 
xanthomonadins in Xanthomonas ampelina 
(Starr et al., 1977); 2) the differences in the reg-

ulation pattern of the aromatic amino acid bio
synthesis (Byng et al., 1980; Whitaker et al., 
1981 ); and 3) the dissimilarity between the 
rRNA cistrons of Xanthomonas ampelina and 
the other Xanthomonas species (DeVos and De 
Ley, 1983). By means ofhybridizations between 
a labelled rRNA from the type strain of the vine 
pathogen and DNA from several reference taxa, 
it was definitely shown that Xanthomonas am
pelina is not related to members of the genus 
Xanthomonas, but forms a separate genus in the 
acidovorans rRNA complex. Xanthomonas am
pelina was therefore transferred to a new genus 
as Xylophilus ampelinus (Willems et al., 1987). 

Habitats 

Bacterial Necrosis and Canker 
of Grapevines 

Xylophilus ampelinus strains have been isolated 
exclusively from different cultivars of Vilis vin
ifera, displaying symptoms ofbacterial necrosis 
and canker. The disease can be detected begin
ning in early spring, when buds on affected 
shoots fail to open. The most typical symptoms 
on affected shoots are longitudinal cracks and 
cankers that develop from hyperplasiae in the 
cambial tissue. The underlying vascular tissue 
shows a brown discoloration and eventually 
dies. Other parts of the shoot, less severely af
fected, can survive. Similar cracks can develop 
on the petioles, flower stalks, and fruit stalks, 
causing death ofleaves, flowers, or fruits. Leaves 
infected through hydathodes or stomata show 
reddish-brown lesions. Roots can also be af
fected, resulting in retarded growth of the 
shoots. Severity of the symptoms may vary con
siderably with different varieties (Panagopou
los, 1969; Ride, 1984; European and Mediter
ranean Plant Protection Organization data 
sheets on quarantine organisms, list A2, No. 
133, 1984; Lopez et al., 1987b; Grasso et al., 
1979). 
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Agricultural practices and local climatologi
cal conditions strongly affect the occurrence of 
the disease. Since Xylophilus ampelinus sur
vives in the vascular tissue, transmission occurs 
mainly through pruning lesions by the use of 
contaminated tools and infected grafting ma
terial. Wind and rain (and overhead spraying) 
not only favor the spreading of bacterial ooze 
from infected leaves, but often cause wounds 
and thus provide additional access routes for the 
pathogen. Exceptionally dry seasons may result 
in partial recovery of infected vineyards (Ride, 
1984; Panagopoulos, 1987; Lopez et al., 1987b ). 

Geographical Distribution 

Xylophilus ampelinus has been isolated from 
diseased vines in Greece, France, Sardinia, Sic
ily, Spain and South Africa (Panagopoulos, 
1969; Prunier et al., 1970; Garau et al., 1987; 
Grasso et al., 1979; Lopez et al., 1978; Erasmus 
et al., 1974). Similar disease symptoms, very 
likely also caused by Xylophilus ampelinus, 
were reported from Argentina, Austria, Bul
garia, Canary Islands, Portugal, Switzerland, 
Tunisia, Turkey, Yugoslavia, and the USSR 
(Bradbury, 1984; Panagopoulos, 1987). Accord
ing to Panagopoulos, the actual distribution of 
bacterial necrosis of grape vine is probably 
much larger, since its symptoms may be con
fused with those of other diseases (Panagopou
los, 1987). By means of several techniques it 
was shown that strains from Crete, France, 
Greece, Spain and South Africa are very similar 
(Willems et al., 1987). 

Isolation 

A major problem in the isolation of Xylophilus 
ampelinus strains is the extremely slow and 
poor growth of these strains on virtually all iso
lation media (Panagopoulos, 1969). Very often, 
fast-growing saprophytes, accompanying the 
pathogen, rapidly overgrow the whole culture. 
This may partly account for the long time pe
riod before Xy/ophilus ampelinus was isolated 
and characterized. 

The most common isolation sources are small 
pieces of infected wood tissue, taken aseptically 
from diseased grapevines and soaked for 20 
minutes in sterile water. The resulting bacterial 
suspension is plated on nutrient agar (Panago
poulos, 1969; Erasmus et al., 1974). After five 
to six days of incubation at 26°C, small pale
yellow colonies appear (0.1 to 0.3 mm diame
ter). After eight to ten days they can reach a 
diameter of0.4 to 0.6 mm. The colony diameter 
never exceeds 1 mm on nutrient agar (Pana-
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gopoulos, 1969). On this medium, colonies are 
round with an entire margin, semitranslucent, 
slightly raised, and glistening. According to 
Panagopoulos, in Greece the pathogen can be 
isolated from plants the whole year around. 

For better growth, the addition of 5% sucrose 
to nutrient agar is advised. Best _growth is re
ported on yeast extract-galactose-calcium car
bonate (YGC) medium containing 1% yeast ex
tract, 2% galactose, 2% CaC03, and 2% agar 
(Panagopoulos, 1969; Bradbury, 1973). We have 
also obtained good growth on glucose-yeast ex
tract-calcium carbonate-agar (GYCA) medium 
containing 0.5% yeast extract, 1% glucose, 3% 
CaC03, and 2% agar (Willems et al., 1987). The 
presence of calcium carbonate, which prevents 
the transmission of light, makes the latter two 
media less suitable for the study of colony mor
phology. More convenient and also providing 
good growth, is Yeast Extract/Galactose (YE
GAL) medium (Starr et al., 1977). 

Composition of YEGAL Medium 
Yeast extract 5 g 
Galactose 10 g 
K,HP04 3.01 g 
NaH,P04 4.55 g 
NH4Cl I g 
MgS0.-7H,O 0.5 g 
Ferric ammonium citrate 0.05g 
CaCI, 0.005 g 
Distilled water I liter 

Yeast extract and galactose, each dissolved in 100 ml, 
should be autoclaved separately as concentrated solu
tions. 

On a purely synthetic medium, the addition 
of 0.1% glutamic acid is required as a growth 
factor (Bradbury, 1973). In general, the use of 
a large inoculum is required for good growth. 
Xylophilus ampelinus strains fail to grow on me
dia that have been liquified and sterilized twice 
(Panagopoulos, 1969). 

Xylophilus strains may produce two different 
stable colony types: one type (t1) producing rel
atively large yellow colonies (colony diameter 
0.8 to 2.0 mm after 15 days on GYCA), the other 
type (t2) producing smaller, paler colonies that 
grow more slowly (colony diameter 0.4 to 1.0 
mm after 15 days on GYCA). Microscopically, 
cells of both types look identical. Based on the 
results of comparative whole-cell protein gel 
electrophoresis and DNA:DNA hybridizations, 
it was established that these types are merely 
morphological colony variants which are phe
notypically and genotypically highly similar 
(Willems et al., 1987). 

Cultures can be maintained on screw-capped 
slants at 4 oc; they should be transferred every 
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two months. For long-term preservation, strains 
can be lyophilized. 

Identification 

A few relatively simple bacteriological tests (Ta
ble 1) will establish whether strains, isolated 
from grapevines displaying the typical disease 
symptoms, belong to the genus Xylophi/us. 
Most typical is the extremely slow and poor 
growth on most media at the optimal growth 
temperature of 24 oc. The tiny yellow colonies, 
occurring after six to 15 days, produce a brown 
diffusible pigment on YGC medium. Cells are 
Gram-negative, straight to slightly curved rods, 
0.4 to 0.8 ~m by 0.6 to 3.3 ~m. They occur 
singly, in pairs, or short chains, and are motile 
by means of one polar flagellum. Filamentous 
cells may occur in older cultures. 

Additional features for differentiating Xylo
philus from most Xanthomonas species are: 
growth on K, Na tartrate, Ca lactate, o-glucose, 
use of L-glutamine as sole carbon and nitrogen 
source, and no production of H2S from L-cys
teine (M. Van den Mooter, unpublished obser
vations). 

Because of their slow and poor growth, Xy
lophilus strains require relatively long incuba
tion periods in conventional bacteriological 
tests. We tried to overcome this disadvantage 
by applying miniaturized API test systems (API 
Systems S.A., France). The enzymatic tests pro
vided in the API ZYM gallery and in the ex
perimental galleries Osidases, Esterases, and 
Aminopeptidases API to AP6 (103 tests in to
tal) could be used to distinguish Xylophi/us 
from related taxa and from Xanthomonas (Wil
lems et al., 1987). The 32 Xylophilus strains we 
tested formed a separate cluster using numerical 
analysis of the data. For identification purposes, 
however, these systems are not very suitable be
cause of the large number of negative reactions 
and the lack of reference data. The auxano
graphic tests, available from API Systems, could 
not be used since Xylophilus does not grow on 
the standard medium these tests require. 

Table I. Diagnostic features for Xylophilus ampelinus. 

Growth at 33°C 
Mucoid growth 
Acid from glucose 
Alkali from Na propionate 
Alkali from tartrate + 
Urease production + 
Esculin hydrolysis 
Brown, diffusible pigment on YGC + 
From Panagopoulos, 1987. 
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Regardless of their geographic origin, Xylo
philus strains produce a unique pattern in so
dium dodecyl sulfate polyacrylamide gel elec
trophoresis of whole cell proteins and can 
therefore be identified by means of this tech
nique (Willems et al., 1987). 

In specialized phytopathological laboratories, 
the identity of suspected Xylophi/us ampelinus 
strains is verified by techniques such as indirect 
immunofluorescence and indirect Enzyme
linked immunosorbent assay (ELISA) (Lopez et 
al., 1987a). Erasmus et al., (1974) used Ouch
terlony gel diffusion, Wassermann agglutina
tion, and hemagglutination plate tests to iden
tify the causal agent of the South African 
"Vlamsiekte" as Xylophi/us ampelinus. Appli
cation of such fast techniques is becoming more 
and more widespread. 

A fast, very reliable, and decisive identifica
tion method is based on hybridization of a ra
dioactively labelled rRNA probe of a repre
sentative Xylophilus ampelinus strain with 
DNA of the strain to be identified. When rRNA 
from the type strain is used, Xylophi/us ampe
linus strains have Tm(e) values from 78 to 81 oc 
(Willems et al., 1987). Tm(e) is the temperature 
at which half of the DNA:rRNA duplex is ther
mally denatured. 

Physiology 

Xylophilus strains have a strictly aerobic che
moorganotrophic metabolism. They use only a 
limited number of carbohydrates, organic acids, 
and amino acids for growth: on a total of 60 
substrates tested, growth could be recorded only 
on o-glucose, o-galactose, L-glutamic acid, Na 
succinate, Na fumarate, K, Na tartrate, Na L
malate, Na3 citrate, and Ca gluconate (M. Van 
den Mooter and J. Swings, manuscript submit
ted to Int. J. Syst. Bacteriol.). L-glutamate is 
required as a growth factor. 

Taxonomic Position 

Based on rRNA cistron similarities, as deter
mined by DNA-rRNA hybridizations, the ge
nus Xylophilus belongs to the acidovorans 
rRNA complex within rRNA superfamily III 
(see Chapter 100). Its closest genotypic neigh
bors are the genera Comamonas and Hydro
genophaga, several generically misnamed Pseu
domonas, Alcaligenes, and Aquaspirillum 
species, and several unnamed clinical isolates. 
The genus Xylophi/us constitutes a separate 
rRNA subbranch within this group. It can be 
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differentiated readily from all these taxa by its 
slow and poor growth. 
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The Genus Acinetobacter 

KEVIN J. TOWNER 

Current Taxonomic Status 

Members of the genus Acinetobacter have pre
viously been classified by various authors under 
a variety of different names (reviewed by Hen
riksen, 1973), and, consequently, much of the 
early literature concerning this group of organ
isms is difficult to interpret owing to confusion 
over nomenclature and the lack of a widely ac
cepted classification scheme. The genus Acine
tobacter originally proposed by Brisou and Pre
vot (1954) included a heterogenous collection 
of nonmotile Gram-negative saprophytes that 
could be distinguished from other similar bac
teria by their lack of pigmentation (Ingram and 
Shewan, 1960). The Subcommittee on the Tax
onomy of Moraxel/a and Allied Bacteria sub
sequently proposed (Lessel, 1971) that the genus 
Acinetobacter should include only the oxidase
negative strains. This division has been sup
ported by the use of transformation tests (Juni, 
1972), which now forms the basis for inclusion 
in the genus. Acinetobacter is classified in the 
family Neisseriaceae, and the current generic 
description (Juni, 1984) allows unambiguous 
identification of strains to the genus level. 

In contrast, delineation of species within the 
genus Acinetobacter is not satisfactory and is 
still the subject of much research. Only one spe
cies (A. calcoaceticus) is included in the current 
generic description, although it is known that 
the genus is biochemically and genetically het
erogenous (Baumann et al., 1968; Johnson et 
al., 1970). DNA hybridization studies have 
identified 12 phenotypically distinct hybridi
zation groups (genospecies) (Bouvet and Gri
mont, 1986). Species names have been proposed 
for six of these groups (Table 1), but phenotypic 
identification can be complex and time-con
suming (Bouvet and Grimont, 1986). Five fur
ther genospecies have been similarly identified 
by Bouvet and Jeanjean (1989), but these can
not, as yet, be differentiated solely on the basis 
of phenotypic properties. There is an urgent 
need for a simple identification and differentia-

Table I. Proposed subdivision of the genus Acinetobacter 
into genospecies. 

Number of 
Genospecies Proposed species name strains• 

I Acinetobacter calcoaceticus 8 
2 Acinetobacter baumannii 121 
3 15 
4 Acinetobacter haemolyticus 23 
5 Acinetobacter junii 17 
6 3 
7 Acinetobacter johnsonii 23 
8 Acinetobacter lwoffii }w 9 

10 4 
11 4 
12 3 

13-17 2()< 

•The number of strains shown is the total of those identified 
phenotypically in the cited studies and provides an indi
cation of the relative frequencies of the different genospe
cies. 
bGenospecies 8 and 9 cannot be differentiated solely on the 
basis of phenotypic properties (Bouvet and Grimont, 1986). 
'Genospecies 13-1 7 are phenotypically distinguishable from 
genospecies 1-12, but cannot themselves be differentiated 
phenotypically (Bouvet and Jeanjean, 1989). 
Adapted from Bouvet and Grimont ( 1986) and Bouvet and 
Jean jean ( 1989). 

tion scheme suitable for routine taxonomic and 
epidemiological use. 

Habitats and Pathogenicity 

Acinetobacters are ubiquitous organisms that 
are present in soil, water, and sewage (Blaise 
and Armstrong, 1973; Baumann, 1968; War
skow and Juni, 1972). It has been estimated that 
Acinetobacter may constitute as much as 0.001% 
of the total heterotrophic aerobic population of 
soil and water (Baumann, 1968). They have 
been found at densities exceeding 104 organisms 
per 100 ml in freshwater ecosystems and 106 

organisms per 100 ml in raw sewage (LaCroix 
and Cabelli, 1982). They can be isolated from 
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heavily polluted water but are found more fre
quently near the surface of fresh water and 
where fresh water flows into the sea (Droop and 
Jannasch, 1977). 

Members of the genus are also found in a 
variety of foodstuffs, including milk products 
(Koburge~, 1964) and fresh meat (Eribo and Jay, 
1985). Acmetobacters have been frequently iso
lated from eviscerated chicken carcasses and 
other poultry meats, even following gamma ir
radiation (Barnes and Thornley, 1966). Lahellec 
et al. (1975) reported that Acinetobacter con
stituted 22.7% of the total micro flora of chicken 
carcasses. Members of the genus are responsible 
fo~ spoilage of a number of foods, including 
chickens, eggs, bacon, and fish, even when the 
food is stored under refrigerated conditions 
(Gardner, 1971; Jay, 1982; Shewan et al., 1960; 
Thornley et al., 1960). 

Acinetobacter is a normal inhabitant of hu
man skin and has consequently been implicated 
as a presumed causal or contributory agent in 
numerous infectious disease processes, but 
sometimes is found as a result of sample con
tamination. They are particularly found in 
moist skin areas such as toe webs, the groin, 
and the axilla (Al-Khoja and Darrell, 1979; No
ble and Pitcher, 1978; Taplin et al., 1963). Their 
pathogenicity is generally low but they may 
cause occasional serious opportunistic infec
tions, including meningitis, septicemia, and 
pneumonia, particularly in patients with re
duced natural resistance (reviewed by Glew et 
al., 1977). Increasing numbers of nosocomial 
infections due to Acinetobacter are now being 
reported (Bergogne-Berezin et al., 1987). Hos
pital reservoirs of the organism may include wa
terbaths, disinfectants, room humidifiers, peri
tone~! dialysis fluid, wet mattresses, 
respuometers, and the hands of hospital staff 
(Buxton et al., 1978; Cunha et al., 1980; French 
et al., 1980; Sherertz and Sullivan, 1985; Smith 
and Massanari, 1977). 

Isolation 

Isolation of members of the genus Acinetobacter 
can be accomplished using standard laboratory 
media such as trypticase soy agar or brain heart 
infusion agar. A differential medium such as 
MacConkey agar may be helpful in recognizing 
colonies of Acinetobacter on primary isolation. 
The optimum growth temperature for most 
strains is 33-35°C. Although most strains will 
grow reasonably well at 37°C, some strains have 
considerably lower optimum growth tempera
tures and may be unable to grow at 37°C (Breuil 
and Kushner, 197 5). 

CHAPTER 164 

Selective Enrichment 

Most strains of Acinetobacter can grow in a sim
ple mineral medium containing a single carbon 
and energy source such as acetate, lactate, or 
pyruvate. Baumann (1968) described the use of 
an enrichment culture procedure for isolating 
members of the genus from soil and water. Liq
uid enrichment cultures containing 20 ml of 
medium (see below) are inoculated with a 5 ml 
sample of water or of a filtered 10% soil sus
pension and vigorously aerated at either 30°C 
or room temperature. Cultures are examined 
microscopically after 24 or 48 h and streaked 
onto suitable isolation media. Strains of Aci
netobacter have a slightly acid pH optimum for 
growth, and vigorous aeration at a pH of 5.5 to 
6.0 favors their enrichment. 

Baumann's Enrichment Medium (per liter) 
Sodium acetate (trihydrate) 2 g 
KNO, 2 g 
MgS0.-7H20 0.2 g 

dissolved in 0.04M KH2P04-Na2HP04 buffer (pH 6.0) 
containing 20 ml per liter of Butner's mineral base 
(Cohen-Bazire et a!., 1957). 

Differential Selection on Solid Media 

Selective liquid enrichment is rarely used in iso
lation from clinical specimens. For clinical iso
lation, general-purpose rich media such as 
blood agar or MacConkey agar are usually pre
ferred because of their broad bacterial coverage. 
However, Holton (1983) described a selective 
differential medium (modified from an earlier 
medium described by Mandel et al., 1964) 
which may be suitable for the specific isolation 
and growth of Acinetobacter strains from clin
ical sources. 

Holton's Selective Medium (per liter) 
Agar 10 g 
Casein pancreatic digest 15 g 
Peptone 5 g 
NaCl 5 g 
Desiccated ox-bile 1.5 g 
Fructose 5 g 
Sucrose 5 g 
Mannitol 5 g 
Phenylalanine 10 g 
Phenol red 0.02 g 
Adjust to pH 7.0. 

After autoclaving, the medium is cooled to 50°C and 
the following filter-sterilized ingredients added (final 
concentration in g per liter): 

Vancomycin 0.01 g 
Ampicillin 0.016 g 
Cefsulodin 0.03 g 
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Following overnight incubation at 37°C, red colonies on 
the medium are tested for oxidase reaction and phen
ylalanine deamination ( 10% ferric chloride method). 
Colonies giving a negative reaction with both of these 
tests are presumptive Acinetobacter isolates. 

Identification 

Morphology 

Short, plump, Gram-negative rods, typically 
1.0-1.5 by 1.5-2.5 .urn in the logarithmic phase 
of growth, but often becoming more coccoid in 
the stationary phase. Occasionally difficult to 
destain. Cells commonly occur in pairs, but also 
in chains of variable length. No spores formed 
and flagella absent. Although generally consid
ered to be nonmotile, "twitching" and "gliding" 
motility has been reported to occur, particularly 
on semisolid media (Barker and Maxsted, 197 5; 
Henrichsen and Blom, 1975; Mukherji and 
Bhopale, 1983). Many strains are encapsulated, 
and the capsule may be readily seen in India 
ink wet mounts. Colonies are usually nonpig
mented, but some strains form white- to cream
colored colonies, which vary in consistency 
from butyrous to smooth and mucoid and from 
1-2 mm in diameter. 

Biochemical Identification 

All members of the genus Acinetobacter are 
strict aerobes and can grow at a wide range of 
temperatures. Most strains will grow at 33°C, 
but some environmental isolates prefer incu
bation temperatures from 20 to 30°C. Clinical 
isolates of Acinetobacter will normally grow at 
37°C and some strains can also grow at 42°C. 
All strains of Acinetobacter are oxidase-negative 
and catalase-positive. The negative oxidase re
action serves to distinguish the genus from other 
genera grouped in the family Neisseriaceae. 
Most strains of Acinetobacter can grow in a sim
ple mineral medium containing a single carbon 
and energy source. A wide variety of organic 
compounds can be used as carbon sources by 
particular strains, although relatively few 
strains can use glucose (Baumann et al., 1968). 
There is no single biochemical test that enables 
ready differentiation of this genus from similar 
bacteria, but the non-fastidious nature and wide 
biochemical activities of the members of the 
genus make them readily distinguishable from 
other bacteria, using the combination of nutri
tional tests applied for nonfastidious, nonfer
mentative organisms in general, including com
mercially available diagnostic devices (Dowda, 
1977; Oberhofer et al., 1977; Oberhofer, 1979; 
Towner and Chopade, 1987). Most strains are 
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unable to reduce nitrate to nitrite in the con
ventional nitrate reduction assay. A few clinical 
strains may show hemolysis on blood agar 
plates due to the production of a phospholipase 
C (Lehmann, 1971 ). Most strains are resistant 
to penicillin due to the production of {3-lacta
mase (Baumann et al., 1968; Gilardi, 1973). 

Genetic Identification 

Members of the genus are themselves only 
rarely transformable, but can be easily identi
fied by testing the ability of their isolated DNA 
to transform a nutritional or antibiotic resist
ance marker to the naturally competent strain 
BD413 isolated by J uni ( 1972). Transformation 
of this highly competent strain occurs readily 
either on semi-solid media or in liquid culture 
and has been used as the basis of a test for the 
identification of Acinetobacter in clinical spec
imens (Brooks and Sodeman, 1974). DNA sam
ples from unrelated bacteria have consistently 
failed to transform Acinetobacter auxotrophs to 
prototrophy (Juni, 1972), and this test is con
sequently believed to allow unambiguous attri
bution of unknown strains to the Acinetobacter 
genus. 

Biochemistry and Physiology 

The main identifying biochemical and physi
ological characteristics of the genus have been 
outlined earlier in this chapter and only the 
most significant aspects are therefore reiterated 
here. 

Although rare strains of Acinetobacter show
ing growth factor requirements have been iso
lated (Baumann et al., 1968; Warskow and Juni, 
1972), the vast majority of isolates resemble 
saprophytic pseudomonads in being able to use 
any one of a large range of organic compounds 
as a carbon and energy source in an otherwise 
mineral medium. Although the utilization of 
carbohydrates is relatively uncommon, the ma
jor biochemical feature of the genus is that 
many strains are able to metabolize a range of 
compounds including aliphatic alcohols, some 
amino acids, decarboxylic and fatty acids, un
branched hydrocarbons, sugars, and many rel
atively recalcitrant aromatic compounds such 
as benzoate, mandelate, n-hexadecane, cycloh
exanol, and 2,3-butanediol (Juni, 1978). Mem
bers ofthe genus are therefore particularly suit
able organisms for studying a variety of unusual 
biochemical pathways, and they may also have 
a role to play in degrading a variety of pollutants 
and industrial products (see "Applications"). 
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As indicated above, most strains are unable 
to utilize glucose as a carbon source, but oc
casional rare strains are able to do so via the 
Entner-Doudoroff pathway (Taylor and Juni, 
1961 ). Many acinetobacters are, however, able 
to acidify media containing sugars, including 
glucose, via an aldose dehydrogenase (Hauge, 
1960). This property has been previously con
sidered to have major taxonomic significance in 
the subdivision of the genus, but DNA hybrid
ization studies (Bouvet and Grimont, 1986) 
now suggest that this is not the case unless con
sidered in combination with other unrelated 
biochemical properties. 

Although most strains of Acinetobacter are 
unable to reduce nitrate to nitrite in the con
ventional nitrate reduction assay, both nitrate 
and nitrite can be used as nitrogen sources by 
means of an assimilatory nitrate reductase (Jys
sum and Joner, 1965). All acinetobacters are 
oxidase-negative, since they lack cytochrome c, 
but they do contain cytochromes a and b (Whit
taker, 1971 ). All the enzymes of the glyoxylate 
cycle and the tricarboxylic acid cycle are nor
mally present (Juni, 1978). 

One important difference from many other 
organisms is that Acinetobacter cannot incor
porate extracellular thymine or thymidine into 
DNA. Enzyme analysis has revealed that Aci
netobacter lacks the enzymes thymidine phos
phorylase, nucleoside deoxyribosyltransferase, 
and thymidine kinase, but does contain en
zymes for conversion of thymidine-5'-mono
phosphate to thymidine-5'-triphosphate 
(Ovrebo and Kleppe, 1973). 

Further details of the biochemical pathways 
mentioned in this section can be found in the 
detailed review by Juni (1978). 

Genetics 

All three of the major modes of gene transfer 
are known to occur in Acinetobacter and are 
discussed briefly below. 

Transformation 

The transfer of genetic material by transfor
mation in a strain of Acinetobacter was first 
demonstrated by Juni and Janik (1969) and 
forms the basis of the genetic test for the iden
tification of members of the genus (Juni, 1972). 
Genetic competence for transformation seems 
to be a rare trait in Acinetobacter (Juni, 1978), 
but has been used for preliminary genetic map
ping of a few genes. Sawula and Crawford ( 1972) 
mapped the genes for tryptophan biosynthesis 
in strain BD413 and showed that they were ar-
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ranged in a unique pattern consisting of three 
distinct clusters, as opposed to the single operon 
found in enteric bacteria. Similarly, Ginther 
( 1977) analyzed proline auxotrophs in strain 
BD42 and showed that all the mutants belonged 
to three genetically distinctgroups. Cruze et al. 
(1979) studied the conditions for quantitative 
transformation in strain BD413 and showed 
that competence occurred throughout the life 
cycle, but with a peak early in the exponential 
growth phase. The highest transformation fre
quencies (0.5 to 0.7%) were obtained in an as
partate-containing medium which allowed the 
most rapid growth of strain BD413. Recipient 
cell concentrations of 1 X 106 to 6 X 106 cells 
per ml were found to give the highest transfor
mation frequencies, regardless of the DNA con
centration. Similar findings were reported by 
Ahlquist et al. ( 1980) who demonstrated two 
peaks of competence for strain NCIB 8250, one 
during the early stages of batch culture and a 
second minor peak at the beginning of the sta
tionary phase, and also reported that the pres
ence of cyclic AMP increased the transforma
tion frequencies obtained. 

Transduction 

A large variety of bacteriophages for various 
strains of Acinetobacter have been isolated from 
sewage (Blouse and Twarog, 1966; Herman and 
Juni, 1974; Twarog and Blouse, 1968). Most 
Acinetobacter phages are lytic, but one temper
ate phage (P78), which lysogenizes its host and 
is capable of mediating generalized transduc
tion, has been isolated (Herman and Juni, 
1974). Phage P78 is specific for its host strain 
and failed to lysogenize 389 other indepen
dently isolated strains of Acinetobacter, includ
ing the transformation-competent strain 
BD413. This narrow host specificity may be ac
counted for by the large number of different 
surface antigens found in this genus (Marcus et 
al., 1969). At present, neither P78 nor any other 
bacteriophage has been used for extensive ge
netic studies in Acinetobacter. 

Conjugation 

Conjugation in this genus was first reported by 
Towner and Vivian (1976a) using strain EBF 
65/65 and the broad-host-range plasmid RP4 as 
a mobilizing vector. RP4 is capable of mobiliz
ing the Acinetobacter chromosome and trans
ferring chromosomal genes between different 
mutant derivatives of EBF 65/65. Transfer of 
the chromosome occurs at detectable frequen
cies only on solid surfaces (not in liquid mat
ings) and mobilization occurs from at least two 
different chromosomal locations (Towner and 
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Vivian, 1976b). This system has been used to 
map 23 different mutations on a circular linkage 
group (Towner, 1978), and it has been suggested 
that the chromosomal organization of Acine
tobacter differs from enteric bacteria, but is sim
ilar to Pseudomonas, in that it shows an absence 
of clustering of functionally related genes. Vak
eria et al. (1984) subsequently added several 
genes concerned with mandelate metabolism to 
this map using conjugation mediated by RP4 
and an indigenous self-transmissible plasmid 
designated pAVl (Hinchliffe and Vivian, 1980). 
A variety of plasmids belonging to different in
compatibility groups have now been shown to 
be capable of transfer by conjugation to Aci
netobacter from enteric bacteria, although not 
all are stably maintained (Chopade et al., 1985; 
Towner and Vivian, 1977). Cloning vectors that 
are capable of transfer to and maintenance in 
Acinetobacter have also been described (Ditta 
et al., 1985; Singer et al., 1986). 

Applications 

Biodegradation of Industrially Relevant 
Aromatic Compounds 

The biodegradation of aromatic compounds 
produced as industrial pollutants has been re
viewed by Fewson ( 1981 ). The wide metabolic 
versatility of Acinetobacter means that partic
ular strains have the potential to play an im
portant role in the biodegradation of a wide 
range of aromatic compounds such as phenols, 
cresols, toluene, polyethylene glycol, polychlor
inated biphenyls, and cyclohexane. Many such 
degradative pathways are still in the process of 
being elucidated, but it can already be envisaged 
that it may also be possible to isolate metabolic 
intermediates of commercial interest following 
the construction of mutant strains blocked at 
appropriate stages in a particular pathway. An 
important additional advantage is that mem
bers of the Acinetobacter genus are easy to iso
late, cultivate, and manipulate genetically in the 
laboratory. 

Production and Uses of Emulsan 

The Acinetobacter strain RAG-1 is capable of 
utilizing a wide variety of hydrophobic growth 
substrates including crude oil, gas oil, several 
triglycerides, and middle-chain-length alkanes 
(Rosenberg et al., 1979a; Shabtai et al., 1985). 
Emulsan is the extracellular form of a poly
anionic, cell-associated heteropolysaccharide 
produced by strain RAG-1 (Rosenberg et al., 
1979b; Zuckerberg et al., 1979). The biopoly
mer has the property of stabilizing emulsions of 
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hydrocarbons in water and seems to be required 
in a cell-bound form for growth on crude oil 
(Pines and Gutnick, 1986). Purified emulsan 
has a number of potential applications in the 
petroleum industry, including viscosity reduc
tion during pipeline transport following for
mation of heavy oiljwater emulsions, and pro
duction of fuel oiljwater emulsions for direct 
combustion with dewatering (Gutnick and 
Minas, 1987). However, the affinity of purified 
emulsan for the oil/water interface also has im
plications for the stability of oil emulsions dur
ing transport and storage, and also for their 
biodegrability following accidental spillage. The 
effect of emulsan on the biodegradation of crude 
oil by pure and mixed bacterial cultures has 
been investigated in detail by Foght et al. ( 1989). 

Production and Uses of Biodispersan 

Most microbial surfactants that have been iso
lated and characterized act by either lowering 
the interfacial tension between oil and water or 
by stabilizing (or destabilizing) hydrocarbon/ 
water emulsions (as described above). Rosen
berg et al. (1988a) investigated the possibility 
that bacteria might also produce surfactants 
which adhere to the surfaces of inorganic ma
terials. Two strains of Acinetobacter were iso
lated which produced extracellular polymers 
(termed biodispersans) capable of dispersing 
limestone in water. The active component of 
biodispersan has been purified and shown to be 
an anionic polysaccharide with an average mo
lecular weight of 51,400 (Rosenberg et al., 
1988b ). Limestone is used in a wide variety of 
commercial industries, and purified biodisper
san may have potential applications in several 
manufacturing processes producing common 
products such as paints, ceramics, and paper. It 
should be noted that whereas the production of 
hydrocarbon-in-water emulsifiers appears to be 
widespread among acinetobacters, emulsifying 
and dispersing activities appear to be due to 
different materials, with production of disper
sants apparently restricted to a relatively small 
number of Acinetobacter strains (Rosenberg et 
al., 1988a). 
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CHAPTER 165 

The Family Azotobacteraceae 

JAN HENDRIK BECKING 

The family Azotobacteraceae is represented by 
two genera, Azotobacter (Beijerinck, 1901a, 
1901b) and Azomonas (Winogradsky, 1938). 
The removal of the genera Beijerinckia and 
Derxia from the Azotobacteraceae was based on 
rRNA cistron analysis (De Smedt et al., 1980) 
and rRNA cistron similarities as observed in 
DNA-rRNA hybridization experiments (De 
Vos et al., 1985). Such experiments showed that 
Beijerinckia and Derxia are not closely related 
to the genera Azotobacter and Azomonas, but 
that they belong to other subdivisions or groups, 
i.e., the alpha and the beta subclasses, respec
tively of the Proteobacteria (see Chapter 100). 
On the other hand, investigations on rRNA sim
ilarities of various Gram-negative bacteria 
based on T m<el values of DNA-rRNA hybrids 
showed that Azotobacter and Azomonas are 
closely related to one another and to the Pseu
domonas jluorescens rRNA branch. The latter 
branch or group belongs to the Superfamily I in 
the nomenclature of De Ley and coworkers (see 
Chapter 1 00; De Smedt et al., 1980; and DeVos 
et al., 1985) or the gamma group/subdivision or 
subclass of the purple bacteria as defined by 
Woese et al. (1985a, 1985b) or the Pro teo bac
teria, as defined by Stackebrandt et al. ( 1988). 

Members of the Azotobacteraceae are pri
marily characterized as nonsymbiotic (i.e., free
living), aerobic, heterotrophic bacteria whose 
main property is the ability to fix molecular (at
mospheric) nitrogen in a nitrogen-free or nitro
gen-poor medium with an organic carbon com
pound (preferentially sugars, alcohols, or 
organic acids) as energy source. However, di
nitrogen fixation is not unique to this family, 
as this property can be observed in quite anum
ber of other unrelated bacteria (see Chapters 
107 and 109). Moreover, some representatives 
of this family can produce associative growth 
(which is different from symbiotic growth) with 
higher plants. For these reasons, representatives 
of this family are usually called nonsymbiotic 
nitrogen-fixers. 

General Habitats 

Representatives of the Azotobacteraceae are 
regular inhabitants of soil, including aerially 
transported dust, of water habitats, and of plant 
surfaces such as the external environment of 
roots (rhizosphere) and leaves (phyllosphere). 
Azotobacter chroococcum and A. vinelandii also 
occur in marine habitats. Some species occur 
in much larger numbers in the rhizosphere of 
higher plants than in the soil itself, and it has 
been shown in some cases that this associative 
growth is beneficial for the plant because fixed 
nitrogen becomes available to the plant (Do
ereiner, 1966, 1968). Some investigators (see 
"Applications") report the same for Azotobacter 
chroococcum and a number of agricultural crops 
in India. 

For Azotobacter paspali and the grass Pas
palum notatum, the association seems to be spe
cies-specific (Dobereiner, 1966, 1970). Also, on 
leaf surfaces, members of this group (especially, 
Azotobacter chroococcum) often occur as non
pathogenic epiphytic flora, particularly on older 
or aged leaves. The bacteria probably proliferate 
at the expense of the sugar-rich and nitrogen
poor exudates of the plant; the exudates act as 
a kind of enrichment medium (see below). For 
the phyllosphere, it has been suggested that the 
fixed nitrogen becomes available to the plant 
(Ruin en, 1961 ), but an unambiguous proof us
ing 15N2 has not yet been presented. 

Most species of this family occur in soil as 
well in water, but two Azomonas species, A. 
agilis and A. ins ignis, have so far only been iso
lated from water habitats. The pH value of the 
soil or water environment often governs the oc
currence of a certain species. Therefore, the pH 
of the medium, in combination with selective 
carbohydrate utilization, are important factors 
for selective isolation of the various species in 
enrichment media. 
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General Identification 

Morphological and physiological properties are 
both very important for the identification of 
Azotobacteraceae. All representatives have the 
ability to fix nitrogen in simple media. Cells are 
usually large, blunt to oval in shape, 2 J.Lm or 
more in diameter. The morphology may change 
with various growth conditions. The cells are 
normally in pairs, but single cells or short 
chains may also occur. Motile by peritrichous 
or polar flagella or nonmotile. Intracellular 
poly-,6-hydroxybutyrate is produced (Fig. 1 ). 
Cells are Gram-negative to Gram-variable 
(rarely). Endospores are not formed. Microcysts 
are formed in one genus (Azotobacter). They are 
chemoheterotrophic, preferentially utilizing 
sugars, alcohols, and salts of organic acids. Cul
tures are obligately aerobic and catalase-posi
tive. They fix molecular nitrogen in a nitrogen
free or nitrogen-poor medium in air, but also 
under reduced oxygen pressure. Organic growth 
factors are not required. Trace elements (e.g., 
molybdenum or vanadium) are required be
cause they are involved in nitrogenase activity. 
Normally, cells fix 10 mg of nitrogen per g of a 
suitable carbohydrate (usually glucose) in syn-

Fig. I. Azotobacter chroococcum. Thin section through cells 
demonstrating the presence of large, poly-13-hydroxybutyr
ate globules as reserve material. Many cells occur in pairs 
in the so-called diplococcus stage. Transmission electron 
micrograph. Bar = 0.5 ,.,m. 

The Family Azotobacteraceae 3145 

thetic media containing 1-2% carbohydrate. 
However, the efficiency of dinitrogen fixation 
can be markedly increased (sometimes doubled 
up to 20-25 mg N/g carbohydrate) by lowering 
the carbohydrate levels (Becking, 1971 ), to lev
els such as usually occur in soils, or when under 
low oxygen tension (Meyerhof and Burk, 1928; 
J. H. Becking, unpublished observations; see 
also "Physiological and Biochemical Aspects"). 

They can utilize various sources of combined 
nitrogen, but some species utilize nitrate poorly 
or not at all. Water-insoluble and water-soluble 
pigments or fluorescent pigments are produced 
by some species. 

In the genus Azotobacter, microcysts are 
formed in older cultures grown with sugar as 
carbon source. In some species, a medium con
taining butan-1-ol as organic substrate (0.1-0.2 
ml is added prior to pouring of the agar plates) 
enhances cyst formation (Tehan and New, 
1984). A microcyst can be distinguished from 
an endospore by its characteristic structure: a 
central body surrounded by a cyst coat, con
sisting of an exocystorium and an exine. In con
trast to a spore, the cell inside the cyst is similar 
to the vegetative form and there are no cyto
logical changes in the cell prior to its germi
nation (Socolofsky and Wyss, 1961; Tehan et 
al., 1962). The primary habitat is soil, water, 
and the plant rhizosphere and phyllosphere. In 
this family, the GC content of the DNA ranges 
from 52-67.5 mol%. The type genus is Azoto
bacter Beijerinck 1901 b, 567. 

Differentiation from Other 
Nitrogen-Fixing Bacteria 

Although some rhizobia may fix nitrogen non
symbiotically, unlike Azotobacter, they can only 
do so under reduced oxygen tension. Further
more, their cells are generally smaller than Azo
tobacter cells (A. paspa/i excepted). Moreover 
rhizobia need a more complex medium (sup
plemented with growth substances, etc.) for 
growth. Other nonsymbiotic nitrogen-fixing or
ganisms have a different cell morphology and 
widely different physiological and nutritional 
requirements depending on the taxonomic 
group of the Prokaryote class to which they be
long. 

Genus Differentiation 
of Azotobacteraceae 

Azotobacter: Microcysts formed; GC content is 
63-67.5 mol% (T m). 
Azomonas: Microcysts not formed; GC content 
is 52-59 mol% (T m). 
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Isolation 

Species of the Azotobacteraceae are typical 
aerobic, chemoheterotrophic, dinitrogen-fixing 
bacteria. Therefore, any medium of suitable pH 
value that contains an organic carbon source, 
minerals (especially phosphate), some trace ele
ments (in particular, molybdenum and/or va
nadium), and no combined nitrogen is suitable 
for enrichment, since only organisms that can 
grow at the expense of atmospheric nitrogen are 
able to develop. 

Members of this group fix dinitrogen better 
at low oxygen tension, probably because fixation 
is a reductive process (i.e., nitrogenase is inhib
ited or inactivated by oxygen). However, in en
richment cultures, care should be taken to pro
vide sufficient aeration of the medium, in order 
to suppress the development of anaerobic or fa
cultatively anaerobic bacteria (evident by a 
characteristic butyric acid smell of the enrich
ment culture), which may develop when the ox
ygen pressure is low or when the oxygen is to
tally exhausted. Therefore, thin-liquid layers in 
Erlenmeyer flasks or petri dishes are recom
mended to allow sufficient oxygen access. This 
precaution is not absolutely obligatory for en
richment of most Azotobacter species, since in 
static culture, they usually form a pellicle on 
the liquid surface. It is advisable to leave this 
pellicle undisturbed, because careless handling 
or shaking of the enrichment culture may rup
ture the pellicle and cause the cells to precipitate 
as a sediment, which stimulates the develop
ment of the above-mentioned anaerobic or fa
cultative anaerobic contaminating bacteria al
ways present in enrichment cultures. 

General Enrichment Procedures 

Members of the family Azotobacteraceae can 
be enriched from soil or water by adding phos
phate (0.1%) and an organic carbon source, usu
ally 1-2% sugar or a calcium (or sodium) salt 
of an organic acid, to one ofthe above substrates 
as will be described below. Usually, an organic 
carbon source and phosphate are the minimum 
nutrients that must be added to obtain the de
velopment of Azotobacteraceae under natural 
conditions in soil or water. Using this principle, 
a number of simple enrichment procedures can 
be designed for the successful isolation of mem
bers of this group. 

ISOLATION OF AZOTOBACTERACEAE BY THE SOIL
pASTE PLATE METHOD. A small amount of soil 
(about 30-50 g) is mixed in a porcelain mortar 
with about 0.5-1.0 g of organic carbon (e.g., 
sucrose, glucose, or mannitol), about 0.5 g of 
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chalk (CaC03) to assure an alkaline reaction, 4 
drops (0.12 ml) of a 10% aqueous K2HP04 so
lution, and 4 drops of a 10% aqueous MgS04 

solution. When the water content of the soil is 
low, some extra distilled water is also added in 
order to obtain a soil paste. If the soil is too 
sandy, or is difficult to make into paste for other 
reasons, sterile clay mineral (kaolinite) is added. 
The soil paste is transferred with a sterile kni
fepoint or spatula to a small, low-rimmed con
tainer, watch glass, or hollow gypsum block, and 
the soil is firmly pressed into the hollow surface. 
With the aid of a knife or spatula, preferentially 
sterile, the surface of the soil is neatly 
smoothed. The small container with the soil is 
subsequently placed in a petri dish containing 
a wet piece of filter paper and incubated at 27-
300C. Care should be taken that the top of the 
soil does not touch the upper lid of the petri 
dish, thus causing anaerobic conditions. After 
3-7 days incubation, glistening, slimy Azoto
bacter colonies develop on the smooth soil sur
face. Colonies of A. chroococcum turn brown in 
a few days. 

ISOLATION OF AZOTOBACTERACEAE BY THE 
SIEVED-SOIL PLATE METHOD. In this method 
(Winogradsky, 1932), silica-gel plates are pre
pared by treating a sodium-silicate solution 
with acid to have a complete inorganic sub
strate. The plates are impregnated with nitro
gen-free, carbohydrate-containing nutrient 
solution suitable for the cultivation of Azoto
bacteraceae. Before impregnation, the excess 
salt (NaCI, when HCl is used for gel prepara
tion) is washed out in running tap water, and 
then the plates are rinsed with sterile, distilled 
water. The solid medium is allowed to dry in 
an incubator. Subsequently, the plates are im
pregnated with medium, the superfluous me
dium is poured off, and the remaining water is 
evaporated in an incubator. The dry plates are 
seeded with soil crumbs; sieved soil is used pref
erentially (either sieved directly over the plate 
or distributed on the plate with a spatula) in 
order to obtain small soil particles and an even 
distribution. After incubation at 27-30°C, col
onies of members of soil-inhabiting Azotobac
teraceae develop on the gel around the soil par
ticles. 

The preparation of silica gel is rather labo
rious, but good quality agar can also be used, 
i.e., agar low in combined nitrogen. Other agars 

. can also made sufficiently low in combined ni
trogen by some preparations, i.e., by fermen
tation of the agar in distilled water and by re
peated removal and renewal of the rinsing 
solution. The treated agar (10-20 g/1) can be 
made up with Azotobacteraceae nitrogen-free 
medium (see below), and the nutrient agar 
plates inoculated with sieved soil particles in 
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the manner mentioned above for the silica 
plates. As Azotobacteraceae medium, Wino
gradsky's nitrogen-free medium can be used. It 
has the following composition (g/1): KH2P04 

50.0; MgS04·7 H20, 25.0; NaCl, 25.0; 
FeS04 ·7H20, 1.0; Na2Mo04 ·2 H20, 1.0; and 
MnS04·4H20, 1.0; the pH is adjusted to 7.2 
with NaOH. This is a stock solution, which can 
be stored indefinitely at room temperature; the 
medium is prepared by using 5.0 ml of stock 
solution and 0.1 g CaC03 per liter of distilled 
water (see Tehan and New, 1984). The medium 
is sterilized at 120°C for 20 min. The organic 
substrate (10-20 g/1) is added to this organic 
medium. Some sugars, including glucose, must 
be sterilized separately before addition to the 
sterilized mineral medium. The medium is usu
ally solidified with 15.0 g agarjper liter. 

ISOLATION OF AZOTOBACTERACEAE BY THE Nu
TRIENT SoLUTION METHOD. A complete nu
trient medium is used (see e.g., Winogradsky's 
nitrogen-free mineral medium supplemented 
with a carbohydrate source as mentioned 
above). This medium is preferably sterilized in 
order to eliminate contamination from other 
sources. The liquid medium is usually placed 
in shallow layers in Erlenmeyer flasks or in petri 
dishes, and about 0.3-0.5 g of wet soil of the 
sample to be tested is used to inoculate I 00-
150 ml of enrichment medium. 

For the investigation of distribution of mem
bers of Azotobacteraceae in water samples, usu
ally an organic carbon source (5-20 g/1) is added 
to the water sample itself. Sometimes the sam
ple is supplemented with some inorganic nu
trients (particularly phosphate and molybde
num). The water sample can also be mixed with 
an equal volume of sterile nutrient solution of 
double strength. These two methods, in general, 
gave better results than the inoculation of a 
complete medium with a small amount of the 
water sample (e.g., 1-5 ml water sample added 
to 100-150 ml medium), probably because of 
the lower density of Azotobacteraceae in nor
mal natural water sources compared to soil. 

As already mentioned with use of nutrient 
solutions, the depth of the liquid layer employed 
should not be too high; if the liquid layers are 
too thick, anaerobic conditions may occur at the 
bottom of the flasks, resulting in growth of con
taminants which inhibit the growth of Azoto
bacteraceae. 

Representatives of the 
Genus Azotobacter 

These are soil, water, plant rhizosphere, and 
phyllosphere organisms; therefore, all these 
substrates can be used as inoculum. Many 
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members of this genus produce copious 
amounts of capsular slime (polysaccharide). No 
endospores are formed, but some form thick
walled microcysts, which, unlike spores, are en
cysted vegetative cells without cytological 
changes prior to their germination. The cells 
show motility by peritrichous flagella (Fig. 2) or 
they are nonmotile. The cells are Gram-nega
tive. Although some species appear to be Gram
variable (e.g., Jensen and Peterson, 1954; Kir
akosyan and Melkonyan, 1964; Norris and 
Kingham, 1968; Johnstone, 1974), but Thomp
son and Skerman ( 1979) attribute these results 
to incomplete decolorization of thick smears. 

Identification of 
Azotobacter Species 

Cells are motile in Azotobacter chroococcum, A. 
vinelandii, A. armeniacus, and A. paspali, but 
motility is absent in A. beijerickii and A. nigri
cans. 

Nonmotile variants have been described in A. 
vinelandii. 

Excretion of water-soluble, yellow-green, 
fluorescent pigment occurs in A. vinelandii and 
A. paspali and that of red-violet or brownish
black pigment in A. nigricans, A. armeniacus, 
and sometimes A. paspali under certain con
ditions. 

Rhamnose as the sole source of carbon can 
only be utilized by A. vinelandii and not by any 
other species. For a list of other specific carbon 
compounds and inhibitory substances, see the 
specific enrichment media given below for the 
various species. 

Azotobacter chroococcum 

Cells of A. chroococcum are pleiomorphic, 
bluntly rod-, oval-ovoid-, or coccus-shaped. 
Mean dimensions are 3.0-7.0 JLm long X 1.5-
2.3 JLm wide. The cell shape changes dramati
cally in time or with changes in growth (me
dium) conditions. Cells are often in pairs. 
Young cells are motile by peritrichous flagella. 
Microcysts and capsular slime are formed. Col
onies are moderately slimy, turning black or 
black-brown on aging. The pigment produced is 
not water-diffusible. 

SOIL-PASTE METHOD FOR ISOLATION OF Azo
TOBACTER CHROOCOCCUM. The soil-paste 
method described under the general techniques 
is a quick and easy method to obtain this species 
from soil. Also the sieved-soil plate method and 
the nutrient solution method are adequate for 
obtaining A. chroococcum from soil. Appar-
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ently, because A. chroococcum is the most com
mon and predominant Azotobacter in soil, no 
special enrichment techniques are necessary to 
make it selectively dominant. 

NUTRIENT SOLUTION FOR ISOLATION OF Azo
TOBACTER CHROOCOCCUM. The nutrient SOlU
tion method, originally described by Beijerinck 
(190 1 a, 1901 b) for the isolation of A. chroococ
cum, is also a good and well-established method 
for enrichment and isolation of A. chroococcum 
from soil and water samples. 

Nutrient Solution Method 
To a 500-ml Erlenmeyer flask, about 100 ml of nitrogen
free nutrient solution of the following composition is 
added: 

Distilled water I liter 
Glucose 20.0 g 
CaCO, 20.0 g 
K,HPO. 1.0 g 
MgS0.-7H20 0.5 g 
Adjust to pH 7.2-7.6. 

In some cases it is advisable to also add trace elements, 
especially molybdenum (NaMo0.-2 H20 , 0.005 g/1), to 
the medium. The medium is inoculated with about 0.3-
0.5 g of soil; for water samples, the distilled water of 
the prescription is replaced by the surface water tested. 
After 1-3 days, an Azotobacter pellicle forms on the 
liquid surface. 

Due to anaerobic conditions below the pel
licle, nitrogen-fixing butyric acid bacteria (e.g., 
Clostridium pasteurianum) may develop later 
at the bottom of the flask, and eventually 
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Fig. 2. Azotobacter chroococ
cum. Two cells in a pair ("dip
lococcus" stage) showing per
itrichous flagella. Preparation 
shadowed with an alloy of gold 
and manganese. Transmission 
electron micrograph. Bar = 

2.0 Jtm. 

throughout the medium. It is therefore advis
able to subculture the Azotobacter pellicle ac
cording to the normal procedures (by applying 
appropriate dilutions in sterile tap water) as 
soon as possible to nitrogen-free agar plates in 
order to reduce contamination. Such subcul
turing is also advisable because combined ni
trogen produced by Azotobacter development 
may make it possible for non-dinitrogen-fixing 
contaminants to develop. 

The following agar medium can be used for 
the isolation, purification, and further subcul
tivation of Azotobacter chroococcum found in 
the enrichment cultures: 

Agar Medium for Azotobacter chroococcum 
Distilled water I liter 
Glucose 20.0 g 
K,HP04 0.8 g 
KH,PO. 0.2 g 
MgS0.-7H20 0.5 g 
FeCI,·6H,O 0.10 g (or 0.05 g) 
CaCI2·2H,O 0.05 g 
or CaCO, 20.0 g 
NaMo0.-2H,O 0.05 g 
Agar 20.0 g 
Adjust to pH 7.4- 7.6. 

With CaC12, the agar medium is translucent; 
with CaC03 it is opaque white. The latter sub
stance is, however, in some cases an advantage 
for detecting Azotobacter colonies, because they 
do not produce acid on it. Acid-producing col
onies, as evident by the dissolution of the cal
cium carbonate around the colony, are certainly 
not Azotobacter species. A further advantage for 
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adding CaC03 to the medium is that it has a 
good buffering capacity at the alkaline side; an 
alkaline reaction is necessary for the develop
ment of Azotobacter chroococcum. 

The presence of A. chroococcum in soil or 
water is strongly governed by the pH value of 
these substrates. In an environment below pH 
6.0, Azotobacter is generally rare or totally ab
sent (see Becking, 1961). H. L. Jensen (1965) 
tested 264 Danish soils and found that practi
cally all of the soils above pH 7. 5 contained 
Azotobacter (predominantly A. chroococcum) 
varying in numbers between 102 and 104 per 
gram of soil. Of the 148 tropical soils tested by 
Becking ( 1961 ), all soils above pH 7. 5 (pH range 
7.5-9.0) contained Azotobacter (also mainly A. 
chroococcum) and, in the pH ranges of7 .0-7 .4, 
6.5-6.9, and 6.0-6.4, the percentage of Azoto
bacter-positive soils was 89, 57, and 32%, re
spectively. In nitrogen-free nutrient media, the 
lower pH limit for growth of A. chroococcum 
strains in pure culture is between pH 5.5 and 
6.0 (Jensen and Petersen, 1955). 

As already mentioned earlier (Becking, 1962, 
1981 ), according to the author's experience, not 
all Azotobacter strains that produce a brown or 
brown-black pigment on aging (Fig. 3) belong 
to one species, because Azotobacter chroococ
cum strains are very pleomorphic (see Fig. 4). 
It was therefore likely that this species com
prises a more complex group consisting of sev
eral species, whose delimitations have not yet 
been sorted out. The latter is confirmed by 
Thompson and Skerman ( 1979) who examined 
151 strains of Azotobacteraceae of different 
provenance in 230 variant tests and analyzed 
the data according to numerical methods in a 
hierarchical classification of groups. They ob
tained evidence that at least two distinct black
brown-pigmented Azotobacter species occur 
next to A. chroococcum, i.e., A. nigricans and 
A. armeniacus (see below). 

Azotobacter nigricans 

This species, originally isolated by Krasil 'ni
kow ( 1949), possesses, in contrast to A. chroo
coccum (but like strains of A. beijerinckii), non
motile cells. Cells are bluntly rounded rods in 
shape, occurring singly or in pairs. Mean cell 
dimensions are 4.1-4.9 ~-tm long X 1.5-2.7 ~-tm 
wide. Moreover, they differ from A. chroococ
cum in a number of nutritional properties, such 
as the inability to utilize ethanol, pentan-1-ol, 
propionate, caproate, and benzoate and to pro
duce brown-black or red-violet diffusible pig
ments. They differ from Azotobacter armenia
cus by the inability to utilize caprylate, which 
compound can be used as carbon source by the 
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Fig. 3. Azotobacter chroococcum cells. Four different strains 
of the same age growing on an identical medium (nitrogen
free, mineral glucose agar with 2% calcium carbonate). Note 
the presence of lipoid-fi lled cells, cysts, and germinating 
cysts in some of the strains. Living preparations; phase con
trast micrographs. Bar = 10 JLm. 
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latter species. In A. nigricans, the production of 
agar-diffusible homopolysaccharides from su
crose or raffinose is strain variable, but no strain 
produces any colony-retained homopolysac
charide. On aging, colonies of A. nigricans turn 
black-brown due to the same diffusible pigment, 
but a variant formerly called A. beierinckii 
subsp. achromogenes Jensen and Petersen 1954, 
but now proposed to be A. nigricans subsp. ach
romogenes (Thompson and Skerman, 1979) 
produces only a yellow nondiffusible pigment 
within the colony and no diffusible pigment. 

Strains of this species has been isolated from 
European soils, particularly from East Euro
pean soils. 

There is no species-specific selective enrich
ment method for isolating A. nigricans. 

Azotobacter armeniacus 

This is a poorly understood species that has 
been described by Thompson and Skerman 
( 1981 ). Cells are bluntly rounded rods, occur
ring singly or in pairs. Mean cell dimensions 
are 5.0-5.7 .urn X 1.7-2.0 _urn. Strains of this 
species differ from A. nigricans by having motile 
cells, but they have in common with the latter 
species the production of a diffusible brown
black or red-violet pigment into the medium. 
In contrast to A. nigricans, they are able to use 
citrate or D-galacturonate as sole carbon source 
and most strains also can use n-valerate and 
caprylate, but like A. nigricans, capronate is not 
utilized. All Azotobacter species, including A. 
nigricans, can utilize ammonium and nitrate as 
sole source of nitrogen, and these N-sources are 
assimilated in preference to molecular nitrogen, 
A. armeniacus is unable to use ammonium, ni
trate, or glutamate as sole source of nitrogen for 
growth (Thompson and Skerman, 1979). 

There is no special enrichment medium for 
A. armeniacus, but probably it can be enriched 
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Fig. 4. Azotobacter chroococ
cum colonies. Strains growing 
on the same medium (nitro
gen-free, mineral glucose agar 
with calcium carbonate) and of 
the same age, showing the var
iation of the chromogenesis of 
the colonies. Bar = I em. 

with caprylate as sole source of carbon, but A. 
vinelandii also can be grown on this medium. 
Further isolation, however, will differentiate be
tween these two species. 

Azotobacter beijerinckii 

Formerly, this organism was not regarded as a 
distinct species, but merely as a nonpigmented 
variant of A. chroococcum. In the eighth edition 
of Bergey's Manual (Buchanan and Gibbons, 
1974), it has, however, been restored to the spe
cies level. Cells are bluntly ended rods or ellip
soidal, occurring singly or in pairs, sometimes 
in short chains. Mean cell dimensions are 3.2-
5.3 .urn long X I. 7-2.7 .urn wide. 

The main differences between Azotobacter 
beijerinckii and A. chroococcum are that colo
nies of A. beijerinckii produce, on aging, a yel
lowish or cinnamon pigment (in A. chroococ
cum, it is brown or blackish-brown) and its cells 
are nonmotile (motile in A. chroococcum). 
Moreover, it invariably lacks the ability (in con
trast to A. chroococcum) to utilize starch as the 
sole source of carbon. Sometimes the inability 
to utilize mannitol is also mentioned as a de
terminative character (see Johnstone, 1974), 
but 9 out of 10 strains tested by Jensen and 
Petersen ( 19 55) showed good growth on this car
bon source. Thompson and Skerman ( 1979) 
mentioned in addition, that caproate is utilized 
by A. chroococcum, but not by its satellite spe
cies, A. nigricans and A. armeniacus. The dif
ferences between A. nigricans, which is also a 
species with nonmotile cells, and A. beijerinckii 
are not so clear with respect to carbon source 
utilization, except that malonate is used by all 
strains of A. beijerinckii, but only by a minority 
of strains of A. nigricans, and that D-glucuron
ate, D-galacturonate, and benzoate are utilized 
by A. beijerinckii but not by A. nigricans 
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(Thompson and Skerman, 1979). The main dif
ference remaining is the pigment, which in A. 
nigricans is black-brown to red-violet, whereas 
the excretion of any water-soluble pigment into 
the substrate is completely absent in A. beijer
inckii. The physiological differences between A. 
chroococcum and A. nigricans or A. armeniacus 
are already outlined under the headings of the 
latter two species. 

Tehan (1953) described a variant of A. bei
jerinckii, named A. beijerinckii subsp. acid a- to
lerans, which could grow and fix dinitrogen at 
a pH of 4.75. Later, Tehan and New (1984) de
lineated this characteristic more in detail and 
distinguished two subgroups. An acid-tolerant 
subgroup and another subgroup distinguished 
by its sensitivity to 0.05% phenol or 40 ~g/ml 
diamond fuchsin, its inability to utilize sorbitol 
or aconitate, and its failure to produce diffusible 
homopolysaccharides. V. Jensen and Petersen 
(1954) have also described another form of A. 
beijerinckii, A. beijerinckii subsp. achroma
genes, in which under the cultural conditions 
applied, no pigment ever was produced. The 
latter strains were isolated from Danish calcar
eous forest soils in a survey including all types 
of Danish soils (see later). 

Jensen and Petersen (1954) also showed that 
acid tolerance is a rather common characteristic 
of A. beijerinckii, since all strains isolated could 
grow and fix dinitrogen to a pH of 5.1. The 
nitrogen-fixation data published by Jensen and 
Petersen ( 1955) showed, however, that consid
erably more atmospheric nitrogen was fixed un
der alkaline than under acidic conditions. 

For selective enrichment of A. beijerinckii 
and elimination of A. chroococcum, a selective 
nitrogen-free medium of the same composition 
as used for A. chroococcum, but with CaCl2 (in
stead ofCaC03) and with a slightly acid pH (pH 
4.9-5.5), can be employed. So far, no experience 
has been gained with such a medium since all 
A. beijerinckii strains so far known are casual 
isolates coming from A. chroococcum plates. It 
might be surmised that A. beijerinckii would 
favor somewhat acidic soils. In this respect it is 
remarkable that, in the above-mentioned survey 
of Danish forest soils by V. Jensen and Petersen 
(1954), A. beijerinckii was found predominantly 
in soil samples of two localities with beech (Fa
gus sylvatica) forest on calcareous soil with pH 
values of 7.0-8.0 and 7.8-8.0, respectively. In 
these and nearly all other forest soils tested, A. 
chroococcum was absent or nearly absent. These 
observations indicate that some calcareous for
est soils are a favorable and probably selective 
habitat for A. beijerinckii and that the occur
rence of A. chroococcum is confined to the more 
alkaline agricultural soils. 
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Azotobacter vinelandii 

Cells are rounded-ended rods, occurring singly 
or in pairs. Mean cell dimensions are 3.0-4.5 
~m long X 1.5-2.4 ~m wide (Fig. 5). Cells are 
motile with numerous peritrichous flagella; very 
rarely, some are nonmotile. Colonies are non
pigmented. They excrete a yellow-green, fluo
rescent, water-soluble pigment into medium. 

Fewer strains of Azotobacter vinelandii have 
been isolated in comparison with strains of A. 
chroococcum and A. beijerinckii. Most of the 
strains were casual isolates obtained from soil, 
such as the original strain of Lipman (1903a) 
from New Jersey (USA) soil (pH unknown). 
Wilson's strain O(P), used for many physiolog
ical and biochemical studies (e.g., Wilson and 
Knight, 1947; Shutter and Wilson, 1955), is 
probably a subculture of this strain. Bartels 
( 1930) isolated another strain from German soil 
(originally described as Azotobacter agile), and 
Winogradsky (1932) obtained one strain from 
soil in France. Later, Winogradsky ( 1938) also 
underlined the relative rarity of this species. 

The present author has obtained a number of 
strains-often in association with A. chroococ
cum-from Dutch soil, but also from freshwater 
samples using the nutrient solution method for 
A. chroococcum (preferentially with ethanol as 
carbon source) for enrichment (J. H. Becking, 
unpublished observations). A. vinelandii was 
obtained mostly from rather alkaline Dutch and 
European soils, such as calcareous soils and soil 
derived from marine sediments, sea sludge, or 
sea muds that had been pumped up for leveling 
land. The latter soils, usually also rather rich in 
sodium chloride, showed pH values of 8.0-9.5. 

The water samples from which this organism 
was obtained were pond, lake, or marsh water 
of alkaline reaction (pH 7.5-8.0). This species 
was also numerous in some tropical soils, such 
as alkaline sea muds and mainly calcareous 
soils oflndonesia and certain very alkaline soils 
of Bolivia and other localities in South America 
(Becking, 1961; J. H. Becking, unpublished ob
servations). Clearly, alkaline conditions are fa
vorable for the occurrence of A. vinelandii and 
probably selective for its distribution. Further, 
this species may be halophilic to some degree, 
or at least resistant to salinity, in view of iso
lation from alkaline sea muds. The presumed 
halophilic properties need, however, experi
mental confirmation. 

Derx (1951b) designed a method for selective 
isolation of this species from soil and water 
sources. The underlying principles of this 
method were the addition to the enrichment 
medium of sodium benzoate (1.0%) as an in
hibitor in order to suppress the development of 
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A. chroococcum, and the use of a special carbon 
source, such as mannitol or ethanol, which is 
very readily assimilated by A. vinelandii. Derx's 
method was a further extension of earlier work 
of Reuszer (1939), who observed that by apply
ing benzoate, benzoic acid, or another phenolic 
compound to soil, the normal population of 
Azotobacter chroococcum and A. bezjerinckii 
was replaced completely by a green-pigment
producing form of Azotobacter, which had not 
been found before in the soil. 

Derx's Medium for Selective Enrichment of 
Azotobacter vinelandii (Derx, l95lb) 
I Distilled water I 00 ml 

Mannitol 
or ethanol 
K 2HP04 

Sodium benzoate 
Adjust to pH 7.5-8.0. 
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Fig. 5. Azotobacter vinelandii 
cells. Three different strains 
growing on the same medium 
(nitrogen-free, mineral glucose 
agar) showing some variation 
in the cell size of the strains 
and in the number of lipoid
filled cells, cysts, and germi
nating cysts. Living prepara
tion, phase contrast micro
graphs. Bar = I 0 JLID. 

0.5 g 
l.Oml 
0.5 g 
1.0 g 

For the isolation of this species from soil, 
ethanol is preferentially used as carbon source; 
for its isolation from water samples, the use of 
mannitol as carbon source is recommended 
since Azomonas agilis (see "Representatives of 
the Genus Azomonas") is usually unable to as
similate this compound. According to the pres
ent author, the rather alkaline reaction induced 
by the addition of sodium benzoate may also 
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be responsible for the selective properties of this 
medium for the enrichment of A. vinelandii. 

Numerous strains of A. vinelandii were ob
tained by the present author from Dutch water 
habitats, such as the Rhine River, and pond and 
lake water (usually of pH 7.0-7.5) by using 
Derx's medium with mannitol as carbon source 
and the supplement of sodium benzoate. In all 
cases, the enrichment medium was adjusted to 
pH 8.0-9.0. Use was made of 300-ml Erlen
meyer flasks with 50 ml of medium or 100-ml 
Erlenmeyer flasks with 20 ml of medium. For 
the water samples, the sample itself, instead of 
distilled water, was used as liquid to which the 
carbon source and salts were added. 

V. Jensen (1961) mentioned that L-rhamnose 
(1.0%) could be used as a carbon source for the 
selective enrichment of A. vinelandii, since only 
a very small fraction of the strains of the other 
Azotobacter and Azomonas species tested could 
utilize this compound. When grown in pure cul
ture on L-rhamnose, A. vinelandii develops pro
fusely within 3-5 days at 25°C, while the other 
Azotobacter species that can utilize this com
pound only produce some development after 1-
2 weeks. Therefore, in spite of the presence of 
other Azotobacter species, A. vinelandii soon be
comes dominant in such an enrichment me
dium. 

Using the L-rhamnose enrichment medium, 
V. Jensen (1961) observed A. vinelandii to be 
sparsely distributed in normal soil. It was only 
present in a very few garden soils and seemed 
to be restricted to the most fertile soils. Al
though Johnstone (1974) reported that A. chroo
coccum and A. beijerinckii do not utilize L
rhamnose as sole source of carbon, according 
to the present author, this is not always true. 
Utilization ofL-rhamnose is not a common fea
ture of strains of these species, when these are 
obtained as random isolates with the more com
mon sugars, but some strains utilizing this car
bon source can be secured in enrichment media 
by using L-rhamnose as sole source of carbon. 
Also, Thompson and Skerman (1979) observed 
that one of the 19 A. chroococcum strains tested 
could utilize L-rhamnose, while Claus and 
Hempel (1970) isolated both A. chroococcum 
and A. beijerinckii from soil and water samples 
with L-rhamnose as sole substrate. 

Claus and Hempel ( 1970) observed that re
sorcin, ethylene glycol, or glutarate, all in 0.1 
or 0.2% (wtjvol) concentration, are very selec
tive carbon sources for A. vinelandii, and that 
a number of strains could be isolated from soil 
by using these compounds as sole source of car
bon in enrichment media. The above-men
tioned carbon compounds apparently cannot be 
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utilized by the more common Azotobacter spe
cies. 

A. vinelandii strains have numerous peritri
chous flagella, in general, but Derx (1951b) iso
lated nonflagellated strains of A. vinelandii for 
which he proposed the name Azotobacter non
vinelandii, which name is, however, considered 
not to be validly published under Rule 23 of 
the Bacteriological Code (Lapage et al., 1975). 
Another characteristic of these strains, which 
distinguishes them from typically flagellated 
strains of A. vinelandii, is the ability to produce 
a black pigment in the presence of benzoate 
(Derx, 1951b). 

In multiple tests for numerical analysis, 
Thompson and Skerman (1979) confirmed that 
all A. vinelandii strains tested could readily uti
lize rhamnose as sole source of carbon, in con
trast to most strains of other species. Moreover, 
they observed that A. vinelandii could utilize 
caproate, caprylate, and meso-inositol, com
pounds which generally are not utilized by the 
other Azotobacter species. Furthermore, 0.1% 
phenol can be used in enrichment cultures to 
inhibit the growth of other Azotobacter species, 
and incubation at 37°C particularly favors the 
development of this species. According to these 
authors, the nonmotile Azotobacter non-vine
landii strains may be regarded as a special 
subgroup that differs from typical A. vinelandii 
strains by the inability to utilize raffinose and 
by the utilization of pimelate, suberate, and se
bacate as sole sources of carbon. In addition, in 
contrast to typical A. vinelandii, these strains 
were resistant to brilliant green at a concentra
tion of 10 J.Lg/ml. 

The presence of A. vinelandii in enrichment 
media can be detected by a color change of the 
medium, which turns yellow, green, or violet. 
On nitrogen-free, mineral agar plates, a water
soluble yellow, green, or violet fluorescent pig
ment is excreted into the medium, but they do 
not produce any nondiffusible pigment. Pig
ment production into the substrate is stimulated 
by low-iron concentration or iron deficiency of 
the medium (Becking, 1962). As shown by 
Johnstone (1955, 1957b) and Johnstone and 
Fishbein (1956), the fluorescence of the pigment 
under ultraviolet light shifts with pH changes, 
and different fluorescence curves are obtained 
with the diffusible pigments of A. vinelandii and 
Azomonas agilis. Thus, fluorescence measure
ments also have diagnostic value in distinguish
ing between both species. 

Azotobacter paspali 

Cells are long, bluntly ended rods. Mean cell 
dimensions are 7.0-10.9 J.Lm long X 1.3-1.7 J.Lm 
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wide; sometimes shorter rods of 3.2-4.2 Mm 
long X 1.6-1.9 Mm wide are seen. Cells in young 
cultures often form long filaments. A yellow
green, fluorescent or red-violet, water-soluble 
pigment is excreted into the medium. 

This species, described by Dobereiner ( 1966), 
was originally isolated on Winogradsky's silica
gel plates impregnated with a mineral salt so
lution (see sieved-soil plate method) with a pH 
of 6.5 and calcium citrate as sole source of car
bon. Later (Dobereiner, 1970), aN-free, mineral 
sucrose agar (a modification of Lipman's 
[1903b, 1905] medium) was recommended, be
cause it gave satisfactory results and it was 
much easier to prepare. 

Nitrogen-free, Mineral Sucrose Agar for Isolation 
of Azotobacter paspali (Dobereiner, 1970) 

Distilled water 
K,HP04 

KH,P04 

MgS0.-7H20 
CaCI, 
CaCO, 
Na,Mo0.-2H,O 
FeCI, (10%, aqueous solution) 
Bromthymol blue (0.5%, ethanol solution) 
Sucrose 
Agar 
Adjust the pH to ca. 7.0. 

I liter 
0.05 g 
0.15 g 
0.20 g 
0.02 g 
1.0 g 
0.002 g 
I drop 

10 ml 
20 g 
20 g 

Plates with this medium were inoculated with root-sur
face (socalled rhizoplan) soil of a grass species, Pas
palum notatum. The soil (about 20-50 mg per plate) 
was usually scattered directly from the roots on the 
plates. However, the soil also can first be passed through 
a sieve (0.5-mm mesh), and then 50 mg can be weighed 
out and scattered over the plates for quantitative tests. 
The plates were incubated at 35°C. 

Differentiation of A. paspali from the other 
Azotobacter species on silica-gel plates with cal
cium citrate as carbon source is relatively easy. 
Colonies appear 4-5 days after inoculation and 
these produce an intense yellow pigment, which 
diffuses into the silica gel below the colony. The 
colonies are relatively small and raised and 
readily solubilize the opaque white calcium cit
rate layer at the top of the silica gel, giving the 
appearance of many little holes. Later, the col
onies spread rapidly and become flat. 

On the above-mentioned agar medium, A. 
paspali colonies appear 2-3 days after inocu
lation and incubation at 37°C. The colonies are 
dense, raised, and yellow in color due to acid 
production, because bromthymol blue is added 
as an indicator to the medium. 

The acid-producing ability of this species is 
not found in any other Azotobacter species. 
Moreover, the ability of A. paspali to use organic 
compounds (only 1 7 out of 159 tested by 
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Thompson and Skerman, 1979) is much more 
limited than that of other Azotobacter species. 
A. paspali cells are usually 7-12 Mm long and 
1.3-1. 7 Mm wide, but occasionally exceptionally 
long rods (up to 60 Mm X about 2.0 Mm) are 
seen. These are typical for this species and are 
a significant morphological feature, which is not 
seen in any other Azotobacter species. A further 
characteristic of this species is that cells of the 
microcolonies are often dimorphic, some col
onies possess cells 7-11 Mm long, whereas other 
colonies have cells 3-4 Mm in length (Thompson 
and Skerman, 1979). Cells of older colonies on 
nitrogen-free agar may reach a length of 60 Mm 
(see above). 

From numerical analysis, Thompson and 
Skerman ( 1979), concluded that A. paspali is 
not closely related to other Azotobacter species. 
Moreover, they observed an antagonism toward 
Gram-positive bacteria in this species. In ad
dition, their very restricted habitat-they occur 
solely in the plant rhizosphere-is unique 
among all the other Azotobacter species. In view 
of these differences, these authors proposed a 
new genus for this species, Azorhizophilus 
(Thompson and Skerman 1981 ). This opinion 
is, however, opposed by De Smedt et a!. ( 1980), 
who found that the rRNA cistron of A. paspali 
is almost identical with those of A. chroococ
cum, A. beijerinckii, A. vinelandii, and A. ni
gricans. Moreover, Tehan et a!. (1983), using 
rocket-line immunoelectrophoresis, showed 
that A. paspali is not immunologically separable 
from other members of this genus. In view of 
this, it is not desirable to place A. paspali in a 
separate genus. 

Strains of A. paspali excrete a diffusible, yel
low green, in UV -light fluorescent pigment into 
the substrate, particularly on iron-deficient me
dia. 

The association between Azotobacter paspali 
and the grass, Paspalum notatum, is highly spe
cies-specific; this association is found only in a 
few other Paspalum species (i.e., P. plicatulum, 
P. dilatatum, and P. virgatum) of 16 other Pas
pal urn species tested for this bacterium (Dob
ereiner, 1970). It was never found in other Gra
mineae examined and in some Leguminosae 
and other dicots tested. 

The original isolate came from a broad-leaved 
and hairy Paspalum notatum variety "Batatais" 
(common Bahia grass) in Brazil, but it was later 
also found in the same and other Paspalum spe
cies and varieties in Florida (USA) and Puerto 
Rico, but not in rhizosphere soil of Paspalum 
from Argentina, Paraguay, and South Africa 
(Dobereiner, 1970). However, according to the 
present author, no definite conclusion from its 
absence in the latter three regions can be made, 
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because only a very restricted number of rhi
zosphere soil samples (one to five) of these lo
calities have actually been examined. 

Representatives of the 
Genus Azomonas 

Members of the genus Azomonas are primarily 
aquatic. Azomonas agilis and A. insignis are ob
ligately aquatic organisms, since so far they 
have only been isolated from freshwater habi
tats. The only exception is A. macrocytogenes, 
which has been isolated from soil. The latter 
species was first isolated and described by H. L. 
Jensen (1955). For a long time, it was only 
known from a single strain and two variants 
derived from it, but according to Thompson 
and Skerman ( 1979) a total of 7 strains is now 
available. However, probably all, except one 
strain, are derivatives or subcultures of Jensen's 
original strain! 

Azomonas species differ from those of the ge
nus Azotobacter by a number of morphological 
and physiological characteristics. They all pos
sess relatively large cells, which frequently oc
cur singly and which have a special type of fla
gellation that gives the cells a high motility. 
Microcysts are never formed. Colonies on agar 
are generally opaque, glistening, smooth, and 
without insoluble pigment. On iron-deficient 
agar media, a yellow-green diffusible pigment is 
formed; and in some other media, often more 
red-violet or purple diffusible pigments are pro
duced. Usually pigment production is very pro
nounced in liquid media and less pronounced 
on solid media. In A. agi/is and A. macrocyto
genes, the pigments are fluorescent in UV light; 
A. insignis has a nonfluorescent pigment. 

Identification of Azomonas Species 

Apart from cell shape and dimensions, which 
will be covered later in the descriptions of the 
separate species, A. macrocytogenes can readily 
be distinguished by the formation of enlarged 
filamentous cells in media with ethanol, a phe
nomenon absent in A. agilis and A. insignis. 
Moreover, flagellation is peritrichous in A. 
agilis, lophotrichous in A. insignis, and usually 
monotrichous (sometimes, however, two flagella 
at one pole) in A. macrocytogenes. With regard 
to carbon sources as sole source of carbon. It 
has been observed that mannitol is utilized by 
A. macrocytogenes and not by A. agilis and A. 
insignis, and malonate gives just the reverse 
outcome, i.e., it is utilized by A. agilis and A. 
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insignis, but not by A. macrocytogenes. Finally, 
maltose is readily utilized by A. macrocyto
genes, but not by A. insignis and only by a mi
nority of the A. agilis strains. All species pro
duce water-diffusible pigments, but in contrast 
to the pigments of A. agilis and A. macrocyto
genes, the pigment of A. insignis does not pro
duce fluorescence in UV light. 

Azomonas agilis 

This species has large, ovoid, ellipsoidal or coc
coid cells, often giving it a protist-like appear
ance (Fig. 6). Cells are seldom found in pairs. 
Cells are usually 2.5-6.4 ~m long and 2.0-2.8 
~m wide; sometimes giant cells up to 10.0-13.5 
~m long have been observed (Fig. 6). The cells 
are motile by means ofperitrichous flagella. No 
microcysts are formed. A nondiffusible pigment 
is not produced, but a diffusible yellow-green or 
red-violet pigment, particularly on iron-defi
cient media. In UV light, the pigment gives a 
bluish-white fluorescence. 

This species was first isolated and described 
by Beijerinck (1901a, 1901b), who obtained it 
from Dutch (Delft) canal water. Beijerinck used 
the following enrichment medium: 

Enrichment Medium for Azomonas agilis 
(Beijerinck, 1901a, 1901b) 

Canal water 100 ml 
Mannitol 2.0 g 
K,HP04 0.02 g 

The incubation temperature is 25-30°C. 

Later, Kluyver and van Reenen (1933) and 
Kluyver and van den Bout (1936) obtained 
other strains with the same method. A strain 
isolated by the latter authors from Delft canal 
water (ATCC 7494) is now the neotype, because 
Beijerinck's original strain has been lost. It is 
remarkable that A. agilis in pure culture cannot 
utilize mannitol, so this carbon source must first 
be degraded by other microbes before it can 
become available to A. agilis. It is also possible 
that immediately after isolation, the strains can 
actually utilize mannitol, but that this ability is 
later lost during purification and therefore ab
sent in pure cultures. Kluyver and van Reenen 
(1933) observed that, when cultures were 
streaked immediately from the enrichment me
dium on plates containing tap water, 2% man
nitol, 0.02% K2HP04, and 1.5% agar, and in
cubated at 20°C, A. agilis develops in 2-3 days 
to very small colonies about 1 mm in diameter. 
Growth on agar plates that contain glucose (2%) 
instead of mannitol as source of carbon was 
luxurious and with much slime production, but 
isolation from these plates was not recom-
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Fig. 6. Azomonas agilis. Cells of two strains demonstrating the large, protist-like appearance of the cells and the sporadic 
occurrence of aberrantly shaped, pleomorphic cells. Living preparations, phase contrast micrographs. Bar = I 0 ~tm. 

mended because many accompanying contam
inants may develop in the capsular slime pro
duced. 

Derx (19 51 b) designed specific methods for 
the enrichment of Azornonas agilis by elimi
nating, so far as possible, the development of 
the more common Azotobacter species and of 
other Azornonas species. The underlying prin
ciple ofDerx's method is thatAzornonas agilis, 
in contrast to the more common Azotobacter 
species, is remarkably tolerant to the presence 
of 1% sodium benzoate in the medium, al
though it cannot utilize this compound as a car
bon source. Derx also added a carbon com
pound readily utilizable by A. agilis. Mannitol 
cannot be used as the carbon source because it 
is normally not utilized by A. agilis, but it is 
assimilated by Azotobacter vinelandii. The lat
ter organism is frequently also present in water 

samples and, moreover, is resistant to 1% so
dium benzoate. Therefore, Derx recommended 
the use of ethanol as sole source of carbon for 
the isolation of Azornonas agilis. The following 
enrichment medium gave good results. 

Selective Medium for Azomonas agilis (Derx, 
1951 b) 

Water sample (canal, river, or Jake water) 100 ml 
Ethanol I ml 
K2HP04 0.05 g 
Sodium benzoate 1.0 g 

The enrichment medium is placed in relatively thin lay
ers in Erlenmeyer flasks to allow good oxygen access, 
e.g., 10-15 ml of medium in 100-ml flasks, or 50 ml 
medium in 250-ml flasks. 

Following Derx's method, the author was able 
to isolate a large number of Azornonas agilis 
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strains from various water sources. The organ
ism proved to be particularly common in straw
board factory wastewater, as already observed 
by K. T. Wieringa (personal communication; 
see also Smit, 1954) and by Johnstone (1957a), 
and in some heavily polluted waters. In clear 
and clean water of rivers, lakes, and turbulent 
or rapidly moving, oxygen-rich, mountain 
brooks and rivulets, it was rarely present and 
frequently totally absent. In this habitat, it is 
entirely replaced by Azomonas insignis. 

The tolerance of A. agilis strains to salt con
centration up to 1.0% suggest that they are able 
to live in contaminated waters where concen
trations of organic matter and mineral salts can 
be relatively high. Also its resistance to iodoac
etate (1 .uM) points in this direction, and this 
compound could be used for the selective en
richment and isolation of this species (Thomp
son and Skerman, 1979). 

In agreement with this general pattern of 
being able to survive in polluted environment, 
nitrate is never or rarely reduced to nitrite by 
strains of A. agilis in contrast to strains of A. 
insignis. Growth experiments using A. agilis 
strains on nitrate-containing media incubated 
in air revealed that nitrate is an inert, nonutil
izable compound for them, and thus they are 
able to fix molecular nitrogen in the presence 
of nitrate in the medium (Becking, 1962). In 19 
out of 20 A. agilis strains tested, vanadium was 
unable to replace molydenum in nitrogen fix
ation (Becking, 1962), indicating that they pre
dominantly have only a molybdenum-activated 
nitrogenase system. 

Azomonas insignis 

Colonies on nitrogen-free media are usually 
small, smooth, translucent, and low convex. 
They show a low proportion of extracellular 
polysaccharides. Cells are round or ellipsoidal 
and are usually 2.5-3.9 .urn in length and 1.7-
2.6 .urn in width. On average, they measure 3.1 
X 1.9 ,urn (Derx, 1951a). The cells have lopho
trichous flagella. No microcysts are formed. On 
iron-deficient media, a yellow-green, red-purple, 
or violet pigment may be produced. The pig
ments are, however, not UV fluorescent. 

As will be shown in the enrichment methods 
for this species, ethanol and salts of organic 
acids are preferential carbon sources for the iso
lation of A. insignis. On the whole, the utili
zation of organic carbon compounds as sole 
source of carbon for growth and energy is very 
restricted in this species (see later). The type 
strain of Derx (1951a), which is no longer ex
tant, could not utilize glucose as sole source of 
carbon. It was probably lost by subcultivation 
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on glucose-containing agar slants. New isolates 
(see V. Jensen, 1955) could utilize glucose, but 
with regard to carbohydrate utilization, in all 
strains tested, it is limited to only two, o-glucose 
and D-fructose (Thompson and Skerman, 
1979). 

This species was first isolated and described 
by Derx (195la). It was obtained from water of 
clear, rapidly flowing mountain streams and 
small rivulets of the Cibodas Nature Reserve, 
Western Java, Indonesia (ca. 1,400 m altitude). 
These rather turbulent streams have limpid, ox
ygen-rich water, which contains much soluble 
calcium. Azomonas agilis could never be iso
lated from these sources (see above). 

Derx (1951a) recommended the following 
medium for the specific enrichment of A. in
signis from these water sources: 

Selective Medium for Azomonas insignis (Derx, 
1951a) 

Water sample 
Calcium formate 
Ethanol 

100 ml 
0.5 g 
1.00 ml 

The enrichment medium is placed in rather thin layers 
in Erlenmeyer flasks, i.e., 20-25 ml in 100-ml flasks or 
50 ml in 250-ml flasks. Incubation is at 25-30°C. Cal
cium formate is added to the medium to inhibit the 
development of various other microbes, including Azo
tobacter species and other Azomonas species. A. ins ignis 
does not utilize calcium formate but is rather resistant 
to it. Ethanol is added as sole source of carbon because 
it is a preferential carbon source for A. insignis. Ac
cording to Derx (1951a), his strains of A. insignis could 
not utilize glucose or mannitol. A nonvolatile carbon 
source, which also gives good growth and can be used 
for maintenance in pure culture on agar slants is calcium 
malate or calcium succinate. Therefore, the use of ni
trogen-free, mineral agar plates with calcium malate 
(0.5%) or calcium succinate (0.5%) as sole carbon source 
can also be recommended for isolation of A. insignis 
from enrichment cultures. 

Pure cultures can also be grown in liquid medium: 
tap water (for trace element supply), to which is added 
K2HP04 (0.05%) and ethanol (0.5-l.Oo/o, or about 0.5-
1.0 ml per 100 ml medium). Growth is obtained in 24 
h at 25-30°C. After several days, the medium turns 
milky white, later blue-gray, and after about a week 
sometimes to violet (see above). 

V. Jensen (1955) isolated six strains of A. in
signis from surface water of fast-flowing brook
lets and streams with very limpid fresh water 
in Denmark, but occasionally also from stag
nant and somewhat polluted water (e.g., his 
strains 7 and 9). None of his isolates could uti
lize mannitol but, in contrast to Derx's strains, 
all the Danish strains could utilize glucose as 
sole source of carbon. Two of Jensen's strains 
were also able to grow in a medium that con
tained sodium benzoate (1.0%). 
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Enrichment Medium for Azomonas insignis (V. 
Jensen, 1955) 

Water sample 25 ml 
K 2HP04 0.02% 
Ethanol 1.0% (or about 0.25 ml) 

or 

Water sample 25 ml 
K 2HP04 0.02% 
Ethanol 1.0% (or about 0.25 ml) 
Sodium benzoate 1.0% 

The water samples are placed in I 00-ml Erlenmeyer 
flasks. 

Thompson (see Thompson and Skerman, 
1979) isolated A. insignis from a rusty-brown, 
probably iron-oxide-rich water of a slow-flowing 
Australian creek with a pH of 6. 7, using an en
richment medium recommended by V. Jensen 
(1955), by adding to the water sample 0.02% 
K2HP04 and 1% ethanol. The strain isolated 
(WR-51) was very similar to Derx's type strain 
as this strain also could not utilize glucose and 
excretes a violet diffusible pigment into the me
dium. In this respect it can be regarded as a 
neotype of Derx's original strain. 

The acid tolerance of Azomonas insignis was 
also tested by V. Jensen (1955) in the strains 
isolated by him and compared to that of the 
other Azomonas and Azotobacter species. Most 
A. insignis strains could not grow in a medium 
with a pH lower than 5.7-5.9, although a few 
could produce faint growth at pH 5.5. Of the 
two Azomonas agilis strains tested, one could 
produce faint growth at pH 5.3, and one Azo
tobacter beijerinckii strain could even grow nor
mally at pH 5.2. The one Azotobacter chroo
coccum strain tested in the survey could not 
grow below pH 6.1. 

Other experiments also showed that Azo
monas insignis strains have, in general, a pref
erence for slightly alkaline conditions for opti
mal growth and nitrogen fixation. Of nine 
strains tested, three could grow at pH 6.0, but 
all strains grew at pH 10.0 (Thompson and Sker
man, 1979). With respect to temperature re
quirements for growth, A. insignis strains seems 
to be able to grow at relatively lower tempera
ture in comparison to other Azotobacteraceae. 
Nine of the 10 A. insignis strains tested by 
Thompson and Skerman (1979) could grow at 
9°C, while the maximum growth temperature 
was 32°C. 

A considerable reduction of the capacity to 
utilize carbon compounds by A. insignis com
pared to other Azomonas and Azotobacter spe
cies was first noted by V. Jensen (1955). Of the 
26 compounds studied, Azotobacter chroococ
cum could utilize 16, Azotobacter beijerinckii 
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on the average about 14, Azomonas agilis 11, 
and Azomonas insignis only 8. In a general sur
vey, Thompson and Skerman ( 1979) tested 161 
organic carbon compounds as sole source of 
carbon for A. insignis. Of these, 21 compounds 
could be utilized by nearly all A. insignis strains, 
9 compounds could be utilized by a few strains, 
and no strain could utilize any of the 131 other 
organic carbon compounds tested. 

Azomonas macrocytogenes 

In contrast to the two previous Azomonas spe
cies, A. macrocytogenes is isolated from soil. 
The species is primarily known from one iso
late, called strain 0 (original), and two variants 
derived later, strains M (mutant) and I (inter
mediate). Although Thompson and Skerman 
(1979) described seven strains, most of them are 
subcultures or derivatives of the original 
strains, and only one, a strain designated as the 
cotype of Azotobacter agilis subsp. jakutiae 
Krasil'nikov ( 1949), had another origin. 

The original strain was isolated by H. L. Jen
sen (1955) in an attempt to isolate Beijerinckia 
from Danish soil. The isolate appeared on a 
nitrogen-free, mineral sucrose agar of about pH 
5.5, seeded with garden soil (a fertile loam, pH 
7.5) of the State Laboratory of Plant Culture, 
Lyngby, Denmark. 

As could be anticipated from its isolation pro
cedure, the type strain (type 0 and its variants) 
can produced good growth and nitrogen fixation 
in a nitrogen-free medium in the pH range of 
4.6-6.9; one variant grew also at pH 4.3. This 
species is therefore even more acid tolerant than 
Tehan's (1953) and Jensen and Petersen's 
(1955) strains of Azotobacter beijerinckii. 

Apart from morphological properties, such as 
ellipsoidal or rod-shaped cells, usually 2.5-3.5 
~m in length and 1.6-2.1 ~m wide, occurring 
singly or in pairs and occasionally forming short 
chains, and on media containing ethanol, the 
formation of very large coccoid, spindle-shaped 
or filamentous (up to 100 ~m) cells, also phys
iological properties are important. The type 
strain showed no utilization of starch and rham
nose, but mannitol is utilized. Moreover, A. ma
crocytogenes strains can be differentiated from 
other Azomonas species by the utilization of 
mannitol (negative in A. agilis and A. insignis) 
and maltose (not utilized by A. insignis and 
most strains of A. agilis), and by its nonutili
zation of malonate (utilized by both A. agilis 
and A. insignis). In addition, A. macrocyto
genes, being a soil organism, is more resistent 
to desiccation than A. agilis and A. insignis, 
which generally do not survive on silica gel for 
more than 2 days (Thompson and Skerman, 
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1979). However, no microcysts are formed, al
though microcyst-like structures occasionally 
are produced. These structures are more like 
capsules lacking the characteristic exine layer of 
a microcyst. Moreover, the cells sometimes have 
the tendency to become Gram-variable, i.e., to 
change from Gram-negative to Gram-positive. 

The cells bear monotrichous flagella, but 
sometimes there are two flagella at one pole. 
Colonies do not produce a nondiffusible pig
ment, but on iron-deficient media, yellow-green 
or red-violet diffusible pigments are produced, 
which give a blue-white fluorescence in UV 
light. 

In a numerical analysis and in the constructed 
dendrogram of relationships, Thompson and 
Skerman ( 1979) showed that Azomonas macro
cytogenes fused at a low hierarchical level with 
Azotobacter paspali. At a higher level, the Azo
monas macrocytogenes-Azotobacter paspali 
group fused with the two other Azomonas spe
cies before fusing with Azotobacter. This was a 
motive for these authors to propose a new ge
nus, Azomonotrichon (Thompson and Skerman 
1979) for Azotomonas macrocytogenes. How
ever, De Smedt et al. ( 1980) showed that the 
rRNA cistrons of Azomonas insignis and A. 
agilis differ as much from each other as they do 
from Azomonas macrocytogenes and from Azo
tobacter. Therefore, there is no reason to create 
a new genus for Azomonas macrocytogenes, al
though more genome comparisons of the var
ious members of the Azotobacteraceae would 
probably be useful in clarifying its exact taxo
nomic position. It is noteworthy that Ruben
chik (1959) transferred Azomonas macrocy
togenes to the genus Beijerinckia as B. 
macrocytogenes because it fixed nitrogen at pH 
values of 4.5-5.0 and produced acid from 
certain carbohydrates. In support of this, 
Thompson and Skerman ( 1979) noted that Azo
monas macrocytogenes produces colony
retained homopolysaccharides from sucrose 
and saccharose, and this is only found in this 
group and in most strains of the group contain
ing the Beijerinckia species. 

Preservation of Cultures 

For routine maintenance, Azotobacter and Azo
monas cultures should be subcultured at 
monthly or bimonthly intervals on nitrogen-free 
mineral agar containing glucose or sucrose (1 
or 2%). For those strains which cannot assim
ilate glucose (e.g., Azomonas insignis), another 
appropriate carbon source (e.g., an organic acid 
such as calcium malate or calcium succinate) 
can be chosen. 
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Poor results were obtained by lyophilization 
in skim milk or dextran-sodium glutaminate so
lution on filter paper in small glass vials under 
vacuum with storage of the closed vials at room 
temperature in the dark. Antheunisse ( 1972, 
1973) compared this method with storage of 
cultures on the usual agar media in normal cul
ture tubes, plugged with sterile rubber seals, and 
stored in the dark at room temperature. Tests 
for viability of the cultures were made after pe
riods of 1 to 10 years. The outcome showed that 
lyophilization of Azotobacter and Azomonas 
gave very poor results. Only 32% of the cultures 
were viable after 6 years. The rate of survival 
of Azotobacter vinelandii was relatively high, 
but that of A. chroococcum was low and that of 
Azomonas agilis was nil. In contrast, the 65 
Azotobacter and Azomonas strains kept on 
sealed agar slants for 3-10 years gave an average 
viability of 60%. In this case, both Azotobacter 
vinelandii and Azomonas agilis gave good sur
vival rates (86 and 78%, respectively). 

In the author's laboratory, Azotobacter and 
Azomonas cultures are usually kept in normal 
culture tubes (with cotton plugs) under a seal 
of sterile liquid paraffin or mineral oil at room 
temperature (sometimes also at 4°C); such cul
tures generally survive for at least 3-5 years 
(J. H. Becking, unpublished observations). Care 
should be taken that the oil completely covers 
the agar slant, because if the agar medium re
mains in contact with air, the agar will dry out 
and the culture may die. 

Physiological and 
Biochemical Aspects 

Azotobacteraceae are aerobic, heterotrophic, ni
trogen-fixing organisms and therefore possess 
all oxidative enzymes for the degradation of the 
numerous organic carbon compounds utilizable 
by the various species as sole source of carbon 
and energy. Many of these enzymes are consti
tutive, but some are induced by the particular 
carbon substrate involved. Many publications 
have appeared on these enzymes, including 
some on the kinetics of their induction, begin
ning with the Wisconsin school (Stone and Wil
son, 1952a, 1952b; Repaske and Wilson, 1953; 
Repaske, 1954; Williams and Wilson, 1954; 
Wilson and Wilson, 1955; Shutter and Wilson, 
1955; Alexander and Wilson, 1956; Marr and 
Marcus, 1962), but they will not be discussed 
here in view of space limitations. Only some 
characteristic enzymes associated with nitro
gen-fixation in Azotobacteraceae and the rela
tion between the oxidative pathway and nitro
gen fixation will be discussed. 
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The oxidative pathway in Azotobacteraceae 
as source of energy (ATP) follows the TCA cy
cle. It has been studied in many investigations 
(see above) using whole-cell suspensions or cell
free extracts to test the various intermediates 
of the TCA cycle, such as acetate, malate, suc
cinate, a-ketoglutarate, and citrate. Also, the ef
fect of oxygen on nitrogen fixation and the high 
respiratory activity of Azotobacteraceae have 
received special attention, since Meyerhof and 
Burk (1928) and Burk (1930), first oberved it, 
and it was the subject of many later studies 
(Tschapek and Giambiagi, 1955; Parker and 
Scutt, 1958, 1960; Dilworth and Parker, 1961 ). 
All the studies found that high oxygen levels, 
even atmospheric levels of oxygen, inhibited the 
nitrogen fixation activity in Azotobacter. More
over, the exceptionally high respiratory quo
tients of Azotobacter species obtained by man
ometric methods were remarkable; Qo2 values 
of 20,000 I-ll 0 2/h or 4,000-5,000 /ol1 OJmg dry 
wt/h have regularly been measured (Williams 
and Wilson, 1954; Shutter and Wilson, 1955). 
Both observations have led to detailed investi
gations on the role of oxygen in the nitrogenase 
complex. Experiments revealed that in Azoto
bacter a special mechanism operates which pro
tects the oxygen-sensitive nitrogenase from 
oxygen damage. The high respiration rate of 
Azotobacteraceae was explained as a mecha
nism which scavenges oxygen from the dinitro
gen-fixing site of nitrogenase (Dalton and Post
gate, 1969a). This process, called the 
"respiratory protection" of nitrogenase, is cou
pled with a multitude of cytochromes and redox 
proteins (Haddock and Jones, 1977), thus main
taining the nitrogenase in an essentially anoxic 
environment inside cells that nevertheless de
rive energy from aerobic metabolism. 

The significance of respiratory protection has 
been argued, and alternative mechanisms have 
been suggested. A prominent argument was that 
the nitrogenase complex, which consists of two 
components (see later), was extremely sensitive 
to oxygen, being rapidly and irreversibly inac
tivated upon exposure to air, but nitrogenase in 
cell-free extracts of Azotobacter is relatively ox
ygen stable (Bulen et al., 1964; Kelly, 1969). The 
Brighton, England nitrogen-fixation school also 
suggested that if 0 2 enters the cell more rapidly 
than it can be removed by respiration (i.e., by 
"respiratory protection"), an alternative control 
mechanism operates for which they proposed 
the name "conformational state protection," 
i.e., a protection by some steric arrangement of 
the components (Dalton and Postgate, 1969a). 
In the latter mechanism, during 0 2 stress, ni
trogenase binds to a 2Fe-2S protective protein, 
also called Fe/S II, to give an 0 2-stable complex 
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that is protected from 0 2 damage, but that is 
inert to nitrogenase substrates. When the oxy
gen stress is low or lowered by excessive res
piration, the protected complex dissociates to 
give active nitrogenase. Such protective proteins 
have been isolated and characterized for A. 
chroococcum (Robson, 1979) and for A. vine
landii (Scherings et al., 1983). 

However, some alternative mechanisms have 
been proposed. Oppenheim et al. ( 1970a, 
1970b) suggested that protection against oxygen 
was due to a major cytoplasmic membrane 
component that appears in these organisms 
when grown in nitrogen-free medium, while 
Yates ( 1970) suggested a form of respiratory 
control by nucleotides (ATP) operating in Azo
tobacter. Also, Kuhla and Oelze (1989) found a 
dependence of nitrogenase switch-off upon ox
ygen stress on the nitrogenase activity in Azo
tobacter vinelandii. Their results suggested that 
the flux of electrons to the nitrogenase complex, 
rather than cellular oxygen consumption (q02), 

stabilizes nitrogenase activity against 0 2 inac
tivation in aerobically growing A. vinelandii. 

From the observations mentioned above, it 
may be concluded that the mechanism of 0 2 

control and the absence of a serious inhibition 
of functioning nitrogenase by 0 2 is a rather 
complex process, which may involve several dif
ferent systems. 

Although nitrogenase is the most important 
enzyme for aerobic nitrogen-fixing bacteria like 
the Azotobacteraceae, this enzyme is also found 
in a great number of other microorganisms be
longing to quite-different taxonomic groups and 
affiliations. The main properties of nitrogenase 
(i.e., of the main species of nitrogenase, see 
later) can be summarized as follows: it consists 
of two proteins; it is sensitive to oxygen or it 
can be destroyed by oxygen; it contains the tran
sition metals Fe and Mo; it needs Mg2+ ions to 
be active; it converts ATP to ADP when func
tioning; it is inhibited by ADP; it reduces ni
trogen and several other small triply bonded 
molecules (such as C2H2 and CN); and it re
duces H+ ions to gaseous H2 even when N2 is 
present. The two proteins forming this nitro
genase are a large one (MW of about 220,000) 
and a smaller one (MW of about 60,000). Both 
proteins contain Fe (amounts variable), and this 
metal is essentially accompanied by S atoms. 
The large protein contains in addition two at
oms of Mo and is therefore usually called the 
molybdoprotein. The proteins of the nitrogen
ase complex are often also called component I 
and component II. Furthermore, it is interest
ing that the two proteins are very similar in 
different nitrogen-fixing organisms. Their sim
ilarity is so great that it is possible to inter-
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change these proteins with the proteins of other 
nitrogen-fixing microbes, regardless of their or
igin (e.g., Klebsiella pneumoniae, Bacillus po
lymyxa, and Clostridium pasteurianum) yield
ing fully active preparations (Bulen et al., 1966; 
Detroy et al., 1968; Dahlen et al., 1969). 

Nitrogenase reduces N2 to NH3 and, for this 
function, it needs adenosine triphosphate 
(ATP). In vitro, 16 ATP molecules are con
sumed to convert one N2 to two NH3 molecules, 
and eight electrons are also involved: 

N2 + 8H+ + 16 ATP 8~-
2NH3 + H2 + 16 ADP 

Actually, the reduction ofN2 to two NH3 re
quires six electrons, equivalent to 12 ATP mol
ecules. It has been shown that two electrons or 
four ATPs are used for the formation of one 
molecule of H2• In growth experiments with 
Azotobacter chroococcum in continuous culture, 
Dalton and Postgate (1969b) demonstrated that 
nitrogen fixation entrained a maintenance coef
ficient of 1.06 g substrate/g organism/h com
pared with about 0.40 for ammonia assimila
tion. Assuming that most of this maintenance 
was directed to respiratory protection of nitro
genase, an extrapolated maximum requirement 
of 4 moles ATPjmole N2 fixed was observed. 

In other growth experiments, Dalton and 
Postgate ( 1969a) observed that, at 0.03 atm Oz, 
nitrogen-limited, continuous cultures of A. 
chroococcum fixed about twice as much N2/g 
carbon source utilized than at atmospheric pres
sure (i.e., 0.20 atm 0 2), confirming earlier 
growth experiments by other authors (Becking, 
1971 ). The specific effects of different 0 2 levels 
on nitrogen-fixation efficiency of Azotobacter 
have already been discussed (see "General Iden
tification"). 

As noted before, the nitrogenase system in 
Azotobacter consists of two nonheme iron pro
teins, i.e., a MoFe protein called Component I, 
which has been crystallized (Burns et al., 1970; 
Shah and Brill, 1973) and was shown to be a 
tetramer of 245,000 daltons (Swisher et al., 
1977; Shah and Brill, 1977) containing two Mo 
atoms per molecule, and a protein called Com
ponent II, which is a Fe protein, a dimer of two 
identical subunits of 31,200 daltons, containing 
289 amino acids (Hausinger and Howard, 
1980). Thus, apart from Fe, the uptake of Mo 
by the organism is essential and a prerequisite 
for active functioning of the nitrogenase com
plex. Particularly, Mo defiency or Mo depletion 
of the medium of Azotobacteraceae cultures 
limit their growth under nitrogen-fixing condi
tions. In growth experiments, it was shown by 
Becking ( 1962) that the Mo requirements of 
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various Azotobacter and Azomonas species dif
fer. Half-maximal nitrogen fixation was ob
tained in A. chroococcum at about 0.05 ppm Mo 
and in A. vinelandii at 0.0004 ppm Mo, whereas 
the same half-maximal growth value is reached 
in Azomonas agilis at 0.0002 ppm Mo. In these 
growth experiments, Becking ( 1962) further ob
served that in the majority of Azotobacter 
chroococcum and A. vinelandii strains, vana
dium could replace molybdenum under nitro
gen-fixing conditions. Ofthe lOA. chroococcum 
strains tested, only three were unable to utilize 
vanadium as a substitute for molybdenum in 
nitrogenase and, in 19 out of the 20 A. vinelandii 
strains tested, vanadium was able to replace 
molybdenum in the nitrogen-fixation process. 
However, in all except one of 20 Azomonas 
agilis strains simultaneously tested, vanadium 
was unable to replace molybdenum in nitrogen 
fixation. Moreover, nitrogen fixation with van
adium was reduced to two-thirds of that 
produced by molybdenum. Experiments also 
demonstrated that for nitrate assimilation, mo
lybdenum was also required in those species, 
which could assimilate nitrate (most Azomonas 
agilis strains are unable to utilize nitrate). But 
in the nitrate reductase system, molybdenum 
could not be replaced by vanadium. Finally for 
ammonium assimilation, neither of the two 
metals is required (Becking, 1962). 

In this context, it is of interest that an alter
native nitrogenase system lacking molybdenum 
has been discovered and its existence proved 
biochemically and genetically. First evidence of 
such an alternative nitrogen-fixing system came 
from the genetic studies of Bishop et al. ( 1980, 
1982), who obtained Nif+ pseudorevertants of 
the Nif- strains UW6 and UWlO (see Shah et 
al., 1973) of A. vinelandii. These pseudorever
tants displayed growth on nitrogen-free medium 
at a lower growth rate than the wild type and 
fixed nitrogen at a rate of 3-4% of the Nif+ con
trol. Moreover, phenotypic reversion of Nif
mutants to Nif+ occurred when they were grown 
on media lacking molybdenum but containing 
tungsten, vanadium, or rhenium salts (Bishop 
et al., 1980, 1982). Under these conditions, 
there was nitrogen fixation at a low rate al
though the cells lacked the typical EPR signal 
of the MoFe protein. These observations led 
Bishop et al. (1980, 1982, 1986) to propose an 
alternative pathway for nitrogen fixation in A. 
vinelandii, whose functioning was independent 
of molybdenum. 

Following this, Eady et al. ( 1987) and Dil
worth et al. ( 1988) demonstrated the existence 
of a vanadium nitrogenase in A. chroococcum. 
Miller and Eady (1988) showed that, for both 
the Mo and V nitrogenases present in A. chroo-
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caecum, low temperature favors the nitrogen re
duction by the V nitrogenase. The vanadium 
nitrogenase of A. chroococcum was purified and 
the properties of the VFe protein were studied 
(Eady et al., 1987). These authors demonstrated 
that the VFe protein of the vanadium nitrogen
ase contained an iron-vanadium cofactor form
ing the substrate-reducing site (Smith et al., 
1988). Also, the Fe protein of the vanadium 
nitrogenase was purified and characterized 
(Eady et al., 1988). Raina et al. (1988) charac
terized the gene for the iron-protein of the va
nadium-dependent alternative nitrogenase of A. 
vinelandii and constructed a Tn5 mutant. Fi
nally, the structural genes for the vanadium ni
trogenase from A. chroococcum have been 
cloned and the nucleotides have been sequenced 
(Robson et al., 1989). There is also genetic evi
dence obtained using deletion mutant analysis 
that shows that at least in Azotobacter vinelan
dii, there is also a third nitrogenase that lacks 
both Mo and V (Pau et al., 1989). This has been 
independently verified, and the existence of an 
FeFe protein has been demonstrated (Smith, 
1989; B.E. Smith, personal communication). 
Thus, in conclusion, three distinct nitrogenases 
are now known, each with its own, genetically 
distinct, Fe protein which acts as an electron 
transfer agent to either a MoFe, VFe, or FeFe 
protein in an ATP-hydrolyzing reaction. The 
MoFe and VFe proteins have been shown to 
contain cofactors (FeMoco and FeVco) that 
form the substrate-reducing sites. 

Besides oxygen, hydrogen has also been in
tensively studied in relation to nitrogenase 
(Robson and Postgate, 1980). Hydrogen evolu
tion has received attention in the context of the 
efficiency of the nitrogen-fixing system (Schu
bert and Evans, 1976; Schubert et al., 1977). It 
was suggested that in a fully efficient system, all 
electrons would be used for ammonia produc
tion and no hydrogen would be evolved. All 
Azotobacteraceae have very powerful hydrogen
ases and therefore, in these organisms, the role 
of hydrogen in nitrogen fixation was of partic
ular interest. Hydrogen-dependent mixotrophic 
growth of A. vinelandii has been observed 
(Wong and Maier, 1985). Moreover, hydrogen
mediated enhancement of hydrogenase expres
sion (Prosser et al., 1988) and hydrogen-me
diated mannose uptake (Maier and Prosser, 
1988) have both been reported for A. vinelandii. 
Recently, competition studies in continuous 
culture between a Hup- ( = Hydrogen-uptake-) 
mutant of A. chroococcum and its presumed is
ogenic Hup+ recombinant showed that Hup ac
tivity benefitted the organism under nitrogen
fixing and sucrose- or phosphate-limiting con
ditions, but it was ineffective or disadvanta-
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geous under 0 2, sulfate, or iron limitation 
(Yates and Campbell, 1989). The physiological 
aspects as well as the genetics of the hydrogen
uptake hydrogenase has been lately reviewed by 
Yates (1988) and Yates et al. (1988). 

With regard to the assimilation of combined 
nitrogen such as ammonia, the usual enzymes, 
including glutamate dehydrogenase (GDH), 
glutamine synthetase (GS), and glutamate syn
thase (GOGAT), have been reported for A. 
chroococcum (Drozd et al., 1972), and some 
have also been demonstrated in other Azoto
bacter species. GOGAT was found in both sol
uble and membrane-bound forms in A. vine
landii. Assimilatory nitrate and mtnte 
reductases have been characterized for A. chroo
coccum and A. vinelandii (Guerrero et al., 1973; 
Spencer et al., 1957; Taniguchi and Ohmachi, 
1960; Vega et al., 1973). 

Genetic Aspects 

The first metabolic mutants of Azotobacter 
were described for Azotobacter vinelandii by 
Karlsson and Barker (1948), and shortly after
wards mutants of the same species which do 
not fix nitrogen were reported by Wyss and 
Wyss (1950). The first DNA-mediated trans
formation in Azotobacter was observed by Sen 
and Sen ( 1965), who described an interspecific 
transformation of pigment production between 
A. chroococcum and A. vinelandii. Transfor
mation ofNif- strains of A. vinelandii with Rhi
zobium DNA have also been described (Page, 
1977), together with some other intergeneric 
transformations between Rhizobium and Azo
tobacter (Sen et al., 1969; Bishop et al., 1977a; 
Maier et al., 1978). Although phages (azoto
phages) of Azotobacter vinelandii and A. chroo
coccum have been isolated (Monsour et al., 
1955; Chuml et al., 1980), these phages had lim
ited host ranges and apparently had no trans
ducing ability (Bishop et al., 1977b ). An earlier 
positive report (Wyss and Nimeck, 1962) men
tioning interspecific transduction in Azotobac
ter could not be confirmed. 

Most studies on mutants of Azotobacter have 
involved the nif genes. The first stable nij- mu
tants of Azotobacter were described for A. vi
nelandii by Fisher and Brill (1969). These mu
tants were biochemically analyzed by these 
authors for the activity of the two nitrogenase 
components (Shah et al., 1973; Bishop and Brill, 
1977). 

Regulatory mutants of Azotobacter that fix 
nitrogen in the presence of ammonium have 
also been isolated and described by Sorger 
( 1968), Gordon and Brill ( 1972), Bishop and 
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Brill (1977), and Terzaghi (1980b). Such mu
tants were found particularly among strains re
sistant to methylalanine. Ammonia-exporting 
mutants may be important in industry for am
monia production (see "Applications"). 

Bishop et al. ( 1980) obtained nij+ pseudo
revertants of some particular nij- mutants (UW 
6 and UW 10), which could fix nitrogen at a 
rate of 2-4% of the nif+ control. From these 
observations, they inferred the existence of an 
alternative pathway for nitrogen fixation func
tioning independentally ofMo (see "Physiolog
ical and Biochemical Aspects"). Moreover, 
drug-resistant mutants (Page and Sadoff, 1976; 
Bishop and Brill, 1977) and amino acid and 
vitamin autotrophs (Leach and Battikhi, 1978) 
of A. vinelandii have regularly been obtained by 
mutagenesis and the application of selective 
media. 

On the whole, Azotobacter species and, in 
particular, Azomonas species seem to be diffi
cult to mutate or the selection procedures used 
so far have been inadequate. Sadoff et al. ( 1979) 
argued that A. vinelandii contains 40 chromo
somes per cell, and therefore failure to isolate 
mutants could result from difficulties in segre
gation rather than mutagenesis. In view of these 
difficulties, most information on the nif genes 
comes from Klebsiella pneumoniae. It has a 
good transduction system and a plasmid 
(pRD 1) that carries the entire nif cluster of K. 
pneumoniae. The plasmid has been isolated and 
this system was most useful in the development 
of the Azotobacter nif genetics, e.g., by the 
expression of Klebsiella nifgenes in Azotobacter 
(Cannon and Postgate, 1976). 

At the moment, the homology of nif genes of 
Azotobacter and other bacteria species is well 
established, and the genes encoding the two ni
trogenase systems in two species (A. vinelandii 
and A. chroococcum) have been identified. 

A group of genes spanning 25-30 kb ofDNA 
was characterized in A. chroococcum after being 
cloned and their expression studied in Klebsi
ella pneumoniae (Jones et al., 1984). Hybridi
zation to nif gene probes from K. pneumoniae, 
coupled with DNA sequencing and comple
mentation analysis, revealed that the nif genes 
FMVSUNEKDH are present in this region (Ev
ans et al., 1985). The genes best characterized 
for structure and function in A. vinelandii and 
A. chroococcum are nifKDH. A restriction map 
for a region of the A. chroococcum genome car
rying nif genes (Jones et al., 1984) confirms 
close linkage and expression of nifKDH as a 
single transcript, and places nifV 15 kb away 
from nifKDH. 

The pro motors of nif genes were observed to 
share common nucleotide sequences in two re-
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gions upstream from the site at which transcrip
tion begins in a number of different organisms 
such as Azotobacter, Klebsiella, Rhizobium, 
Thiobacillus, and Desulfovibrio. The structural 
genes, including that of the VFe protein of the 
vanadium nitrogenase from A. chroococcum 
(Robson et al., 1989), have been cloned, and 
nucleotide sequences were determined as al
ready reported. Activator proteins are needed 
for nif gene expression, and genes encoding ac
tivator genes have diverged to control expres
sion of the three different enzyme systems re
sponsible for nitrogen fixation. Regulation of nif 
genes in Azotobacter is therefore rather com
plicated. 

Similarity of nif regulation among K. pneu
moniae and A. vinelandii and A. chroococcum 
has been demonstrated (Kennedy and Robson, 
1983). Introduction of the nifA gene from K. 
pneumoniae into Azotobacter mutants deficient 
in both components I and II restored the Nif+ 
phenotype to the presumed regulatory mutants 
but not to a nitrogenase-structural-gene mutant. 
The results are interpreted to suggest that nifA 
activation of nif genes might also be conserved 
among diazotrophs. Two nitrogen fixation reg
ulatory regions, nifA and nfr X, in Azotobacter 
vinelandii and A. chroococcum have also been 
identified and characterized (Santero et al., 
1988). These investigations are too numerous 
to cite here fully, but most ofthem are cited in 
recent reviews on the genetics of Azotobacter 
and related organisms by Elmerich (1984), Ken
nedy and Toukdarian ( 1987), and Kennedy 
(1989). 

Applications 

Associative growth of one Azotobacter species, 
A. paspali, has been reported to produce growth 
responses, apparently giving an increase in ni
trogen, in forage grasses (Dobereiner, 1970; 
Dobereiner and Day, 1976). 

However, Azotobacter inoculants (mainly A. 
chroococcum) also may produce crop responses. 
Especially in the USRR in the years 19 5 8-1960, 
numerous field experiments were conducted 
with Azotobacter inoculants (named "Azoto
bacterin" or "Nitragin") with agricultural crops 
like spring wheat, winter wheat, barley, oats, 
and maize. Mishustin and Shilnikova (1969, 
1971) have summarized these results, showing 
that in some trials, significant yield increases 
were obtained with a beneficial effect varying 
from 7-12%. Later, however, this practice was 
no longer recommended and it has now been 
abandoned. 
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However, some workers still claim that Azo
tobacter has a positive effect on crops, e.g., Azo
tobacter inoculation of seeds or seedlings of 
wheat, rice, onion, tomato, brinjal (Solanum 
aestivum), and cabbage. Significant responses 
with increases that average 10-20% are reported 
for such crops (Sundara Rao et al., 1963; Lehri 
and Mehrotra, 1968, 1972; Mehrotra and Lehri, 
1971; Joi and Shin de, 1976; Shende et al., 1977). 

Some other workers (Vancura and Macura, 
1959, 1961; Brown et al., 1962, 1964) performed 
field and pot experiments in which artificial in
oculation produces increases in the yield of 
crops. They attributed the beneficial responses 
in addition to fixed nitrogen made available to 
the plants by the production of phytohormones 
such as gibberellins, auxins, and some phenolic 
compounds (Jackson et al., 1964; Hennequin 
and Blachere, 1966), giving the plants a better 
health condition. Also, the production of anti
fungal antibiotics by Azotobacter may play a 
role in these yield increases (Mishustin and 
Shilnikova, 1969, 1971; Laksmi Kumari et al., 
1975). 

For instance, Meshram and Jager (1983) 
mentioned an antagonism of isolates of Azo
tobacter chroococcum to Rhizoctonia so/ani on 
agar plates and Azotobacter isolates were tested 
for their ability to control R. so/ani infection of 
potato sprouts in sterilized and unsterilized soil. 
The degree of antagonism exhibited varied 
strongly among the isolates and was found to 
be temperature-dependent. Following this, 
Azad and Aslam (1985) observed that Azoto
bacter chroococcum inoculation increased the 
yield and the protein content of potato (So
lanum tuberosum) tubers. Analyses showed that 
the inoculum increased substantially the pop
ulation of A. chroococcum present in the rhi
zosphere soil in these experiments. 

Bagyaraj and Menge (1978) showed that 
larger populations of bacteria and actinomy
cetes were recovered from the rhizospheres of 
tomato (Lycopersicon esculentum) plants inoc
ulated with the mycorrhizal fungus Glomusfas
ciculatus and Azotobacter chroococcum, either 
individually or together, than from those of 
non-inoculated plants. The dry weights of the 
tomato plants inoculated with both G. fasci
cu!atus and A. chroococcum were significantly 
(62%) greater than non-inoculated plants. These 
results suggest a synergistic or additive inter
action between Glomus fasciculatus and Azo
tobacter chroococcum. 

Although the practice of using Azotobacter in
oculants was often unsatisfactory and has been 
abandoned in many countries, in India a con
stant stream of publications continues to appear 
on the beneficial effects of Azotobacter on var-
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ious crops such as sorghum, pearl millet, maize, 
rize, sesame, wheat, and barley (Ghonsikar et 
al., 1986; Prasad, 1986; Konde and Shinde, 
1986; Shende et al., 1986; Subbian and Chamy, 
1984; Rai and Gaur, 1988; Kavimandan et al., 
1978; Tiwari et al., 1989). In India, it is also 
suggested that Azotobacter inoculation gives 
positive growth responses in oak seedlings used 
in forestry (Pandey et al., 1986). 

Outside India, there are now only sporadic 
reports on the beneficial effects of Azotobacter 
inoculations, and these refer mainly to subtrop
ical regions. Some Egyptian authors have ob
tained positive results on the growth of the cas
tor oil plant, Ricinus communis (Monib et al., 
1984), or of wheat (Emam et al., 1986) with 
Azotobacter inoculation. 

Monib et al. (1979) also studied the effect of 
bacterization ofbarley (Hordium vulgare) grains 
with a selected strain of Azotobacter chroococ
cum. In N-deficient sand, seed inoculation in
creased plant length, dry weight, nitrogen con
tent in addition to a significant increase in soil 
nitrogen. In the presence of a mixed soil mi
croflora the beneficial effect ofbacterization was 
less than in monobacterial cultures. Azotobac
ters naturally present in soil also colonized in 
heavy densities the rhizoplane (rhizosphere) of 
the barley plants, but their effect on plant growth 
and soil nitrogen were less as compared with 
that of bacterization. 

In Spain, the beneficial effects of Azotobacter 
chroococcum on root colonization and grain 
production of maize have been reported (Mar
tinez-Toledo et al., 1988a, 1988b ), and in Sor
ghum bicolor, a specific root association with A. 
chroococcum was demonstrated, but there was 
no interaction influencing the nitrogenase ac
tivity in the rhizosphere, probably due to the 
lack of excretion of a carbon and energy source 
by the plant (De La Rubia et al., 1989). In ad
dition, in Israel, positive responses of Azoto
bacter inoculation on the growth of Setaria it
alica have been reported (Yahalom et al., 1984). 
In Pakistan, Hussain et al. (1985) studied in 
field experiments the seed inoculation of wheat 
(Triticum aestivum) on the yield in relation to 
the application of farm yard manure and some 
N-P-K levels, in which N was given in the form 
of urea. The results indicated that Azotobacter 
inoculation was more effective as regards to 
grain yield in the trials where no nitrogen was 
added, next was farm yard manure and the low
est response was with urea application. 

From all these investigations it is clear that, 
with regard to beneficial effects, the supply of 
fixed N might not be the sole factor involved 
or it is only a minor factor and that growth
promoting substances may be involved. In par-
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ticular, it appears that plant root colonization 
by bacteria is favorable, probably due to bio
logical control of plant diseases (see e.g., Kloep
per et al., 1989). 

Some Azotobacter mutants may be important 
for biotechnology and industrial application. 
Mutants of A. vinelandii have been obtained 
that fix molecular nitrogen in the presence of 
excess NH/ excretion into the medium (Gor
don and Brill, 1972; Shaw et al., 1973). Terzaghi 
( 1980a, 1980b) tried to produce such mutants 
in a variety of AzotobacterjAzomonas species, 
i.e., mutants which could excrete excess am
monia in addition to being able to reduce N2 in 
the presence of excess NH/. She isolated nitro
genase-derepressed (Nif-Drd) mutants of Azo
tobacter in the two Azotobacter species (A. vi
nelandii and A. beijerinckii) and the two 
Azomonas species (A. agilis and A. macrocy
togenes) tested. Such mutants could only be ob
tained in Azotobacter vinelandii and to a much 
lesser degree in one strain of Azomonas agilis. 
These mutants, having up to 100% nitrogenase 
activity and excreting NH/ into the medium 
without inhibiting the nitrogenase activity, are 
of industrial significance, for instance by im
mobilization in Alginate beads, because they of
fer the opportunity to produce ammonia (which 
can be used as plant fertilizer) using Azotobacter 
in a biotechnological process. 
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The Genus Beggiatoa 

DOUGLAS C. NELSON 

The genus Beggiatoa is currently represented by 
a single defined species Beggiatoa alba (Strohl, 
1989). However, this species designation is com
monly used for any colorless, filamentous, glid
ing bacterium that deposits internal globules of 
elemental sulfur but does not form bundles of 
trichomes within a common sheath. Organisms 
with a variety of filament widths, ranging from 
1-120 ~m, have been observed in native ma
terial and are assumed to belong to this genus 
(Jorgensen, 1977; Klas, 1937; Nelson et al., 
1989b ), but a single phylogenetic affinity group 
is by no means proven. Beggiatoa is of historical 
importance because Winogradsky's ( 1887) ear
liest experiments, which ultimately led to de
velopment of the concept of bacterial che
moautotrophy, were performed with natural 
enrichments of this organism (see Brock and 
Schlegel, 1989). 

Habitats 

Beggiatoa is worldwide in its distribution. Ma
croscopically visible assemblages dominated by 
members of this genus can be observed in a 
variety of environments, all of which are char
acterized by the presence of a detectable level 
of hydrogen sulfide. Freshwater environments 
such as sulfur springs and a variety of eutrophic 
lakes and ponds contain benthic mats rich in 
Beggiatoa spp. (Keil, 1912; Lackey et al., 1965; 
Winogradsky, 1887). However, in the lighted re
gion of these water bodies the dominance of this 
organism is often overlooked. This is because 
its pattern of daily migration typically brings it 
to the sediment-water interface only after dark 
(Jorgensen, 1982a; Nelson and Castenholz, 
1982). 

Marine environments are especially condu
cive to massive enrichment for Beggiatoa due 
to the greater abundance of sulfate, which chan
nels a major portion of the anaerobic miner
alization of organic matter into the production 
ofhydrogen sulfide (Jorgensen, 1982b). The sur
face sediments of shallow seas, brackish fjords, 

salt marshes and intertidal sand flats may be 
covered by mats rich in Beggiatoa spp. (Ankar 
and Jansson, 1973; Grant and Bathmann, 1987, 
Jorgensen, 1977; Lackey, et al., 1965). Highly 
localized regions of anaerobic decomposition, 
ranging from a whale carcass on the ocean floor 
(Smith et al., 1989) to oil-soaked heads of coral 
(Chet and Mitchell, 1975), can also lead to en
richment of Beggiatoa. Some deep-sea hydro
thermal vents (2,000-2,500 m depth) rich in 
geothermally produced hydrogen sulfide are 
also locally dominated by representatives of this 
genus (Nelson et al., 1989b ). 

In the examples above, the Beggiatoa-domi
nated assemblage is proven or presumed to exist 
at a very narrow interface between oxygen and 
hydrogen sulfide (Jorgensen and Revsbech, 
1983). A different sort of environment, char
acterized as being without oxygen but oxidized 
in its redox potential (i.e., no free hydrogen sul
fide), can also harbor a more diffuse distribution 
of Beggiatoa (Jorgensen, 1977). This "oxidized
anoxic" region of marine sediments is more 
globally extensive than the rich environments 
that produce luxurious sediment surface 
"blooms" of Beggiatoa spp. (Jorgensen, 1989). 
Therefore, it should be possible to enrich for 
this bacterium from a very wide variety of ma
rine habitats. 

Isolation 

Selective Enrichments 

The most consistently successful enrichments 
for Beggiatoa spp. have been made as follows: 
The bottom of a shallow pan or aquarium (ap
proximately 30 X 30 X 12 em) is covered with 
a few centimeters of sand. CaS04 (approxi
mately 20 g) and K2HP04 (a few grams) are then 
added, along with a source of complex organic 
polymers such as seaweed or shredded paper. 
This is covered with several centimeters of sul
fide-rich marine mud, and then enough sea
water to cover the entire enrichment to a depth 
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of 1-2 em is added. Covering the pan with alu
minum foil or incubating in a dark place min
imizes competition with phototrophic bacteria. 
The enrichment is certain to contain the proper 
sulfide-oxygen interface somewhere in the ves
sel if air is introduced near the sediment surface 
using an airstone. Water lost by evaporation 
should be replaced with distilled water. Alter
natively, a slow steady flow of freshly aerated 
seawater, with a drain maintaining a constant 
level, will provide the necessary 0 2• A similar 
freshwater enrichment inoculated with mud 
from a sulfur spring and maintained on a light
dark cycle (10 h:l4 h) provided viable tufts of 
Beggiatoa spp. for almost a year (Nelson and 
Castenholz, 1982). 

Sewage treatment plants are also an excellent 
source of enrichment material (Burton and Lee, 
1978; Williams and Unz, 1985). A predictably 
successful enrichment is achieved using acti
vated sludge freshly collected from an aeration 
basin of a treatment plant (W. Pfeiffer, personal 
communication). Approximately 500 ml of this 
"mixed liquor" is incubated in a 1-liter Erlen
meyer flask at room temperature in the dark. 
After 5 to 15 days the surface of the settled floc
culant material is typically covered with tufts 
or sheets of Beggiatoa. 

Another type of enrichment has a long his
torical association with Beggiatoa and is based 
on the use of extensively extracted dried grasses 
or hay in an otherwise mineral medium (Ca
taldi, 1940). The complex polymers such as cel
lulose residues in the material presumably fuel 
sulfate reduction localized near the surface of 
the grasses. This, in turn, provides the hydrogen 
sulfide necessary to enrich for Beggiatoa. The 
grasses also serve as a physical substrate for 
these gliding bacteria. Inclusion of soil extract 
and the enzyme catalase appear to enhance the 
rate and success of this enrichment (Joshi and 
Hollis, 1976; Strohl and Larkin, 1978a). 

Isolation Procedures 

The various enrichments described above are 
considered successful when they yield "tufts" 
or "puffballs" comprised mainly of intertwined 
Beggiatoa filaments. The nature and size of 
these aggregates is similar to that obtained in 
aerobic growth of certain freshwater strains 
(Fig. ld). Several tufts are collected from the 
sediment-water interface with a Pasteur pipette 
or pointed forceps and are passed through sev
eral rinses in sterile water. These rinses may 
contain sodium azide to help reduce contami
nation (Burton and Lee, 1978), and inclusion 
of sodium sulfide (250-500 J,LM) has also been 
suggested. Tufts are then inoculated into the 
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center of well-dried plates (0.8-1.2% agar) of an 
appropriate medium. After a period of time in
dividual filaments will have moved far enough 
from the inoculation site so that they can be 
transferred (along with a small block of agar) 
using finely pointed watchmakers' forceps. The 
procedure described by Castenholz (1988) has 
produced excellent results. Depending on the 
source of inoculum these single filament iso
lations can be best accomplished several hours 
to a few days after inoculation. With practice, 
up to a half of the filaments isolated are without 
contaminants and success is greatly facilitated 
by lightly prescoring the surface of the medium 
to guide the gliding filaments (Burton and Lee, 
1978). 

Media for Isolation 

As will be discussed later, the marine isolates 
characterized to date have a different physiology 
from freshwater Beggiatoa strains examined. It 
is suggested, but not proven, that this is because 
they have been isolated under very different 
conditions. All recently studied strains of fresh
water Beggiatoa were isolated in the presence 
offull air (02 partial pressure approximately 20 
kPa) typically using media that contained a low 
concentration (0.02 to 5 mM) of a single organic 
compound, principally acetate, lactate, or glu
cose (Strohl and Larkin, 1978a; Williams and 
Unz, 1985). Such media sometimes, but by no 
means always, contained Na2S or Na2S20 3• Suc
cessful isolations and sustained maintenance 
have also been accomplished using agar-gelled 
but otherwise unsupplemented thiosulfate-min
eral medium (Nelson and Castenholz, 198lb). 
In this instance, trace organic impurities in the 
agar presumably acted as the carbon source for 
these nonautotrophic strains. All freshwater iso
lates currently available are capable of growth 
in the presence of full air. 

By contrast, the half-dozen known strains of 
marine Beggiatoa are obligate microaerophiles 
that were isolated under microoxic conditions 
( 4 kPa 0 2) on medium supplemented with so
dium sulfide and sodium acetate. Subsequently 
it was realized that all strains will grow luxu
riantly in sulfide-gradient medium (described 
below) in the absence of added organics. 

Isolation of Lithoautotrophic Marine Strains 
The following procedure ensures a Marine Basal Me
dium (J3) free of precipitates. 

Solution 1: 
Aged natural seawater (salinity 3.2-

3.5%); prefiltered (Whatman #1 or 
Gelman GF/F) and filtered (0.45 ~m) 

500 ml 
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Fig. l. Light micrographs of pure cul
tures and natural samples of Beggia
toa spp. Part (a) and part (b)are phase 
contrast; part (c) bright field; part (d) 
employed reflected illumination and 
a dissecting microscope. (a) Marine 
strain MS-81-1 c, chemoautotrophic 
growth, gradient medium. Note re
fractile S0 globules. Bar = 5 ~tm. (b) 
Freshwater strain OH-75-2a (similar 
to B. alba), stationary phase, liquid 
DTA medium. Some filaments are 
devoid of refractile S0 globules. Non
refractile inclusions are probably 
PHB (see Fig. 4). Bar = 5 ~tm. (c) 
Beggiatoa sp. collected at a deep-sea 
vent of the Guaymas Basin, Gulf of 
California. These "hollow," che
moautotrophic filaments (Nelson et 
al. 1989b) are representative of the 
wider material frequently found in 
natural samples. Bar = 50 ~tm. (Mi
crograph courtesy of H. W. Jannasch 
and C. 0 . Wirsen.) (d) Freshwater 
strain OH-75-2a aggregated in tufts 
typical of its aerated growth. Bar = 

I mm. 
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Solution 2: 
Distilled water 
Agar 

Solution 3: 
NH4N03 

Trace elements (SL8, Pfennig and Biebl, 
1981) 

Mineral stock 

.. "t ..... . . 

200 ml 
9.0 g 

0.06 g 
0.75 ml 

50 ml 

The mineral stock contains (per liter): K,HP04, 0.52g; 
Na,Mo04, 0.05 g; FeCI3·6H,O, 0.29 g; Na,S,O, (sodium 
pyrosulfite), 0.75 g; phenol red, 10 ml of a sterile solution 
(0.5%, Gibco). 

Autoclave solutions I, 2, and 3 separately in Erlen
meyer flasks. After cooling to 50°C, aseptically combine 
in the solution 2 vessel (volume > 750 ml). Then sup
plement with 0.2 ml of Va vitamin solution, which con
tains (in mg per liter): B,, I ; thiamine, 200; biotin, I; 
folic acid, I; paraaminobenzoic acid, 10; nicotinic acid, 
100; inositol, I; calcium pantothenate, 100. 

J3 Basal Medium is amended to produce an Isolation 
Medium (J-TS) by adding the following sterile stocks 
(final concentrations in parentheses): I) 7.5 ml of 200 
mM Na,S,O, (2 mM). 2) 3.75 ml of freshly neutralized 
200 mM Na,S (I mM). This is autoclaved as a basic 
solution, which is quite stable against autooxidation, 
and then neutralized with an equimolar quantity of ster
ile HCI just prior to use. 3) 15 ml of I M NaHC03 (20 
mM). To make this stock autoclave 8.4 g of NaHC03 

(dry) and add 100 ml of sterile distilled water when cool. 
Immediately after solidification, plates were incu

bated in a bell jar for 24 h or more under anoxic con-

ditions (99.5% N,, 0.5% CO,), with desiccant present to 
absorb water evaporating from the surface of the me
dium. The medium is buffered by the bicarbonate in 
conjunction with the level of atmospheric CO,. After 
inoculation with a tuft of Beggiatoa spp., plates were 
placed in a microoxic atmosphere (0.5% CO,; 0.2% 0 ,; 
balance N,). Exposing the medium and bacteria to full 
air for approximately 20 min every day or two, as needed 
for inoculation or single-filament isolations, posed no 
problem to the success of the technique. Pure cultures 
resulting from repeated single-filament isolations were 
maintained in sulfide-oxygen gradient media (see be
low). 

Construction of Gradient Medium 

Marine gradient medium (JG8) was constructed 
as follows: First a 4 ml quantity of J3 Medium 
(pH 8.4; 1.5% agar; NaHC03 concentration low
ered to 2.0 mM) supplemented with freshly 
neutralized Na2S was solidified in the bottom 
of a 16 X 150 mm screw-capped tube. An initial 
sulfide concentration of 8 mM in this butt has 
proven satisfactory for all isolates tested. (The 
thiosulfate present in the isolation medium 
need not be included because the tube geometry 
[Fig. 2] provides a sustained flux of sulfide for 
several weeks.) This butt was then overlayed 
with 8.0 ml of semisolid J3 Medium (0.25% 
agar; NaHC03 lowered to 2.0 mM; no sulfide 
or thiosulfate). At this point the gradient of sol-
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Fig. 2. Microelectrode profiles of 0 2 and H,S 
in a gradient culture after 47 h of growth at 
25°C. The medium was cured 41 h prior to 
inoculation. Dotted line, location of Beggia
toa plate ( 300 ~tm vertical thickness). 
Dashed line, top of initial H,S butt (8. 5 
mM). Depth represents distance below air
agar interface. Note different concentration 
scales. "H,S" designates sum of soluble sul
fide species (e.g., [H,S] + [HS-] + [S~]). 

-75+---------~------~~------~---------+ 
0 1250 2500 3750 

6-6 H2s CONCENTRATION (uM) 

uble sulfide (neglecting convective mixing) is 
theoretically a "step-gradient," i.e., all of the 
sulfide would be below the dashed line of Fig. 
2. The air headspace in the top 8 ml of the tube 
constitutes an oxygen reservoir. Molecular dif
fusion and nonbiological reaction between sul
fide and oxygen both gradually alter the gradient 
shapes as described in more detail elsewhere 
(Nelson et al., 1986a, 1986b). 

Aging new gradient media for 2 to 3 days 
prior to inoculation establishes a sulfide-oxygen 
interface that is quite stable in both position 
and rates of nutrient flux. The interface is lo
cated approximately as shown in Fig. 2, but the 
extent of sulfide and oxygen overlap is roughly 
6-7 mm in uninoculated medium (Nelson et 
al., 1986a) as compared with 200~Lm or less in 
the cultures (Fig. 3). Whether inoculated at the 
surface of this medium or stabbed throughout 
the upper few centimeters, the filaments rapidly 
proliferate at the sulfide-oxygen interface, form
ing a marked layer or "plate," which attains a 
maximum thickness of approximately 1 mm 
(Fig. 3b). Gliding motility and negative chem
otactic responses (discussed later) allow these 
bacteria to track this interface as it slowly de
scends due to gradual depletion of the sulfide 
reservoir. 

Isolation of Freshwater Strains 

For the freshwater strains currently available, 
isolations were performed under oxic condi
tions (air atmosphere) on a variety of media 
(Nelson and Castenholz, 1981 b; Strohl and Lar
kin, 1978a; Williams and Unz, 1985). A rep
resentative medium is shown here: 

DTA Medium 

I ND stock solution (Castenholz, 1988) 
(NH4 ) 2S04 

50 ml 
0.13 g 

5000 

Sodium acetate 
K,HP04 

Na,S20 3·5H,O 
CaCI, 
Distilled water 
Agar 

ND stock solution 
Distilled Water 
NTA ( nitrilotriacetic acid) 
Micronutrient solution 
FeCI3 solution (0.29 gjliter) 
CaS0.-2H,O 
MgS0.-7H20 
NaCI 
Na,HP04 

KH,P04 

Micronutrient solution 
Distilled water 
H2S04 (concentrated) 
MnSO.-H,O 
ZnS0.-7H,O 
H3BO, 
CuS0.-5H,O 
Na2Mo0.-2H,O 
CoC1,·6H,O 

0.68 g 
0.027 g 
0.50 g 
0.10 g 

950 ml 
8-12 g 

1,000 ml 
2.0 g 

10 ml 
20 ml 

1.2 g 
2.0 g 
0.16 g 
1.4 g 
0.72 g 

1,000 ml 
0.5 ml 
2.28 g 
0.50 g 
0.50 g 
0.025 g 
0.025 g 
0.045 g 

The pH is adusted to 7.0 prior to autoclaving. As in the 
marine isolations, it is important that the surface of the 
agar is dry. For purification of single filaments from 
enrichment-derived tufts, lowering the acetate concen
tration to 0.5 mM for the initial dispersal of filaments 
may minimize contamination. 
A sulfide-oxygen gradient medium based on DTA Me
dium has proved effective for maintaining freshwater 
strains because they require infrequent transfer. The sul
fide concentration of the butt should be reduced to 3-
4 mM, and thiosulfate can be deleted from the top agar. 

Preservation of Cultures 

Marine gradient stock cultures require transfer 
every 3 weeks (25°C) into fresh gradient me-
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Fig. 3. Fine-scale details of H,S and 
0, gradients in immediate vicinity of 
Beggiatoa plate. These and other data 
summarized in Nelson et a!. ( 1986b ). 
(a) Details corresponding to Fig. 2. roo.. 

H,S flux = 4.8 nmol·mg prot-'·sec-'; E 
0 2 flux = 5.1 nmol·mg prot-'·sec-'. 5 
(b) Culture which is a duplicate of w 
part (a) but after 176 h of growth. H,S ~ 
flux = 0.46 nmol·mg prot-'·sec-'; 0 2 ~ 
flux = 0.91 nmol·mg prot~'·sec~'. UJ 
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dium, while freshwater stocks need only be 
transferred approximately every 6 weeks. Trans
fers into gradient media aged several weeks will 
not survive as long as those into freshly pre
pared media. Stock cultures grown for 1 week 
at room temperature and then transferred to 
10°C maintain viability for 2 to 4 months. Both 
marine and freshwater strains have been re
covered from storage at - 80°C for 2 years by 
inoculating into gradient media. Glycerol (25%) 
as a cryoprotectant was used along with rapid 
freezing (solid C02-methanol bath). 

Identification 
Members of the genus Beggiatoa are colorless, 
gliding filaments that contain internal globules 
of elemental sulfur (S0). S0 globules in virtually 
pure natural assemblages were shown to contain 
principally S8 with a small percentage ofS7 (Nel
son et al., 1989b). Whenever examined, the S0 

globules were located in the periplasm, sur-
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rounded by a nonunit membrane (Strohl et. al., 
1982). Beggiatoa spp. can be differentiated from 
other S0-containing genera as follows: 1) Their 
lack of photosynthetic pigment and filamentous 
morphology differentiate them from the purple 
sulfur bacteria. 2) The other colorless filamen
tous genera, Thiothrix (holdfasts, nonmotile ex
cept in the hormogonial stage) and Thioploca 
(common sheath around a bundle of gliding fil
aments), can also be readily differentiated. 

Based on macroscopically visible natural col
lections, Beggiatoa filaments ranging in diam
eter from 1 ~m to approximately 120 ~m have 
been recognized (Strohl, 1989; Nelson et al., 
1989b). As summarized elsewhere (Nelson et 
al., 1989b ), it is clear that discrete width classes 
of this organism exist. Only narrow strains av
eraging approximately 2 and 4 ~m have been 
isolated in pure culture, and width is aparently 
an invariant property of these strains. 

In the past, different species designations 
were associated with the various width classes 
(Leadbetter, 1974); however currently only a 
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single species, B. alba, is recognized (Strohl, 
1989). This is a 2-3 1-Lm wide freshwater strain, 
which, based on 5S rRNA analysis, belongs to 
the gamma subgroup of the purple bacteria 
(Stahl et al., 1987). An analysis of the type strain 
(ATCC #33555) and of a very similar indepen
dent isolate (OH-75-2a) indicated a GC content 
of 37-40 mol% (Nelson, 1989; Mezzino et al., 
1984). Although not reported as such, OH-75-
2a is the Beggiatoa strain tested by Woese et al. 
(1985), which was found to belong to the 
gamma group of the purple bacteria based on 
16SrRNA oligonucleotide catalogs (J. Gibson, 
personal communication). Since bulk liquid 
cultivation of autotrophic marine strains has 
just become possible (K. Diggs, unpublished 
observations), the evolutionary relationship of 
these to the freshwater strains has yet to be es
tablished. To date, there have been no studies 
of DNA homology within this genus. 

Cell Structure 

Narrow Beggiatoa filaments examined in pure 
culture (2-5 1-Lm width) are typically composed 
of cylindrical cells (length ranging from 1.5-8 
X width (Faust and Wolfe, 1961; D. Nelson, 
unpublished observations; Scotten and Stokes, 
1962). However, crosswalls are rarely visible in 
cultured cells filled with poly-,8-hydroxybutyr
ate (PHB) or S0 (Figs. 1a and b). Trichomes may 
exceed 1 em in length when actively growing in 
semisolid medium. Terminal cells are rounded 
in all cultured strains. Exhausting of nutrients 
results in trichome breakage at necridia or "sac
rificial" cells (Pringsheim, 1964; Strohl and Lar
kin 1978b) to produce trichomes as short as 3 
to 10 cells in length. The wider filaments ( 15-
120 1-Lm; Klas, 1937; J0rgensen, 1977; Nelson et 
al., 1989b) are disk-shaped with cell lengths (5-
25 1-Lm) ranging from 0.10-0.90 X cell width 
(see Fig. 1c). At least some of the wider fila
ments (e.g., Fig. lc) are hollow, i.e., composed 
of a thin cylinder of cytoplasm surrounding a 
large central vacuole (Nelson et al., 1989b ). 

The few Beggiatoa strains tested are Gram
negative both phylogenetically and by staining; 
however, they have unusual cell wall structures. 
Figure 4 shows a schematic diagram that indi
cates that only the inner layer of the cell wall 
(presumably murein) plus the cell membrane 
participate in septation. The outer envelope lay
ers do not participate in cross-wall formation 
but are apparently continuous over the entire 
filament length (Strohl et al., 1982). 

Three types of inclusions have been reported 
for various Beggiatoa strains: PHB (Pring
sheim, 1964; Strohl and Larkin, 1978a; Strohl 
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Fig. 4. Schematic of Beggiatoa alba strain B15LD (ATCC 
#33554). Symbols: C, cell membrane; M, presumed murein 
layer; 0 , presumed outer membrane layer; S, globule of S0; 

PHB, poly-{3-hydroxybutyrate granule. (a) Note large PHB 
inclusion and rudimentary so globule typical of cells grown 
in acetate-supplemented mineral medium. (b) Note small 
PHB inclusion and large S0 globule typical of cell grown in 
the presence of sulfide or thiosulfate and a low concentrate 
of acetate. (Figure adapted from Strohl et al. [ 1982]; by 
permission of Society for General Microbiology and the 
author.) 

et al., 1982), polyphosphate (Strohol and Larkin 
1878a; Maier and Murray, 1965), and sulfur 
(Strohl et al., 1981 b, 1982; Winogradsky, 1887). 
The reports of polyphosphate should be re
garded as tentative because the staining tech
nique employed is nonspecific (Krieg and Hy
lemon, 1976). Production of PHB appears, on 
the other hand, to be a universal feature of the 
freshwater strains examined. Interestingly, 
PHB deposition seems to correlate primarily 
with high aeration (Pringsheim, 1964) and it 
can account for up to 50% of total dry weight 
under these conditions in the absence of sulfide 
(Giide et al., 1981). 

The sulfur inclusions of Beggiatoa are peri
plasmic in location, being enclosed in invagin
ations of the cell membrane (Fig. 4 ). The S0 

globules in the specific strain diagramed here 
are enclosed within a multiayered sulfur inclu
sion envelope of 12-14 nm thickness (Strohl et 
al., 1982) while in other strains the S0-globule 
envelope appears to be composed of a single 
protein layer 4-5 nm thick (Strohl et al., 198lb). 
The extraction ofS0 globules with solvents such 
as pyridine and their refractile appearance when 
intact cells are viewed under phase contrast mi-
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croscopy have proven very useful in confirming 
their presence (Skerman et al., 1957). As shown 
schematically (Fig. 4), Beggiatoa cells grown in 
the absence of reduced sulfur compounds ap
parently contained small, "rudimentary" S0-in
clusion envelopes (Strohl et al., 1982). Since de
hydration solvents (e.g., ethanol) necessary for 
preparation of the electron microscopy speci
mens dissolve the S0, it is difficult to determine 
whether the rudimentary inclusions completely 
lack S0• 

Physiological Properties 
Freshwater Strains 

All freshwater strains tested to date could be 
grown as areobic chemoheterotrophs, and those 
investigated appear to posses a functional tri
carboxylic acid (TCA) cycle with glyoxylate by
pass. A very limited number of organic acids, 
alcohols, and TCA cycle intermediates could 
serve as the sole source of carbon and energy, 
with the most universal among these being lac
tate, acetate, pyruvate, and ethanol. Strain-spe
cific differences are summarized elsewhere (Nel
son, 1989; Strohl, 1989). 

The earliest studies of freshwater strains re
ported what we would now interpret as che
moautotrophic growth (Winogradsky, 1887; 
Keil, 1912). Since that time, repeated attempts 
to obtain growth offreshwater Beggiatoa strains 
in completely inorganic media have met with 
failure (Pringsheim, 1967; Strohl, 1989; Nelson, 
1989). However, two enzymes diagnostic for the 
Calvin cycle, ribulose-1 ,5-bisphosphate carbox
ylase and phosphoribulokinase, were detected 
in two of these strains. Demonstration of en
zyme activity has also sometimes been con
firmed by hybridization with appropriate gene 
probes (Nelson et al., 1989a). Curiously, the en
zyme activities observed were one or more or
ders of magnitude below those deemed mini
mally necessary for autotrophic growth. A 
plasmid location was suggested for the ribulose-
1,5-bisphosphate carboxylase/oxygenase gene 
(Nelson et al. 1989a). 

Under the imprecise label of "mixotrophy," 
lithoheterotrophy has been repeatedly postu
lated for various freshwater strains (Giide et al., 
1981; Strohl and Schmidt, 1984; Pringsheim, 
1967). At this time, as discussed in detail else
where (Nelson, 1989), there is no clear proof of 
lithoheterotrophic growth of any freshwater 
strain. 

In gradient media a significant portion of the 
niche of Beggiatoa is anoxic, but microoxic con
ditions prevail a few hundred micrometers away 
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in another portion of the bacterial plate. Adem
onstration of this is included here for a marine 
strain (Fig. 3) and presented elsewhere for fresh
water strains (Nelson et al., 1986b). Constant 
gliding in this medium, which simulates the gra
dients of this bacterium's natural environment, 
presumably exposes filaments to alternating an
oxic and microoxic conditions. Individual cells 
will spend on the order of a few seconds to a 
few minutes in one microniche before passing 
to the other. Although 0 2 is the only electron 
acceptor proven to sustain growth of Beggiatoa, 
there is evidence that other acceptors are of im
portance under anoxic conditions, at the very 
least for sustaining motility. Stored S0 globules, 
nitrate, and nitrite are all reduced by some 
strains under these conditions (Nelson and Cas
tenholz, 1981a; Schmidt et al., 1987; Vargas and 
Strohl, 1985b). The participation of acetate ox
idation in this process has sometimes been 
demonstrated, but the role of stored PHB has 
not been carefully addressed. Whether biomass 
increase occurs under these conditions is not 
known. 

Virtually all freshwater strains tested are ca
pable of fixation of dinitrogen under microoxic 
conditions (Nelson et al., 1982; Polman and 
Larkin, 1986). Ammonia, nitrate, nitrite, a few 
amino acids, and urea are also useful sources 
of combined nitrogen for some or all strains 
(Nelson et al., 1982; Vargas and Strohl, 1985a, 
1985b). Based on repeated growth in media that 
contain sulfate as the only sulfur source, there 
is no evidence of an assimilatory need for re
duced-sulfur compounds in freshwater strains. 

Marine Strains 

Our limited knowledge of the physiology of ma
rine strains is based largely on studies in gra
dient media. The half-dozen isolates tested to 
date all grew as chemoautotrophs in a seawater
based medium that contained oppositely sloped 
gradients of 0 2 and H2S (Fig. 2 and 3) and was 
devoid of added organic compounds except vi
tamins (Nelson and Jannasch, 1983; Nelson et 
al., 1986b ). Quantitative insights into this type 
of growth were obtained using microelectrodes 
to measure the shapes of 0 2 and H2S gradients 
and the respective fluxes of these nutrients. 
Representative data indicate that the "plate" or 
"lens" formed by an actively growing Beggiatoa 
culture can completely consume H2S and 0 2 

fluxes within a vertical distance of 300,um or 
less (Figs. 3a and b). It has been further dem
onstrated that bacterially mediated consump
tion of these two nutrients in their zone of over
lap is at least three orders of magnitude more 
rapid than the purely chemical oxidation ofH2S 



3178 D.C. Nelson 

in uninoculated control medium (Nelson et al., 
1986a). Given also the values for diffusion coef
ficients, instantaneous rates of H2S and 0 2 con
sumption can be calculated from the slopes of 
these gradients immediately below or above the 
Beggiatoa plate, respectively. As cultivation in 
gradient medium continues, depletion of the 
H2S reservoir results in a diminished flux until 
the rate of transfer is only sufficient to provide 
maintenance energy of the enlarged Beggiatoa 
population (Fig. 3b). At this point the bacterial 
plate is considerably thicker, the zone of H2S 
and 0 2 overlap extremely small, and the cells 
are, on average, predominantly in an anoxic en
vironment. 

Of the two strains studied in detail, one (MS-
81-6) is also capable of organoheterotrophic 
growth with acetate as the sole carbon and en
ergy source in liquid medium under microoxic 
conditions (Nelson and Jannasch, 1983). This 
strain also responds to a limited number of or
ganic compounds if they are added singly to 
sulfide-limited gradient medium. These com
pounds can augment both 0 2 consumption and 
total biomass production (Nelson, 1989). By 
contrast, the other strain (MS-81-1 c) appears to 
be an obligate chemoautotroph (Nelson, un
published observations). 

Appropriately high activities of ribulose-1,5-
bisphosphate carboxylase/oxygenase and phos
phoribulokinase are taken as evidence of a func
tional Calvin cycle in all of these marine strains 
(Nelson et al., 1989a; Nelson, unpublished ob
servations). Likewise, all strains demonstrated 
the capacity for nitrogen fixation (Nelson et al., 
1982). Determination of the enzymes involved 
in sulfur-based energy metabolism is currently 
in progress for these strains. Interestingly, ex
tremely high concentrations of an unusual c
type cytochrome have been implicated in H2S 
oxidation in very pure natural assemblages of 
Beggiatoa sp. collected from deep-sea hydro
thermal vents (Prince et al., 1988). 

The sharp upper boundary of a Beggiatoa 
plate (e.g., Fig. 3a and 3b) is almost certainly 
the result of the negative chemotactic response 
to 0 2 demonstrated by Meller et al. (1985). 
Likewise, the sharp lower boundary of these 
plates is taken as presumptive evidence of a neg
ative chemotactic response to excess H2S. Thus, 
Beggiatoa appears to find its interface niche, 
somewhat paradoxically, by avoiding high con
centrations of its two major nutrients. There is 
also evidence (Nelson and Castenholz, 1982; 
Meller et al., 1985) that a negative response to 
blue light is common. Furthermore, it appears 
that this response is of ecological importance in 
helping Beggiatoa sp. to locate the H2S-02 in-
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terface if it must pass down through a cyano
bacterially produced 0 2-maximum to do so. 

Applications 

When growing at or below the sediment-water 
interface, Beggiatoa serves the extremely im
portant function of preventing the aerobic phase 
of an ecosystem from becoming anaerobic 
(Kuenen, 197 5) as long as it has the capacity to 
quantitatively harvest the H2S flux (cf. Figs. 2 
and 3). The organisms thus protected can be 
marine fauna of sediments or the overlying 
water (Ankar and Jansson, 1973) or rice plants 
in flooded soils (Joshi and Hollis, 1977). Beg
giatoa also may channel some of the potential 
energy of the H2S flux into dinitrogen fixation. 
The agricultural importance of this process may 
have been underestimated due to the difficulty 
of culturing this organism. 
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The Family Halomonadaceae 

RUSSELL H. VREELAND 

The Halomonadaceae (Franzmann et al., 1988) 
presently contains representatives of two gen
era, the type genus Halomonas and at least one 
species of the genus Deleya (D. aesta) (see Chap
ter 168). The establishment of the family was 
suggested because s.b values obtained from 16S 
rRNA catalogs show that Halomonas and De
leya are phylogenetically isolated from all other 
major groups of the gamma subdivision of the 
Proteobacteria (Stackebrandt et al., 1988 Woese 
et al., 1985), forming an internally coherent 
cluster at an s.b of 0.60. Internally, the family 
contains two subgroups composed of the type 
species of Halomonas, H. elongata and Halo
monas halmophilum (formerly Flavobacterium 
halmophilum). This cluster forms at an S.b of 
0.66. The companion cluster contains H. sub
glaciescola and D. aesta and forms at an s.b of 
0.67. The position of the other halomonads (Ta
ble 1) within the phylogeny is not presently 
known. 

The Genus Halomonas 
The genus Halomonas presently contains four 
recognized species and two closely related but 
as yet unnamed strains (Table 1 ). The type spe
cies of the genus is Halomonas elongata (ATCC 

33173), which has one biotype (ATCC 33174) 
(Vreeland et al., 1980; Vreeland, 1984; Hebert 
and Vreeland, 1987). All ofthe members ofthis 
genus are Gram-negative rods that exhibit ex
treme tolerance to NaCl. These bacteria are 
rather nonfastidious, being able to grow on a 
wide variety of sole carbon compounds. 

Taxonomy 

Vreeland et al. (1980) originally placed these 
organisms into the family Vibrionaceae based 
largely upon the fact that the type species pro
duced acid from glucose under anaerobic con
ditions, indicating some fermentative ability. In 
addition, the organisms produced numerous 
curved, highly motile cells. However, since this 
fermentative ability appeared to be restricted to 
a single unique situation, the genus was given 
separate status among the Gram-negative aero
bic rods and cocci in the most recent edition of 
Bergey's Manual (Vreeland, 1984). Woese et al. 
(1985) studied the 165 rRNA and suggested that 
these bacteria belong to group 3 of the gamma 
subdivision of the Proteobacteria (Stackebrandt 
et al., 1988). The genus Halomonas possesses 
seven unique RNA signature sequences, 
CCUAACUUCG, UUAAUACCCG, AUAAC-

Table 1. Currently recognized species of the genus Halomonas and closely related strains.• 

Species name Type strain Biotype Reference 

Halomonas species 
H. elongataT 
H. halodurans 
H. subglasciescola 
H. halmophilum 

Closely related strains 
Ba1 

Strain NRCC 41227 

ATCC 33173 
ATCC 29686 
UQM 2926 
NCMB 1971, ATCC 19717 

ATCC 43985 

ATCC 43984 

ATCC 33174 
DSM 30433 
UQM 2927 

Vreeland et a!., 1980 
Hebert and Vreeland, 1987 
Franzmann et a!., 1987 
Franzmann et a!., 1988 

Rafaeli-Eshkol, 1968; Huval et a!., unpublished 
observations 

Matheson eta!., 1976; Huval eta!., 
unpublished observations 

•Abbreviations: T, type species of the genus; ATCC, American Type Culture Collection; DSM, Deutsche Sammlung fiir 
Microorganismen; UQM, University of Queensland Microbial Culture Collection; NRCC, National Research Council of 
Canada Culture Collection. 
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UUG, CCCUCG, UCUCAG, and UUAACG. 
(Woese et al. 1985) Phylogenetically, the Hal
omonas species and Deleya aesta are isolated 
from the other sub lines of the gamma subclass, 
including such well-defined families as Entero
bacteriaceae, Aeromonadaceae, Vibrionaceae, 
Ectothiorhodopiraceae, and Chromatiaceae 
(Franzmann et al., 1988). How many other 
members of the genus Deleya also belong to the 
Halomonadaceae must still be determined. 
However, in view of the close rRNA similarities 
known to exist among many of the organisms 
now contained within the genus Deleya, it 
would seem logical to expect that a significant 
number will ultimately be shown to belong to 
the Halomonadaceae. 

Habitats 

The Halomonas were first isolated from a solar 
saltern on the island of Bonaire in the Neth
erlands Antilles (Vreeland et al., 1980). The or
ganisms were originally isolated from the sat
uration ponds and crystallizers in the facility, 
and were in close association with extremely 
halophilic archaebacteria. Their extreme salt 
tolerance and the fact that they are able to sur
vive and prosper with very little NaCl suggests 
that they are present in virtually any saline en
vironment (Vreeland, 1984). 

Halomonas-like strains have been isolated in 
Canada (J. H. Huval, D. J. Kushner, and R. H. 
Vreeland, unpublished observations; Matheson 
et al., 1976), from an American estuary (Hebert 
and Vreeland, 1987; Rosenberg, 1983), the 
Dead Sea (J. H. Huval, D. J. Kushner, R. H. 
Vreeland, unpublished observations; Rafaeli
Eshkol, 1968), manganese nodules in the Pacific 
Ocean (Hebert and Vreeland, 1987), and from 
the Antarctic (Franzmann et al., 1988). In ad
dition, several Halomonas-like bacteria have 
been isolated from underground salt formations 
in the United States (Vreeland and Huval, 
1990). As of this writing, no Halomonas have 
been isolated from saline soils, soda lakes, or 
naturally occurring saline lakes, although sev
eral of the moderately halophilic soil isolates 
described by Quesada et al. (1983) and Ventosa 
et al. (1982) have properties similar to the Hal
omonas. 

Isolation 
Due to their wide-ranging biochemical ability, 
the Halomonas are relatively easy to isolate. 
They can be grown on complex or defined me
dia having a variety of formulations. (See Table 
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2 and "Laboratory Cultivation"). Because of 
their salt tolerance, Halomonas will grow on 
these media regardless of the NaCl content 
used. These organisms have been successfully 
cultured in NaCl concentrations ranging from 
0.016 to 5.5 M in complex media and 0.05 to 
3.4 Min defined media (Vreeland et al., 1980; 
Vreeland and Martin, 1980). The Halomonas 
species actually require the Na+ cation but not 
the CI- anion, consequently sodium can be sup
plied as NaBr, NaN03, Na2S04, Na acetate, or 
Na glutamate (Vreeland and Martin, 1980; 
Vreeland et al., 1984). In addition to laboratory 
media, Halomonas strains have been success
fully isolated using media prepared by supple
menting water taken from the environment. 
This technique was successfully employed by 
Franzmann et al. (1987) to isolate H. subglas
ciescola. 

While there is no particular technique that 
can be used to selectively enrich for Halomonas, 
some degree of selection can be obtained by 
taking advantage of the salt tolerance ofthe or
ganism. This can be done with relative ease by 
inoculating samples containing small amounts 
of NaCl onto media with a high NaCl concen
tration, or vice versa. The Halomonas strains 
are able to survive sudden NaCl fluctuations of 
as much as 200-fold (0.2 to 20% wjv NaCI) 
without experiencing large-scale mortality 
(Martin et al., 1983), while shocks of this mag
nitude will quickly kill nonhalotolerant or hal
ophilic bacteria. 

Isolation Procedures 

In general the Halomonas can be isolated using 
standard bacteriological techniques such as sur
face inoculation of samples, followed by single 
colony purification using quadrant streak plates. 
Some care should be exercised when attempting 
to isolate these bacteria using plates containing 
high salt concentrations. First, such plates tend 
to dry out rapidly, resulting in crystallization of 
the NaCl. Therefore, high-salt plates should be 
incubated in high humidity or sealed in plastic 
bags. Second, plates containing salt concentra
tions in excess of 25% NaCl have too little free 
water to support adequate colony growth. Un
der such conditions, Halomonas colonies will 
be very small and perhaps even transparent, ne
cessitating the use of dissecting microscopes for 
isolation. 

Laboratory Cultivation 

Halomonas can be cultivated in any type of 
glassware, using a rotary or reciprocating shaker 
to provide oxygenation. Most of the available 
Halomonas strains will grow well on the chem-
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Table 2. Recipes for complex media used to grow species of the genus Halomonas.• 

Ingredient Rosenberg (1984) Franzmann et al. (1987) Vreeland et al. (1980) 

Casamino acids 
Proteose peptone #3 
Peptone 
Yeast extract 
NaCl 
MgS0.-7H,O 
K,HP04 

Na citrate 
ASWb 
Agar 
pH 
Organic lake water (Antarctic) 
Distilled water 

1.0 
1.0 

0-178.2 

26.0 
15 
7.0 

1 liter 

•All values in grams per liter of final medium. 
bASW, artificial sea water. 

ically defined medium described by Martin et 
al. (1983) or Vreeland et al. (1984). Although 
this medium can be used with virtually any 
NaCl concentration or carbon source, when low 
NaCl concentrations are being used growth is 
more reproducible if the medium is supple
mented with 1.0 mM CaC12 (Vreeland et al., 
1984). The basal defined medium has the fol
lowing composition: 

Basal Defined Medium 
MgCl,·6H,O 0.026 M 
KCl 0.01 M 
(NH4),S04 0.031 M 

This basal salts solution is made as a lOX stock for use 
in both medium and wash solutions. The completed 
medium also contains: 

CaCl, 
K,HP04 

Carbon source 
NaCl 

0.001 M 
0.0029 M 
0.01 M 
Variable 

The carbon source and NaCl can be added directly to 
the diluted basal salts solution, the pH adjusted to 7.0 
and the solution sterilized by autoclaving. The calcium 
and phosphate salts must be made as separate solutions 
(lOOX is convenient) and sterilized separately from the 
other components. These latter solutions must not be 
added until the medium has cooled to room tempera
ture. If they are added to hot medium they will precip
itate making the medium unless. 

The above medium works well for strains of 
H. elongata, H. halodurans, and Bal, but it must 
be supplemented with 0.01% yeast extract for 
NRCC 41227; H. subglasciecola and H. hal
omophi/um have not yet been grown on this 
medium. H. subg/asciescola has been grown on 
a defined medium described by Franzmann et 
al. ( 1987). This defined medium contains: 

15 
7.0 

1 liter 

7.5 
5.0 

1.0 
80 
20 
0.5 
3.0 

20 
7.2 

1 liter 

Medium ofFranzmann et al. (1987) 
NaCl 80 g 
MgS0.-7H,O 9.5 g 
KCI 5.0 g 
CaCI, 0.2 g 
(NH4) 2S04 0.1 g 
KNO, 0.1 g 
Yeast extract 1.0 g 
Distilled water 960 ml 

The pH of this solution is adjusted to 7.0 and the so
lution is sterilized by autoclaving. When the medium is 
cool, it is supplemented with 20 ml of phosphate so
lution and 1.0 ml of vitamin mix, which have the fol
lowing composition: 

Phosphate solution 
K,HP04 50 mg 
KH,P04 50 mg 
Distilled water 20 ml 

Vitamin mix (filter-sterilized): 
Cyanocobalamin l 0 mg 
Biotin 2.0 mg 
Thiamine I 0 mg 
Ca pantothenate 5.0 mg 
Folic acid 2.0 mg 
Nicotinamide 5.0 mg 
Pyridoxine HCI I 0 mg 
Distilled water I 00 ml 

In addition, Franzmann et al. ( 1987) added 20 ml of 
Hutner salts solution to the final medium (Staley, 1981 ). 
This solution contains: 

Distilled water 
Nitriloacetic acid 
MgS0.-7H,O 
CaCl,·2H,O 
NaMo04·2H,O 
FeS0.-2H,O 
EDTA* 
ZnSO.-H,O* 
FeS04·7H,O* 
MnSO.-H,O* 

I liter 
10.0 g 
29.7 g 

3.3 g 
12.7 mg 
99.0 mg 

130 mg 
550 mg 
250 mg 

80 mg 
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CuS0.-5H,O* 20 mg 
CoCI,·6H,O* 10 mg 
Na,B40710H,O* 9 mg 

The nitriloacetic acid must be neturalized with KOH 
prior to adding the remaining ingredients. In addition, 
the items marked * can be combined in a separate !
liter solution (multiply all above weights by 20); then, 
50 ml of this solution is added to the Hutner salts. 

CULTURE PRESERVATION. Halomonas cultures 
have been stored at 4 oc in sealed screw-capped 
tubes on slants of complex media for up to 3 
years without noticeable loss of viability. Cul
tures can also be stored under liquid nitrogen 
or frozen using the Protect® system (Pro-Labs, 
Houston) in which the organisms are adsorbed 
to ceramic beads. 

Halomonas cultures have been lyophilized, 
although this method is less effective than those 
listed above. If the cultures are lyophilized, the 
lyophilization vials should be flame-sealed. 

Identification 

In order to differentiate between the Halo
monas and other genera, it is important to con
sider a wide range of morphological and phys
iological characteristics. There is no single test 
that will unequivocally differentiate the Halo
monas from other eubacteria. Rather, they are 
differentiated from other genera on the basis of 
several phenotypic characteristics or by the 
presence of their rRNA signature sequences. 
The most useful phenetic characters are ex
treme salt tolerance, presence of both catalase 
and oxidase, presence of both lateral and polar 
flagella on the same cell (giving rise to a helical 
type of movement), and formation of rather 
elongated, flexible cells during some portion of 
their growth cycle (Vreeland et al., 1980; Franz
mann et al., 1987; Vreeland and Huval 1990). 

The Halomonas are Gram-negative and rod
shaped when grown at all salt concentrations. 
All known species grow in NaCl concentrations 
from 0.2 to 25% NaCl, depending on the type 
of medium used. Complex media tend to sup
port growth over a wider range of NaCl con
centrations than do defined media. The colonies 
formed by these organisms are white to yellow 
in color, although the yellow tends to become 
more pronounced as the cultures age. Halo
monas reduces nitrate to nitrite, and most of 
the species can grow under anaerobic conditions 
in the presence of nitrate. 

H. elongata, H. halodurans, NRCC 41227, 
and Bal are rather nonfastidious organisms, able 
to utilize a wide variety of carbon compounds 
as the sole source of carbon. H. subglasciescola 
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tends to have a somewhat more restricted met
abolic ability and grows on fewer carbon com
pounds than do the other Halomonas species. 
The metabolic abilities of H. halmophilum have 
not been tested. The GC content of the Halo
monas DNA is between 59 to 63 mol% when 
measured by both buoyant density and thermal 
denaturation methods. 

The fatty acid patterns of several Halomonas 
organisms (H. elongata, H. halodurans, NRCC 
41227, and Bal) have been studied (J. H. Huval, 
D. J. Kushner, and R. H. Vreeland, unpub
lished observations). These four organisms pos
sess dodecanoate (C12:0), 3-hydroxydodecanoate 
(3-0H C12:0), cis-9-hexadecanoate (C16:1•), hex
adecanoate (C16:0), heptadecanoate (C17:0), 13-
methyltetradecanoate (Me + C14:0), and trans-
9-octadecanoate (C 18: 1•,) as their major fatty 
acids. 

Finally, recently completed studies (Hebert 
and Vreeland, 1987; Huval and Vreeland, un
published observations) of the effect ofNaCl on 
the phenotype of Halomonas species, and salt
tolerant bacteria in general, point to the need 
to establish optimum growth conditions prior 
to performing a taxonomic study of these bac
teria. During this study, a group of salt-tolerant 
strains, including Halo monas, were subjected to 
the same testing regime at three different NaCl 
concentrations. The results showed that, if these 
bacteria are tested under nonoptimal condi
tions, identical strains can be mistakenly iden
tified as members of different genera! If, how
ever, the phenotype is established under optimal 
growth conditions, the similarities between the 
species are still the same after over 12 years in 
culture. 

Physiology 

The physiological properties of salt-tolerant 
bacteria, including the genus Halomonas, has 
recently been reviewed in some detail (Vree
land, 1987). There are, however, certain unre
solved issues that relate to the uniqueness of 
Halomonas. The first issue deals with the mech
anisms for osmoregulation in these organisms. 
The internal ion and amino acid concentration 
of H. elongata following growth in different 
NaCl concentrations are significantly lower 
than in its external environment (Vreeland et 
al., 1983). In short, while the internal Na+ and 
glutamate concentrations of the cells do rise in 
high salts, the increase is not sufficient to bal
ance the external osmotic pressures. A similar 
situation appears to be true for the halotolerant 
strain NRCC 41227, as well as other salt-tol-



CHAPTER 167 

erant organisms (Matheson et al., 1976; Vree
land et al., 1983; Vreeland, 1987). 

A significant portion of the physiology of H. 
elongata can be correlated with these cyto
plasmic conditions. For instance, in order to 
utilize electron microscopy to examine the cell 
walls of cells grown in different NaCl concen
trations, it is necessary to use a fixation buffer 
composed of the ions and amino acid concen
trations found by Vreeland et al (1983). At
tempts to use buffers not containing NaCl or 
even to use the growth medium itself cause ex
tensive plasmolysis or shrinkage of the cells. 
Second, recent work on several enzymes iso
lated from Halomonas elongata has shown that 
the conditions needed for optimal enzyme ac
tivity always correspond to the cytoplasmic 
conditions predicted by Vreeland et al. (1983) 
(M. Bylund, J. K. Dyer and E. L. Martin, per
sonal communication). Further, these enzymes 
are actually inhibited by the KCl or polyol con
centrations needed to provide osmotic balance 
to the cells during growth. 

Nuclear magnetic resonance studies with 13C 
by Wohlfarth et al. ( 1990) have shown that sev
eral Halomonas possess high internal concen
trations of the novel cyclic amino acid ectoine 
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has been directed toward an examination of 
how various anatomical features are affected by 
salt. Work on strain Ba 1 on the other hand has 
been aimed at studies of the salt resistance of 
the cells' respiratory system and bioenergetics. 

( 1 ,4,5,6-tetrahydro-2-methyl-4-pyrimidine car
bonic acid; Galinski et al., 1985). This unique 
compound is present in molar quantities in the 
cell, it is a zwitterion, so it is charge-neutral for 
the cells, and it cannot be detected by any of 
the amino, acid detection techniques used by 
previous workers (Vreeland et al., 1983, 1984). 
These properties fit the criteria predicted by 
Vreeland (1987) during his discussion of os
moregulation in halotolerant bacteria and the 
possible existence of a previously undetected 
osmoregulatory compound. Thus it would ap- H 

pear that ectoine provides Halomonas with ef- v 
D 

From an anatomical perspective, H. e/ongata 
makes a variety of NaCl-related adaptations 
(Vreeland et al., 1990). Vreeland et al. (1984) 
have shown that cells growing in low salt (0.05 
M) continuously produce a large number of 
blebs from their cell wall, while in higher salts 
(1.37 to 3.4 M), these blebs disappear. Further, 
freeze-fracture patterns show that the walls of 
cells grown in low salt contain fracture faces 
which are not present in high-salt-grown cells 
(Vreeland et al., 1984). These data indicate that 
the cell walls tighten up and are more stable in 
high salt than in low. The tightening of the cell 
wall is also indicated by recent data on the sen
sitivity of Halomonas species to antibiotics. 
The experiments, conducted in both my and Dr. 
E. L. Martin's laboratories, show that low-salt
grown Halomonas are susceptible to a variety 
of cytoplasmically active antibiotics (i.e., chlor
amphenicol, streptomycin, and tetracyclines). 
Yet, when the same strains are grown in higher 
salt concentrations (1.37 M and up), they are 
resistant to these antibacterials. Subsequent 
analyses using labeled antibiotics indicated that 
the inhibitory compounds were simply unable 
to enter the cells. 

The peptidoglycan of H. elongata, while not 
changing in response to NaCl, is unique for 

fective osmoregulation (Wohlfarth et al., 1990), R 

obviating the need to postulate the existence of o 
a hypoosmotic lifestyle for salt-tolerant bacteria P 

as discussed by Vreeland (1987). The biosyn- ~ 
thesis of ectoine in Halomonas elongata has a 
been elucidated (Peters et al., 1990). 1 

Overall, knowledge of the physiological prop- c 
erties of Halomonas species is rather sketchy at ~ 
present. This is probably due to the fact that v 
the studies conducted to date have been directed 

NeCI (M) 

at trying to develop an explanation for the salt 
tolerance of these bacteria, rather than strict 
physiological examination. Two members of 
the Halomonas-H. elongata and strain Bat
have actually been examined rather extensively. 
However, their close taxonomic relationship 
was not recognized until very recently, so no 
comparative studies have been performed as 
yet. Most of the work performed on H. elongata 

Fig. I. Differences in the surface hydrophobicity oflag-phase 
cells of H. elongata following growth in different NaCI con
centrations. (From Hart and Vreeland, 1988; with permis
sion.) 
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Fig. 2. Growth of H. elongata before (pre-shock) and after sudden resuspension (post-shock) in different concentrations 
ofNaCI. 

Gram-negative bacteria because it contains a 
significant amount ofleucine. This hydrophobic 
moiety may be important in the cell wall tight
ening mentioned above since the strength of hy
drophobic bonds increases in high salts. Finally, 
Vreeland et al. (1984) demonstrated that the 
phospholipid components were composed of 
phosphatidylethanolamine (PE), phosphatidyl
glycerol (PG), and cardiolipin (C). In low-salt
grown cells, PE makes up 50% of the total phos
pholipid while PG and C represent 42% and 3% 
respectively. In high-salt-grown cells, the same 
ratios are PE, 36%; PG, 44%; and C, 13%. This 
suggests that as the cells adapt to the high salt, 
the increased amounts of phosphatidyglycerol 
and cardiolipin would tend to make the cell 
surface more negatively charged and hydro
philic. This idea has been confirmed by Hart 
and Vreeland ( 1988) (Fig. 1 ), who demonstrated 
that high-salt-grown cells were less adherent to 
hexadecane and therefore more hydrophilic 
than were low-salt-grown cells (Hart and Vree
land, 1988). The pattern of increased hydro
philicity in high salts does not however, appear 
to be a wide spread phenomena amongst halo-

tolerant bacteria (D. J. Hart and R. H. Vree
land, unpublished observations). 

The salt-related adaptations of H. elgonata 
are physiological in nature (Vreeland et all990) 
and require an adaptation period. When H. 
e/ongata is grown in 1.37 M NaCl, harvested, 
and then rapidly resuspended in identical me
dia with low 0.05 M or high 3.4 M NaCl, the 
cells reenter a lag period (Fig. 2). This lag period 
may last for up to 12 hours, depending upon 
the size of the NaCl shock. This sudden shock 
does not cause a severe noticeable loss of via
bility (Martin et al., 1983), nor does it cause 
immediately-detectable changes in the cells' sur
face hydrophobicity (Hart and Vreeland, 1988). 
This does not mean however, that the cells are 
not affected. Electron microscopic studies of 
cells during a salt-induced lag period (Fig. 3) 
show that the organisms are definitely subjected 
to severe stresses, during which water loss 
causes extensive plasmolysis (Fig. 3, top). After 
approximately 3 hours, the cells are still plas
molyzed but have a more organized appearance 
(Fig. 3, middle). Toward the end ofthe lag pe
riod (Fig. 3, bottom), the cells once again ex-
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Fig. 3. Plasmolysis stages of cells of H. e/ongata grown in 
0.05 M NaCl that have been suddenly exposed to 3.4 M 
NaCI. Top, immediately after NaCl shock; middle, middle 
of NaCI-induced lag; bottom, end of NaCI-induced lag just 
prior to resumption of growth. Bar = 5 ~tm. 

pand to reach the wall, although they still show 
some level of disruption. During this lag period, 
cellular protein profiles are also altered and take 
on the profile of the salt concentration in which 
the cells are suspended (R. H. Vreeland and 
R. G. E. Murray, unpublished observations). 

The only organism other than H. elongata 
that has been studied at all is strain Bal. As 
stated earlier, much of the work on this organ
ism has centered upon the salt resistance of the 
respiratory chain and on membrane transport 
systems. As one might expect, the rate of oxygen 
uptake in Bal is significantly affected by the 
amount of NaCI present in the suspending so
lution (Rafaeli-Eshkol, 1968). Rafaeli-Eshkol 
and Avi-Dor (1968) have demonstrated that 
both choline and its breakdown product, be-

The Family Halomonadaceae 3187 

taine, increased the salt resistance of the res
piratory chain. Shkedy-Vinkler and Avi-Dor 
(197 5) have subsequently shown that this stim
ulatory effect is exerted from outside the cell 
membrane. 

The uptake and extrusion of ions and proline 
by Bal has in fact received some specific atten
tion. Peleg et al. (1980) found that NaCI stim
ulated the uptake of proline two- to three fold. 
The Kn, and V max data obtained during this 
study indicated that the same permeases were 
present in both high- and low-salt-grown cells. 
Thus the stimulation by Na+ was not due to an 
alteration of the cellular transport machinery 
but to an intrinsic property of the cell per
meases. 

Recently, Ken-Dror et al. (1986b) demon
strated that the primary site for sodium-me
diated respiratory stimulation was the NADH 
quinone oxidoreductase. In this regard, Bal ap
pears to be similar to V. alginolyticus. Further, 
the sodium transport systems of these bacteria 
are not linked to the proton motive force. In
stead, the electrogenic extrusion of sodium is 
driven by redox reactions occurring in the res
piratory chain (Ken-Dror et al., 1984). 

The involvement of Na+-stimulated respira
tion in this organism may in fact help Bal reg
ulate its internal salt content. Avi-Dor and 
Schnaiderman (1981) demonstrated that Na+ 
stimulation of respiration caused a concomitant 
increase in the rates of extrusion of Na+, K+, 
and Rb by the cells. Subsequently, Ken-Dror et 
al. (1986a) showed that the Na+ pump in these 
bacteria is not sensitive to uncouplers such as 
carbonylcyanide-p-trifluro-methoxyphenyl-hy
drozone, or N' N' -dicyclohexyl-carbodimide. As 
a corollary, Ken-Dror et al. ( 1986a) noted a dis
tinct volume change in cells adapting to new 
NaCl concentrations. This suggests that in Bal, 
and perhaps in H. elongata where similar 
changes have been noted (Vreeland and Martin, 
1980), the Na+ pumps may play a dual role by 
regulating cell volume (and water?) as well as 
the cytoplasmic ion content. 

Application 

At present, Halomonas species, like other hal
ophiles, have not been extensively used in bio
technology. Their wide-ranging biochemical 
ability suggests that they might be useful in 
the biodegradation of organics in saline areas 
such as salt marshes, estuaries, and oceans. 
Some preliminary experiments in the author's 
laboratory indicate that they may be able to con
centrate toxic heavy metals from the environ
ment, particularly in saline regions. Accord-
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ingly, Halomonas may prove useful for cleaning 
waste streams contaminated with organic com
pounds and heavy metals. 
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CHAPTER 168 

The Genus Deleya 

KAREL KERSTERS 

The genus Deleya, along with the genus Halo
monas, comprises the family Halomonadaceae 
(Franzmann et al., 1988). This family encom
passes various halotolerant and moderately hal
ophilic rod-like Gram-negative nonfermenta
tive, chemoorganotrophs that require 75 mM to 
200 mM NaCl for growth. However, some De
leya strains grow optimally only in media con
taining at least 7.5% salts (1.3 M NaCl). "Salt
loving" is a universal feature of all strains be
longing to the genera Deleya and Halomonas, 
and Deleya strains have been isolated from ma
rine environments, solar salterns, saline soils, 
and salted food. 

Within the Proteobacteria, the family Halo
monadaceae belongs to the rRNA superfamily 
II sensu De Ley ( 1978) (see Chapter 1 00), i.e., 
part of the gamma subclass sensu Stackebrandt 
et al. ( 1988). The genus Deleya consists of six 
validly published species: D. aesta, D. cupida, 
D. halophila, D. marina, D. pacifica, and D. 
venusta (Baumann et al., 1983; Quesada et al., 
1984). The genus is both genotypically and phe
notypically heterogeneous; the GC content of 
the DNA ranges from 52 to 68 mol%. Good 
evidence exists (see below) that these six Deleya 
species, together with the Halomonas species, 
are part of a single evolutionary lineage. DNA
rRNA hybridizations (De Vos et al., 1989, and 
this chapter) and chemotaxonomic analyses 
(Akagawa and Yamasato, 1989; Franzmann and 
Tindall, 1990) revealed that various organisms 
misnamed as members of the genera Pseudo
monas, Alcaligenes, and Achromobacter are au
thentic members of the genus Deleya. In the text 
below, misnamed taxa are enclosed by brackets, 
[ ], and invalid taxon names are in quotation 
marks," ". 

Intra- and Suprageneric 
Relationships of Deleya Species 
and Allied Bacteria 

In a taxonomic study of more than 200 Gram
negative, nonfermentative, marine eubacterial 
strains, Baumann et al. (1972) assigned peritri-

chously flagellated strains of four different 
phena to four new species of the genus Alcali
genes ([A.] aestus, [A.] cupidus, [A.] pacificus, 
and [A.] venustus, respectively). Hendrie et al. 
(1974) considered [Achromobacterj aquamari
nus (ZoBell and Upham, 1944) as an acceptable 
species within the genus Alcaligenes. However, 
it is now well established that all these marine 
[Alcaligenes] strains are genotypically and phe
notypically very different from the type species 
Alcaligenes faecalis. The latter species belongs, 
together with some other Alcaligenes taxa and 
all Bordetella species, in the family Alcaligen
aceae (De Ley et al., 1986) within the rRNA 
superfamily III (beta subclass) of the Proteo
bacteria (see also Chapter 100). On the other 
hand, all marine [Alcaligenes] species are mem
bers of the rRNA superfamily II (part of the 
gamma subclass) (De Ley, 1978; Kersters and 
De Ley, 1980) and are phylogenetically more 
related to the authentic Pseudomonas species 
(i.e., Pseudomonas section I of Palleroni, 1984). 
In Bergey's Manual of Systematic Bacteriology, 
the marine [Alcaligenes] species were therefore 
considered as species incertae sedis (Kersters 
and De Ley, 1984). Evolutionary studies on 
pathways of carbohydrate metabolism (Sawyer 
et al., 1977) and on patterns of regulation of 
aspartokinase activities (Baumann and Bau
mann, 1974), immunological studies on super
oxide dismutases and glutamine synthetases 
(Baumann and Baumann, 1978; DeLong et al., 
1984) as well as chemotaxonomic data (Aka
gawa and Yamasato, 1989; Franzmann and Tin
dall, 1990), also yielded strong evidence that the 
peritrichously flagellated marine [Alcaligenes] 
species constitute a single evolutionary lineage, 
together with the polarly flagellated species 
[Pseudomonas] marina. This group of bacteria 
is unrelated to the authentic Alcaligenes species 
and is also distinct from the fluorescent pseu
domonads, which are their close relatives. On 
the basis of all these arguments Baumann et al. 
( 1983) proposed a new genus called Deleya to 
accommodate the marine [Alcaligenes] species 
together with [P.j marina. D. halophila was de-
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scribed by Quesada et al. (1984) for strains iso
lated from hypersaline soils in Spain. On the 
basis of cellular fatty acid profiles, biochemical 
and physiological features and DNA-DNA hy
bridizations, Akagawa and Yamasato (1989) 
proposed that [Alcaligenes] aquamarinus was 
synonymous with Deleya aesta and Deleya 
aquamarina be recognized as the type species 
of the genus Deleya. DNA-rRNA hybridiza
tions were performed in order to unravel the 
inter- and intrageneric relationships of the spe
cies of the genus Deleya. Fig. 1 summarizes our 
present knowledge of the position of various 
taxa and strains on the Deleya rRNA branch. 
All hybridizations were carried out versus la
beled rRNA of Deleya aquamarina NCMB 
5571 (the former [Alcaligenes] aquamarinus). 
The branching point of the genus Halomonas 
at a Tm(e) value of 76°C agrees very well with 
data from 16S rRNA cataloging (Franzmann et 
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al., 1988). With the latter method, four halo
philic species, Halomonas elongata, H. subgl
aciescola, H. halmophila (ex [Flavobacterium] 
halmophilum; Franzmann et al., 1988) and D. 
aesta, form a fairly coherent cluster phyloge
netically, with a lowest branching at SAB 0.60 
(Franzmann et al., 1988). In the Tm(e) dendro
grams, the family Halomonadaceae at 70°C is 
closest to the authentic Pseudomonas group and 
to Marinomonas (Fig. 1). 

On the basis ofTm(e) values ofDNA-rRNA 
hybrids versus D. aquamarina NCMB 5571 , 

two groups of strains can be recognized on the 
Deleya rRNA branch (Fig. 1 ): 

1. Strains located in the top 3°C LlTm(e), in
cluding D. aquamarina (the type species), D. 
aesta (synonym of D. aquamarina), D. ven
usta, [A. faecalisj subsp. homari isolated from 
lobsters, "[P.] bathycetes," "Agarbacterium 

t- [ALC. FAECALIS] SUBSP. HOMARI 

t-
t-
t-

~ R 

"\ 

"ACHR. VISCOSUM" NCIB 9408. "[P.] BATHYCETES" ATCC 23597 T 

"AG. ALGINICUM" NCMB 886 

"[ACHR.] TURBIDUS" AHU 1337 

HALOMONAS HALMOPHILA ATCC 19717 T 
HALOMONAS SUBGLACIESCOLA 
HALOMONAS ELONGATA 
"[ACHR.] HALOPHILUS" AHU 1333 
1CHR.] MARISMORTUI" ATCC 17056 T 

[P.] BEIJERINCKII ATCC 19372 T 

1P.] HALOSACCHAROLYTICA" CCM 1852 

Fig. I. Simplified rRNA cistron-simllanty aenarogram or Veleya and related taxa. Tm(e) is the temperature at which 
50% of the DNA-rRNA hybrid is eluted. The black bars at the top of the branches represent the ranges of the Tm(e) 
values of the reference taxa. The position of all validly published Deleya species is indicated at the left side of the Deleya 
rRNA branch, whereas three species of Halomonas and various generically misnamed taxa and strains are on the right 
side of this rRNA branch. Abbreviations: ACHR., Achromobacter, AG., "Agarbacterium"; ALC., Alcaligenes; CHR., 
Chromobacterium; D., Deleya; F. , Flavobacterium; P. , Pseudomonas. The position of this group of bacteria within rRNA 
superfamily II (part of the gamma subclass) of the Proteobacteria can be found in Fig. 5 of Chapter 100. Tm(e) values 
were taken from DeVos and De Ley (1983), DeVos et al. (1989), Van Landschoot and De Ley (1983), and P. Segers 
(unpublished observations). 
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alginicum," and some misnamed Achromo
bacter strains; all these strains possess DNA 
with a GC content of 52-61 mol%. Akagawa 
and Yamasato (1989) found that [A.faecalisj 
subsp. homari is highly similar to D. aqua
marina. When more data on their phenotype 
and genotype will be available, the other mis
named strains will very likely be allocated to 
the genus Deleya either as synonyms of ex
isting species or as separate species. 

2. Strains located at the bottom 5-7°C ~Tm(e), 
including D. cupida, D. halophila, D. marina, 
D. pacifica, H. elongata (type species of the 
genus Halomonas), H. subglaciescola, and 
various misnamed strains (see Fig. 1); the GC 
content of their DNA ranges from 59 to 68 
mol%. More detailed rRNA comparisons are 
required to elucidate the exact relationships 
between the different members of this group. 
In particular, the relationships among this 
group of strains and all members of the genus 
Halomonas need to be investigated. 

Generically Misnamed Taxa and Strains of 
the Deleya rRNA Branch 

Genomic and phenotypic studies have indicated 
that a great number of generically misnamed 
taxa and strains are authentic members of the 
Deleya rRNA branch (P. Segers and K. Kersters, 
unpublished observations). The position of 
these taxa and individual strains is indicated in 
Fig. 1; additional information on the habitats 
of these organisms can be found in Table 1. 

"[Pseudomonas] bathycetes" originates from 
deep-sea sediments (Quigley and Colwell, 
1968); "Agarbacterium alginicum" was isolated 
from the surface of brown algae and [Alcaligenes 
faecalis] subsp. homari is pathogenic for lobs
ters (Austin et al., 1981 ). The immunological 
data of DeLong et al. (1984) on glutamine syn
thetases indicate that [Alcaligenes faecalisj 
subsp. homari is not related to Alcaligenes, but 
it is highly similar to Deleya. DNA-rRNA hy
bridizations (Fig. 1) show that these taxa, to
gether with strains "[Achr.j viscosum" NCIB 
9408 and "[Achr.j turbidus" AHU 1337, belong 
to the genus Deleya. Some misnamed [Pseu
domonas] and [Achromobacterj strains were iso
lated from salted food, whereas "[Chromobac
terium] marismortui" originates from water of 
the Dead Sea. 

Intrageneric Relationships of Species 
of Deleya 
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delineated on the basis of numerical taxonomic 
studies of phenotypic features (Baumann et al., 
1972; Marquez et al., 1987; Quesada et al., 
1983). DNA-DNA hybridizations revealed that 
the following taxa are highly related (more than 
75% homology): D. aesta, D. aquamarina, the 
lobster isolates ([A. faecalis] subsp. homari), and 
"[Achromobacterj viscosum" strain NCIB 9408 
(P. Segers and B. Haste, unpublished observa
tions). They are all located in the top 1 oc 
~Tm(e) of the Deleya rRNA branch (Fig. 1), 
and the GC content of their DNA ranges from 
57 to 61 mol%. No significant DNA homologies 
were detected between D. aquamarina and the 
type strains of the other Deleya species (Aka
gawa and Yamasato, 1989). 

Habitats 

One common characteristic of all the strains 
belonging to the Deleya rRNA branch is their 
isolation from salt-containing materials. Table 
1 gives an overview of the various habitats 
where strains of the Deleya rRNA branch have 
been found. Many Deleya strains are from ma
rine origin and grow optimally at salt concen
trations of0.4% to 1.2% NaCl (Baumann et al., 
1983), but others such as D. halophila are mod
erate halophiles because they display optimal 
growth at 7.5% NaCl (Ferrer et al., 1987). D. 
halophila strains were usually isolated from hy
persaline soils and solar salterns (Quesada et 
al., 1982; 1983). Deleya strains have also been 
isolated from ponds of an inland Spanish sal
tern which was supplied with water from a sub
terranean inland saline well (del Moral et al., 
1987' 1988). 

Some strains-previously assigned to the ill
defined genus Achromobacter-were isolated 
from various salt-containing foods (Table 1 ). 
Austin et al. ( 1981) isolated [Alcaligenes fae
calisj subsp. homari strains from the hemo
lymph of moribund and dead lobsters. These 
lobsters were reared in tanks containing sea
water; their death occurred after the water in 
the tanks accidently reached a temperature of 
26°C for three days. The isolated bacteria were 
found to be pathogenic for lobsters. It has been 
proven (see above) that three of these isolates 
(including the type strain) were phenotypically 
and genomically highly related to D. aesta (type 
species) and D. aquamarina (Fig. 1). 

Isolation 

Data on the finer internal taxonomic relation- The following media and isolation procedures 
ships of the genus Deleya are scarce. Most of were used by several authors for the isolation 
the well-established Deleya species have been of strains belonging to the Deleya rRNA branch. 
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More details can be found in Baumann and 
Baumann (1981). 

Media For the Isolation of Deleya Species 

Artificial Seawater (ASW) (MacLeod, 1968) 
NaCl 400 mM 
MgS0.-7H20 100 mM 
KCl 20 mM 
CaC12·2H20 20 mM 

Dissolve the salts separately in distilled water and com
bine. 

Basal Medium (BM) 
TrisHCl (pH 7.5) 50 or 100 mM 
NH4Cl 19 mM 
K2HP0.-3H20 0.33 mM 
FeS0.-7H20 0.1 mM 
Half-strength ASW 

The carbon source is usually supplied at a concentration 
ofO.l-0.2% (wfv for solids and vfv for liquids). Labile 
compounds should be filter-sterilized. 

Basal Medium Agar (BMA) 
Prepare equal volumes of double-strength BM and dou
ble-strength agar in distilled water ( 40 g agar per liter), 
sterilize by autoclaving, and combine before pouring 
plates. Carbon and energy sources can be added to dou
ble-strength BM prior to autoclaving. Labile compounds 
should be filter-sterilized and added to BMA, which has 
been cooled to about 42 oc prior to pouring of plates. 

Marine Agar (MA) 

I Marine agar 2216E is available from Difco Laboratories, 
Detroit, Mich., USA. 

Medium for Moderately Halophilic Bacteria (MH 
Medium) (Quesada et al., 1983) 

5 g proteose peptone, 10 g yeast extract, and 1 g glucose 
are dissolved in 10% (w/v) marine salts solution. Marine 
salts solution contains, in one liter of distilled water: 

NaCl 81 g 
MgC12·6H,O 7 g 
MgS0.-7H20 9.6 g 
CaC12·2H20 0.36 g 
KCl 2 g 
~HC~ Q~g 
NaBr 0.026 g 
The pH is adjusted to 7.2 with 1 M KOH, and agar (20 
gjliter) is added. 
MH medium with e.g., 20% marine salts, is prepared 
by doubling the amount of inorganic salts in the above 
medium. Lowering the concentration of Mg2• (to 1 g 
MgS0.-7H,O/liter) increases the selectivity of the MH 
medium for moderate halophiles, because growth of ex
treme halophiles is suppressed (Marquez et al., 1987). 

Isolation Procedures 

ISOLATION FROM SEAWATER (BAUMANN ET AL., 
1972). The enrichment culture methods have 
been described by Baumann et al. (1971) and 

CHAPTER 168 

Baumann and Baumann (1981). Various amino 
acids (L-lysine, L-glutamate, L-histidine), 
amines (e.g., histamine) and organic acids (gly
colate, o-hydroxybenzoate) have been used as 
sole carbon source for enrichment of Deleya 
strains (Baumann et al., 1972). The strains are 
purified on BMA containing 0.1% of the same 
carbon compound as used in the enrichment, 
or on BMA containing 0.1% Na succinate, 0.1% 
Na lactate and 0.1% Na acetate. 

For direct isolation, samples of sea water are 
filtered through 0.22- or 0.45-~m pore size ni
trocellulose filters, which are placed in petri 
dishes containing Marine Agar or Basal Me
dium Agar with 0.1% organic substrates (e.g., 
meso-inositol, o-galactose, adipate, L-valine, 
etc.) (Baumann et al., 1972). 

ISOLATION FROM HYPERSALINE SOILS (QUESADA 
ET AL., I983, I984). D. halophila was isolated 
from hypersaline soils in Spain by suspending 
one soil sample in 10 ml of 10% marine salts 
solution (see above); 10-fold dilutions were 
made (always keeping the same balanced salt 
concentrations), and 0.1 ml of each dilution was 
plated on MH medium. 

ISOLATION FROM THE HEMOLYMPH OF LOBSTERS 
(AusTIN ET AL., I98I). Drops of aseptically col
lected hemolymph from moribund lobsters 
(Homarus americanus) were inoculated on Ma
rine Agar medium for the isolation of [Alcali
genes faecalisj subsp. homari. Plates were in
cubated at l9°C for 7 days. 

Preservation of Cultures 

Baumann and Baumann (1981) recommended 
maintenance of Deleya strains on MA slants. 
After each monthly transfer, cultures were al
lowed to grow at 25°C for 1-2 days and stored 
at 18 o C. Quesada et al. ( 19 8 3) maintained their 
strains on slants of MH medium. We main
tained Deleya strains at 4 oc on slants of the 
following medium: 1% peptone, 0.8% beef ex
tract powder, 3% NaCl, and agar in tap water. 
Lyophilization is recommended for long-term 
preservation. 

Identification 

The range ofGC content ofthe DNAs of mem
bers of the genus Deleya is very broad (52-68 
mol%) and is reflected in 1) the fairly great span 
of .::lTm(e) values of their DNA-rRNA hybrids 
versus labeled rRNA of D. aquamarina (see Fig. 
1 ); and 2) considerable phenotypic and geno-
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Table 1. Sources and geographical distribution of taxa and strains belonging to the Deleya rRNA branch. 

Source of 
Species or strain• isolation Geographical origin Reference 

Deleya aesta Seawater (at Hawaii, USA Baumann et al. ( 1972) 
100-600 
m deep) 

Deleya aquamarina (ex [Alcaligenes] Seawater ZoBell and Upham ( 1944) 
aquamarinus) 

Deleya cupida Seawater Hawaii, USA Baumann et al. (1972) 
(surface) 

Deleya halophila Hypersaline Spain Quesada et al. (1983, 1984) 
soil 

De!eya marina Seawater Hawaii, USA Baumann et al. (1972) 
(surface) 

Deleya pacifica Seawater Hawaii, USA Baumann et al. ( 1972) 
(surface) 

Deleya venusta Seawater Hawaii, USA Baumann et al. (1972) 
(surface) 

Halomonas elongata Solar Netherlands Antilles Vreeland et al. (1980) 
saltern 

Halomonas subglaciescola Hypersaline Organic Lake, Antarctica Franzmann et al. (1987) 
lake 

Halomonas halmophila ATCC 19717T Hypersaline Dead Sea, Israel Elazari-Volcani ( 1940) 
(ex "[Flavobacterium] lake 
halmophilum ") 

"{Achromobacter] halophi/us" AHU Salted Japan Bergey et al. (1930) 
1333 salmon 

"{Achromobacter] turbidus" AHU Salted Japan 
1337 eggplant 

''{Achromobacter] viscosum" NCIB Bergey et al. ( 1925) 
9408 

"Agarbacterium alginicum" NCMB Mass of Georgia, USA Adams et al. ( 1961 ), Eller 
886 brown and Payne (1960) 

algae 
[Alcaligenes faecalis] subsp. homari Hemolymph Mass., USA Austin et al. (1981) 

of 
moribund 
lobsters 

"[Chromobacterium] marismortui" Hypersaline Dead Sea, Israel Elazari-Volcani ( 1940) 
ATCC 17056T lake 

"{Pseudomonas] bathycetes" ATCC Deep-sea Pacific Ocean Quigley and Colwell (1968) 
23597T sediments 

(at> 
9,000 m) 

{Pseudomonas] beijerinckii ATCC Salted Hof(1935), Breed et al. 
19372T French (1957) 

beans 
"[Pseudomonas] halosaccharolytica" Rock salt Japan? Ohno et al. ( 1979), 

CCM 2851 Yamada and Shiio 
(1953) 

•Abbreviations: AHU, Department of Agricultural Chemistry, Faculty of Agriculture, Hokkaido University, Sapporo, 
Japan; ATCC, American Type Culture Collection, Rockville, Md., USA; CCM, Czechoslovak Collection of Microorga
nisms, Brno, Czechoslovakia; NCIB, National Collection of Industrial Bacteria, Torry Research Station, Aberdeen, Scot
land; NCMB, National Collection of Marine Bacteria, Torry Research Station, Aberdeen, Scotland. 

typic heterogeneity within the genus. An im
portant common feature for all Deleya sp~cies 
is their absolute requirement for at least 75-200 
mM NaCl for optimal growth. This feature dif
ferentiates Deleya from terrestrial Pseudomo
nas and Alcaligenes species (Baumann and Bau
mann, 1981). 

Deleya species can be differentiated from 
other marine eubacteria by four important fea
tures: absence of fermentation of o-glucose, ac
cumulation of poly-,8-hydroxybutyrate, peritri
chously flagellated cells (except D. marina), and 
by the parameters of their DNA-rRNA hybrids. 
Differentiation of Deleya from Halomonas spe-
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cies is difficult because no comprehensive phe
notypic or genomic studies have been per
formed using standardized procedures. Species 
of Deleya can best be differentiated from each 
other by carbon assimilation tests (Table 2). 

Deleya strains are Gram-negative straight 
rods, 0.8 to 1.1 Jlm wide and 1.5 to 3.0 Jlm long. 
They accumulate poly-13-hydroxybutyrate as an 
intracellular reserve product. Involution forms 
may occur in old cultures or under adverse con
ditions of cultivation. Endospores are not 
formed. Motile by four to twelve peritrichous 
flagella, except D. marina which is motile by 
two to five polar flagella. They are obligately 
aerobic, possessing a strictly respiratory type of 
metabolism with oxygen as the terminal elec
tron acceptor. Colonies are nonpigmented. They 
do not denitrify or fix molecular nitrogen and 
do not grow chemolithotrophically with hydro
gen gas and C02• All species are chemoorgan
otrophs able to grow on a mineral medium con
taining sea water base, o-glucose and NH4Cl. 
Na+ is an absolute requirement for all species; 
the minimal concentration for optimal growth 
ranges from 75 to 200 mM (or even 1.3 M for 
D. halophila). All species utilize acetate, suc
cinate, DL-13-hydroxybutyrate, DL-lactate, glyc
erol, and L-a-alanine. All Deleya (and Halo
monas) strains contain ubiquinone 9 as the 
major respiratory quinone with traces of Q8, 
and 16:1 cis 9, 16:0, 17:0 cyclo, 18:1 and 19:1 
cyclo 11-12 as major fatty acids (Franzmann 
and Tindall, 1990). The GC content of the DNA 
ranges from 52 to 68 mol%. The type species is 
D. aquamarina (type strain ATCC 14400, 
NCMB 557, DSM 30161, LMG 2853, lAM 
12550). 

Table 2 lists the diagnostic features for the 
differentiation of species of the genus Deleya. 
The original publications should be consulted 
for full descriptions (see references in footnotes 
of Table 2). The type strains of the species are 
also listed at the bottom of Table 2. Akagawa 
and Yamasato ( 1989) give a few other biochem
ical and physiological features to differentiate 
the type strains of the Deleya species. 

Physiological Properties 

Species of Deleya have no organic growth factor 
requirements and utilize a great variety of or
ganic compounds as sole sources of carbon and 
energy. They can assimilate pentoses, hexoses, 
disaccharides, sugar alcohols, sugar acids, fatty 
acids, dicarboxylic acids, tricarboxylic acid cy
cle intermediates, amino acids, amines, and 
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some aromatic substances. The latter com
pounds are metabolized via the 13-ketoadipate 
pathway involving the ortho-cleavage of di
phenolic compounds (Baumann et al., 1972). o
Glucose and o-fructose are metabolized via the 
Entner-Doudoroffpathway (Baumann and Bau
mann, 1973; De Ley et al., 1970; Sawyer et al., 
1977). 

Growth characteristics of the type strain of 
Deleya halophila have been studied in more de
tail by the research group of A. Ramos-Cor
manzana. D. halophila displays a specific re
quirement for Na+, which cannot be replaced 
by other cations (Quesada et al., 1987). Optimal 
growth of D. halophila occurs at 7.5% total salts, 
when incubated at 32 or 42°C. However, when 
the incubation temperature is lowered to 22°C, 
its optimal growth occurs at 5% total salts. D. 
halophila is able to grow at salt concentrations 
varying from 2.5% to 25% (Ferrer et al., 1987). 
Such characteristics are typical of moderately 
halophilic bacteria isolated from hypersaline 
soils, where salt content can vary considerably 
in space and time. 

Investigations have been performed on the ef
fects of growth temperature and salt concentra
tion on the cellular fatty acid composition of D. 
halophila, "[Pseudomonas] halosaccharoly
tica," and Halomonas halmophila (ex [Flavo
bacterium} halmophilum; Franzmann et al., 
1988) (Monteoliva-Sanchez and Ramos-Cor
menzana, 1986, 1987; Monteoliva-Sanchez et 
al., 1988; Ohno et al., 1979). Increasing the salt 
concentration in the medium resulted in an in
crease of cyclopropanoic acids with a concom
itant decrease in the monounsaturated fatty 
acids. [Pseudomonas} beijerinckii and Halo
monas halmophila mainly contained ubiqui
none Q-9 (Collins et al., 1981). 

''Agarbacterium alginicum" hydrolyzes agar, 
a property which can be lost upon continued 
laboratory culture. The alginase of this bacte
rium has been studied in some detail (Williams 
and Eagon, 1962). 

Calvo et al. ( 1988) were the first authors to 
report the existence of bacteriophages active 
against moderately halophilic bacteria. They 
demonstrated the existence of temperate phages 
in 52% of their D. halophila strains. Phage F9-
11 (isolated from D. halophila strain F9-11) 
was studied in more detail and possessed an 
isometric head and a noncontractile tail. The 
phage could replicate at a wide range of marine 
salt concentrations, from 2.5% to 15%. Its sta
bility seemed to be influenced by the osmolarity 
of the medium rather than by the NaCl con
centration (Calvo et al., 1988). 
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The Genus Frateuria 

JEAN SWINGS 

The genus Frateuria comprises bacteria form
erly classified as Acetobacter aurantius (Kondo 
and Ameyama, 1958). These are strains isolated 
from the plant Lilium auratum, which are 
brown, pigment-producing, polarly-flagellated, 
acetic acid-like bacteria. They were thought by 
Asai ( 1968) to be an evolutionary "intermedi
ate" between Pseudomonas and Gluconobacter, 
and the position of these "intermediate" strains 
was discussed in a separate chapter. Within the 
acetic acid bacteria, their assignment either to 
Gluconobacter or Acetobacter has been difficult 
(Swings et al., 1980; Yamada et al., 1976). Since 
DNA-rRNA hybridization studies showed that 
these isolates are quite removed from the family 
Acetobacteraceae, the new genus Frateuria was 
created for them (Swings et al., 1980). Frateuria 
belongs in the Proteobacteria in subclass 
gamma sensu Stackebrandt et al. (1988) (see 
Chapter 1 00). In Bergey's Manual of Systematic 
Bacteriology, Frateuria was treated as a sepa
rate genus (Swings et al., 1984). 

Habitats 

Only two habitats of Frateuria are known, Lil
ium auratum (Kondo and Ameyama, 1958) and 
the fruit of the raspberry Rubus parvifolius (Ya
mada et al., 1976). Only 14 strains are known 
and described in the literature. 

Isolation 

Isolation from Raspberries (Rubus parvifolius) 
(Yamada et al., 1976) 

The picked raspberries were incubated at 30°C in a me
dium containing glucose, 10 g; ethanol, 5 ml; yeast ex
tract, 5 g; peptone, 3 g; and acetic acid 0.3 ml, per liter 
of 10% potato extract adjusted to pH 4.5. After the en
richment culture, typical acetic acid-like bacteria were 
selected on CaC03 plates, (see Chapter Ill), where they 
dissolved the calcium carbonate. 

Identification 

As Frateuria possesses the phenotypical fea
tures of the family Acetobacteraceae (see Chap
ter 111 ), it was initially classified as an acetic 
acid bacterium. The minimal phenotypic de
scription is as follows: Gram-negative, strictly 
aerobic, polarly flagellated rods when motile, 
requiring no growth factors, producing a water
soluble brown pigment on glucose-yeast extract
CaC03 agar, producing ubiquinone (menaqui
none) with eight isoprenoid units (MK-.S) and 
H2S, able to grow at pH 3.6 and on Fr·ateur's 
Hoyer mannitol medium; producing acid from 
ethanol, glucose, and xylose; lacking oxidase 
and gelatinase; not reducing nitrates; not hy
drolyzing starch. 

Frateuria presents another example of the un
reliability of using solely phenotypic character
izations at the inter- and suprageneric l'evels in 
bacteriology. The production of acetic acid from 
ethanol and the growth at pH 3.6 suggest are
lationship with the acetic acid bacteria which is 
not justified by more detailed phenotyphic 
analysis. Additional methods are necessary in 
order to identify the genus Frateuria unambig
uously, e.g., the types of ubiquinones formed, 
cellular fatty acid composition and DNA-rRNA 
hybridization analysis. Frateuria typically pro
duces the ubiquinone MK-8, whereas Glucon
obacter produces MK-10 and Acetobacter MK-
9 or MK-10 (Yamada et al., 1976). Frateuria 
has an unusual fatty acid profile, consisting of 
the iso-branched-chain acid of cl5:0• which is 
different from those of Acetobacter or Glucon
obacter (Yamada et al., 1981) and which is more 
closely related to Xanthomonas maltophilia. 
The application of DNA-rRNA hybridizations 
constituted the ultimate proof that Frateuria is 
not related to the acetic acid bacteria (subclass 
alpha of the Proteobacteria), but constituted a 
separate genus within subclass gamma. The 
acid-tolerant, nitrogen-fixing bacterium isolates 
from sugarcane resembled Frateuria by its pro
duction of a brown diffusible pigment and of 
H2S, its lack of growth factor requirements, and 
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its growth on 30o/o glucose (Cavalcante and Dob
ereiner, 1988), but it could be assigned unam
biguously to the genus Acetobacter by DNA
rRNA hybridizations (Gillis et al., 1989) (see 
Chapter 111 ). The genus Frateuria currently 
comprises only one species, Frateuria aurantia 
(Swings et al., 1980, 1984). 

Physiological Properties 

Good growth occurs on glucose-yeast extract
CaC03 agar and in beer wort. In peptone broth, 
yeast extract broth, and Hoyer's mannitol me
dium, growth is faint. In Hoyer's medium, NH4 + 

is used as a nitrogen source in the presence of 
mannitol as a carbon source. All Frateuria 
strains grow well on casamino acids, in contrast 
with the acetic acid bacteria. Growth factors are 
not required. 

The oxidation oflactate was demonstrated on 
oxydograms. In an oxydogram (Frateur, 1950), 
several strains are streaked on 2o/o agar plus 2o/o 
Ca lactate. Lactate oxidation is shown by the 
precipitation of CaC03. The ketogenic activity 
on polyalcohols was weak or doubtful. From 
glucose, 2-keto-, and 2,5-diketogluconic acids 
were formed but not 5-ketogluconic acid. The 
production of acid from o-glucose and o-xylose 
was marked, and the pH always dropped below 
4. Ethanol, glycerol, o-arabinose, o-ribose, o
fructose, o-galactose, and o-mannose were also 
acidified (Swings et al., 1980). Ethanol concen
trations above 5o/o were not tolerated. The ma
jority of the strains still grew in 25 to 30o/o glu
cose concentrations, and, in this respect, they 
also resemble the acetic acid bacteria. 
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CHAPTER 170 

The Family Chromatiaceae 

NORBERT PFENNIG and HANS G. TRUPER 

The Family Chromatiaceae (purple sulfur bac
teria) comprises physiologically and genetically 
closely related species and genera (Fowler et al., 
1984) that carry out anoxygenic photosynthesis. 
The most important and selective environmen
tal factors in their aquatic habitats are anoxic 
conditions, the presence of hydrogen sulfide, 
and illumination. The only other groups of pho
totrophic bacteria that thrive under similar en
vironmental conditions are the Ectothiorho
dospiraceae (see Chapter 171) and the 
Chlorobiaceae (green sulfur bacteria; see Chap
ter 195). Because they live in the same types of 
habitats, some discussion of the Chlorobiaceae 
must be included in this chapter. However, since 
the Chlorobiaceae are not phylogenetically re
lated to the other anoxygenic phototrophic bac
teria (Stackebrandt et al., 1984), they are treated 
in a separate chapter, Chapter 195. 

Ever since the first experimental studies of 
purple sulfur bacteria by Winogradsky (1888), 
it has been customary to grow these bacteria in 
the laboratory in raw enrichment cultures. 
These well-known Winogradsky columns are set 
up in tall glass cylinders with plant residues, 
CaS04, and anaerobic mud and water of a nat
ural habitat and incubated in dim light at a 
north window. The preparation and develop
ment, as well as the advantages and limitations, 
of the different types of such long-lasting raw 
cultures are well described by Winogradsky 
(1888), Buder (1915), Schrammeck (1934), 
Schlegel and Pfennig ( 1961 ), and van Niel 
( 1971 ). These raw-culture methods are not de
scribed in the present article, since nearly all 
the different genera and species of purple and 
green sulfur bacteria that thrive in Winogradsky 
columns can be grown and isolated today by 
direct methods in synthetic media. 

The first rational enrichment and isolation 
procedures for certain species of purple and 
green sulfur bacteria were developed by van 
Niel ( 1931 ). Further attempts to grow in pure 
culture the large-celled purple sulfur bacteria 
Chromatium okenii and Thiospirillum jenense 

led to the elaboration of another synthetic me
dium that contains vitamin B12 (Pfennig, 1965; 
Pfennig and Lippert, 1966; also given by van 
Niel, 1971 ). With slight modification, this cul
ture medium (see below, medium 1) provides 
rather nonselective growth conditions and al
lows the cultivation of most purple and green 
sulfur bacteria that occur in freshwater, estuar
ine, and marine habitats. Therefore, this me
dium will be described first in the present ar
ticle. In addition, a second culture medium is 
given (medium 2; Biebl and Pfennig, 1978), 
which is more simple to prepare and which al
lows the cultivation of most common green and 
purple sulfur bacteria. A number of other media 
that were successfully used for the cultivation 
of certain species of phototrophic bacteria are 
described by Bose (1963). 

Habitats 

Freshwater Habitats 

Pink to purple-red mass accumulations of pur
ple sulfur bacteria in the water and on the mud 
of shallow, freshwater ponds or ditches were de
scribed during the last century by Ehrenberg 
(1838), Lankester,(1873), Cohn (1875), Kiitzing 
(1883), Winogradsky (1888), and Miyoshi 
(1897). Winogradsky's publications marked a 
turning point; he gave the most comprehensive 
species and genus descriptions of the different 
morphological types of purple sulfur bacteria 
that he observed in samples from nature and 
raw cultures. As a result, later investigators of 
visible enrichments in natural habitats per
formed more detailed studies and used Wino
gradski's descriptions for identification (e.g., 
Bavendamm, 1924; Kolkwitz, 1909; Lauter
born, 1915; Molisch, 1907; Strzeszewski, 1913; 
Szafer, 191 0). In his monograph on the colorless 
and purple sulfur bacteria, Bavendamm (1924) 
reviewed the older literature and gave, together 
with his own observations, the first detailed ac-
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count on their ecology. More recent compre
hensive reviews of the literature on the distri
bution of green and purple sulfur bacteria in 
nature have been given by Kondratieva ( 1965); 
Gorlenko et al. (1983); van Gemerden and Beef
tink ( 1983); Tindall and Grant (1986); Lind
holm (1987); and Pfennig (1989). 

Sulfur springs create aquatic habitats with rel
atively constant sulfide concentrations (Wino
gradsky, 1888). Szafer ( 1910) and Strzeszewski 
( 1913) in Poland first reported visible mass ac
cumulations of green and purple sulfur bacteria 
in the effluents of such habitats exposed to light 
( 40-100 mg H2S/liter). Green sulfur bacteria, at 
that time often described as yellowish green 
forms of the cyanobacteria, occurred as the pre
dominant forms at highest sulfide concentra
tions, followed downstream by different species 
of purple sulfur bacteria. Miyoshi ( 1897) re
ported the presence of purple sulfur bacteria in 
warm sulfur springs (35-44°C} in Japan. While 
growth temperatures up to 43°C are not un
common for Chromatium vinosum strains, the 
optimum growth temperature of 48-50°C with 
C. tepidum is exceptional. This first moderately 
thermophilic purple sulfur bacterium was iso
lated from carbonaceous sinter in the Stygian 
Springs of Yellowstone Park (Madigan, 1986). 
No purple sulfur bacteria that tolerate higher 
temperatures of hot sulfur springs have been 
reported. 

Visible accumulations of phototrophic sulfur 
bacteria occur temporarily in the anaerobic 
parts of small, freshwater environments, such 
as shallow ditches, ponds, and stagnant bodies 
of water in forests, botanical gardens, or near 
lakes or rivers. In such habitats, development 
usually proceeds during summer or fall when 
hydrogen sulfide is formed by sulfate-reducing 
bacteria from decaying plant material or from 
organic pollution. Pink to purple-red or yellow
ish-green blooms are often detected within the 
water itself or in the form of more-or-less pro
fuse patches that cover the upper or lower side 
of dead leaves or the mud surface. Even if no 
accumulations are apparent, enrichment cul
tures usually yield positive results when hydro
gen sulfide is present in the sediment (Baven
damm, 1924; Kaiser, 1966; Pfennig, 1967). 

Certainly the largest and most significant 
freshwater environments of the phototrophic 
bacteria are lakes, because these habitats have 
remained more constant over longer periods of 
time. In these habitats, the blooms of green and 
purple sulfur bacteria are not directly visible; 
they are detected only by sampling the water 
from different depths. The most intensive de
velopment is usually found in summer and 
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early fall. Depending on the location and depth 
of the anaerobic, sulfide-containing zone, three 
major types oflakes may be differentiated (Biebl 
and Pfennig, 1979): 

1. Lakes with a maximum depth of 15 m, in 
which the anaerobic, sulfide-containing zone 
is primarily confined to the mud sediment 
and does not significantly extend into the ad
jacent water layers, show mass developments 
of purple sulfur bacteria on and above the 
mud. Examples of this type of lake are: the 
Kolksee and Edebergsee (northern Germany) 
with blooms of Thiopedia and Pelochroma
tium consortium (Utermohl, 1925); Lunzer 
Mittersee (Austria) with Chromatium okenii 
and Lamprocystis blooms (Ruttner, 1962); 
Mulizne Lake (Poland) with Thiopedia 
bloom (Czeczuga, 1968a); and Haruna Lake 
(Japan) with a Chromatium bloom (Taka
hashi and Ichimura, 1968). 

2. In holomictic lakes (lakes that undergo spring 
and fall mixing) during summer stratifica
tion, the anaerobic, sulfide-containing, stag
nant water (hypolimnion) reaches the highest 
level and, hence, the best illumination con
dition. Blooms of phototrophic bacteria de
velop in the uppermost part of the hypolim
nion in green- or red-colored water layers or 
plates. In certain lakes, the layer is dominated 
by green sulfur bacteria. In other lakes, green 
and purple bacteria occur either in mixed 
populations (Ancalochloris, Pelochromatium, 
Lamprocystis), as in the Pluss-See (northern 
Germany; Anagnostidis and Overbeck, 
1966), or develop separated in different lay
ers, as in Wintergreen Lake (USA; Caldwell 
and Tiedje, 1975), in which populations of 
gas-vacuolated, green sulfur bacteria thrive 
below the layers of Thiopedia and Thiocystis. 
The Lunzer Obersee (Austria; Ruttner, 1962), 
the Rotsee (Switzerland; Schegg, 1971), and 
Lake Vechten (Netherlands; Steenbergen and 
Korthals, 1982) are examples of holomictic 
lakes in which populations of Chromatium 
okenii, Thiopedia rosea, and Lamprocystis 
roseopersicina are the dominant species in 
purple-red layers. In the Banyoles karstic area 
of nontheastern Spain, several small lakes 
with mass developments of purple sulfur bac
teria exist (Guerrero et al., 1987); Lake Cis6 
with blooms of Chromatium minus has been 
studied in detail (van Gemerden et al., 1985). 

3. In the permanently stratified meromictic 
lakes, the anaerobic, sulfide-containing hy
polimnion often consists of salt or sea water. 
Although the phototrophic bacteria can 
thrive in a layer at a more-or-less fixed depth, 
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major fluctuations in the population density 
occur in response to seasonal differences in 
the intensity of sunlight and the associated 
consequences. In 1913, the first purple-red 
layer (bloom of Chromatium okenii) was dis
covered at a depth of 12.6 m in the mer
omictic Ritomsee (Switzerland; Diiggeli, 
1924). In the famous, well-studied Belovod 
Lake (USSR; Kusnetzov, 1970; Sorokin, 
1970), the purple-red layer also consisted pre
dominantly of Chromatium okenii. Mixed 
populations of Chromatium and Chlorobium 
were reported for Suigetsu Lake and Kisar
atsu Reservoir (Japan; Takahashi and Ichi
mura, 1968). 

The last group of habitats for phototrophic 
sulfur bacteria are artificial: the anaerobic 
waste-stabilization ponds ( Gloyna, 1971 ). 
Cooper et al. ( 197 5) described an intensively 
pink to purple-red lagoon (2.17 ha) which re
ceived sulfide-containing fellmongery effiuent 
in which Thiocapsa roseopersicina was the 
dominant sulfide-oxidizing bacterium. As a 
rule, conditions for the development of purple 
sulphur bacteria in waste-treatment lagoons are 
created when wastewater with a high organic 
load (e.g., sewage or slaughterhouse wastewater) 
is treated in fairly deep ponds ( 1-2 m in depth) 
which favor development of anaerobic condi
tions and the formation of sulfide by sulfate
reducing bacteria (Gloyna, 1971; Holm and 
Vennes, 1970; Sletten and Singer, 1971 ). In such 
ponds, blooms of purple sulfur bacteria are vis
ible in spring and fall; during summer, the 
ponds are often turned green by unicellular al
gae. The most common purple sulfur bacteria 
in waste-treatment systems are Thiocapsa ro
seopersicina, Amoebobacter roseus, A. pendens, 
and A. pedioformis (Eichler and Pfennig, 1986). 
In addition to these, small Chromatium species 
and Thiocystis violacea were often present in 
small numbers. 

Marine Habitats 

The most abundant and conspicuous develop
ments of phototrophic bacteria are found in sea
water pools of salt marshes, in closed bays, and 
in estuaries (Baas Becking and Kaplan, 1956; 
Baas Becking and Wood, 1955), as well as on 
sand beaches ("Farbstreifensandwatt"; Schulz, 
1937). These habitats have also been named 
"beach sulfureta" (Suckow, 1966), because they 
house a complete sulfur cycle that consists of 
bacterial sulfate reduction and the consequent 
anaerobic sulfide oxidation by phototrophic 
bacteria. Bacterial sulfate reduction in turn is 
facilitated by decaying plant and microbial ma
terials that supply the sulfate-reducing bacteria 
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see Chapter 24) with the necessary carbon 
sources (and electron donors). The food chain 
in such beach sulfureta has been the subject of 
a careful and excellent study by Fenchel ( 1969). 
Since Warming (1875) described mass devel
opments of purple sulfur bacteria on the coasts 
of Denmark, they have been found and studied 
on the coasts ofGermany (Gietzen, 1931; Hau
ser and Michaelis, 1975; Hoffmann, 1942; 
Schulz, 1937; Schulz and Meyer, 1939; Suckow, 
1966; Stal et al., 1985), the Netherlands (Imhoff, 
1976), the eastern United States (Triiper,, 1970; 
Nicholson et al., 1987), mediterranean France 
(Matheron, 1976; Matheron and Baulaigue, 
1972), and the Black Sea (Gorlenko, 1968; con
sult Kondratieva, 1965, for the older Russian 
literature; Yegunov, 1895). 

"Red water" caused by phototrophic sulfur 
bacteria (Chromatiaceae as well as Chlorobi
aceae) has been described and studied in many 
coastal lakes and lagoons: Lake Faro in Sicily 
(Genovese, 1963; Puchkova and Gorlenko, 
1976; Triiper and Genovese, 1968); the Mar Pic
colo near Tarento (Cerruti, 1938); Velika and 
Malo Jezero on the Dalmatian island of Mljet 
(Cviic, 1955; 1960, Imhoff, 1976); the Bay of 
Tunis (Heldt, 1952; Stirn, 1971) and Bietri Bay 
of the Ebrie Lagoon, Ivory Coast (Caumette, 
1984); the Etang du Prevost near Montpellier, 
France (Caumette 1986); lagoons at Messolon
ghi and Aitolikon in Greece (Hatzikakidis, 
1952; 1953); the Solar Lake on the Sinai Pen
insula (Cohen et al., 1977); and Lake Mogilnoye 
on the Arctic island ofKildin (Isachenko, 1914; 
Gorlenko et al. 1978). Typical splash water 
ponds on rocky coasts have been successfully 
studied in Japan (Taga, 1967), Helgoland, Ger
many, and Yugoslavia (Imhoff, 1976). 

In contrast to estuarine or nearshore marine 
habitats, the oxygenated waters of the open seas 
have been found to be devoid of phototrophic 
sulfur bacteria. Only the Black Sea, a large, mer
omictic enclosed basin that is not part of the 
open ocean, contains phototrophic sulfur bac
teria as was shown first by Kriss and Rukina 
(1953) and, after an initial unsuccessful attempt 
(Jannasch et al., 1974), as was confirmed by 
Hashwa and Triiper (1978). In recent studies, 
evidence was obtained for the development of 
brown Chlorobiaceae in areas where the chem
ocline is at depths of 68 to 90 m. 

So far, there is only one type of habitat within 
well-oxygenated sea water where the anaerobic 
phototrophic sulfur bacteria can be regularly en
countered: Eimhjellen ( 1967) found them in the 
North Sea sponge, Halichondrium panicea. Im
hoff and Triiper (1976) investigated several 
Mediterranean sponges and isolated seven dif-



CHAPTER 170 

ferent species of Chromatiaceae and even some 
purple nonsulfur bacteria from Euspongia offi
cina/is and Ircinia species. Marine sponges, al
though strictly aerobic, obviously contain an
aerobic pockets that receive enough light to 
allow the growth of phototrophic bacteria. 

Isolation 

Preparation of Culture Media 

The composition and preparation of two dif
ferent culture media are described below for the 
cultivation of purple and green sulfur bacteria. 
Medium 1 is suitable for almost all green and 
purple bacteria presently in laboratory culture, 
including those species that are most difficult to 
grow (e.g., Thiopedia rosea, Thiospirillum je
nense, Chromatium okenii, and Thiodictyon 
elegans). With minor modifications, this culture 
medium was published by Pfennig (1965), Pfen
nig and Lippert ( 1966), Triiper ( 1970), van Niel 
( 1971 ), and Eichler and Pfennig (1988). Me
dium 2 (Biebl and Pfennig, 1978) is easier to 
prepare and can be successfully used for the 
cultivation of the most common purple and 
green sulfur bacteria. 

Medium l for Cultivation of Purple and Green 
Sulfur Bacteria (Eichler and Pfennig, 1988) 

The medium is prepared in a 5-liter bottle (or flask) 
with four openings at the top. Two openings for tubes 
are in the central, silicon rubber stopper: a short, gas
inlet tube with a sterile cotton filter; and an outlet tube 
for medium, which reaches the bottom of the vessel at 
one end and has, at the other end, a silicon rubber tube 
with a pinchcock and a bell for aseptic dispensing of the 
medium into bottles. The other two openings have gas
tight screw caps; one of these openings is for the addition 
of sterile solutions and the other serves as a gas outlet. 

The composition of medium I is given below for a 
total of51iters of culture medium. A number of different 
solutions are required to prepare the medium. 

Solution 1: 
Distilled water 
KH, PO. 
NH4 Cl 
KCI 
MgS0.-7H20 
CaC1,·2H20 

4,900 ml 
1.7 g 
1.7 g 
1.7g 
2.5 g 
1.25 g 

For enrichment cultures or pure cultures from marine 
or estuarine habitats, add 100 g NaCI to solution I and 
increase the MgS0.-7H20 to 15 g. 

Solution I is autoclaved for 45 min at 121 oc in the 
5-Iiter bottle, together with a teflon-coated magnetic bar. 
It is cooled to room temperature under an N2 atmos
phere with a positive pressure of 0.05-0.1 atm (a ma
nometer for low pressures is required). The cold me
dium is then saturated with C02 by magnetic stirring 
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for 30 min under a C02 atmosphere of 0.05-0.1 atm. 
The sterile solutions 2 through 6 (see below) are then 
added through one of the screw-cap openings against a 
stream of either N2 gas or, better, a mixture of 95% N2 

and 5% C02, while the medium is magnetically stirred. 

Solution 2: Vitamin B12 solution 
Prepare a sterile filtered stock solution containing 2 mg 
vitamin B,2 in 100 ml distilled water. Add 5 ml to So
lution I. 

Solution 3: Trace element solution SL 12 
Prepare the following stock solution: 
Distilled water 
Ethylenediamine-tetraacetate-di-Na-salt 
FeS0.-7H,O 
H,BO, 
CoCI,·6H20 
MnCI,·4H20 
ZnCI2 

NiCI2·6H20 
Na2Mo0.-2H20 
CuCI,·2H,O 

I liter 
3.0 g 
l.lg 

300 mg 
190 mg 
50 mg 
42 mg 
24 mg 
18 mg 
2 mg 

The salts are dissolved in the order given and the so
lution is autoclaved in a screw-cap bottle. Add 5 ml to 
solution I. 

Solution 4: Na bicarbonate solution 
Prepare a solution of7.5% Na bicarbonate. The solution 
is saturated with CO, and autoclaved under a C02 at
mosphere. Add 100 ml to solution I. 

Solution 5: Sodium sulfide solution 
Add 20 ml of a sterile, 10% Na2S·9H,O solution to so
lution I for purple sulfur bacteria, or 30 ml for green 
sulfur bacteria. The sulfide solution is prepared in a 
screw-cap bottle; after replacement of the air by N2, the 
bottle is tightly closed and autoclaved. 

After combining and mixing solutions 1 
through 5, the pH of the medium is adjusted 
with sterile 2M HCl or Na2C03 solution to pH 
7.2 for purple sulfur bacteria or to pH 6.8 for 
green sulfur bacteria. The medium is then dis
tributed aseptically through the medium outlet 
tube into sterile, 1 00-ml bottles with metal caps 
and autoclavable rubber seals, using the positive 
gas pressure (0.05-0.1 atm) of the N2/C02 gas 
mixture. A small air bubble is left in each bottle 
to meet possible pressure changes. The tightly 
sealed, screw-cap bottles can be stored for sev
eral weeks and months in the dark. During the 
first 24 h, some iron of the medium precipitates 
in the form of black flocks. No other sediment 
should arise in the otherwise clear medium. 

SuPPLEMENT SoLUTION. The amount of 
Na2S·9H20 initially added to medium 1 (higher 
initial amounts may be inhibitory for some spe
cies) will only produce very limited growth. Af
ter the sulfide and sulfur are completely pho
tooxidized, the bacteria stop growing and will 
be damaged by further illumination. In order 
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to keep the cultures growing and to obtain high 
cell yields it is necessary to feed the cultures 
several times with sterile, partially neutralized 
sulfide solution, which is prepared from solu
tion 6. 

Neutralized Sulfide Solution for Feeding Cultures 
of Green and Purple Sulfur Bacteria: 

Solution 6: 
Distilled water 
Na2S·9H,O 

100 ml 
3.6 g 

The 0.15 M solution is prepared in a 250-ml screw
cap bottle; after replacement of the air by N2, the bottle 
is tightly closed and autoclaved. 

To prepare the neutralized feeding solution, a mea
sured amount of sterile solution 6 is added to a sterile 
Erlenmeyer flask containing a magnetic bar. The solu
tion is brought to about pH 7.3 by dropwise addition 
of sterile 2 M H2S04 on a magnetic stirrer. If too much 
acid is added, the sulfide solution becomes turbid due 
to precipitation of elemental sulfur. The nearly neu
tralized solution is immediately used for feeding 100-
ml-bottle cultures. Depending on the population den
sity, 1-2 ml are used for Chromatiaceae. Before the ad
dition, an equivalent amount of culture medium is asep
tically removed from the bottle culture. 

Alternatively the method of Siefert and Pfen
nig (1984) can be used to prepare neutralized 
feeding solution. 

Cultures of purple and green sulfur bacteria 
that can use thiosulfate as an electron donor can 
be supplemented with 0.1% of this compound 
from stock solution 7. 

Thiosulfate Solution for Cultivation of Purple and 
Green Sulfur Bacteria 

Solution 7: 
Distilled water 
Na2Sz03·5H,O 

95 ml 
lOg 

The solution is prepared in a 200-ml screw-cap bottle 
and autoclaved. One ml of solution is aseptically added 
to 100 ml of culture medium. 

Growth yields of purple and green sulfur bac
teria can be increased by the addition of acetate 
as a readily assimilated carbon source; 0.03% 
or 0.05% acetate (from solution 8) is added to 
deep agar dilution cultures. Acetate can be 
added to liquid cultures only if they are free of 
purple nonsulfur bacteria. The ammonium and 
magnesium salts of acetate are used to avoid 
strong pH changes during growth. 

Acetate Solution for Cultivation of Green and 
Purple Sulfur Bacteria I Solution 8: 

Distilled water 
Ammonium acetate 
Magnesium acetate 

100 ml 
2.5 g 
2.5 g 
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The solution is prepared in a 200 ml screw-cap bottle 
and autoclaved. Application is 1 ml added aseptically 
to 100 ml of culture medium. 

Medium 2 for Cultivation of Purple and Green 
Sulfur Bacteria (Biebl and Pfennig, 1978) 

This medium is prepared in a 2-Iiter Erlenmeyer flask 
with an outlet near the bottom. A silicon rubber tube 
(about 30 em long) with a pinchcock and a belllfor asep
tic distribution of the medium into bottles is connected 
to the outlet. A magnetic bar is put into the flask. 

Solution 1: 
Distilled water 
Solution 2 (SL 12) 
KHzPO. 
NH4Cl 
MgS0.-7H,O 
CaC12·2H20 

950 ml 
1 ml 
1 g 
0.5 g 
0.4 g 
0.05 g 

For marine strains, add 20 g NaCI to solution 1 and 
increase the MgS047H20 to 3 g. The solution is auto
claved in the cotton-plugged, 2-liter Erlenmeyer flask. 

Solution 2: 
Trace element solution SL 12 (see medium !). Appli
cation is 1 ml for 1 liter of medium. 

When the autoclaved solution I (including solution 
2) is cold, the following sterile solutions 3 through 5 are 
aseptically added while magnetically stirring the me
dium: 

Solution 3: Vitamin B, 2 solution 
The solution is prepared as a sterile filtered stock so
lution containing 2 mg vitamin B12 in 100 ml distilled 
water. Add 1 ml of solution !. 

Solution 4: Na bicarbonate solution 
The 5% solution is prepared in distilled water and is 
filter-sterilized. Add 30 ml to solution !. 

Solution 5: Sodium sulfide solution 
A freshly autoclaved 6% solution is prepared in distilled 
water; 6 ml is added to medium for purple sulfur bac
teria, or 10 ml to medium for green sulfur bacteria. 

After additions from solutions 1 through 5, the pH of 
the medium is adjusted with sterile 2M H2S04 or 
Na2CO, solution to pH 7.3 for purple sulfur bacteria or 
to pH 6.8 for green sulfur bacteria. The medium is then 
dispensed aseptically into sterile, 50- or 1 00-ml bottles 
with metal screw caps containing autoclavable rubber 
seals. A small air bubble is left in each bottle to meet 
possible pressure changes. 

Methods for Pure Culture Isolation 

Irrespective of the source of the inoculum, e.g., 
sample from nature, enrichment culture, or sus
pension of a colony, the deep agar dilution 
method is the most convenient and reliable 
method for preparing pure cultures of photo
trophic purple and green sulfur bacteria (Lar
sen, 1952; Pfennig, 1978; van Niel, 19.31). For 
motile species that do not form colonies in agar 
media (e.g., Thiospirillum) Giesberger's (1947) 
"Pasteur pipette" method (see later) is recom-
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mended. For nonmotile species, the well-known 
dilution method in liquid media should be ap
plied. 

Preparation of Pure Cultures of Phototrophic 
Purple and Green Sulfur Bacteria by Dilution in 
Deep Agar Tubes 

Granular agar is thoroughly washed several times with 
distilled water, and a 3% solution is prepared in distilled 
water (for marine samples, 2% NaCI is added) and liq
uefied by autoclaving. While kept in a hot-water bath, 
the agar is dispensed in 3-ml portions into standard test 
tubes (16 or 18 mm X 200 mm), which are then plugged 
with cotton and autoclaved. 

The molten agar is kept in a water bath at 60°C, and 
a 50- or I 00-ml screw-cap bottle, containing complete 
medium I (or medium 2), is kept with a loosened screw 
cap in a water bath at 40°C. For one dilution series, 
eight tubes are supplied with 6 ml of the prewarmed 
medium and kept in the 40°C water bath. At the same 
time, the cotton plugs are replaced by rubber stoppers. 
No mixing is required at this stage. 

One of the tubes is inoculated with one to three drops 
from the suspension of the phototrophic bacteria; the 
contents are immediately mixed by inverting the tube 
once. Of this culture, 0.5-1.0 ml are then transferred 
into a second tube that contains the agar medium, mixed 
immediately by inverting as with the first tube, and so 
on. This dilution series is continued over eight steps. 
After transfer to the next tube, each tube is set into a 
water bath with tap water (about + 10°C} to harden the 
agar. After hardening, the air above the agar is replaced 
by gassing with sterile N2 and 5% C02 and the tubes are 
tightly closed with the rubber stoppers. The agar dilution 
cultures are incubated at 20-28°C (depending on the 
previous treatment of the inoculum) at a light intensity 
of 200-500 lux. 

After the cultures have developed, individual colonies 
are isolated from the highest dilution step that shows 
pigmented colonies. For this purpose, a single colony is 
removed through the open end of the test tube by suc
tion, using a fine Pasteur pipette attached to a rubber 
tubing. The procedure is best carried out under a dis
secting microscope. The contents of the colony are sus
pended in 0.5 ml of sterile medium in a test tube, the 
suspension is microscopically checked for purity, and 
the whole dilution series in deep agar tubes is repeated. 
In order to obtain a pure culture, it may be necessary 
to repeat the whole process again. When pure cultures 
and colonies are achieved, individual colonies are in
oculated into liquid medium. It is advisable to start with 
small-sized bottles or screw-cap tubes ( 10 or 25 ml) and 
then to scale up to the regularly used sizes. 

Purity is checked by use of A-C medium (Difco) and 
Desu/fovibrio medium (after Postgate; See Chapter 183), 
adjusted to the respective salinities. As long as no growth 
in these media occurs and the culture is morphologically 
uniform, it can be considered pure. 

Motile purple sulfur bacteria that do not grow 
well in agar media, e.g., Thiospiri/lum jenense 
(Pfennig, 1965), may be isolated by the method 
described by Giesberger (see below) for the iso-
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lation of heterotrophic spirilla or rhodospirilla 
( Giesberger, 194 7). 

Pasteur Pipette Technique for Isolating Motile 
Purple Sulfur Bacteria (Giesberger, 1947) 

The wide part of a sterile Pasteur pipette is heated in a 
Bunsen burner not far from the onset of the capillary 
part; the softened glass is then squeezed to a flat tube 
using pliers with parallel movement of the jaws. The flat 
part is again heated and carefully pulled out to a flat 
capillary. The whole Pasteur pipette is then filled with 
sterile liquid medium and placed horizontally under a 
dissecting microscope so that the flat capillary part can 
be observed. The cell suspension with the thiospirilla is 
then introduced into the wide part of the Pasteur pipette 
not far from the capillary part. Some of the very fast 
and straight-moving thiospirilla soon leave their original 
position and swim through the flat capillary; this move
ment can be followed readily under the microscope. 
When a few cells have reached the other end, the cap
illary is aseptically cut in the middle of the capillary 
part, and the drop of medium with the cells is inoculated 
into a screw-cap test tube with sterile medium. When 
many parallel tubes of these capillary separations are 
set up, chances are good that one of the culture tubes 
will give rise to a pure culture. 

Cultivation on Agar Plates in Anaerobic Jars 
A useful method for cultivating phototrophic sulfur bac
teria was introduced by Irgens (1983). It is based upon 
the release of hydrogen sulfide, ammonia, and acetic 
acid from decomposing thioacetamide. 

The medium including agar is prepared without any 
sulfide and poured into Petri dishes. After inoculation, 
these are placed in anaerobic jars (for instance, the Gas
Pak system of Becton Dickinson, Cockeysville, MD. Be
fore the jars are closed, they are supplemented with a 
test tube containing 0.05-0.1 g thioacetamide dissolved 
in 1.0 ml of 0.2 N or 0.5 N HCl. Irgens ( 1983) dem
onstrated that hydrogen sulfide is released over a period 
of at least one week. Also included in the jars are the 
methylene blue redox indicator and a strip of lead ace
tate-sulfide indicator. This method is also a convenient 
method for obtaining viable counts. The technique has 
been successfully used for the isolation of Amoebobac
ter, Chromatium, Lamprocystis, Thiocapsa, Thiocystis 
and Ectothiorhodospira strains with an illumination by 
a 60-W incandescent light bulb at a distance of 60 em 
from the jars (lrgens, 1983). 

Although less oxygen- tolerant species might not sur
vive the short inoculation or transfer period between 
incubations, this is an easy way to grow the more oxygen
tolerant species. However, in general, it cannot replace 
the isolation by agar shake dilution series as described 
above. 

Methods for Enrichment Culture 

Van Niel's (1931) original observation that 
green sulfur bacteria have a lower pH optimum 
than purple sulfur bacteria has been corrobo
rated by all later studies and forms the basis for 
the enrichment culture of the two groups. How-
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ever, since the pH ranges of the groups overlap, 
the use of different pH values in the media is 
not sufficient to assure the selective enrichment 
of each group. In particular, enrichments for 
purple sulfur bacteria can readily be outgrown 
by Chlorobiaceae, in which case the use of light 
filters is helpful (see below, "Application of 
Light Filters in Enrichment of Purple Sulfur 
Bacteria"). 

The concentration of sulfide is critical for a 
number of species in both groups that are in
hibited by higher concentrations (e.g., 0.1% 
Na2S·9H20). Therefore, the sulfide concentra
tions for media 1 and 2 given earlier are low 
enough so that the cultivation of sensitive forms 
is not excluded. Thiopedia rosea is exceptional 
in being inhibited by sulfide concentrations 
above 0.6 mM. For cultivation ofThiopedia, the 
addition of sodium dithionite (50 mg for lliter) 
is required (see Overmann and Pfennig, 1989). 
High population densities can be achieved only 
by repeated addition of sulfide ("feeding") dur
ing growth (see the recipe for "Partially Neu
tralized Sulfide Solution"). 

The salinity of the culture medium is usually 
adjusted according to the salinity of the inoc
ulum. For marine isolations, it is sufficient to 
raise the NaCl concentration to 2-3%. However, 
some isolates also require the addition of in
creased concentrations of magnesium (e.g., 
0.3% MgS04·7H20) and sometimes also of cal
cium (Biebl and Pfennig, 1978). It should be 
taken into account that the salinity of a natural 
habitat may not always be optimal for a partic
ular isolate from that habitat. Therefore, use of 
enrichment media of different salinities may be 
useful for the isolation of a variety of species. 

The incubation temperature is very impor
tant for the enrichment culture of several spe
cies of purple and green sulfur bacteria. As a 
rule, at high incubation temperatures (28-35°C) 
a wide variety of different species are outgrown 
by single, fast-growing species. At low temper
atures (15-22°C), the enrichment cultures de
velop more slowly and a larger number of dif
ferent species may be present simultaneously. 

Selective Enrichment of Purple 
Sulfur Bacteria 

For the successful enrichment of many char
acteristic species of purple sulfur bacteria, it is 
important to realize that they occur very irreg
ularly in different aquatic habitats. The source 
and species composition of the inoculum is, 
therefore, of primary importance for the out
come of enrichment experiments. When the de
sired species is detected microscopically in rea
sonable numbers in a given sample, deep agar 
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dilution series should be prepared directly from 
the sample without trying further enrichment 
in liquid culture. Even in this case, however, the 
incubation conditions for the agar cultures 
should closely resemble the conditions used for 
liquid enrichment cultures of the particular spe
cies. 

APPLICATION OF LIGHT FILTERS IN ENRICHMENTS 
OF PURPLE SULFUR BACTERIA. Medium 1 with 
a pH value between 7.2 and 7.4 is used for the 
selective enrichment of purple sulfur bacteria 
from freshwater or marine habitats. The use of 
specific light filters can be of value in two cases: 
1) in the presence of established populations of 
green sulfur bacteria (Pfennig, 1965, 1967); and 
2) for the enrichment of purple sulfur bacteria 
that contain bacteriochlorophyll b, such as 
Thiocapsa pfennigii (Eimhjellen, 1970; 
Eimhjellen et al., 1967). Development of green 
sulfur bacteria (long-wavelength absorption 
maxima between 705 and 750 nm) can be pre
vented when the enrichments are illuminated 
behind an infrared filter that transmits light 
only above 800 nm (e.g., gelatin filter No. 530, 
Gottinger Farbfilter; or interference filter plus 
prefilter for light transmission at around 850 
nm). The selective enrichment of Thiocapsa 
pfennigii is achieved with an infrared filter that 
transmits radiation only above 900-1,000 nm) 
(e.g., gelatin filter No. 533, Gottinger Farbfilter; 
or interference filter plus prefilter for light trans
mission at around 1,020 nm). 

The various species of the purple sulfur bac
teria differ with respect to the selective advan
tage they exhibit under different kinds of illu
mination. These differences can be exploited for 
the selective enrichment of certain groups of 
species in medium 1 (Pfennig, 1967). Two ex
tremes of different illumination with incandes
cent light are recommended here. 

CONTROL OF LIGHT INTENSITY AND ILLUMINA
TION IN SELECTIVE ENRICHMENT OF PURPLE SUL
FUR BACTERIA. If continuous illumination at 
high light intensities of 1,000-2,000 lux, and an 
incubation temperature of about 30°C is used, 
the small and fast-growing Chromatiaceae can 
be expected to enrich: Chromatium vinosum, 
C. minus, C. violascens, C. gracile, C. minutis
simum, Thiocystis violacea, and Thiocapsa ro
seopersicina. 

Results may be different with intermittent il
lumination at low light intensities of50-300 lux 
and an incubation temperature of about 20°C. 
The light and dark phases may be either 12 h 
light and 12 h dark (or 6 h light and 6 h dark) 
or, according to van Gemerden (1974), 4 h light 
and 8 h dark. After inoculation from the natural 
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habitat, the bottle cultures should not be shaken 
until they are fed with more sulfide. Depending 
on the inoculum, the large and flagellated and 
the gas-vacuole-containing Chromatiaceae can 
be expected to enrich: Thiospirillum jenense, 
Chromatium okenii, C. weissei, C. warmingii, 
C. buderi, Thiocystis gelatinosa, Lamprocystis 
roseopersicina, Thiodictyon elegans, Amoebo
bacter roseus, and Thiopedia rosea. The flag
ellated forms keep swarming in the whole bottle 
(Pfennig, 1962) and can be further enriched by 
carefully pipetting the inoculum for subsequent 
enrichment cultures from the upper part of the 
bottle culture. At first, the nonmotile forms en
rich in the sediment at the bottom of the bottles; 
later, the gas-vacuole-containing cells tend to 
accumulate at the surface under the screw cap. 
This process can be accelerated by keeping the 
enrichment for a few days in a refrigerator at 
+4°C. For further enrichment, the floating cell 
mass is carefully pipetted from the surface and 
transferred to fresh medium. 

Alternatively, enriched cell populations may 
be removed by a Pasteur pipette and directly 
used as inoculum for deep agar dilution series. 
Medium 1 for deep agar cultures is supple
mented with 0.05% acetate (supplement solu
tion 8). The deep agar cultures are incubated at 
room temperature and a light intensity of 200 
lux. An illumination regimen of 16 h light and 
8 h dark is the most favorable. 

Pure cultures of most species of the purple 
and green sulfur bacteria have been successfully 
maintained by the authors for many years (30 
year for some strains) in liquid cultures with 
medium 1, preferentially using 100-ml screw
cap bottles as culture vessels. 

Maintenance and Preservation of Pure 
Cultures of Purple and Green 
Sulfur Bacteria 

After transfer to fresh medium, stock cultures 
of green sulfur bacteria are incubated at room 
temperature and a light intensity of 200-500 
lux; they are grown until the initially formed 
elemental sulfur has just disappeared. Then the 
stock cultures are stored in the dark in a re
frigerator at +4°C to +6°C. Before transfer 
into fresh medium after 3-4 months of storage, 
the stock cultures are fed with 1 ml neutral sul
fide solution (supplement solution 6) to a final 
sulfide concentration of 1.5 mM and incubated 
in dim incandescent light ( 100-200 lux) at room 
temperature. The stock cultures are transferred 
after the cells have formed elemental sulfur 
(milky appearance of the culture) and have 
started to grow. 

Stock cultures of purple sulfur bacteria may 
be maintained in a similar way; however, the 
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freshly grown cultures have to be fed with 1 ml 
neutral sulfide solution (supplement solution 6) 
and kept in the light for a few hours until the 
cells have formed intracellular globules of ele
mental sulfur. At this stage, the stock cultures 
can be stored in a refrigerator at + 4 °C to + 6 oc 
for several months. The cultures keep well when 
they are put back into dim light at room tem
perature after 4-6 weeks of storage in the dark. 
Cultures with sulfur-free cells are then fed with 
1 ml neutral sulfide solution and, after forma
tion of elemental sulfur, put back into the re
frigerator. 

Long-term preservation of purple and green 
sulfur bacteria is also possible by storage in liq
uid nitrogen (Biehl and Malik, 1976). Not all 
strains could be lyophilized (Malik 1990a, 
1990b ). For liquid-nitrogen preservation, heavy 
cell suspensions of liquid cultures with 5% di
methylsulfoxide (DMSO) as a protective agent 
were placed in 2-ml plastic ampules, sealed, and 
freeze-stored. 

Most type strains of the Chromatiaceae are 
presently maintained in liquid nitrogen by the 
German Collection of Microorganisms and Cell 
Cultures, (DSM), Braunschweig, Germany 
(Claus and Schaab-Engels, 1977). 

Identification 

The properties of the species of the Chromati
aceae are listed in Table 1. Cells of all species 
multiply by binary fission. All motile cells carry 
polar or sub-polar flagella. Growth is influenced 
by environmental conditions; therefore, only 
pure cultures allow reliable identification. Fig. 
1 shows the morphology of some typical species 
of the Chromatiaceae. 

All species are able to photometabolize a 
number of simple organic carbon compounds, 
at least acetate and pyruvate. The large-cell spe
cies, Chromatium okenii, C. weisseei, C. war
mingii, C. buderi, and Thiospirillum jenense, 
differ from the other species not only in size but 
in their requirement for vitamin B12, inability 
to utilize organic compounds other than acetate 
and pyruvate, and lack of assimilatory sulfate 
reduction. Vitamin B12 is also required by 
Amoebobacter roseus and C. salexigens. 

The majority of enrichment techniques for 
anoxygenic phototrophic bacteria select for cer
tain physiological groups, but are not species 
specific. Therefore, reliable and rapid methods 
for identification are important. 

A preliminary but relatively good differentia
tion between sulfur and nonsulfur bacteria is 
already given by the enrichment or isolation 
medium. Medium that contains H2S and bi-
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Fig. I. Morphology of the Chromatiaceae. (a) Chromatium okenii (Iight-field micrograph). (b) Chromatium vinosum (Iight
field micrograph). (c) Thiocapsa roseopersicina (phase contrast micrograph). (d) Thiodictyon elegans (phase contrast 
micrograph). (e) Thiopedia rosea (phase contrast micrograph). (f) Amoebobacter pendens (Iight-field micrograph, India 
ink preparation). Bar = 10 Jlm. 
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carbonate is selective for sulfide-oxidizing bac
teria, such as the Chromatiaceae and Chloro
biaceae, but Rhodobacter su/fidophilus (and 
perhaps others) will also grow (or survive) in 
sulfide-containing medium. If phototrophic 
bacteria are isolated from a sulfide-free medium 
with organic compounds as electron donors, no 
species of the Chlorobiaceae will grow, and only 
those species of the Chromatiaceae that are able 
to assimilate (and reduce) sulfate will grow. 

For a quick differentiation of the Chromati
aceae from other purple bacteria that may pre
vail under these conditions, the following 
method is recommended: 

Differentiation of Chromatiaceae from 
Ectothiorhodospiraceae and Purple Nonsulfur 
Bacteria 

Place a drop of the cell suspension under the microscope 
and allow a drop of neutralized Na2S solution to run in 
from besides the cover slip. If the bacteria form intra
cellular sulfur globules in the light (usually in less than 
20 min), they belong to the Chromatiaceae. 

Great attention should be paid to the micro
scopic appearance of a newly isolated strain. 
Width (diameter), length, shape of cells, type of 
flagellation, mode of division, and the presence 
or absence of slime capsules, sulfur globules, 
and gas vacuoles should be recorded (Fig. 1 ). 
Further, an absorption spectrum of a cell sus
pension should be taken to identify the pre
dominant bacteriochlorophyll and the carot
enoid composition. Some methods for the 
measurement of such absorption spectra follow. 

Sucrose Method for Measuring Absorption Spectra 
Mix 5 g of sucrose with 3.5 ml of cell suspension until 
the former is completely dissolved. Then record the 
spectrum against a blank of 5 g of sucrose in 3.5 ml of 
water (or medium) in an appropriate spectrophotome
ter. 

Triiper and Yentsch (1967) described another 
method in which the cells are precipitated on 
glass fiber filters and the spectrum is measured 
through the wet filter. The most accurate 
method to date for directly measuring pure ab
sorbance spectra of living phototrophic micro
organisms was published by Gobel (1978). For 
the purpose of identification alone, however, the 
sucrose method given above is the simplest and 
quickest. 

The characteristic absorption maxima of the 
bacteriochlorophyll (bchl) in living cells are: for 
bchl a; 375, 590, 805, and 830-890 nm; and for 
bchl b; 400, 605, 840, and 1020-1040 nm. 

The only species of the Chromatiaceae con
taining bchl b rather than a is Thiocapsa pfen-
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nigii. This species also possesses a unique ul
trastructure, i.e., bundles of tubes as the 
intracytoplasmic membrane system. 

All other species of the Chromatiaceae con
tain membrane vesicles. 

Fig. 2 shows a number of absorption spectra 
of living cell suspensions of Chromatiaceae. 
The in vivo absorption characteristics of bchls 
a and b as well as of the most common carot
enoids are shown. 

After the physiological group, morphology, 
and pigments of a newly isolated strain have 
been determined, identification with a known 
species is possible in most cases and, if not, 
further properties of the new strain must be 
studied. We recommend the determination of 
the GC content of the DNA and a study of ul
trathin sections under the electron microscope 
in order to determine the fine structure, in par
ticular the type of intracytoplasmic membranes 
present. 

The description of a new species of the an
oxygenic phototrophic bacteria should be based 
on pure cultures and, if possible, on more than 
one strain. Besides nomenclatural items, a new 
description should contain detailed information 
about cell morphology (color, size, shape, fla
gellation, mode of division, presence of gas vac
uoles, slime capsules, sheaths, etc.); occurrence 
of cell aggregates; fine structure (membrane sys
tems, storage materials, cell wall, flagellation); 
photosynthetic pigments (color of cell suspen
sions, types of bchl and carotenoids); and GC 
content. The following physiological data 
should be given: oxygen tolerance; sulfide tol
erance; salinity requirements; optimum growth 
temperature and pH; sulfur, nitrogen, and car
bon sources utilized; vitamins or other growth 
factors required; and capacity for: photo- versus 
chemotrophy, organo- versus lithotrophy, and 
hetero- versus autotrophy. An indication of nat
ural habitats is also necessary. 

Finally, a type strain must be designated and 
deposited in one of the recognized national type 
culture collections, preferably either ATCC, 
DSM, NCIB, or NTHC, as required by the In
ternational Code of Nomenclature of Bacteria 
(Lapage et al., 1975). 

Physiology and Biochemistry 

While the energy yield from lithotrophic me
tabolism is usually low, phototrophic organisms 
are able to produce large amounts of ATP as 
long as light is present. In their natural envi
ronments, however, this is only the case in the 
daytime. Therefore, all phototrophic organisms 
must in addition possess other energy-yielding 
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Fig. 2. Absorption spectra of living cell suspensions of Chromatiaceae (and some purple nonsulfur bacteria) containing 
bacteriochlorophyll a (a-e) orb (f). Typical carotenoids seen and their approximate absorption maxima: (a) lycopene and 
rhodopin (463, 490, 524 nm); (b) spirilloxanthin (486, 515, 552 nm); (c) spheroidene (450, 482, 514 nm) (this organism 
is now called Rhodobacter capsulatus); (d) rhodopinal (497, 529 nm); (e) okenone (521 nm); (f) 1,2-dihydro-derivatives 
of lycopene and neurosporene (422, 453, 483 nm). 

metabolic processes, i.e., respiration and/or fer
mentation, which function during periods of 
darkness. In the light, ATP is produced by cyclic 
photophosphorylation. This term characterizes 
a process during which electrons are circled be
tween reaction-center bacteriochlorophyll, a 
primary acceptor, and several electron carriers 
such as quinones, nonheme iron-sulfur proteins, 
and cytochromes, all associated with the pho
tosynthetic membrane system. Light is har-

vested by antenna pigments (bacteriochloro
phylls and carotenoids bound to proteins). 
From the light-harvesting pigments, the energy 
is transferred to the reaction centers. In purple 
bacteria, the reaction center consists of four 
molecules of bacteriochlorophyll, two of bac
teriophaeophytin, and a protein consisting of 
several sub-units. Closely associated with the 
reaction center is an iron-ubiquinone complex 
which bridges the gap between the inner mem-
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brane surface and the reaction center; the latter 
is located in the membrane toward the outer 
surface. Another biochemical complex stretch
ing through the membrane contains a cyto
chrome b, a cytochrome c1, and an iron-sulfur 
protein. Ubiquinone acts as a mobile carrier 
within the membrane, whereas cytochrome c2 

can change its site on the outside of the cyto
plasmic membrane. When light energy is trans
ferred from the antenna complex to the reaction 
center, one electron per light quantum is trans
located from bacteriochlorophyll to bacterio
pheophytin and further to the iron-ubiquinone 
complex. At the reaction center bacteriochlo
rophyll, the missing electron is immediately re
placed by an electron from cytochrome c2• From 
the reduced iron-ubiquinone complex, the elec
tron enters the intramembraneous ubiquinone 
pool together with two protons (per quinone 
molecule and electron) from the cytoplasm. The 
reduced ubiquinone travels to the bc1 complex, 
where the electron is donated to cytochrome c2, 

and the two protons to the topological outside 
of the cell. Cytochrome c2 acts as a mobile elec
tron carrier between the bc1 complex and the 
reaction center complex. The proton gradient 
created this way between outside and inside 
drives ATP synthase, thus forming ATP in the 
cytoplasm (For details, see Drews, 1989). 

For the generation of NADH, anoxygenic 
lithoautotrophic bacteria require external elec
tron donors such as H2 or reduced sulfur 
compounds. In the Chromatiaceae, the Ecto
thiorhodaceae, and the facultatively photoli
thoautotrophic Rhodospirillaceae, NADH for
mation is not possible by direct reduction of 
NAD+ via the primary acceptor but requires 
reverse electron flow. Reverse electron transfer 
is driven by the proton motive force provided 
by the light reaction mechanism described 
above, i.e., by cyclic photosynthetic electron 
flow. The electrons required for NAD+ reduc
tion are donated at less electronegative sites via 
c-type cytochromes. These electrons are derived 
from the oxidation of reduced sulfur com
pounds or molecular hydrogen. 

Many phototrophic bacteria can grow using 
molecular hydrogen as the photosynthetic elec
tron donor. This capability was detected more 
than 55 years ago in Chromatium vinosum 
strain D and other purple sulfur bacteria (Roe
lofsen, 1935; Gaffron, 1935). 

Hydrogen utilization depends upon the pres
ence of the enzyme hydrogenase, and several 
"uptake" hydrogenases of phototrophic bacteria 
have been studied in much detail in Chroma
tium vinosum (Gitlitz and Krasna, 1975; 
Strekus et al., 1980) and Thiocapsa roseoper-
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sicina (Kondratieva and Gogotov, 1981, 1983; 
see also Vignais et al., 1985; Gogotov, 1978, 
1984, 1986; Schlegel and Schneider, 1978). In 
general, the enzymes appear to be membrane
bound and probably contain nickel and iron
sulfur clusters. The natural electron acceptors 
of these hydrogenases are cytochromes of the c
or b-type in purple bacteria (Gogotov, 1986). 

The use of reduced sulfur compounds as elec
tron donors for anoxygenic photosynthesis has 
been found in all groups of phototrophic purple 
bacteria (Triiper, 1981 a, 1984, 1989; Triiper and 
Fischer, 1982). In the Chromatiaceae, all species 
oxidize sulfide and elemental sulfur, and some 
also oxidize thiosulfate and sulfite. 

As first shown by van Niel ( 1931 ), photosyn
thetic carbon dioxide fixation and sulfide (or 
thiosulfate) oxidation are stoichiometrically 
linked (in equations 1-6 below, <CH20> stands 
for organic matter at the oxidation level of car
bohydrate). 

For sulfide: 

C02 + 2H2S 1~t (CHzO) + HzO + 2S0 (1) 

3C02 + 2S0 + 5H20 1~t 
3(CH20) + 2H2S04 (2) 

The sum of equations 1 and 2 gives the ratio 
of C02 to sulfide: 

For thiosulfate: 

light 

C02 + 2Na2Sz03 + H20 ---> 

(CH20) + 2S0 + 2Na2S04 (4) 

3C02 + 2S0 + 5H20 1~t 
3(CH20) + 2H2S04 (5) 

The sum of equations 4 and 5 gives the ratio 
of C02 to thiosulfate: 

light 
2C02 + Na2S20 3 + 3H20 ---> 

(2CH20) + H2S04 + Na2S04 (6) 

A great deal of information about the action of 
reduced sulfur compounds as photosynthetic 
electron donors has been derived from experi
ments with whole cell suspensions, in contrast 
to work with cell extracts or purified enzymes. 

Most species of phototrophic bacteria depend 
on or are at least capable of utilizing reduced 
sulfur compounds as electron donors. All or
ganisms with this capacity utilize sulfide. Ele
mental sulfur is readily utilized by all Chro
matiaceae. The utilization of thiosulfate is 
rather common in Chromatiaceae, but only 
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very few species oxidize sulfite or tetrathionate 
(Triiper, 1981 a). 

During oxidation of sulfide, sulfur usually ap
pears in the form of globules inside the bacterial 
cells. Presumably, the elemental sulfur origi
nating from sulfide reacts immediately with sur
plus sulfide, thus forming polysulfide. As soon 
as the sulfide is exhausted, the bacteria start to 
oxidize the polysulfides. Although the pH inside 
the cells and the optimal pH of media for the 
Chromatiaceae is rather close to 7.0, at which 
pH polysulfides are rather unstable, the for
mation of intracellular "sulfur globules" may 
follow this scheme. The formation of elemental 
sulfur is discussed in detail by Steudel (1989). 
Evidence is accumulating that these "sulfur 
globules" are not really elemental sulfur but 
rather are large globular agglomerates of long
chain polythionates. This idea is supported by 
activation energy measurements during cyano
lysis (Then and Triiper, 1983, 1984; Then, 
1984), the demonstration that only traces of sul
fur ring molecules are present (Steudel, 1985), 
the hydrophilic properties of the globules (Then 
and Triiper, 1983, 1984), and density measure
ments (Guerrero et al., 1984). A detailed inves
tigation of comparable "sulfur" globules of the 
chemolitho-autotrophic species Thiobacillus 
ferrooxidans by Steudel et al. (1987) revealed 
that these consisted of an inner core of S8, S7, 

S9, and S12, and an outer layer of long-chain 
polythionates (with more than 19 sulfur atoms) 
which render the globules hydrophilic, so that 
they are covered by a hydration shell. This 
structure has yet to be proven for the anaerobic 
phototrophic sulfur bacteria. 

During growth of Chromatiaceae on thiosul
fate, sulfur globules appear inside the cells, de
rived entirely from the sulfane group of thio
sulfate (Smith, 1965; Triiper and Pfennig, 
1966). 

In Chromatiaceae, sulfate is the end product 
of sulfur oxidations. All sulfur compounds ox
idized to sulfate have to pass through sulfite. 
The enzymatic pathways of dissimilatory sulfur 
metabolism in Chromatiaceae can be divided 
into three sections with a group of enzymes 
each: 

1. oxidation of sulfide and elemental sulfur; 
2. utilization of thiosulfate; and 
3. oxidation of sulfite. 

Sulfide may be utilized by three different en
zymes, leading to polysulfides, thiosulfate, or 
sulfite, respectively. The enzymatic step from 
sulfide to polysulfides and "sulfur" clearly in
volves cytochromes of the c type (Fischer and 
Triiper, 1977) as biocatalysts, and electron ac-
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ceptors. The formation of thiosulfate from sul
fide is catalyzed by flavocytochrome c as it oc
curs in Chromatium (Fischer, 1977). A 
"reverse" siroheme-containing sulfite reductase 
is responsible for sulfite formation from sulfide 
directly as well as from polysulfides and/or "el
emental sulfur." This enzyme has been purified 
from Chromatium vinosum and characterized 
(Schedel et al., 1979). Thiosulfate is split to el
emental sulfur and sulfite by an enzyme that 
may be measured by its thiosulfate-sulfur trans
ferase (rhodanese) activity. Chromatium vi
nosum (Smith, 1966) contains thiosul
fate:acceptor oxidoreductase, earlier called 
tetrathionase, which forms tetrathionate from 
thiosulfate. An enzyme oxidizing or splitting te
trathionate has not as yet been found in pho
totrophic bacteria. Under natural environmen
tal conditions, however, a chemical reduction of 
tetrathionate by sulfide may readily occur. The 
enzyme adenylyl sulfate (APS) reductase, an es
sential enzyme in dissimilatory sulfate-reduc
ing bacteria and in two Thiobacillus species was 
found to occur also in Chromatiaceae (Thiele, 
1968; Triiper and Peck, 1970). The enzyme was 
purified from Thiocapsa roseopersicina (Triiper 
and Rogers, 1971 ). In Chromatium vinosum 
(Schwenn and Biere, 1979) and Chromatium 
warmingii (Leyendecker, 1983) it is firmly 
membrane-bound and cannot be solubilized. 
Chromatium purpuratum and Chromatium 
gracile lack this enzyme (Triiper and Fischer, 
1982; Ulbricht, 1984). The intermediary for
mation of APS demands an additional enzyme 
to split off the sulfate moiety. This step allows 
conservation of the high-energy phosphate bond 
energy contained in APS. The enzyme ADP su1-
fury1ase replaces the sulfate moiety of APS by 
inorganic phosphate, thus producing adenosine 
diphosphate (equation 7): 

APS + (PJ --> ADP + SOl- (7) 

ADP then can be disproportionated by the en
zyme adenylate kinase, leading to the formation 
of 1 ATP and 1 AMP per 2 ADP. This pathway 
has been found in six species of the Chroma
tiaceae (Triiper and Fischer, 1982; Ulbricht, 
1984). 

Another pathway that conserves the energy of 
APS is the replacement of its sulfate moiety by 
inorganic pyrophosphate, catalyzed by the ac
tion of ATP sulfurylase. Inorganic pyrophos
phate is a common product of biosynthetic re
actions, especially of protein biosynthesis, and 
therefore is readily available during the expo
nential growth phase of cells. An enzyme by
passing the formation of APS in phototrophic 
bacteria is sulfite:acceptor oxidoreductase (Trii
per, 1981 a; Triiper and Fischer, 1982): 
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S032- + H20 __. S042- + 2e- + 2H+ (8) 

This enzyme occurs in most Chromatiaceae in 
addition to the APS pathway; in a few cases, 
instead of the latter (Ulbricht, 1984): sul
fite:acceptor oxidoreductase has been partly 
purified and characterized from Chromatium 
vinosum (Ulbricht, 1984). Dahl and Triiper 
( 1989) showed that the activity considered by 
other authors in some strains as sulfite:acceptor 
oxidoreductase in Thiocapsa roseopersicina is a 
nonenzymatic property of cell-free extracts. 
Some strains of T. roseopersicina are devoid of 
this enzyme. 

The flow of electrons from reduced sulfur 
compounds to the photosynthetic-reaction-cen
ter bacteriochlorophyll is, in all species of the 
Chromatiaceae studied, mediated by c-type cy
tochromes in its final step. The nature of the 
direct electron acceptors (and, perhaps inter
mediate electron carriers) of the sulfur-oxidiz
ing enzymes is far from being resolved in all 
cases. The c- and b-type cytochromes, flavocy
tochromes c, and high-potential nonheme iron
sulfur proteins are all possible candidates 
(Fischer, 1984). 

In the Chromatiaceae, autotrophic C02 fix
ation is performed by the reductive ribulose
bisphosphate cycle (Calvin cycle) with ribulose
bisphosphate carboxylase and phosphoribulo
kinase as the key enzymes. Although not all spe
cies have been studied in detail, there is enzym
ological proof for the Calvin cycle in 
Chromatium vinosum (Fuller et al., 1961 ), C. 
okenii (Triiper, 1964), Thiocapsa roseopersicina 
(Kondratieva et al., 1976; Zhukov, 1976), and 
T. pfennigii (Sahl and Triiper, 1977). Undoubt
edly all species of the family posses the Calvin 
cycle when they are growing photolithoauto
trophically (Kondratieva, 1979). 

The enzymatic equipment necessary to make 
use of the assimilated carbon in phototrophic 
bacteria does not substantially differ from that 
of other prokaryotes. Versatility in carbon me
tabolism is higher in those Chromatiaceae with 
small cells (e.g., C. vinosum, Thiocapsa roseo
persicina), than in the Chromatiaceae with large 
cells (e.g., C. okenii, Thiospirillum jenense) 
(Triiper, 1981 b). The latter group is obligately 
photolithoautotrophic, however, with a certain 
mixotrophic potential, i.e., these species depend 
strictly on a supply of C02 and sulfide even 
when they are also utilizing acetate or pyruvate. 

In principle, assimilatory nitrogen and sulfur 
metabolism is not different from that of non
phototrophic bacteria. The majority of photo
lithoautotrophic bacteria are able to fix dinitro
gen, although in some species this capability is 
found only in certain strains. As dinitrogen fix-
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ation is linked with hydrogen (gas) production, 
this field has received much attention in re
search (for reviews, see Vignais et al., 1985; Hal
lenbeck, 1987). 

Ammonia is used as the preferred nitrogen 
source by all species of phototrophic bacteria. 
As in other bacteria, it is assimilated via glu
tamine synthetase and further distributed via 
transamination (the "GOGAT" system). Ni
trate is not utilized by Chromatiaceae. 

In their natural environments, Chromati
aceae usually have access to abundant concen
trations of reduced sulfur compounds-pre
dominantly sulfide-for assimilation as well as 
for energy metabolism. Sulfur is bound to the 
carbon skeleton via 0-acetylserine sulfhydry
lase, forming cysteine (Hensel and Triiper, 
1981). From cysteine, most ofthe other organic 
sulfur compounds needed can be synthesized. 
Assimilatory sulfate reduction is lacking in the 
large-cell species of Chromatiaceae, whereas all 
other species are able to assimilate sulfate and 
reduce it to the sulfhydryl level as nonphoto
trophic bacteria do. 

Although several species of the Chromati
aceae are relatively oxygen tolerant, only Thio
capsa roseopersicina can also grow under fully 
aerobic conditions, either chemoorganohetero
trophically (Pfennig, 1970), or chemolitho
trophically by the oxidation of reduced sulfur 
compounds (Kondratieva et al., 1976). Chem
olithotrophic growth in the dark at low oxygen 
tension has been found in Amoebobacter roseus 
(Gorlenko, 1974), Thiocapsa roseopersicina 
(Kondratieva et al., 197 5), C. minus, C. vi
nosum, C. gracile, C. violascens, and Thiocystis 
violacea (Kampf and Pfennig, 1980). No growth 
under such conditions was found in Thiospi
rillum jenense, C. okenii, C. weissei, C. war
mingii, Thiocapsa pfennigii, Lamprocystis ro
seopersicina, Thiodictyon elegans, Thiodictyon 
bacillosum, Amoebobacter pendens, and Thio
pedia rosea (Kampf and Pfennig, 1980). In 
Thiocapsa roseopersicina, the same pathway of 
sulfide oxidation to sulfate is used as under an
aerobic conditions in the light (Dahl and Trii
per, 1989). 

Anaerobic growth in the dark is very poor in 
Chromatiaceae; several species have been found 
to possess a fermentative metabolism (Krasil
nikova, 1976; Krasilnikova et al., 1975, 1983; 
van Gemerden 1968a, 1968b) that at least guar
antees survival in the absence of light and ox
ygen. During fermentation of storage carbohy
drate, the intracellular "sulfur" globules serve 
as an electron sink, and sulfide is excreted (van 
Gemerden, 1968a, 1968b, 1974). 
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Applications 

The use of phototrophic sulfur bacteria in large
scale processes has the advantages that light is 
a clean energy source and oxygen is not re
quired. The disadvantages are, however, the 
technical problems of illumination and corro
sive effects of sulfide-containing media upon 
metal parts. 

Nevertheless, these bacteria have been and 
are being used in a number of biotechnological 
processes (Mitsui, 1979), including: 

production of single cell protein (biomass), 
sewage and effluent treatment, 
sulfide removal and S0 production, 
production of molecular hydrogen, and 
production of organic molecules. 

M. Kobayashi and coworkers (e.g., Kobayashi 
and Tehan, 1973; Kobayashi and Kurata, 1978, 
Kobayashi et al. 1971) developed a sewage-treat
ment plant working with mixed natural enrich
ments of phototrophic sulfur and nonsulfur bac
teria. They showed that the biomass could be 
used as fish and chicken feed as well as fertilizer 
in citrus fruit cultivation. In addition to the or
ganic and sulfide contents of a variety of sew
ages, phototrophic bacteria completely removed 
bad-smelling substances, such as putrescine, ca
daverine, and mercaptans, as well as the car
cinogen dimethylnitrosamine (Kobayashi and 
Tehan, 1978). 

A laboratory-scale tube system for the deg
radation of poultry and cattle manure was de
scribed by Ensign (1977). 

A simple but effective system for effluent 
treatment is lagooning, where liquid wastes 
from food industries or communities are fed 
into large shallow open lagoons. Such systems 
have been studied several times with respect to 
the abundance of phototrophic bacteria in 
them: Chromatium sp. in petroleum refinery 
waste, Thiopedia rosea in animal-fat-rendering 
waste (Cooper, 1963, 1965; Cooper et al., 1975), 
Chromatiaceae in municipal sewage (May and 
Stahl, 1967), Thiocapsa roseopersicina and C. 
vinosum in potato waste (Holm and Vennes, 
1970), Thiopedia rosea in feedlot manure 
(Wenke and Vogt, 1981 ), and Thiocapsa roseo
persicina in sugar-factory effluents (N. Pfennig 
and H. G. Triiper, unpublished observations). 

Bharati et al. ( 1982) showed complete deg
radation of cellulose by mixed cultures of sul
fate-reducing bacteria, anaerobic cellulose de
composers, and C. vinosum. 

So far, species of the Chromatiaceae have not 
been used specifically for sulfide removal and 
sulfur production from H2S-containing fluids 
and gases. 
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Bollinger et al. ( 1985) developed a system to 
produce hydrogen gas by phototrophic bacteria 
growing in sugar-refinery waste water. Immo
bilized purified hydrogenase of Thiocapsa ro
seopersicina has been used in biofuel cells (Yar
apolov et al., 1982). 

Chromatiaceae can be used for the produc
tion of vitamin B12 (Toohey, 1971; Koppen
hagen, 1981; Koppenhagen et al., 1981) and bio
tin (Filippi and Vennes, 1971 ). 

It is surprising that so far no use has been 
made of the wide spectrum of colorful carot
enoids produced by purple sulfur bacteria. 
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The Family Ectothiorhodospiraceae 

JOHANNES F. IMHOFF 

The family Ectothiorhodospiraceae at present 
contains a single genus, Ectothiorhodospira. All 
species of this genus have rod- to spiral-shaped 
cells, with intracytoplasmic membranes as la
mellar stacks (Cherni et al., 1969; Holt et al., 
1968; Imhoff and Triiper, 1977, 1981; Imhoffet 
al., 1981; Raymond and Sistrom, 1967, 1969; 
Remsen et al., 1968; Oren et al., 1989). Species 
of this genus form two subgroups, one contain
ing extremely halophilic species, the other con
taining species with lower salt requirements. 
The division into two subgroups is supported 
by the type of flagellation, the quinone content, 
and the similarity coefficients of the 16S rRNA 
(Imhoff, 1984b; Stackebrandt et al., 1984). 

The position of Ectothiorhodospira species 
among the phototrophic purple bacteria has 
been disputed since their discovery by Pelsh 
(1936). He distinguished these bacteria, which 
he called "Ectothiorhodaceae," from those pur
ple bacteria with elemental sulfur inside their 
cells, which he called "Endothiorhodaceae" 
(Pelsh, 1937). Pelsh's isolates were poorly char
acterized and were lost soon after their isola
tion. Triiper ( 1968) reisolated Ectothiorhodo
spira mobilis, and Pfennig and Triiper (1971) 
included Ectothiorhodospira as an exceptional 
genus into the Chromatiaceae because of its 
ability to perform a dissimilatory sulfur metab
olism. With the isolation of new species and the 
availability of chemotaxonomic data, additional 
properties of Ectothiorhodospira species be
came apparent that clearly separate this genus 
from those of the Chromatiaceae. Therefore, the 
reassignment of the genus Ectothiorhodospira 
to the new family Ectothiorhodospiraceae has 
been proposed (Imhoff, 1984a). 

Habitats 
In comparison with Chromatiaceae and purple 
nonsulfur bacteria, Ectothiorhodospiraceae are 
more restricted in their natural distribution be
cause of their growth requirements for alkalinity 
and salinity. Like other phototrophic sulfur bac-

teria, they may develop in the presence of anoxic 
conditions, soluble sulfide, light, and bicarbon
ate. A small number of simple organic com
pounds, such as certain fatty acids, markedly 
stimulate their growth. Ectothiorhodospira spe
cies have been isolated from marine sources and 
hypersaline lakes, such as estuaries, salt flats, 
salt lakes, and soda lakes, from many parts of 
the world (Grant et al., 1979; Imhoff and Trii
per, 1976, 1977, 1981; Imhoffet al., 1978, 1979, 
1981; Matheron and Baulaigue, 1972; Pelsh, 
1936; Raymond and Sistrom, 1967; Tew, 1966; 
Tindall, 1980; Triiper, 1968, 1970; Ventura et 
al., 1988) (for review, see Imhoff, 1988a). More 
recently a new species, Ectothiorhodospira mar
ismortui has been isolated from a hypersaline 
sulfur spring (Oren et al., 1989). Occasionally, 
certain Ectothiorhodospira species may be 
found in soil. Alkaline soda lakes show a natural 
abundance of Ectothiorhodospira species (Im
hoff et al., 1978, 1979), which can be taken as 
proof of their successful adaptation to these en
vironments. Because of their mass development 
in alkaline soda lakes, the extremely halophilic 
species may cause red or green coloration of 
these habitats. E. abdelmalekii, E. halochloris, 
and in particular E. halophila are among the 
most halophilic phototrophic ~acteria (:see Im
hoff, 1988a). Isolates of E. halophila from soda 
lakes in the Wadi Natrun (Egypt), which have 
salt optima of 25% total salts and also can grow 
in saturated salt solutions, are the most halo
philic eubacteria known to date. 

Isolation 

Selective Enrichment 

For the extremely halophilic species, the de
pendence on and the tolerance to high salinity 
and alkalinity are strongly selective conditions 
for their enrichment. Marine strains of Ecto
thiorhodospira have been selectively enriched 
under photoautotrophic conditions in Pfennig's 
medium (Pfennig, 1965; Pfennig and Triiper, 
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1981) with sulfide as an electron donor, and in 
saline and alkaline media (3% NaCl and pH 8.5 
to 9.0), even in the presence of high numbers 
of Chromatium cells in the natural sample (Trti
per and Imhoff, 1981). Many Ectothiorhodo
spira strains have been isolated from various 
locations with a medium based on the mineral 
composition of the soda lakes of the Wadi Na
trun (Imhoff and Trtiper, 1977; Imhoff et al., 
1979; Jannasch, 1957) and modifications 
thereof. Depending on the species composition 
of the sample and the salt concentration of the 
media (from 3 to 25%), various Ectothiorho
dospira species will develop in enrichment cul
tures. Investigations of the vitamin require
ments of a number of Ectothiorhodospira 
isolates have demonstrated that vitamins are 
not essential, although vitamin B12 stimulates 
growth in some strains. 

Isolation Procedures 

For enrichment, environmental samples are in
oculated into suitable media in 20-ml screw-cap 
test tubes or 50-ml bottles, which are com
pletely filled with medium. For isolation, agar 
dilution series are prepared either with enrich
ment cultures or with promising natural sam
ples by direct inoculation from the environ
ment. Selectivity is not necessary with media 
used for direct isolation without prior enrich
ment procedures. 

Preparation of Agar Dilution Series 

In a modification of the method. of Pfennig 
(1965; see also Trtiper, 1970), purified agar is 
dissolved (1.8%) and distributed in amounts of 
3 ml into cotton-plugged test tubes. The agar is 
sterilized by autoclaving. The liquid agar is kept 
at 50°C in a water bath until use. A suitable 
medium is placed in the same water bath, and 
6 ml of the prewarmed medium is added to each 
test tube. Medium and agar are mixed thor
oughly by turning the tubes upside down and 
back and kept at 50°C. Six to eight tubes are 
sufficient for each dilution series. The first tube 
is inoculated with a natural sample or enrich
ment culture and mixed carefully; approxi
mately 0.5 to 1.0 ml is transferred to a second 
tube, mixed carefully, and the procedure con
tinued up to the last tube. The tubes are im
mediately placed into a cold water bath. After 
the agar has hardened, they are sealed with a 
paraffin mixture (3 parts paraffin oil and 1 part 
paraffin) and kept in the dark for several hours 
before incubating them in light (500-2,000 lux). 
After cells have grown to visible colonies, the 
paraffin layer is removed by melting, and well
separated colonies are picked with a Pasteur pi-
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pette (the tip drawn out to a thin capillary) and 
transferred to a second dilution series. In gen
eral, three to four such dilution series are nec
essary to obtain pure cultures. When pure cul
tures have been obtained, single colonies are 
inoculated into liquid medium. 

Cultivation on Agar Plates 

A convenient method for growing phototrophic 
sulfur bacteria on agar plates has been described 
by lrgens ( 1983). Medium without added sul
fide is used with the GasPak system (Becton 
Dickinson and Co., Cockeysville, MD). As a 
source of sulfide, a test tube with 0.05 to 0.1 g 
of thioacetamide and 1 ml of 0.5 N HCl are 
placed in the anaerobic jar. Thioacetamide de
composes under acidic conditions to ammonia, 
hydrogen sulfide, and acetic acid. The H2S gas 
is released over a period of at least one week. 
As indicators, methylene blue (for oxygen) and 
a strip with lead acetate (for H2S) are included. 
This method is also a convenient method for 
performing viable counts of purple sulfur bac
teria. It has been successfully used for the iso
lation of species of the genera Amoebobacter, 
Chromatium, Lamprocystis, Thiocapsa, Thio
cystis, and Ectothiorhodospira (Irgens, 1983). 

Media for Ectothiorhodospira Species 

Enrichment and subsequent isolation of E. 
mobilis and E. shaposhnikovii have been 
achieved by using Pfennig's medium with 3% 
NaCl at alkaline pH 8.0 to 8.5 (Trtiper, 1970). 
This medium, however, is not suitable for the 
extremely halophilic species E. halochloris, E. 
halophila, and E. abdelmalekii. Raymond and 
Sistrom (1967) described a medium for the cul
tivation of E. halophila (for recipe, see Triiper 
and Imhoff, 1981). Apparently, E. marismortui 
also does not grow on these media, and there
fore a modified medium was used for isolation 
and cultivation ofthis new species (Oren et al., 
1989). 

A medium based on the mineral salts com
position of the soda lakes of the Wadi Natrun 
has been used for isolation of many Ectothio
rhodospira strains from this and other environ
ments (Imhoff and Trtiper, 1977, 1981; Imhoff 
et al., 1978, 1981). This medium is well suited 
for isolation and cultivation of most of the Ecto
thiorhodospira species. It is buffered by bicar
bonate (200 mM, pH 9.0) and adjusted to the 
desired salinity by changing the concentration 
of NaCl. In our experience, Raymond and Sis
trom's strain also grows better in the mineral 
salt-based medium described here as compared 
with the one described by Raymond and Sis
trom (1967). The mineral composition of this 
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medium (Imhoff and Triiper, 1977) and its 
preparation method have been modified several 
times. Although trace element solutions and 
sulfide solutions were sterilized separately, the 
filtration procedures used formerly yielded less 
reproducible growth, presumably because of 
some interaction of medium constituents with 
the filters. The reproducibility of growth was 
much better with the preparation method de
scribed by Imhoff (1988b): 

Medium for Extremely Halophilic 
Ectothiorhodospira Species 

The basal medium has the following composition 
(amounts per liter for a medium with 15% salinity): 

Trace element solution SLA (see below) 
KH,PO. 
Na acetate 
Na,S,03·5H,O 
NaCI 
I M Na carbonate, pH 9.0 

I ml 
0.8 g 
2.0 g 
1.0 g 

130.0 g 
200 m1 

Trace element solution SLA (Imhoff and Triiper, 1977): 

FeCI,·4H,O 
CoCI,·6H,O 
NiCI,·6H,O 
CuCI,·2H,O 
MnCI,·4H,O 
ZnCI, 
H3B03 

Na,Mo0.-2H,O 
Na,Se03·5H,O 

1,800 mg 
250 mg 

10 mg 
10 mg 
70 mg 

100 mg 
500 mg 
30 mg 
10 mg 

The salts are dissolved separately in a total of900 ml 
of double-distilled water; the pH is adjusted with 1 N 
HCI to about 2-3, and the volume is brought to I liter. 

The components are dissolved in 600 ml of distilled 
water and the carbonate buffer is added. The volume is 
then adjusted to 980 ml and the solution is autoclaved. 
The salinity is adjusted to the desired value by variation 
of the NaCI content (assuming a contribution of 2% by 
the other medium constituents). The remaining salts 
(see below) are sterilized separately and, after they have 
cooled down, are added under gentle stirring. The final 
pH is 9.0. 

2% MgCI,·7H,O (5 ml/liter) 
1% CaCI,·2H,O (5 ml/liter) 
5% Na,S·9H,O (5-10 ml/liter) 
20% NH4Cl (4 ml/Iiter) 

The medium is then immediately placed in sterilized 
culture vessels, which are almost completely filled with 
only a small air bubble left. The vessels are preincubated 
at the incubation temperature (33 to 40°C) to achieve 
volume expansion and then inoculated with 10% of a 
fresh preculture. 

The addition of Na2S20 3 is not necessary for 
the two green-colored Ectothiorhodospira spe
cies, as these can not use thiosulfate. In the red
colored species, it is suitable as an additional 
electron donor, and makes feeding with sulfide 
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unnecessary. Acetate is a suitable carbon source 
for all species and may also be used as an ad
ditional electron donor. 

In standard media for E. halochloris and E. 
abdelmalekii 10% of the total salinity is added 
as Na2S04, and the NaCl is reduced by the 
equivalent amount (in g per liter). If E. mobilis 
is grown photoheterotrophically, reduced sulfur 
compounds are omitted and sodium ascorbate 
(0.1%) is added to achieve anoxic conditions. 
Under these conditions, sulfate is used as sole 
sulfur source. 

Medium for Ectothiorhodospira marismortui (Oren 
et al., 1989) 

For the preparation of 1 liter of medium, in a volume 
of 900 ml are dissolved: 

NaCI 
Na,so. 
Yeast extract (Bacto) 

100 g 
0.5 g 
0.1 g 

The following components were sterilized separately 
and added as sterile solutions to the medium to final 
concentrations of: 

KH,P04 

NH4Cl 
KCI 
MgCI,·6H,O 
CaCI,·2H,O 
Na acetate·3 H,O 
Na,C03 

Trace element solution (Pfennig and 
Lippert, 1966) 

0.33 g 
0.33 g 
0.33 g 
0.33 g 
0.33 g 
0.5 g 
1.5 g 

10 ml 

The pH is adjusted with 1 M HCI to a final value of 
6.5-6.8. Immediately before use of the medium, 
Na,S,04 was added to a final concentration of 0.08 g/ 
liter from a freshly prepared filter-sterilized solution. 
Sulfide may be used as an electron donor and is added 
to a final concentration of I mM. 

Cultivation 

In general, cultivation of Ectothiorhodospira is 
possible in any size of bottle and in glass fer
menters as long as the illumination is sufficient 
and the temperature is controlled. Cultures are 
incubated at 1,000 to 20,000 lux (approximately 
100 to 2,000 foot candles) and at temperatures 
between 33 to 40°C. The pH optima found with 
different strains and species (and also in differ
ent media) are between 7.4 and 9.1. Salt optima 
of the different species are shown in Table 1. 
For routine cultivation with the medium for ex
tremely halophilic Ectothiorhodospira species, 
we use salinities of 15% for E. abdelmalekii, E. 
halochloris, and some strains of E. halophila 
(including the type strain), 25% for the most 
halophilic strains of E. halophila, 5% for E. vac
uo/ala and some strains of E. mobilis, and 2% 
for E. shaposhnikovii. 
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The less halophilic isolates may be grown on 
Pfennig's medium for purple sulfur bacteria 
(Pfennig, 1965) adjusted to the desired pH and 
salinity. 

Preservation of Cultures 

Well-grown cultures in screw-cap bottles may be 
kept at 4 oc in a refrigerator or at room tem
perature. Screw-cap bottles with strains of E. 
mobilis and E. halophila that have been kept 
on a laboratory desk for several years contained 
numerous viable cells that grew well after trans
fer into fresh medium. Maintenance transfer of 
cultures should be every 2 to 6 months. In par
ticular, cultures of E. halochloris and E. abdel
malekii lose viability much faster than do cul
tures of the other species. Ectothiorhodospira 
strains have also been stored in closed ampules 
kept in liquid nitrogen with good viability after 
more than 20 years. 

Identification 
Morphological and physiological properties are 
both very important for the identification of 
phototrophic bacteria. The Ectothiorhodospi
raceae are distinguished from the Chromati
aceae by the intermediate deposition of ele
mental sulfur outside the cells. Their 
dependence on saline and alkaline growth con
ditions and the presence of intracytoplasmic 
membranes as lamellar stacks are characteristic. 

Cells are rod- to spiral-shaped and are motile 
by means of mono- or bipolar tufts of flagella 
(Fig. 1, Table 1 ). They form red- or green-col
ored colonies. Photosynthetic pigments are bac
teriochlorophyll a and carotenoids of the nor
mal spirilloxanthin series, with spirilloxanthin 
as the predominant component in the red-col
ored species (Schmidt and Triiper, 1971). Two 
green-colored species, E. halochloris and E. ab
delmalekii, contain bacteriochlorophyll b ester
ified with ~-2, 1 0-phytadienol, not with phytol 
as is the bacteriochlorophyll a of the other Ecto
thiorhodospira species (Steiner et al., 1981; R. 
Steiner, personal communication). The carot
enoid content is low in E. halochloris and E. 
abdelmalekii. The carotenoid composition of 
both of these species is apparently quite similar. 
Mainly methoxyrhodopin glucoside (major), 
rhodopin glucoside, and rhodopin have been 
found in E. halochloris (K. Schmidt, personal 
communication). Absorption spectra of living 
cells or chromatophore suspensions allow the 
identification of the bacteriochlorophyll present 
and provide some information on the types of 
carotenoids present (Fig. 2). 
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Fig. I. Comparison of Ectothiorhodospira species. (a) E. 
mobilis DSM 237; (b) E. halophila BN 9621; (c) E. halo
chloris ATCC 35916. Note large and small sulfur globules 
in (a) and (c). Bar = 10 J.Lm. 

Ectothiorhodospira species have a character
istic composition of polar lipids (Asselineau 
and Triiper, 1982; Imhoff et al., 1982), fatty 
acids, and quinones (Imhoff, 1984a, 1984b ), 
which distinguishes this group from Chroma
tiaceae and purple nonsulfur bacteria (Rhodo
spirillaceae ). 
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Fig. 2. Absorption spectra of chromatophore suspensions 
of: Ectothiorhodospira halochloris (--), Ectothiorho-
dospira halophila ( ......... ), and, as reference, the bacterio-
chlorophyll b-containing Rhodopseudomonas sulfoviridis 
( ---------). 

DNA hybridization studies demonstrated the 
close similarity of E. mobilis and E. shaposh
nikovii (lvanova et al., 1985; Turova et al., 
1982), although analysis of 16S rRNA clearly 
revealed a larger distance between these two 
species (Stackebrandt et al., 1984). The cur
rently known species are well characterized by 
their content of pigments, salinity requirement, 
GC content of the DNA, major quinones, pig
ments, and cell sizes (Table 1 ). 

Verification of enriched and isolated Ecto
thiorhodospira species is best obtained by com
parison with the type strains deposited in and 
available from culture collections such as the 
American Type Culture Collection (ATCC, 
Rockville, Maryland) and the Deutsche Samm
lung von Mikroorganismen (DSM, Gottingen, 
FRG ). The type strains are: E. mobilis (DSM 
237), E. shaposhnikovii (DSM 243), E. vacu
olata (ATCC 43036, DSM 2111), E. halophila 
(DSM 244), E. haloch/oris (ATCC 35916), E. 
abdelmalekii (ATCC 35917), and E. marismor
tui (DSM 4180). 

Physiological Properties 

All Ectothiorhodospira species grow well under 
anaerobic conditions in the light, with reduced 
sulfur compounds as photosynthetic electron 
donors and in the presence of organic carbon 
sources and inorganic carbonate. Ectothiorho
dospira mobilis and E. shaposhnikovii also grow 
microaerobically in the dark if sulfide is present. 
During phototrophic growth with sulfide as an 
electron donor, sulfide is first oxidized to ele
mental sulfur which is then oxidized to sulfate, 
as has been shown for E. mobilis (see Triiper, 
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1978). Under alkaline growth conditions that 
are favorable for Ectothiorhodospira species, po
lysulfides are stable intermediates in sulfide ox
idation. As a result, polysulfides (probably 
formed by the chemical reaction between ele
mental sulfur and sulfide) and elemental sulfur 
are the first measurable oxidation products, and 
the medium becomes yellow-translucent at this 
stage. After sulfide depletion, elemental sulfur 
droplets are rapidly formed and the medium 
becomes cloudy to opaque. During further 
growth, cultures of red-colored species become 
pinkish and finally red if elemental sulfur dis
appears. These color changes are best observed 
with the red-colored species under photoauto
trophic growth conditions. Our knowledge 
about the enzymes involved in the oxidation of 
reduced sulfur compounds by Ectothiorhodo
spira species has recently been summarized by 
Triiper and Fischer ( 1982). 

Under autotrophic growth conditions, the fix
ation of carbon dioxide via the ribulose-his
phosphate pathway is apparently the major 
route of carbon assimilation in E. shaposhni
kovii (Firsov et al., 197 4 ). High activities of ri
bulose-bisphosphate carboxylase have been 
found in E. shaposhnikovii (Firsov et al., 1974), 
E. mobilis (Sahl and Triiper, 1977), and E. hal
ophila (Tabita and McFadden, 1972). Under 
photoheterotrophic growth conditions, consid
erable proportions of cellular carbon are derived 
from carbon dioxide, which is assimilated by 
pathways not involving ribulose-bisphosphate 
pathway. The assimilation of several organic 
carbon sources (such as acetate and propionate) 
depends on the presence of carbon dioxide and 
proceeds via several carboxylation reactions 
(Firsov and lvanovsky, 1974, 1975). Phos
phoenolpyruvate carboxylase, ferredoxin-de
pendent pyruvate synthase, and a-ketoglutarate 
synthase were found in E. shaposhnikovii (Fir
sov et al., 1974); phosphoenolpyruvate carbox
ylase, phosphoenolpyruvate carboxykinase, and 
pyruvate carboxylase were found in E. mobilis 
(Sahl and Triiper, 1977). All enzymes of the gly
colytic pathway and the tricarboxylic acid cycle, 
with the exception of a-ketoglutarate dehydro
genase, are present in E. shaposhnikovii (Kras
ilnikova, 1975). Cells grown on acetate had in
creased activities of isocitrate lyase, indicative 
of the function of the glyoxylic acid pathway. 
Poly-{j-hydroxybutyric acid is the principal re
serve material formed from acetate and butyr
ate in the absence of carbon dioxide. In the pres
ence of carbon dioxide, carbohydrates are 
preferentially formed from acetate and butyrate 
as well as from other carbon sources (Novikova, 
1971). 
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One of the most prominent properties of 
Ectothiorhodospira species is their ability to 
adapt to the most extreme salt concentrations 
tolerated by eubacteria. They not only tolerate 
these high concentrations, but optimally thrive. 
The structural and physiological basis of this 
adaptation is currently under investigation. To 
adapt to these high and sometimes varying con
centrations of salts, Ectothiorhodospira species 
accumulate high concentrations of organic sol
utes that balance the outside osmotic pressure. 
In Ectothiorhodospira halochloris, glycine be
taine has been found to be the main osmotically 
active cytoplasmic component (Galinski and 
Triiper, 1982), but by 13C-NMR techniques, ec
toine, a new cyclic amino acid, and trehalose 
were found in E. halochloris (Galinski et al., 
1985) and in other species of Ectothiorhodo
spira (Imhoff and Galinski, unpublished obser
vations; see also Imhoff, 1988a). 

Applications 

Like other phototrophic sulfur bacteria, Ecto
thiorhodospira species (in particular E. mobilis 
and E. shaposhnikovii) are suited for the re
moval of toxic sulfide from waste waters. Their 
growth requirements call for their application 
under alkaline and saline conditions. Further 
studies are necessary to show whether the iso
lation of ectoine from Ectothiorhodospira de
serves applicability. At present, Ectothiorho
dospira and products thereof are not used in 
commercial and technical processes. 
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The Genus Oceanospirillum 

BRUNO POT, MONIQUE GILLIS, and JOZEF DE LEY 

Although Oceanospirillum (Hylemon et al., 
1973) is a genus that has been only recently 
described, some of its members have a very long 
history as former species of the genus Spirillum 
(Ehrenberg, 1832). 

Members of Oceanospirillum consist of rigid, 
helical, Gram-negative cells that have a clock
wise helix. The cells have a diameter of 0.4 to 
1.4 ~m; the length of the helix is 1.2 to 75 ~m. 
Cells are motile by bipolar tufts of flagella. In 
all species examined so far by electron micros
copy, a polar membrane underlies the cyto
plasmic membrane at the cell poles. Intracel
lular poly-/3-hydroxybutyrate (PHB) is formed. 
The strains of most species form thin-walled 
coccoid bodies, which predominate in old cul
tures. They are chemoorganotrophic with a 
strictly respiratory type of metabolism with ox
ygen as the terminal electron acceptor. Nitrate 
respiration does not occur and nitrate is not 
reduced to nitrite or beyond this stage. The op
timum temperature for growth is 25° to 32°C. 
Cells are oxidase-positive, indole-negative, and 
casein, starch, hippurate, and esculin are not 
hydrolyzed. Carbohydrates are neither fer
mented nor oxidized and amino acids or or
ganic acids serve as carbon sources. Seawater is 
required for growth. Growth factors are usually 
not required. The organism is isolated from 
coastal seawater, from decaying seaweed, and 
from putrid infusions of marine mussels. The 
GC content of the DNA ranges from 45 to 50 
mol%, as determined by the thermal denatur
ation method. The type species is Oceanospi
rillum !inurn (Hylemon et al., 1973) and the 
type strain is 0. !inurn ATCC 11336. 

During the last 15 years, the classification of 
both freshwater and marine spirilla has changed 
considerably. In the original description (Hy
lemon et al., 1973), Oceanospirillum comprised 
five species: 0. !inurn, 0. minutulum, 0. bei
jerinckii, 0. mar is, and 0. japonicum (Table 1 ). 
Four other species, 0. hiroshimense, 0. pelag
icum, 0. pusillum, and 0. multiglobuliferum 
(Table 1) were created later by Terasaki (1973, 

1979). These nine species are described by Krieg 
(1984) in Bergey's Manual of Systematic Bac
teriology. 

Bowditch et al. (1984) and DeLong et al. 
(1984) reported a close immunological rela
tionship among 0. /inurn, 0. beijerinckii, 
Marinomonas vaga, M. communis (Van 
Landschoot and De Ley, 1983), and two un
named groups (groups H-1 and I-1) of marine 
bacteria. Although these relationships were 
not confirmed by other methods, Bowditch et 
al. (1984) concluded that M. communis and 
M. vaga should be assigned to the genus 
Oceanospirillum as 0. vagum and 0. com
mune, and they created the species 0. jannas
chii and 0. kriegii for the two unnamed 
groups H-1 and I-1 respectively (Table 1). An 
unfortunate consequence of this extension of 
the genus Oceanospirillum was the loss of 
most of the readily determinable phenotypic 
features of the genus definition and the exten
sion of the upper GC values for the genus 
from 51 to 57 mol% (Bowditch et al., 1984). 
Using DNA:rRNA hybridizations, Pot et al. 
(1989) showed that 0. vagum, 0. commune, 
0. jannaschii, and 0. kriegii were erroneously 
included in the genus Oceanospirillum. More
over, it was shown that 0. minutulum and 0. 
pusillum were likewise generically misnamed 
and ought to be removed from the genus 
Oceanospirillum. Using DNA-DNA hybridi
zations and protein gel electrophoresis, it was 
further shown that 0. hiroshimense was very 
closely related to, and should be considered a 
subspecies of, 0. maris, and that 0. pelagi
cum is a subspecies of 0. beijerinckii. Table 2 
lists the differential characteristics for the five 
species of the emended genus Oceanospiril
lum (Pot et al., 1989). 

As representatives of the genus Oceanospiril
lum and Aquaspirillum have a long common 
history as members of the genus Spirillum, 
many methods mentioned in the present chap
ter are described in more detail in Chapters 130 
and 131. 
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Table I. List of strains previously included in the genus Oceanospirillum. 

Species name as in Krieg, Type strain 

1984 and Bowditch et al., Strain no. as Source, place, and 
1985• received• LMG no.' year of isolation Reference 

0. beijerinckii NCMB 52 LMG 5405 Coastal water, United Williams and Rittenberg, 1957; 
States, 1957 Hylemon et al., 1973 

[0.} commune ATCC 27118 LMG 2864 Coastal surface water, Baumann et al., 1972; Van 
Oahu, Hawaii, Landschoot and De Ley, 
1972 1983; Bowditch et al., 1984 

0. [hiroshimensej IFO 13616 LMG 7371 Marine shellfish, Terasaki, 1973, 1979 
1963 

[0.} jannaschii ATCC 27135 LMG 6239 Coastal surface water, Baumann et al., 1972; 
Oahu, Hawaii, Bowditch et al., 1984 
1972 

0. japonicum ATCC 19191 LMG 5215 Marine shellfish, Watanabe, 1959; Hylemon et 
1959 al., 1973 

[0.} kriegii ATCC 27133 LMG 6238 Coastal surface water, Baumann et al., 1972; 
Oahu, Hawaii, Bowditch et al., 1984 
1972 

0. !inurn ATCC 11336 LMG 5214 Coastal water, United Williams and Rittenberg, 1957; 
States, 1957 Hylemon et al., 1973 

0. maris subsp. maris ATCC 27509 LMG 5213 Seawater, 1973 Hylemon et al., 1973 
0. maris subsp. williamsae ATCC 29547 LMG 5210 From mixed culture, Linn and Krieg, 1978 

1978 
[0.} minutulum ATCC 19193 LMG 5334 Marine shellfish, Watanabe, 1959; Hylemon et 

1959 al., 1973 
0. multiglobuliferum IFO 13614 LMG 5306 Marine shellfish, Terasaki, 1973, 1979 

1960 
0. [pelagicumj IFO 13612 LMG 5307 Marine shellfish, Terasaki, 1973, 1979 

1966 
[0.} pusillum IFO 13613 LMG 5308 Marine shellfish, Terasaki, 1973, 1979 

1961 
[0.} vagum ATCC 27119 LMG 2845 Coastal surface water, Baumann et al., 1972; Van 

Oahu, Hawaii, Landschoot and De Ley, 
1972 1983; Bowditch et al., 1984 

•Brackets enclose the name of a generically or specifically misnamed taxon (Pot et al., 1989). 
•Abbreviations: NCMB, National Collection of Marine Bacteria, Aberdeen, Scotland; ATCC, American Type Culture 
Collection, Rockville, Md.; IFO, Institute for Fermentation-Osaka, Osaka, Japan. 
'LMG, Bacterial Culture Collection of the Laboratorium voor Microbiologie, Gent, Belgium. 

Habitats 
In a search for spirochaetes in Baltimore market 
oysters, Dimitroff ( 1926a, 1926b) found and 
isolated a spirillum ("Spirillum virginianum ") 
from the mud adhering to the outside of an 
oyster shell. It has been proven since that ma
rine and freshwater shellfish are a source of spi
rilla. Although Watanabe (1959) isolated ma
rine spirilla from the viscera of marine shellfish 
and Terasaki ( 1963, 1970) observed spirilla in 
the alimentary tracts of marine shellfish, it is 
more likely that the adherent mud is the source 
of the spirilla (Terasaki, 1963, 1970). Williams 
and Rittenberg ( 1957) isolated many straips 
from seawater samples taken from the intertidal 
zone and J annasch ( 1963a, 1963b) isolated a 
marine spirillum from decaying seaweed. 
Whether Oceanospirillum occurs in the open 
sea is unknown. There is only one report, by 

Oppenheimer and Jannasch (1962), in which 
direct microscopic counts of bacteria present in 
clear and turbid seawaters near Port Aransas, 
Tex., revealed that 0.1 to 2.5% ofthe total bac
terial population consisted of spirilla, compared 
to 0.9 to 4.8% vibrios and 90.0 to 99.5% cocci. 
The same study demonstrated that the turbid 
water along the shore of Redfish Bay contained 
2.9X 107 bacteria per ml, compared to 9X 105 

per ml outside the Gulf surf where the water 
was clear. This possible effect of nutrient con
centration was further investigated by Jannasch 
(1963a, 1963b) with a marine spirillum isolated 
from decaying seaweed, using a chemostat with 
extremely low concentrations of asparagine as 
a nitrogen-limiting nutrient. With a medium 
composed of 3% commercial sea salt, phosphate 
buffer, lactate as carbon source, and asparagine 
as the limiting source of nitrogen, Jannasch 
maintained a steady state population of about 
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Table 2. Differential features of the species in the redefined genus Oceanospirillurn.• 

Feature 0. !inurn 0. rnaris 0. beijerinckii 0. rnultiglobuliferurn 0. japonicurn 

Length of helix (!lm) 4.0-30.0 2.5-40.0 2.0-15.5 2.0-10.0 5.0--75.0 
Cell diameter (!lm) 0.4-0.6 0.6-1.1 0.6-1.2 0.5-0.9 0.8-1.4 
Coccoid bodies predominant 

After 3-4 weeks + + + + 
After 24-48 h + 

Maximum salt tolerance not + 
higher than 4% NaCI 

Optimum temperature 25°C db 
rather than 30-32°C 

Phosphatase + db + + w 
Catalase + orW db + orW + Wor-
Auxotrophic growth +c dd 

requirement 
GC content (mol%) 48-50 45-47 47-49 46 45 

Symbols: +, present in all strains; -, lacking in all strains; d, differs among strains; W, weak reaction. 
•The phenotypic data are from Krieg (1984). 
bQ. rnaris strains can have an optimum temperature of25°C; catalase can be present, weak or lacking, or weak; phosphatase 
may be present or lacking. For detailed information see Hylemon et al., 1973; Terasaki, 1972 and 1979. 
cQ. !inurn grows poorly or not at all in defined media with single carbon sources and ammonium ions as the nitrogen 
source; however, abundant growth occurs in a defined medium containing succinate plus malate as carbon sources and 
methionine as the nitrogen source. 
dQ. rnaris subsp. williarnsae ATCC 29547 fails to grow in vitamin-free defined media and requires a growth factor that 
has not yet been identified. 

4X 105 cells per ml at 0.28 mg of asparagine-N 
per liter. Experiments with unsupplemented 
natural seawater (even extremely polluted water 
from Naples Harbor) and high dilution rates (to 
obtain higher growth rates) indicated that the 
spirillum was unable to multiply faster than one 
generation per 24 h and was therefore washed 
out of the chemostat. Addition of lactate and 
asparagine at the concentrations established in 
Jannasch's previous experiments stimulated 
growth. Jannasch therefore suggested that the 
growth of the spirillum might be restricted to 
environments of higher nutrient concentrations 
than found in ordinary seawater, such as in 
zones surrounding decaying particulate plant 
matter. In support of this, he found that all en
richments from seawater were unsuccessful un
less pieces of decaying seaweed were added. 

Isolation 
For the isolation of marine spirilla, enrichment 
is necessary, since these bacteria are relatively 
slow-growing and are never the predominant or
ganism in natural samples. The chance of iso
lating spirilla is increased by sampling water in 
environments with higher nutrient concentra
tions (Jannasch, 1963a, 1963b ). 

Isolation by Dilution 

Harold and Stanier enriched for marine spirilla 
in 1955 by placing pieces of thalli of marine 

algae in flasks almost completely filled with sea
water and by incubating these infusions for sev
eral days at 25°C. Williams and Rittenberg 
( 1957), however, found it extremely difficult to 
use this method to enrich the seawater samples 
they collected from the intertidal zone along the 
coast of Long Island Sound. Sufficient enrich
ment was finally accomplished by mixing the 
seawater samples with an equal volume of 
doublestrength Giesberger's medium (Giesber
ger, 1936) containing per liter: 

NH4CI I g 
K2HP04 0.5 g 
MgS0.-7H20 0.5 g 

and by adding 1% of calcium lactate to the mixture. 
Calcium malate, an excellent substrate for the enrich
ment of freshwater forms, was not successful for the 
marine spirilla, although these organisms all utilized 
malate when grown in pure culture. After incubation, 
spirilla appeared and a portion of the initial culture was 
sterilized and mixed with an equal volume of sterile 
Giesberger's medium lacking ammonium chloride. This 
sterile mixture was then inoculated from the unsterilized 
portion of the initial culture. After one to three sub
cultures in the transfer medium, spirilla predominated. 
Isolation was finally accomplished by diluting the en
riched culture I: 100 to I: I 00,000 times (depending on 
the relative abundance of contaminating forms) with 
sterile seawater in large dilution bottles. These were 
shaken vigorously and allowed to stand at room tem
perature for 20 min to allow spirilla to migrate to the 
surface of the dilution mixture, where they accumulated 
just beneath the surface scum that generally forms in 
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marine cultures. A loopful of this surface water was then 
streaked onto nutrient agar prepared with seawater and 
containing 0.3% yeast autolysate. Plates were incubated 
at 30°C and after 24 h examined for distinctive granular, 
umbonate, or pulvinate colonies with ground-glass ap
pearance. After another 24 h, wet mounts were prepared 
from typical colonies to confirm the presence of spirilla. 
Samples of spirilla yielding colonies could then be re
streaked serially until all colonies developing on a plate 
showed cells with a uniform spirillar morphology. 

The effectiveness of the limitation of the 
available nutrients for the isolation of marine 
(and freshwater) spirilla (in particular, by reuse 
of a partially spent medium without the addi
tion of supplementary nitrogen source) was also 
demonstrated by Jannasch (1967), who found 
that Oceanospirillum maris grew faster than a 
Pseudomonas species in a continuous culture 
with diluted media containing lactate as the 
limiting nutrient. The spirilla were outgrown, 
however, in more concentrated media. Williams 
and Rittenberg (1957) were convinced that the 
dilution method resulted in reduced growth of 
the undesired types rather than stimulating the 
development of the spirilla. 

Isolation from Putrid Infusions 

Terasaki ( 1963, 1970, 1972) and Watanabe 
(1959) obtained excellent results using undi
luted enrichment media. The method used by 
Terasaki ( 1970) is comparable to the one he 
used before (Terasaki, 1961 a, 1961 b) for the iso
lation of freshwater spirilla (see Chapter 131). 

A handful of marine mussels {Tapes philippinarum) 
were washed with distilled water and smashed with a 
hammer. The mussels were boiled for several minutes 
and after cooling they were placed in a petri dish with 
a teaspoon of mud. The dish is filled with sterilized 
seawater until the mussels sink completely in the so
lution. This infusion is incubated at 27-28°C and ex
amined for the development of spirilla after 1, 2, 4, and 
7 days. Isolation is accomplished by streaking dilutions 
on suitable agar media. 

Maintenance of Marine Spirilla 

The cultivation of isolates has been accom
plished in media containing natural or synthetic 
seawater. Williams and Rittenberg ( 1957) found 
that growth in synthetic seawater media, when 
compared with media prepared with natural 
seawater, 1) required larger inocula, 2) initiated 
growth more slowly; and 3) after repeated trans
fers finally resulted in failure to grow. 

Terasaki ( 19 72) maintained cultures on sea
water nutrient agar stabs at room temperature 
with monthly transfers. 

The Genus Oceanospirillum 3233 

Hylemon et al. (1973) maintained strains of 
Oceanospirillum in semisolid peptone-succi
nate-salt medium (PSS), containing per liter of 
synthetic seawater: 

Peptone 
Succinic acid 
(NH.)2so. 
MgS0.-7H20 
FeCl,-6H20 
MnSO.-H20 
Agar 

JOg 
1 g 
1 g 
1 g 
0.002 g 
0.002 g 
1.5g 

Adjust to pH 6.8. The synthetic seawater contained per 
liter: 
NaCl 
MgC12 

MgS0.-7H20 
CaC12 
KCl 
Feso. 

27.5 g 
5.0 g 
2.0 g 
0.5 g 
1.0 g 
0.01 g 

Using this synthetic seawater, Hylemon et al. 
(1973) could not detect any loss of viability. In 
our laboratory we have used the same medium 
with only 0.5% peptone (marine MPSS). 

Long-term Preservation 

Long-term preservation can be accomplished by 
suspending a dense concentration of cells in sea
water nutrient broth containing 10% (vjv) di
methyl sulfoxide, with subsequent freezing in 
liquid nitrogen (Krieg, 1984). 

Freeze-drying can be performed with cells 
grown on the appropriate medium, as described 
for the aquaspirilla. (see Chapter 131). 

Identification and Taxonomy 

The taxonomy of the genus has been investi
gated on several occasions (McElroy and Krieg, 
1972; Terasaki, 1972, 1973; Hylemon et al., 
1973; Carney et al., 1975; Krieg and Hylemon, 
1976) and all investigators found the genus to 
be quite heterogeneous and difficult to classify 
in relation to other Gram-negative bacteria. 
Krieg (1976) has pointed out that, at least on 
the basis of phenotypic characters, a continuum 
of species may interconnect spirilla with various 
other genera of Gram-negative, oxidative bac
teria. The genera that were recognized were use
ful, but may prove to be inadequate for express
ing taxonomic relationships. Krieg has 
suggested that DNA-DNA or DNA-rRNA ho
mology studies might be useful in clarifying 
these relationships. 

Due to the scarcity of strains, the degree of 
variation within the species and genus has not 
been defined. Hylemon et al. (1973) mentioned 
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that the descriptions they provided for members 
of the genera Aquaspiril/um and Oceanospiril
lum were in many cases based upon only a sin
gle strain. A number of new species have since 
been described, mostly based on a limited num
ber of strains. Although Krieg ( 1984) recognized 
nine species in the genus Oceanospiril/um, he 
pointed out again that no DNA-DNA hybrid
ization studies were done to substantiate this 
subdivision. 

Woese et al. (1982, 1985) measured the 
deeper relationships of the genus using the oli
gonucleotide cataloging method and provided 
information on the intrageneric relationships of 
five Oceanospirillum strains ( 0. beijerinckii 
ATCC 12754, 0. japonicum ATCC 19191, 0. 
!inurn ATCC 11336, 0. maris ATCC 27649 and 
[0.] minutulum ATCC 19193; brackets enclose 
a generically or specifically misnamed taxon 
name). These studies indicated that these 
strains should be classified in the gamma group 
of the Proteobacteria (Stackebrandt et al., 
1988). 

Pot et al. ( 1989) included all named Oceano
spirillum species in a polyphasic study in which 
DNA-rRNA hybridizations played an impor
tant role. They found that 0. beijerinckii, 0. 
hiroshimense, 0. japonicum, 0. !inurn, 0. pe
lagicum, 0. maris, and 0. multiglobuliferum 
constitute one separate rRNA branch in the 
rRNA superfamily II (gamma group of the Pro
teobacteria) and concluded that Oceanospiril
lum consequently should be restricted to mem
bers of this rRNA branch. Therefore, the six 
other species are generically misnamed and 
ought to be removed from the genus Oceano
spirillum. [0.} vagum and [0.] commune should 
be relegated to their previous generic positions 
as Marinomonas vaga and M. communis, re
spectively (Van Landschoot and De Ley, 1983); 
[0.} jannaschii, [0.] kriegii, and [0.} minutulum 
constitute three separate rRNA branches in 
rRNA superfamily II that are not related more 
closely to Oceanospirillum than to any other 
rRNA branch of this rRNA superfamily (see 
Chapter 1 00); [0.} pusillum belongs to rRNA 
superfamily IV, where it constitutes a separate 
rRNA branch, closest to and equidistantly re
moved from Azospirillum, Rhodospirillum ru
brum, and some misnamed Aquaspirillum spe
cies. 

Using DNA-DNA hybridizations and com
parative protein gel electrophoresis, some spe
cies were found to be too closely related to be 
kept as separate species (Pot et al., 1989), but 
the differences in morphological and nutritional 
characteristics warranted the description of a 
number of subspecies (Table 3). 
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With a DNA binding of at least 84%, Oceano
spirillum [hiroshimensej and 0. maris should 
be included in one species, 0. maris. From Ta
ble 3 it can be concluded that, due to the pres
ence of phosphatase activity, a weak or negative 
catalase reaction and an optimum temperature 
for growth of 25°C rather than 30° to 32°C, it 
is appropriate to create a new subspecies, 0. 
maris subsp. hiroshimense, in addition to the 
two existing subspecies (0. maris subsp. maris 
and 0. maris subsp. williamsae). For other dif
ferentiating characteristics, see Pot et al. ( 1989) 
and Krieg (1984). 

With a DNA binding of 77%, 0. [pelagicumj 
should be included in 0. beijerinckii. Table 3 
shows that the difference in temperature range 
for growth and the range ofNaCl for growth in 
peptone water justifies the description of the 
subspecies 0. beijerinckii subsp. pelagicum. For 
other differentiating characteristics, see Pot et 
al. (1989) and Krieg (1984). 

The inclusion of 0. japonicum in the genus 
Oceanospirillum can be considered to be pro
visional because of its large T m(e) difference 
(8.2°C) with the homologous T m<e> value of the 
type strain for the genus Oceanospirillum. It has 
been described before that a T m<e> difference of 
6°C or more between homologous and heter
ologous DNA-rRNA hybrids, usually repre
sents differences on the generic level (see also 
Chapter 1 OO).Phenotypically, 0. japonicum is 
quite different from the other species of the ge
nus (Table 3), but as long as there are no other 
strains of this species available, it is not appro
priate to create a new genus for this single spe
cies. 
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CHAPTER 173 

Serpens flexibilis: An Unusually Flexible Bacterium 

ROBERT B. RESPELL 

Habitats 

Many eutrophic aquatic environments as typi
fied by ponds or sewage lagoons harbor a wide 
variety of aerobic bacteria in the upper water 
layers. Thin, flexible bacteria such as spirilla, 
spirochetes, and Serpens j/exibilis constitute a 
small fraction of the total microorganisms in 
these environments. The use of enrichment pro
cedures to isolate these flexible bacteria usually 
is not successful because they are rapidly over
grown by the other bacteria, even when low
nutrient-containing media are used. Presum
ably, these flexible bacteria can compete in their 
natural environments because offactors such as 
high cell-surface to cell-volume ratios that allow 
for maximizing transport of nutrients, posses
sion of chemotaxis mechanisms, and unusual 
motility properties that allow for movement 
through viscous solutions (Greenberg and Can
ale-Parola, 1977). 

Isolation 

Selective isolation 

S. j/exibilis can be selectively isolated by using 
procedures originally developed for isolation of 
thin spirilla and spirochetes (Canale-Parola et 
al., 1966). A small amount of pond water or 
mud slurry is placed in the center of a sterile 
cellulose filter disc (0.3 to 0.45 JI-m pore di
ameter) which has been placed on the surface 
of a petri dish containing isolation medium 
made with 1.0% agar. The disc is removed after 
aerobic incubation of the plate at 30°C for 6 to 
12 h. After subsequent incubation of the plate 
for 2 to 4 days, a subsurface, whitish veil of 
growth develops. The organism can then be iso
lated by picking from the outer edge of the veil 
and streaking onto a second plate. Restreaking 
several times may be necessary to obtain pure, 
cloned cultures. An isolation medium that has 
been routinely used (Hespell, I 977, 1984) in
cludes: yeast extract, 0.2 g; peptone, 0. I g; I 0 

ml hay extract; and 90 ml distilled water. The 
pH of the medium is adjusted to pH 7.0 with 
KOH prior to autoclaving. The hay extract is 
prepared by boiling 1.0 g of dried wheat or bar
ley straw in 100 ml of distilled water for I 5 min., 
cooling the mixture to room temperature,, and 
decanting the fluid which is then clarified by 
centrifugation (8,000 X g, 10 min). 

Cultivation 

Optimal growth yields ( 109 to I 010 cellsjml) and 
growth rates (20 to 30 min doubling times) of 
S. j/exibilis can be obtained in a nutrient-rich 
medium such as LYPP medium (Respell, 
1977): 60% sodium lactate syrup, 1.0 ml; yeast 
extract, 0.3 g; peptone, 0.2 g; 0.2 M potassium 
phosphate buffer (pH 7.4), 10 ml; and 90 ml 
distilled water. Typical cultures consist of 250 
ml of medium in 1-liter Erlenmeyer flasks 
shaken at I 50 to 250 rpm at 30°C. The organ
ism also can be grown on chemically defined 
media such as LCH, but the growth yields and 
growth rates are considerably lower. LCH me
dium consists of: 60% sodium lactate syrup, I .0 
ml; 0.4 g ammonium chloride; trace minerals 
(Respell and Canale-Parola, 1970), 1.0 ml; 0.2 
M potassium phosphate buffer (pH 7.4), 20 ml; 
and 78 ml of distilled water. Replacement of 
the ammonium chloride with an equivalent 
amount of peptone or Trypticase markedly 
stimulates growth. S. j/exibilis will not grow on 
media having an initial pH of 5.8 or less, and 
optimal growth occurs when the initial pH is 
6.8 to 7.2. During growth the pH of the medium 
rises to 9 to 1 I, and increased cell yields can be 
obtained by periodically lowering the pH by ad
ditions of weak HCI. Highest growth yields are 
obtained at 28° to 33°C, but no growth occurs 
at 10° or at 45°C. 

Preservation of Cultures 

Long-term storage of S. j/exibilis can be accom
plished by routine lyophilization of cultures. Al
ternatively, cultures can be stored in liquid ni-
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trogen or ultracold ( -75 to - 85°C} freezers 
(Respell and Canale-Parola, 1970). 

Identification 

S. jlexibilis forms a subsurface veil of growth 
similar to that commonly observed with spi
rochetes. Microscopic examination of agar 
pieces removed from the leading edge of the veil 
show extremely flexible rods measuring about 
0.3 by 10 ~m long. Often several cells are seen 
together and appear as "a pit of microbial 
snakes." The cells display furious lashing mo
tions and often tend to twist in and out of knot 
formations (Fig. la). In liquid media, the move
ment is less dramatic. The long, slender cells 
usually move in straight lines displaying an 
overall flexing of the cell with the trailing cell 
tip having a vibrating motion (Fig. 1 b). No tum
bling type of movement is observed. In station
ary phase cultures, clumps of entwined cells are 
common, and often partially lysed cells, spher
ical cell bodies, are present (Fig. lc). Electron 
microscopy shows that cells typically possess a 
cluster of 4 to 10 flagella that are present at the 
tips of both cell ends; in addition, the presence 
of several lateral flagella randomly distributed 
along the cell body is not uncommon. (Fig. ld). 
The flagella are quite long (15 to 30 ~m), have 
a constant waveform with a 0.3 ~m amplitude, 
and possess the hook end and disk structure 
commonly observed with other bacteria. 

In addition to its unusual motility character
istics, another key feature of S. flexibilis is the 
rather limited range of substrates that support 
its growth. Essentially, only lactate is catabol
ized and supports good growth. Limited growth 
can be obtained with a-ketoglutarate, acetate, 
or pyruvate. In the presence of peptone, the ad
dition of glucose and a few other disaccharides 
results in about a doubling of cell yields over 
that observed in the absence of added substrates 
(2.0 to 6.0 X 107 cells/ml). 

Colonies can be formed under aerobic con
ditions on media containing 2% agar. These are 
usually 3 to 4 mm in diameter, off-white to 
cream colored, and round with filamentous 
edges. The cells from colonies tend to be thicker 
(0.5 to 1.0 ~m) and shorter (4 to 6 ~m). Cell 
pellets from liquid cultures often are light pink 
to reddish in color, probably due to the presence 
of the cytochrome proteins; the pigments can
not be extracted with chloroform, methanol, or 
other solvents used to remove carotenoids. 
Whether taken from liquid cultures or colonies, 
cells are always Gram negative. Electron mi
croscopy of thin sections of S. flexibilis shows 
that the cells have a classical double-track, 
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Gram-negative cell structure (Respell, 1977, 
1984). 

The phylogenetic status of S. flexibilis has 
been examined with the 16S rRNA oligonuc
leotide-cataloging technique. The results indi
cated that S. jlexibilis has an SAa of 0.9 with 
Pseudomonas pseudoalcaligenes (Woese et al., 
1982). Woese et al. ( 1982) concluded that S. flex
ibilis was a close relative toP. pseudoalcaligenes 
and that it might be a variant pseudomonad 
that developed a defect in septum formation 
because S. jlexibilis forms long cells with mul
tiple cytoplasmic invaginations (Respell, 1977, 
1984). This 16S RNA phylogenetic placement 
of S. jlexibilis has been confirmed by analysis 
of aromatic amino acid biosynthesis enzymes 
of S.jlexibilis (Ahmad and Jensen, 1987). These 
studies indicate this organism belongs with 
subgroup Ia pseudomonads. While S. jlexibilis 
shares a number of common features with P. 
pseudoalcaligenes, there are a number of dis
tinct differences. Glucose and many other sug
ars do not support the growth of either organ
ism, and both organisms can grow with lactate, 
acetate, or pyruvate as energy sources. However, 
S. flexibilis does not grow with succinate, cit
rate, ethanol, fructose, or glycerol. The GC con
tent of the DNA of S. flexibilis is 66 mol% (Res
pell, 1977) and that of P. pseudoalcaligenes 
strains is 62 to 64 mol% (Palleroni, 1984). S. 
flexibilis differs from many Pseudomonas spe
cies in having multiple flagella and in lacking 
poly-B-hydroxybutyrate formation. At present, 
it would seem reasonable to consider S. flexi
bilis to be related to the pseudomonads. Be
cause of its distinct features, this organism 
should probably be classified in its own genus 
(Serpens) and species (jlexibilis) within the fam
ily Pseudomonadaceae. Although S. .flexibilis 
strains have been isolated from several geo
graphical locations (Respell, 1977), detailed 
studies have not been done to determine 
whether enough differences exist to justify mul
tiple species of Serpens. 

Physiological Properties 

S. flexibilis is a strictly aerobic bacterium and 
cannot grow anaerobically even in the presence 
of electron acceptors such as nitrate or nitrite. 
The organism displays an endogenous respira
tory quotient (C02 released 0 2 consumed) of 
0.7 to 0.8, and this value increases to 1.56 in 
the presence of sodium lactate. Approximately 
60% of the lactate catabolized is converted to 
carbon dioxide and about 30% is incorporated 
into cell material (Respell, 1977). Growth on 
lactate-containing media results in production 
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Fig. l. Phase contrast micrographs (Fig. Ia and b) and transmission electron micrographs (Fig. lc and d) of S. flexibilis 
strain PFR-1. Cells from subsurface growth in agar media show rapid coiling movements (Ia), whereas in liquid media 
(lb), cells display straight-line movement of flexing rods. Cells are quite flexible and are able to coil up (lc). They are 
motile by means of lateral flagella (lc) and polar tufts of flagella (ld). Cells are about 0.3 ~tm in diameter and 10 ~tm in 
length. 

of trace amounts of formate and acetate. Cell 
extracts contain high levels of lactic acid de
hydrogenase and enzyme activities associated 

with the tricarboxylic acid cycle. However, only 
trace levels of enzymes of the Embden-Meyer
hof and hexose monophosphate pathways are 

b 

d 
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present. Analysis of the peptidoglycan layer in
dicates that diaminopimelic acid is the main 
cross-linking compound, and the other constit
uents include alanine, glutamate, muramic 
acid, and glucosamine (Hespell, 1977). The pep
tidoglycan appears to be typical of that found 
in most Gram-negative bacteria. 
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The Genus Psychrobacter 

ELLIOT JUNI 

In early studies, all saprophytic, nonpigmented 
Gram-negative rods were classified together in 
the genus Achromobacter (Bergey et al., 1923; 
Ingram and Shewan, 1960). Although the orig
inal Achromobacter /iquefaciens type strain (no 
longer available) was motile, the genus was said 
to include both motile and nonmotile organ
isms. Brisou and Prevot (1954) suggested that 
the nonmotile achromobacters be separated 
from the motile species and grouped in the ge
nus Acinetobacter. When the oxidase test, an 
assay for the presence of cytochrome c (Bau
mann et al., 1968a), first became widely used 
(Buttiaux and Gagnon, 1959), it was recognized 
that the genus Acinetobacter included both ox
idase-positive and oxidase-negative members. 
Further studies resulted in classification of only 
the oxidase-negative organisms as strains of 
Acinetobacter (Lessel, 1971) because of similar
ities in their phenotypic properties (Baumann 
et al., 1968b ), genetic interaction of all strains 
with a competent strain (Juni, 1972), and also 
from the results of DNA-DNA homology stud
ies (Johnson et al., 1970). 

Until recently, the large group of nonmotile, 
oxidase-positive, nonpigmented, chiefly psy
chrotrophic, Gram-negative rods or coccobacilli 
isolated from the skin of fish and chickens and 
also from a variety of processed foods were rec
ognized and frequently referred to as "Morax
ella-like" organisms (Shaw and Shewan, 1968), 
but remained unclassified. The morphological 
and physiological characteristics of these organ
isms were not sufficiently unique to permit the 
definition of a new genus based solely on the 
available phenotypic properties. Studies of a 
number of these organisms revealed that many 
of them were naturally competent for genetic 
transformation (Juni and Heym, 1980). This 
finding made it possible to devise a transfor
mation assay in which only DNA from related 
strains could transform an auxotroph of a com
petent strain for ability to grow on a defined 
medium on which the auxotroph could not grow 
(Juni and Heym, 1980). It soon became clear 
that the large number of genetically interacting 

strains examined constituted a distinct geno
species and these were then grouped together as 
members of the genus Psychrobacter (Juni and 
Heym, 1986). The name Psychrobacter was cho
sen because most members of this group are 
psychrotrophic, i.e., they grow best at low tem
peratures. 

Relationship to Moraxella 
and Acinetobacter 

Psychrobacters are typically cocci or coccoba
cilli and resemble strains of Moraxella and Aci
netobacter microscopically. These three genera 
have been shown to be fairly closely related. 
Since strains of each genus have been shown to 
be competent for genetic transformation, it has 
been possible to demonstrate weak, but distinct, 
genetic interactions between strains of these 
genera (B0vre, 1967; Juni, 1972; B0vre and 
Hagen, 1981 ). Because of qualitative similarity 
in fatty acid compositions, it was "suggested 
that the generic similarity among Acinetobacter 
species, Moraxella species and Moraxella-like 
species is fairly close" (Nishimura et al., 1979). 
In a study of similarities of ribosomal RNA 
cistrons of the family Neisseriaceae, it was 
shown that strains known to be psychrobacters 
cluster with the Moraxella group (Rossau et al., 
1986). Because of a variety of findings regarding 
their relatively close relationship, it has been 
suggested that the genera Acinetobacter, Mor
axella, and Psychrobacter be grouped together 
in a new, and as yet unnamed, family (Rossau 
et al., 1986). Although these genera are presently 
classified as members of the Neisseriaceae, it is 
clear that there is no longer any reason for such 
association. The original proposal that the mor
axellae be included in the family Neisseriaceae 
was based primarily on similarities in pheno
typic properties (Henriksen, 1952) and also be
cause of the relatively strong genetic interac
tions between Neisseria catarrhalis and some 
moraxellae (Henriksen and B0vre, 1968). The 
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organism orginally called Neisseria catarrhalis 
is currently designated Moraxel/a (Branha
mella) catarrhalis (see Chapter 177) the 
subgenus Branhamella being used for the coccal 
species of the moraxellae (Bevre, 1979). 

Habitats 

Psychrobacters have been found to occur nor
mally on the skins and gills of fish (Scholes and 
Shewan, 1964) and on the skins of poultry 
(Barnes and lmpey, 1968; Lahellec et al., 1975). 
Since many of these organisms apppear to be 
radiation resistant, in contrast to the more com
mon food-spoilage bacteria, they have been 
found surviving in foods following irradiation 
for preservation purposes (Firstenberg-Eden et 
al., 1980; Ito et al., 1976; Laycock and Regier, 
1970; Welch and Maxcy, 1975). Psychrobacters 
have been isolated from the open sea and have 
also been found as air contaminants on complex 
media plates (Juni and Heym, 1986). It has also 
been demonstrated that approximately 30% of 
the strains that were isolated from a variety of 
human sources and assigned to group E0-2 by 
the Center for Disease Control (Clark et al., 
1984) were actually psychrobacters (Hudson et 
al., 1987; Moss et al., 1988). 

Isolation 

At the present time there is no selective medium 
for isolation of psychrobacters. Numerous psy
chrobacters have been isolated by immersing 
fish heads in saline solution, stirring for a short 
period of time, and streaking loopfuls of the 
wash solution on heart infusion agar (Difco) 
plates. After incubation at room temperature 
for 2 days, portions of nonpigmented colonies 
were placed on the surface of a dry oxidase test 
paper. Oxidase test paper consists of an 8-cm 
disk of Whatman no. 1 qualitative filter paper, 
which had previously been soaked thoroughly 
in a 1% solution of N,N,N',N' -tetramethyl-P
phenylendiamine dihydrochloride, placed in a 
9-cm petri dish and dried at 35°C. The ap
pearance of a deep purple color in a few seconds 
signifies a positive oxidase reaction. Wet mount 
suspensions of oxidase-positive colonies were 
examined for the presence of nonmotile rods or 
coccobacilli, and those meeting this criterion 
were then Gram-stained. All Gram-negative, 
oxidase-positive, nonpigmented rods or cocco
bacilli were then subject to the transformation 
assay for psychrobacters (Juni and Heym, 
1980). More than half of these, presumptive 
psychrobacters, gave positive results in the 
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transformation assay (E. Juni, unpublished ob
servations). 

Media 

Psychrobacters usually grow well, from 5 to 
30°C, on standard complex media such as heart 
infusion agar (Difco ), tryptone-yeast extract 
agar (LB agar), and trypticase soy agar (BBL), 
exhibiting lower growth rates at the extremes of 
the temperature range. These organisms may be 
found growing slowly as contaminants on plates 
stored in the refrigerator. For many of them, 
20-25°C is an optimal temperature. A complex 
medium containing vitamin-free casein hydro
lysate (medium M9A) has been found useful for 
performing the Psychrobacter transformation 
assay (Juni and Heym, 1980) but the simpler 
defined medium (medium P96), described be
low, is equally effective. 

Most psychrobacters can grow on a mineral
agar plate containing either (or both) sodium 
lactate and (or) monosodium glutamate as the 
carbon source(s) and ammonium salts as the 
nitrogen source. Strain ATCC 43116, the Psy
chrobacter type strain, has been demonstrated 
to have a generation time of approximately 100 
min on such media when grown at 25°C (E. 
Juni, unpublished observations). Although not 
absolutely required, the addition of certain 
amino acids and Tween 80 to the lactate plus 
glutamate mineral medium serves to shorten 
the lag period for growth of liquid cultures in 
this medium. Double-strength medium P96 
contains the following components dissolved in 
distilled water to a final volume of 1 liter: 

Medium P96 
Na2HP04 

KH2P04 

NH4Cl 
MgS0.-7H20 
CaC12 ( 1.0% solution) 
FeS0.-7H20 (freshly prepared 0.1% 

solution) 
Sodium DL-lactate (60% solution) 
Monosodium L-glutamate 
Tween 80 
L-Methionine 
L-Isoleucine 
L-Leucine 
L-Valine 

11.2 g 
4.0 g 
2.0 g 
0.4 g 
1.0 ml 
0.5 ml 
0.5 ml 

13.0 ml 
10.0 g 
8.0 ml 
0.4 g 
0.4 g 
0.4 g 
0.4 g 

This medium, which has a pH of7.2, is ster
ilized by membrane filtration and may be stored 
in the refrigerator for longer than one year. 
Semisolid medium P96 plates are prepared by 
pouring 200 ml of double-strength medium P96 
(warmed to room temperature, or higher) into 
200 ml of freshly melted 3.0% agar (previously 
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sterilized by autoclaving), mixing thoroughly, 
followed by addition of 2.0 ml of sterile 2.0% 
ferric ammonium citrate and a final thorough 
mixing. After cooling to a suitable temperature 
(estimated by touching the bottle), approxi
mately 20 plates are poured. Failure to include 
ferric ammonium citrate results in inability of 
single cells to give rise to colonies but confluent 
growth does take place in such media. 

Carbon and Nitrogen Sources 
for Psychrobacter 
Strain ATCC 43116 can grow in medium P96 
lacking sodium lactate, monosodium gluta
mate, Tween 80, and all amino acids when sup
plied with any of the following carbon sources: 
sodium DL-lactate, sodium pyruvate, L-gluta
mate, L-serine, L-proline, L-alanine, sodium 
succinate, sodium n-butyrate, sodium caproate, 
sodium oleate, and Tween 80. Of these carbon 
sources, the combination of sodium lactate and 
monosodium glutamate was found to result in 
the best rate of growth (E. Juni, unpublished 
observations). In studies of possible carbon 
sources for 22 isolates of psychrobacters (Shaw 
and Latty, 1988), it was reported that 25% or 
more of these strains can utilize propionate, n
butyrate, isobutyrate, n-valerate, caproate, cap
rylate, pelargonate, caprate, fumarate, glutarate, 
suberate, azelate, o-malate, L-malate, DL-~-hy
droxybutyrate, benzoate, phenylacetate, L-alan
ine, L-aspartate, L-glutamate, ')'-aminobutyrate, 
o-aminovalerate, histidine, proline, tyrosine, 
phenylalanine, a-ketoglutarate, ethanol, n-pro
panol, n-butanol, ethanolamine, and putres
cine. 

Ammonium salts can serve as the nitrogen 
source in a defined medium. Glutamate can 
also fuction as a nitrogen source but is not as 
effective as ammonium chloride (E. Juni, un
published observations). 

Identification 

Phenotypic Properties 

Pure culture isolates are tentatively identified 
as psychrobacters if they are fairly plump (0.9 
to 1.3 #-lm in diameter), nonmotile, Gram-neg
ative, aerobic, oxidase-positive, catalase-posi
tive rods or coccobacilli, and form nonpig
mented, smooth, opaque colonies on complex 
semisolid media. Fig. l illustrates the typical 
microscopic appearances of the two most com
mon morphological types encountered. Diplo 
forms are common. Rod-shaped cells are fre
quently swollen, and the Gram stain often tends 
to be retained. Most psychrobacters grow well 
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Fig. I. Typical microscopic morphology of Psychrobacter 
grown overnight at room temperature on heart infusion 
agar. (a) strain ATCC 15174; (b) strain Al03. Bar = 5 J.Lm. 

at room temperature and fail to grow at 35°C. 
They grow slowly at refrigerator temperatures 
(5-l0°C). Growth takes place in media con
taining 6% NaCl, with some strains able to grow 
in the presence of twice this salt concentration. 
Most strains are sensitive to penicillin. 

Unlike the oxidase-positive moraxellae, 
whose species fail to oxidize sugars, most psy
chrobacters form acid aerobically from sugars 
such as glucose, mannose, galactose, arabinose, 
xylose, and rhamnose, and thus resemble the 
strains of Acinetobacter that are capable of 
forming acid from sugars aerobically. Psychro
bacters fail to form acid from fructose, maltose, 
or sucrose. Nitrate is reduced. Starch, gelatin, 
and serum are not hydrolyzed, and indole and 
H2S are not produced. Urease activity is pres
ent. Phenylalanine and tryptophan are deami
nated. Tween 80 is hydrolyzed. Phenethyl al
cohol is formed from L-phenylalanine and 
ethanol (Chen and Levin, 1974). In this con
nection, it was noted that during growth (pre-
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sumably on heart infusion agar plates) of certain 
human-derived psychrobacters, previously des
ignated as E0-2 strains, the cultures "had an 
odor which resembled the odor of a phenethyl 
alcohol blood agar plate" (Hudson et al., 1987). 

Identification by Transformation 

A transformation assay has been devised for de
finitive identification of suspected strains of 
Psychrobacter (Juni and Heym, 1980). In this 
procedure crude DNA, prepared by lysing small 
quantities of cells in a saline-citrate solution 
containing a low concentration of sodium do
decyl sulfate, is mixed with a hypoxanthine and 
thiamine-requiring mutant Psychrobacter strain 
(ATCC 43117) and the mixture permitted to 
grow overnight. If the DNA was derived from 
an authentic strain of Psychrobacter, some of 
the mutant cells will be transformed to proto
trophy and will be capable of giving rise to col
onies when the overnight mixture is streaked 
on a medium upon which the mutant strain it
self is unable to grow. The appearance of trans
formant colonies on a medium M9A plate (Juni 
and Heym, 1980), or on a medium P96 plate, 
described above, confirms unequivocally that 
the isolate is a Psychrobacter. 

Chemical Characterization 

Several investigators have analyzed the fatty 
acid composition of Psychrobacter strains 
(Thorne et al., 1973; Nishimura et al., 1979; 
Moss et al., 1988). Oleic acid (C18,1) constitutes 
more than 50% of the total fatty acids with mod
erate amounts ofC16,0, C16,1, C17,1, and C18,2 being 
detected. Based upon the proportions of the lat
ter fatty acids in a group of six psychrobacters, 
it was concluded that these could be separated 
into two groups each containing three strains 
(Nishimura et al., 1979). 

Psychrobacters have been demonstrated to 
contain waxes (Gallagher, 19 71 ; Bryn et al., 
1977; Russell and Volkman, 1980), which may 
be constituent parts of their cell membranes, 
since waxes have been found to be associated 
with these structures. Analysis of isoprenoid 
quinones of Psychrobacter has shown that the 
major ubiquinone contains eight isoprene units 
(Q8) (Moss et al., 1988). The GC content of Psy
chrobacter DNA is 44-46 mol%. 

Genetics 

Since many psychrobacters are naturally com
petent for genetic transformation, the possibil
ity for genetic studies of single strains, or for 
genetic interaction between different strains, is 
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clearly evident. To date, the most extensive ge
netic study making use of transformation has 
concerned the establishment of Psychrobacter 
as a unique genospecies (Juni and Heym, 1986). 
In a preliminary report, transformation of a 
Psychrobacter strain (ATCC 15174) to grow at 
30°C when incubated with DNA preparations 
from mutant strains able to grow at 30°C was 
described (Tai and Jackson, 1969a). Using DNA 
from radiation-resistant psychrobacters to 
transform two auxotrophs of a radiation-sen
sitive competent strain to prototrophy, it was 
demonstrated that prototrophic transformants 
remained radiations sensitive (Ito and Iizuka, 
1983). Since the genetic loci determining radia
tion resistance are most probably unlinked to 
the nutritional loci that were transformed, the 
results obtained by Ito and Iizuka are to be ex
pected. 

Physiology 

All psychrobacters are aerobic and their oxi
dase-positive characteristic indicates that they 
produce cytochrome c (Baumann et al., 1968a). 
Oxidase-negative Psychrobacter mutants have 
been reported (Tai and Jackson, 1969b; Juni 
and Heym, 1980). Although most psychrobac
ters have temperature optima from 20 to 25°C, 
mutants able to grow at higher temperatures 
have been reported (Tai and Jackson, 1969b), 
and some strains, such as ATCC 17955 (mis
named Moraxella phenylpyruvica in the ATCC 
catalog), are able to grow at 35°C. The physi
ological basis for these differences in optimal 
growth temperature is not known. 

One strain of Psychrobacter (ATCC 15174), 
isolated from pork sausage, and originally des
ignated Micrococcus cryophilus (McLean et al., 
1951), has been studied in some detail because 
it was considered that the relatively large size 
of this bacterium made it particularly suitable 
for cytological studies. Enzymatic assays of cell
free extracts of strain ATCC 151 7 4 have re
vealed the presence of all the enzymes of the 
tricarboxylic acid cycle (Tai and Jackson, 
1969b). Studies have been reported ofwax ester 
synthesis (Lloyd and Russell, 1983) and phos
pholipid synthesis (McGibbon and Russell, 
1985) by strain ATCC 15174. 

Cell membranes of Psychrobacter appear to 
resemble those of other Gram-negative bacteria 
(Thorne et al., 1973). The cell surface layer of 
one particular strain (199A) has been studied 
in considerable detail. An array made up of a 
single protein has been shown to be attached to 
and to cover the outer membrane (Thorne, 
1977). When excreted into the medium, this 
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protein has phospholipase activity but such ac
tivity is lacking when the protein is arranged in 
the layered array (Thorne et al., 1976). The pro
tein outer layer appears to be linked to the outer 
membrane by a salt bridge involving calcium 
or magnesium ions. It has been suggested that 
this additional surface layer, which is similar to 
surface layers in other Gram-negative bacteria, 
may serve to protect cells from hostile environ
ments (Thorne, 1977). 

Now that it is possible to identify Psychro
bacter strains with certainty, it may be expected 
that in the near future the combined efforts of 
different laboratories concerned with various 
aspects of Psychrobacter physiology will serve 
to increase our understanding of this group of 
bacteria. 

Taxonomic Considerations 

Thornley (1967) studied the taxonomy of Aci
netobacter, using the definition of this genus 
originally proposed by Brisou and Prevot 
( 19 54). On the basis of morphological proper
ties and biochemical tests, she divided a large 
collection of strains into five phenones, most of 
which were grouped at 82.5% similarity. Some 
strains in Thornley's phenones 2, 3, and 4 were 
subsequently shown to be psychrobacters (Juni 
and Heym, 1980). Most of the oxidase-positive 
strains had been grouped into phenones 3 and 
4. The results of this study serve to emphasize 
the difficulties in classifying the Gram-negative 
coccobacilli only on the basis of their pheno
typic properties. 

Since all known strains of Psychrobacter in
teract genetically, they are clearly members of 
a genospecies (Ravin, 1963). Because of their 
isolation from a variety of natural sources, it 
might be expected that different strains may 
have evolved independently and may be some
what genetically heterogeneous. It has been 
shown, for example, that the streptomycin-re
sistance marker in some strains can transform 
certain competent psychrobacters poorly, or oc
casionally fail to transform a particular com
petent strain, in contrast to the efficient trans
formation observed when the DNA used was 
derived from a streptomycin-resistant mutant 
of the competent strain being transformed (Juni 
and Heym, 1980). Certain auxotrophic mutants 
of competent strains also display a similar range 
of transformation efficiencies when tested with 
DNA samples from a large number ofpsychro
bacters (Juni and Heym, 1980). In spite of such 
findings, the apparent conserved nature of cer
tain genetic markers has made it possible to 
demonstrate the relatedness of all Psychrobacter 
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strains, since DNA from each of them is capable 
of transforming a conserved marker in a par
ticular competent strain. Even with conserved 
markers, however, the efficiency of their trans
formation has been found to depend upon the 
strain from which the transforming DNA was 
derived (Juni and Heym, 1980). 

It remains to be demonstrated whether the 
psychrobacters can be grouped into clearly de
fined species. Strains of the related genus Aci
netobacter have been divided into more than 13 
species based upon the results of DNA-DNA 
hybridization studies (Bouvet and Grimont, 
1986). Unlike Psychrobacter and Acinetobacter, 
the moraxellae, which normally live in fairly 
constant environments associated with animal 
tissues, have been shown to occur in clearly de
fined species with all members of a given species 
being very nearly genetically identical (Bevre 
and Hagen, 1981 ). At the present time all psy
chrobacters are considered to be members of a 
single genospecies, Psychrobacter immobilis. 
Further studies are required to explore the pos
sibilities of more detailed speciation of Psy
chrobacter. 
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The Genus Leucothrix 

THOMAS D. BROCK 

Leucothrix, a large-diameter, morphologically 
distinct, marine gliding bacterium, has been 
known in natural material since the time of 
Oersted in 1844, but its modern history began 
with the remarkable study Harold and Stanier 
published in 1955. In the introduction to their 
paper, Harold and Stanier state: "Leucothrix 
may be characterized succinctly as a chemo
heterotrophic counterpart of the colorless sul
fur-oxidizing organism Thiothrix. It has been 
observed on a few occasions ... in the century 
since its original description, but the existing 
accounts of its morphology and development, 
based entirely on the examination of crude cul
tures, are either incomplete or inaccurate. 
Thanks to the ease with which it can be grown 
in pure culture, we have been able to determine 
its complete cycle of development, which in
cludes a unique and hitherto undescribed pro
cess of gonidial aggregation to form many-celled 
rosettes." 

Leucothrix is fascinating not only because of 
its morphological distinctiveness, but also be
cause of its large size and the ease with which 
it can be recognized in natural material. The 
organism seems to be entirely marine and is 
widespread as an epiphyte of marine algae (Fig. 
1) (Brock, 1966). It also causes an extensive in
festation of benthic crustacea and fish eggs 
(Johnson et al., 1971), and has become a prob
lem in the field of aquaculture, especially in the 
artificial cultivation of lobsters. Leucothrix ap
pears to be related to the cyanobacteria 
(Pringsheim, 1957; Raj, 1977}, as determined 
by morphological similarities. However, no de
tailed studies of molecular relationships be
tween Leucothrix and any cyanobacteria have 
been carried out, although the DNA base com
position of Leucothrix mucor isolates, 47-49 
mol% GC (Brock and Mandel, 1966), is similar 
to that of a number of filamentous cyanobac
teria (Edelman et al., 1967), which cluster in the 
range 42-51 mol% GC. This similarity is made 

This paper is taken directly from the I st edition of The 
Prokaryotes. 

even more striking when it is compared with 
the wide variation in DNA base compositions 
of the unicellular cyanobacteria (Edelman et al., 
1967; Stanier et al., 1971) and with the wide 
variation found in the narrow-diameter gliding 
bacteria (Edelman et al., 1967). 

Characteristics of Leucothrix 

A simplified life cycle of Leucothrix mucor is 
given in Fig. 2. Leucothrix filaments are usually 
2-3 ~m in diameter and may reach lengths of 
0.1-0.5 em. The filaments have clearly visible 
cross-walls, and cell division is not restricted to 
either end but occurs throughout the length of 
the filament, as shown by autoradiography with 
tritiated thymidine (Brock, 1967). The free fil
aments never glide (thus distinguishing them 
from many other filamentous gliding bacteria, 
such as Beggiatoa and Vitreoscilla), although 
they occasionally wave back and forth in a jerky 
fashion. Under environmental conditions un
favorable to rapid growth, such as low temper
ature or low nutrient concentration, individual 
cells of the filaments become round and form 
ovoid structures called "gonidia," which are re
leased individually, often from the tips of the 
filaments (Fig. 3). The gonidia are able to glide 
in a jerky manner when they come into contact 
with a solid surface. They settle down on solid 
surfaces, synthesize a holdfast, and form new 
filaments through growth and successive cell di
visions. In nature, the gonidia are presumably 
elements of dispersal and enable the organism 
to spread to other areas. "Gonidia," first used 
by Winogradsky ( 1888) for Thiothrix, is an un
fortunate term because it implies some sort of 
unique structure. Actually, the gonidium of 
Leucothrix and Thiothrix is functionally and 
structurally equivalent to the hormogonium of 
the cyanobacteria, which is a motile structure 
of dispersal formed by the rounding up of a 
vegetative cell or group of cells in a filament. 

Both Winogradsky ( 1888) for Thiothrix and 
Harold and Stanier ( 1955) for Leucothrix con-
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Fig. I. Filaments of Leucothrix mucor attached to fronds of the seaweed Bangia fuscopurpurea of various ages. (a) Very 
young, (b) young, (c) mature, (d) old. Nomarski interference contrast photomicrograph. Bars = 10 !LID. (From Bland and 
Brock, 1973.) 

eluded that an apical-basal differentiation of fil
aments existed and that gonidia were formed 
primarily at the tips of filaments. Actually, such 
an apical-basal differentiation does not exist, 
and filaments do not taper. Careful examination 
of even long filaments has never revealed nar
rower cell diameters at the ends than in the mid
dle. Also, although gonidia may form primarily 
at the filament tips, this is by no means always 
the case. I have frequently seen whole filaments 
convert to a series of gonidia, with every cell in 
the filament rounding up. 

Gonidia do not have a holdfast when first 
formed, but make it only in response to the 
proper environmental conditions. If there are 
high concentrations of gonidia, individual cells 
may aggregate, probably because of reciprocal 
attraction (chemotaxis?). They then synthesize 
a holdfast and the gonidia become adherent to 
each other by the holdfast and form a small 
rosette. A new filament grows out from each 
gonidium, eventually resulting in a large and 
striking structure (Fig. 4). Rosette formation is 
found in both Leucothrix and Thiothrix and is 



CHAPTER 175 The Genus Leucothrix 3249 

Fig. 2. Life cycle of Leucothrix 
mucor. 
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Fig. 3. Release ofgonidia from filaments of Leucothrix mu
cor. Phase-contrast photomicrograph. Bar = I 0 ~tm . 

an important means of distinguishing these or
ganisms from many other filamentous bacteria. 

Another interesting characteristic of Leuco
thrix is the ability of filaments to grow in such 
a way that knots are formed (Fig. 5) (Brock, 
1964). Knots occur mainly when the organism 
is growing in rich liquid culture media, where 
filamentous growth is rapid. Knot formation is 
frequent enough in Leucothrix cultures to be 
used as a taxonomic characteristic. Since indi
vidual filaments do not flex or glide, a pre-

~~~ 

formed filament cannot form a knot. Actually, 
knots seem to be formed as part of the growth 
process, probably because growth occurs faster 
on one side of the filament than on the other, 
causing the filament to form a loop through 
which the tip of the filament can pass. Once the 
knot is formed it cannot be untied; rather, the 
cells in the region of the knot eventually fuse 
and form a bulb that is later released from the 
rest of the filament. As a result, the long filament 
is separated into two shorter filaments. Knots 
are also seen occasionally in Thiothrix filaments 
in sulfur springs, where large accumulations of 
these organisms appear, and in Leucothrix pop
ulations in nature (T. D. Brock, unpublished 
observations). All of the structural features of 
the Leucothrix life cycle can be observed not 
only in culture but also in natural material, es
pecially when Nomarski optics are used to ex
amine the surfaces of algal fronds (J. A. Bland, 
personal communication). 

An electron microscopic study of Leucothrix 
was carried out by Brock and Conti ( 1969), and 
some of the structural features of the organism 
are seen in Fig. 6. 

Taxonomy of Leucothrix 

The question of the physiological or taxonomic 
relationship between Leucothrix and Thiothrix 
has not been resolved. A Thiothrix filament or 
rosette that has lost its sulfur granules cannot 
be distinguished from Leucothrix. Harold and 
Stanier (1955) placed pure cultures of Leuco
thrix in sulfide-containing sea water and ex
amined them at intervals for the presence of 
intracellular sulfur granules. No evidence of sul
fur accumulation was obtained; this was also 
my experience with one pure culture. However, 
Kjell Eimhjellen ofthe Technical University in 
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Fig. 4. Rosette composed of several Leucothrix filaments. Phase-contrast photomicrograph. Bar = 10 ~tm. 

Trondheim, while working in C. B. van Niel's 
laboratory at Pacific Grove, California, was suc
cessful in attempts to show oxidation of hydro
gen sulfide by Leucothrix. In his words (per
sonal communication, 26 March 1970): 

Leucothrix mucor (the strains I isolated all corresponded 
very well to the description of Harold and Stanier) pre
grown on the usual media, can be made to oxidize sulphide 
when exposed to an atmosphere of hydrogen sulphide and 
oxygen, very much in the manner of Sphaerotilus observed 
by Skerman. Based on comparison of the pictures published 
by Skerman, Leucothrix, however, seemed to have a greater 
ability to oxidize sulphide. The filaments of Leucothrix 
often had a very heavy accumulation of internal S-globules, 
making the filaments resemble the very best rosettes of Thi
othrix you can find in nature. After extensive washing of 
such cells to remove chemically produced sulphur, resus
pension in low-sulphate media and incubation by gentle 
shaking, the internal S-globules disappeared and copious 
amounts of sulphate could be isolated from the supernatant. 
The sulphide oxidation was never followed manometrically, 
but I did a great many measurements of the ability of L. 
mucor to oxidize thiosulphate. Every time the oxidation 
would proceed quantitatively to tetrathionate and in a fair 
number of experiments the oxidation went further to a com
plete oxidation to sulphate. I could never clear up the rea
sons for this inconsistency. In separate experiments, the 
presence or absence of carbon dioxide seemed to make no 
difference on the total oxygen uptake, indicating no use of 
thiosulphate as electron donor for C02 fixation . ... My con
clusion is that the strain of L. mucor I used had the en
zymatic capability to oxidize sulphide, sulfur and thiosul-

phate, all compounds being oxidized to sulphate, but no 
evidence for any energy link has been found. 

It seems likely from a comparison of the re
sults of Eimhjellen with those of Harold and 
Stanier (1955) that strain differences exist and 
that some strains of Leucothrix are able to de
posit elemental sulfur. Further work on this 
problem would be of considerable interest. 

Only a single species of Leucothrix is cur
rently recognized, Leucothrix mucor (Brock, 
197 4). Pringsheim (1957) described L. cohaer
ens as a second species, based on cell diameter 
and filament length, but there is considerable 
variation in these properties even in a single 
pure culture, and since Pringsheim's isolates are 
no longer available, it seems preferable to main
tain only a single species. Kelly and Brock 
(1969b) showed by physiological and molecular 
techniques that a wide variety of Leucothrix iso
lates, obtained from coastal areas around the 
world, were very similar. Of 35 strains char
acterized, all had a pH optimum of 7.6 and a 
salinity optimum of 30 parts per thousand. (The 
GC content of the DNA varied only over the 
narrow range of 48-51 mol% GC. Temperature 
optima of all strains were in the range 25-30°C, 
with a maximum of33°C. Most strains showed 
a minimum temperature for growth of 0-2°C, 
although one strain, isolated from a tropical 
area, had a minimum temperature for growth 
of 13 °C and hence was more stenothermal. 
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Fig. 5. Knots formed by filaments of Leucothrix mucor. 
Phase-contrast photomicrograph. Bar = 5 ~m. (From 
Brock, 1964.) 

Growth factor requirements were determined 
for all 35 strains. Most had no growth factor 
requirements and were able to grow hetero
trophically on a simple glutamate culture me-
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dium, but 2 strains required thiamine, 1 strain 
(the warm water isolate) required vitamin B12, 

and 3 strains showed a partial aspartate re
quirement. All the strains possessed the array 
of morphological characteristics typical of the 
species: filaments, gonidia, rosettes, knots, and 
bulbs. 

Brock described a neotype strain of Leuco
thrix mucor and listed its characteristics as fol
lows: 

Morphology. Filaments are of variable length, 
often much greater than 100 J.Lm, with a di
ameter of 2-3 J.Lm. Sulfur granules are not 
formed. True knots are usually formed by 
pure cultures when growing in organically 
rich media. Filaments are colorless, un
branched, and nonmotile (although occasion
ally waving back and forth) and lack a sheath, 
although cells in regions of a filament may 
become emptied of their contents and give 
the appearance of a sheath. Filaments often 
grow intertwined or in dense tangles. Swollen 
cells often form at random along filaments. 
Larger structures (bulbs) usually form in 
knotty cultures, probably as a result of fusion 
of cells in the region of the knots. Filaments 
are attached to solid substrates by means of 
an inconspicuous holdfast that can be seen by 
staining with primulin and viewing with blue 
light in a fluorescent microscope; the holdfast 
fluoresces red. Individual filament cells round 
up and form ovoid to spherical gonidia that 
acquire a jerky gliding motility when re
leased. Gonidia frequently aggregate in cul
tures, probably chemotactically, to form ro
settes. 

Nutrition. Most strains do not require growth 
factors. They grow on glutamate as sole 
source of carbon, nitrogen, and energy. They 
also use sugars, organic acids, and other 
amino acids as carbon and energy sources and 
NH4 + as nitrogen source. Leucothrix requires 
Na+ for growth (optimum 1.5% NaCl, mini
mum 0.3%, maximum 7%). 

Relation to temperature. Optimum 25-28°C; 
maximum 32-35°C. Leucothrix grows at ooc 
to form visible colonies within 1-2 weeks. 

Relation to 0 2• Obligately aerobic. 

Habitats 

As noted in the Introduction, Leucothrix ap
pears to be strictly a marine organism. It is 
widespread as an epiphyte on marine algae and 
also occurs as an infestation of benthic crus
tacea (Johnson et al., 1971). On seaweeds, it 
appears most commonly in temperate waters 
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Fig. 6. Electron micrographs of 
thin sections of Leucothrix mucor. 
(a) Portion of a multicellular fil
ament. (b) Filament in early stage 
of gonidial formation, showing 
rounding up of the cells. Note that 
there is no change in the ultra
structure of the walL (c) A single 
gonidium. The gonidia retain all 
of the envelope structures ob
served in filaments. (Continued 
on next page.) 
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Fig. 6 (continued). (d) Thin sec
tion through a rosette. The hold
fast material (hf) is an electron
dense material surrounding the 
cells. (a, b, d) Bars = 1.0 ~-tm ; (c) 
bar= 0.2~-tm. (From Brock and 
Conti, I 969.) 

(Kelly and Brock, 1969a), where densities are 
often quite high. In a detailed study at Friday 
Harbor, Washington, Bland and Brock (1973) 
made quantitative microscopic determinations 
of Leucothrix densities on a number of sea
weeds. The organism was found on a variety of 
red, green, and brown algae, but was much more 
abundant on intertidal than on subtidal algae. 
The red alga Bangia fuscopurpurea, a filamen
tous species living in the high intertidal region, 
was unusually heavily colonized, with Leuco
thrix populations l 0-30 times larger than those 
on other algal species in the same locations. Be
cause of its high intertidal location, B. fusco
purpurea is exposed to air for fairly long periods 
during each tidal cycle. B. fuscopurpurea mats, 
dried during low tide, showed greater Leuco
thrix populations on the underside of the mats 
than on the top, presumably because the un
derside of the mats retained moisture longer. 
Examination of B. fuscopurpurea filaments of 
various ages showed that there was a continuous 
increase in the Leucothrix density with algal 
age, a finding that suggested growth on the alga 
itself Using axenic two-membered cultures in 
an autotrophic medium with several red algae 
(including B. fuscopurpurea) and L. mucor, 
Brock ( 1966) showed that Leucothrix could 
grow on nutrients produced or liberated from 
the alga. Bland and Brock (1973) used artificial 
substrates and a variety of ecological studies to 
demonstrate that in nature Leucothrix obtained 
most of its nutrients from the alga and not from 
the sea water. Details of these ecological ex per-
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iments and a review of other literature on the 
ecology of Leucothrix should be sought in the 
original paper (Bland and Brock, 1973). 

Brock ( 1966) thought that Leucothrix was 
more abundant on seaweeds in temperate than 
in tropical waters (see also Kelly and Brock, 
1969c ), but Johnson et al. (1971) found Leu
cothrix to be abundant on tropical algae in the 
Pacific. Brock (1966) also concluded that Leu
cothrix was more abundant on algae in habitats 
of high aeration, such as open, exposed coasts 
and areas with heavy tidal currents. Since Leu
cothrix is an obligate aerobe, the preference for 
highly aerated habitats is not surprising. The 
finding that Leucothrix prefers algae in the in
tertidal rather than the subtidal zone is in keep
ing with this hypothesis, although there are, of 
course, factors other than aeration that differ in 
these two kinds of habitats. A survey of marine 
habitats showed that Leucothrix was worldwide 
in distribution (Kelly and Brock, 1969b ), in
cluding the southern hemisphere (Brock, un
published observations in New Zealand). 

An authentic freshwater strain of Leucothrix 
has never been isolated, although Thiothrix oc
curs in both fresh and marine waters. Micro
scopic surveys of freshwater algae, even fresh
water red algae, have never shown any 
indication of the presence of Leucothrix (Brock, 
unpublished observations), although Eikel
boom ( 197 5) found a number of Leucothrix-like 
organisms in activated sludge (see also van 
Veen, 1973; Sladka and Ottova, 1973). How
ever, because there are various other filamen-
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tous septate bacteria, positive confirmation of 
freshwater Leucothrix will require isolation in 
pure culture and demonstration of the various 
stages of the life cycle, especially gonidia and 
rosettes. 

Isolation 

Harold and Stanier ( 19 55) first isolated Leu
cothrix from crude enrichment cultures of rot
ting seaweeds, but such cultures are generally 
grossly contaminated and purification of Leu
cothrix is often difficult. A more effective way 
of isolation (true for many other gliding fila
mentous bacteria as well) is to avoid enrich
ments completely and carry out a direct, single
colony isolation from natural material. This op
eration is made especially easy with Leucothrix 
when it is growing on relatively clean seaweeds, 
because on such samples, motile unicellular 
contaminants (the organisms presenting the 
greatest difficulty in isolation) are relatively 
small in number. 

Any marine-type seawater base can be used 
in the formation of a culture medium; natural 
sea water (filter-sterilized) itself can be used, but 
pH control and avoidance of metal precipitation 
are easier in a Provasoli-type culture medium 
(Provasoli, 1963). The following salts formula
tion (Brock, 1966) proved quite effective: 

NaCI 
MgCI2·6H,O 
Na,so. 
CaCI2·2H20 
KCI 
Tris(hydroxymethyl) aminomethane 
Na,HP04 

Deionized water 
Adjust to pH 7.6. 

11.75 g 
5.35 g 
2.0 g 
0.75 g 
0.35 g 
0.5 g 
0.05 g 
I liter 

The low phosphate concentration of this salts 
base is critical, as media of normal phosphate 
levels are inhibitory. Most strains have no vi
tamin requirements and use glutamate as the 
sole source of carbon, nitrogen, and energy, so 
that this salts medium with 0.1% monosodium 
glutamate (MSG) and 2% agar (to inhibit 
swarming organisms) will permit the isolation 
of Leucothrix from most materials. Other useful 
media include 0.1% MSG plus a vitamin mix
ture, 0.1% MSG plus 0.01% yeast extract, and 
0.1% tryptone plus 0.1% yeast extract. In the 
initial isolation step, it is best to keep the or
ganic concentration of the medium low to avoid 
problems with overgrowth by unicellular bac
teria. 
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For isolation, single algal filaments are 
streaked directly (or after washing in sterile 
salts) onto agar plates, which are incubated at 
20-25°C overnight. Within 12-18 h after 
streaking, the plates are examined under 125 X 
magnification (1 0 X eyepiece with a long work
ing distance, phase-contrast objective is best) 
for the presence of characteristic L. mucor col
onies, which have a coiled rope or thumbprint 
morphology. These colonies are picked by 
touching them with a sterile insect pin and 
transferring them to fresh agar plates of the 
same composition. It is important that colonies 
be identified early after inoculation, before the 
plates are overgrown. Although a dissecting mi
croscope can also be used to locate Leucothrix 
colonies (Harold and Stanier, 1955), I have 
found that a lOX microscope objective (12.5X 
eyepiece) is better for locating colonies when 
they are very small (before they are overgrown). 
By using these procedures, it has been possible 
not only to isolate Leucothrix from seaweed 
from a wide variety of habitats, but also, with 
very clean material, to obtain growth of Leu
cothrix colonies directly from filaments still at
tached to seaweed fronds. In this way,, the pre
cise habitat from which the isolate was obtained 
is known; such information is of considerable 
value in studies on the molecular evolution of 
Leucothrix (Kelly and Brock, 1969b ). 

During transfer of colonies to liquid culture, 
it has often been observed that only very slight 
growth, if any, occurred after several days when 
an inoculum was transferred from agar to 100-
mlliquid cultures; but when the inoculum was 
placed in a small volume of medium, such as 
1-2 ml, heavy growth occurred overnight. Such 
small cultures could be easily used as the in
oculum for large flasks and permitted the 
buildup of large-volume cultures. In liquid me
dium, growth is best when the flasks are shaken 
gently, such as on a wrist-action shaker or slowly 
on a rotary shaker. With the latter kind of 
shaker, growth rate is increased if the flasks con
tain small internal baffles, made by pushing in 
the sides of the flasks during heating with an 
oxygen flame. 

For growing high-density cultures, a medium 
containing 1% MSG, 0.2% sodium lactate, and 
0.01% yeast extract has proved quite suitable, 
the yeast extract providing growth factors 
needed by some strains. The sodium lactate was 
found to substantially increase the yield of most 
cultures. 

Identification 

Leucothrix is identified simply on the basis of 
morphological examination with the light mi
croscope. The filaments are of large diameter 
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(greater than 2 #Lm; average, 2-3 #Lm), and each 
filament is composed of short cylindrical or 
ovoid cells, with cross-walls clearly visible. The 
filaments are colorless, unbranched, and of var
iable length, often very long. The filaments do 
not taper, but there may be variation in diam
eter along the length of the filaments. The fil
aments do not glide, although they may wave 
sporadically from side to side. Rosette forma
tion is a key diagnostic characteristic. Without 
observation of the presence of rosettes, it is not 
possible to easily identify an isolate as Leu
cothrix. Conversion of cells in filaments into 
gonidia may result in the formation of chains 
of spherical cells, or gonidia may form only at 
the ends. The gonidia exhibit gliding motility, 
although the rate of motility is generally so slow 
that gliding itself is not a good diagnostic char
acteristic. To study gonidia formation, gliding, 
and aggregation, slide cultures are preferable; 
chambers that permit examination with 10-
25 X objectives should be used. Growth in such 
chambers is better if a considerable air space is 
left along one side, since Leucothrix is an ob
ligate aerobe. 

Filaments in culture often form true knots, 
and the presence of knots in a culture may be 
considered indicative of Leucothrix even with
out the formation of rosettes. However, the den
sity of knots is never high, and a number of 
microscopic fields must be searched to ascertain 
if knots are present. Knot formation is most 
frequent when growth occurs to a high cell den
sity in a relatively rich culture medium. 

All strains that have been isolated are marine 
and require NaCl for growth; but, since fresh
water strains could theoretically exist, NaCl re
quirement should not be considered a diagnos
tic characteristic. The GC content of the more 
than 30 strains examined ranged from 46 to 51 
mol%, a relatively narrow range. Only one spe
cies is recognized (Brock, 1974), Leucothrix mu
cor. 
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The Genus Lysobacter 

HANS REICHENBACH 

The species classified in the genus Lysobacter 
are Gram-negative rods that move by gliding. 
The cells are slender and cylindrical, with 
rounded ends (Figs. 1 and 2). They typically 
measure 0.4-0.6 X 2-5 Jtm, but in the popu
lation there are also always long to very long 
(up to 70 Jtm) cells and filaments. The cell shape 
and the occurrence of long cells are both very 
characteristic for the genus. Lysobacter cells re
semble the vegetative cells of certain myxobac
teria, specifically of the genera Polyangium and 
Sorangium, with which the lysobacters were 
confused for many years. They also share with 
the myxobacteria a high GC content of their 
DNA of 65 to 70 mol%. Due to the gliding 
movements of the cells, the colonies of Lyso
bacter are spreading or swarming on solid me
dia and may become very large and extremely 
thin (Figs. 3 and 4). Sometimes the organisms 
produce copious amounts of slime, and the col
onies then become thick and deliquescent, but 
colonies with a wrinkled and dry surface also 
occur. Lysobacter colonies may be white or 
cream-colored but often they are greenish-yel
low, purplish-red, or brown, although their color 
is often rather pale. Some strains produce an 
unpleasant odor reminiscent of certain pseu
domonads or of pyridine. In agitated liquid cul
tures, the lysobacters grow as homogeneous cell 
suspensions, but, as with all gliding bacteria, the 
suspended cells are unable to translocate. The 
Lysobacter species live in soil, decaying organic 
matter, and fresh water, sometimes in large pop
ulations. Many strains are of considerable eco
logical and biotechnological interest as produc
ers of exoenzymes and of antibiotics. 

The genus Lysobacter was defined by Chris
tensen and Cook (1978) who also described the 
presently recognized species and created a new 
family, Lysobacteraceae, and a new order, Ly
sobacterales. The organisms thus classified had 
already been known, however, for a long time 
under various names, such as Cytophaga, Sor
angium, and Myxobacter (the latter an obsolete 
myxobacterial genus), which were usually pre
sented with some doubts of the investigators 

concerning the classification of their strains. 
The first lysobacter in the scientific literature 
may have been Flexibacter albuminosus (Sori
ano, 1945, 1947), which had the cell size and 
shape of a lysobacter and formed thick dirty
white colonies and a diffusible dark pigment. 
But the description is not accurate enough and 
the strains are no longer available so that the 
question cannot be decided. The first unequi
vocal Lysobacter strain was a chitinolytic strain 
first tentatively identified as Cytophaga john
sanae (Veldkamp, 1955). It is deposited at the 
National Collection of Industrial Bacteria 
(NCIB no. 8501) and was originally listed as a 
Polyangium species. The strain has a GC con
tent of 71 mol% (T m) and was noted as an un
usual case of a cytophaga with a high GC con
tent (Mitchell et al., 1969). Other early strains 
that later turned out to be lysobacters are: 1) 
"myxobacter" or "Sorangium" strain 495, 
which was studied because it attacks nematodes 
(Katznelson et al., 1964) and various bacteria 
(Gillespie and Cook, 1965) and contains very 
interesting proteases (for details, see "Practical 
Aspects," this chapter); the strain also produces 
two peptide antibiotics, the myxosidins (Clapin 
and Whitaker, 1976, 1978); 2) "Myxobacter" 
AL-l, which became of interest because it di
gested cells and cell walls of Arthrobacter crys
tallopoietes (Ensign and Wolfe, 1965) and which 
was later found to excrete two unusual pro
teases; 3) "Sorangium" 3C, producer of the 
wide-spectrum phenazine antibiotic myxin (Pe
terson et al., 1966); 4) "Cytophaga" Ll, (NCIB 
9497) for which a patent was filed for a number 
of unusual enzymes of practical interest, e.g., 
keratinase, laminarinase, and chitinase (Brit. 
Pat. 1,048,887, 23 November 1966), and 5) "Cy
tophaga johnsonae" (ATCC 21123), originally 
isolated because of its lytic enzymes at Kyowa 
Hakko in Japan (Jap. Pat. 06624, 1969), and 
from which the new quinoline antibiotic 
G1499-2 was obtained (Evans et aL, 1978). In 
addition a number of lysobacters, usually la
beled "myxobacters," were isolated because 
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Fig. I. Phase contrast photo
micrographs of Lysobacter. 
(a), (b), and (d) L. antibioticus 
strain UASM Ll7 (= ATCC 
29480) grown on CY agar 
(0.3% Casitone, 0.1% yeast ex
tract) for 3 days at 20°C. Typ
ical is a fairly regular cylindri
cal cell shape and a substantial 
variation in cell length. (c) L. 
enzymogenes type strain 
UASM 495 ( = ATCC 29487), 
grown on VY/2 (yeast) agar for 
13 days at 30°C. (a) Bar = 20 
"'m. (b), (c), and (d) Bars = 10 
/.Lm. 
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Fig. 2. Phase contrast photomicrographs of slime structures produced by Lysobacter. (a) L. antibioticus strain UASM L 17 
grown on CYG2 agar (CY agar plus 0.3% glucose) for 3 days at 20°C. For photography, the cells were transferred to a 
thin film of water agar. A network of slime threads is clearly visible. Bar = 10 ILm. (b) The cyanobacteriolytic lysobacter 
of Shilo (1970). Edge of a colony on Shilo's (2% Casitone) agar in a chamber culture. Slime trails have been laid by the 
cells during their gliding movements. Bar = 10 /.Lffi. 

they attacked cyanobacteria and green algae and 
multiplied spectacularly during algal blooms. 
Thus, .. myxobacter" FP-1 specialized on cy
anobacteria (Shilo, 1967, 1970); "Cytophaga" 
N-5, later renamed "myxobacter" 44, lysed cy
anobacteria and green algae (Stewart and 

Brown, 1969); "myxobacters" 45 and 46, which 
with "myxobacter" 44, "Sorangium" 3C, and 
"myxobacter" AL-l , have an uncommonly high 
GC content of around 70 mol% (Stewart and 
Brown, 1971 ); and the cyanobacterium-lysing 
bacteria with a high GC content isolated from 



3258 H. Reichenbach 

Fig. 4. Lysobacter antibioticus strain UASM Ll7. Edge of 
a swarm colony showing the typical flamelike protrusions. 
CY agar, 7 days at 20°C. Bar = I mm. 

British waters, e.g., strains CP-1, -2, -3, and -4 
(Daft and Stewart, 1971; Daft et al., 197 5). 

The phylogenetic position of the genus Ly
sobacter remained obscure until recently. To the 
early investigators, gliding motility suggested 

CHAPTER 176 

Fig. 3. The Lysobacter colony. 
Bars = I mm. (a), (b), and (c) 
L. antibioticus strain UASM 
Ll7 grown on different media 
for 7 days at 20°C: (a), on CA2 
agar (0.075% KN03, I% glu
cose); (b), on MYX agar (0.5% 
Na glutamate, 0. 1% yeast ex
tract, 0.2% glucose); and (c), on 
CY agar. (d) and (e) the chitin
oclastic strain (NCIB 8501) of 
Veldkamp ( 1955): (d) grown 
on CA2 agar; (e) grown on CY 
agar; both 7 days old (20°C). 
(f) L. enzymogenes strain 
UASM 495 grown on CA2 agar 
for 7 days at 20°C. In all cases, 
the colonies are spreading, but 
they still are rather small after 
I week. On diluted CA2 agar 
containing nitrate as the sole 
nitrogen source, the swarm 
colonies of all three strains re
main rather delicate. In (e), 
small crystals can be seen 
within the colonies, as is often 
the case with lysobacters. 

some relationship with other, existing groups of 
unicellular gliding prokaryotes, specifically the 
myxobacteria and the cytophagas (Reichen
bach, 1981 ). This is reflected by the names given 
to the strains isolated at that time. But as was 
already correctly anticipated in the taxonomic 
description of the new organisms, these bacteria 
form a group of their own (Christensen and 
Cook, 1978). Later, l6S RNA studies demon
strated that Lysobacter is relatively closely re
lated with the xanthomonads and belongs to the 
gamma-3 branch of the purple bacteria (Woese 
et al., 1985) known today as the class Proteo
bacteria (Stackebrandt et al., 1988). 

Habitats 

The lysobacters live in soil and fresh water and 
appear to be wide spread and in many places 
are rather abundant. They have been isolated 
from soils in the Netherlands (Veldkamp, 
1955), Canada (Christensen and Cook, 1978; 
Katznelson et al., 1964; Peterson et al., 1966), 
the United States (Ensign and Wolfe, 1965), and 
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Scotland (Daft et al., 197 5). In Scotland, they 
have been found in agricultural soils and sand 
dunes where the pH was neutral to slightly al
kaline (pH 8.8) and not below pH 6. Population 
densities of up to 500 plaque-forming-units 
(PFU) per cm3 were observed. This may seem 
very low, but the isolation method was designed 
only to detect organisms that lyse cyanobacteria 
(forming plaques in the cyanobacterial lawns), 
which may not be the case with alllysobacters. 
Also, the counts would be much reduced if most 
of the lysobacters are attached to particles. In 
soil, the lysobacters probably subsist by degrad
ing various biomacromolecules and microor
ganisms other than cyanobacteria. In fact, ly
sobacters are known to decompose nematodes 
and different kinds of bacteria, as already men
tioned. So, while their ecological niche is not 
really identified, the enzymatic equipment and 
lytic capabilities of the lysobacters suggest that 
they preferentially live in places rich in (recal
citrant) organic matter and microbial life. 

Much more is known about the freshwater 
habitats of the lysobacters because there strains 
exist that can lyse living and healthy cyano
bacteria and for this reason aroused much in
terest (see reviews by Stewart and Daft, 1976, 
1977). The bacteria were found in fish ponds in 
Israel (Shilo, 1967; Shilo, 1970), in sewage 
plants in the United States (Stewart and Brown, 
1969, 1971) and Scotland (Daft et al., 1975), 
and in lakes, reservoirs, and rivers in Great Brit
ain (Daft et al., 1973, 1975). This, of course, 
does not mean that those lytic strains are the 
only lysobacters living in fresh water, as lyso
bacters were also isolated from that source by 
other techniques, and the ability of these strains 
to lyse cyanobacteria was never specifically 
demonstrated (in Canada: Christensen and 
Cook, 1978; in Germany: H. Reichenbach and 
coworkers, unpublished observations). 

In contrast to cyanobacterial viruses, the lytic 
lysobacters have a wide activity spectrum with 
respect to the cyanobacterial species attacked. 
Thus, strain FP-1 lysed 9 out of 11 species of 
unicellular and filamentous cyanobacteria 
whereas the green alga Chlorella pyrenoidosa 
and the chrysophyte Prymnesium parvum were 
completely resistant (Shilo, 1970). All Gram
negative bacteria tested were also lysed, but 
Gram-positive bacteria were not. Strain CP-15 
disintegrated 21 out of 23 strains of cyanobac
teria (Daft et al., 1973), and strains CP-1 to -4 
among themselves lysed 29 out of 42 cyano
bacteria from nine different genera (Daft and 
Stewart, 1971 ). In the latter case, there were 
slight differences among the four strains with 
respect to the spectra of cyanobacteria attacked, 
and also different strains of the same cyano-
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bacterial species could vary in their sensitivity 
to lysis. All 16 British Lysobacter strains used 
in these studies were serologically related and 
may have belonged to one species (Stewart and 
Daft, 1976). 

The population densities of lysobacters ob
served in British waters are usually low (Daft 
et al., 1975), but since lysobacters attach them
selves to plankton and other particles, the 
counts may not reflect the true numbers. In 
lakes in summer and at the water surface, be
tween 0 and 400 PFU jml were found, and the 
numbers decreased rapidly with depth (to 1 m). 
But 94% of all samples contained lytic bacteria. 
At the height of cyanobacterial water blooms, 
0.001 to 0.05% of all cultivatable bacteria were 
lytic, and in general the population densities of 
cyanobacteria and lytic bacteria correlated well, 
with a slight shift in the time of the maxima. 
Large differences in the cell numbers could oc
cur in simultaneous samples taken from differ
ent sites in the same lake. This apparently was 
simply due to wind drift which caused the 
plankton to accumulate at certain places. In 
samples with particularly high densities of cy
anobacteria, the numbers of lysobacters could 
drop substantially. As the lysobacters are strict 
aerobes, their decline in number under such 
conditions was explained by oxygen depletion 
during the night, but perhaps the bacteria only 
seem to disappear because there was now an 
increased opportunity for attachment. In Feb
ruary, after 3 months oflow phytoplankton den
sity (and low temperature), the count of lytic 
bacteria fell to zero at the water surface, but 
some lysobacters still survived in the depth at 
the sediment-water interface. From there and 
from soils around the lakes, the repopulation of 
the water bodies may take place in spring. An
other source for lytic bacteria was found in sew
age works where in summer the counts in the 
final effluents were around 700 PFU /ml, and in 
the effluents from filter beds even as high as 
1,300 PFU/ml. Also, in sewage plants, the num
bers dropped during winter, in February to 
about 1% of the summer counts (Daft et al., 
197 5). Dense populations of lytic bacteria were 
found in the sand filters of a waterworks at a 
reservoir with blooming cyanobacteria. Up to 
2,500 PFU jml were found in the effluent, and 
59,000 PFU/ml on the filter sand. The maxi
mum in the open reservoir was 92 PFU jml 
(Daft et al., 1973). No lysobacters were detected 
in water from underground springs (Daft et al., 
1975). 

While the lysobacters are able to lyse bloom
forming cyanobacteria, their low population 
densities make it questionable whether they 
really play a role in the control of natural water 
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blooms. In field trials, at least 105 cells/ml were 
required to induce rapid lysis in cyanobacterial 
populations. In small bays at the edge of a res
ervoir, which were separated artifically from the 
main body and inoculated to a density of 106 

bacteria/ml, there was clear evidence for lysis 
within 24 h at 13 oc, and within 60 h, the Mi
crocyst is population was completely destroyed. 
In the lysing cell suspension the number oflytic 
bacteria rapidly declined, which again was ex
plained by a lack of oxygen (Daft et al., 1973; 
1975). In summary, it appears that cyanobac
teria and lysobacters have similar growth re
quirements and simply coexist rather than prey 
upon one another. As the lysobacters can grow 
perfectly well as saprophytes, they may utilize 
material, including biomacromolecules, ex
creted by the cyanobacteria. In fact, they appear 
to interfere in a subtle way with the photosyn
thesis of the cyanobacteria and their excretion 
of dissolved organic carbon, reducing the rate 
of the former and stimulating the rate of the 
latter, and are able to rapidly assimilate ex
creted material, particularly certain amino 
acids, and to grow exclusively on it with a gen
eration time of about 10 hrs (20°C). In a similar 
way they also exploit bloom-forming green al
gae like Scenedesmus quadricauda, which they 
cannot lyse at all (Fallowfield and Daft, 1988). 
Under conditions unfavorable for the cyano
bacteria, the lysobacters also may lyse some of 
them, but they probably have little to do with 
the cyclic break down of water blooms in na
ture. 

Isolation 

Two properties of the lysobacters may be used 
for their enrichment: their efficient hydrolytic 
exoenzymes and their gliding motility. As both 
attributes are also found with other organisms, 
the enrichment techniques are not entirely spe
cific. 

Christensen and Cook ( 1978) recommend en
riching soil samples with chitin, ground mush
rooms, or Arthrobacter cells, and then leaving 
them for at least one month. After this period, 
the soil is suspended in water and appropriate 
dilutions are spread on yeast agar. 

Yeast Agar I Bakers' yeast 0.5 % 
Agar 1.5% 
Adjust to pH 7.2 and autoclave. 

After incubation, colonies arise that are sur
rounded by lysis zones, and their number in
creases substantially during the enrichment 
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phase. Two types are usually observed: 1) pink
colored (Lysobacter antibioticus) and 2) cream
colored (L. enzymogenes). Rarely, also, an off
white gummy colony may appear (L. gumma
sus). On subcultivation, most of the cream col
onies produce two colony variants: 1) dirty
white mucoid, and 2) yellowish nonmucoid. 
When water samples from lakes and rivers are 
used, yellow-brown colonies are obtained (L. 
brunescens). 

As all lysobacters appear to degrade chitin 
(Christensen, 1989), one also could try to isolate 
them on chitin agar as described by Veldkamp 
(1955). He used 1% of finely powdered chitin 
suspended in a medium containing 0.1% 
K2HP04, 0.1% MgS04, and 2% agar. He purified 
the chitin from shrimp shells by a very cum
bersome procedure, so a simpler method is 
given here as well as two chitin media, which 
are used in our laboratory with excellent results 
in enriching for cytophagas and myxobacteria. 

Preparation of the Chitin Stock Suspension 
(Modified from Hsu and Lockwood, 1975) 

Finely divided commercial chitin (e.g., from Fluka or 
Sigma) is suspended in concentrated (32%) HCL For 40 
g of chitin, approximately 400 ml of HCl is required, 
but sometimes more HCl (600-800 ml) has to be used. 
Within about 30 min, a relatively thin, blackish collodial 
solution is obtained. The hydrochloric acid solution 
should never stand for more than 1 h at room temper
ature to avoid degradation of the chitin. The solution is 
poured into 2 liters of ice-cold water, upon which the 
chitin precipitates immediately as a pure white, fluffy 
material. It is collected on a separating funnel under 
suction and extensively washed. During these manip
ulations the material should never become dry, because 
drying makes it very difficult to resuspend. The washed 
precipitate is dialyzed against tap water for 12 to 24 h 
until the pH of the water remains above at least 4.5. 
Then enough distilled water is added to the chitin sus
pension to give a slurry which is sufficiently thin to be 
pipetted. The pH is adjusted to 7.2 with KOH. The exact 
volume is determined, and the approximate chitin con
tent of the suspension calculated from the amount em
ployed in the beginning. The material is distributed in 
convenient aliquots in bottles, autoclaved, and stored at 
6°C. If the precipitated chitin appears too coarse, which 
may happen if the starting material was not well ground, 
it can be further homogenized with a blender. 

Chitin agars are prepared best as overlay me
dia, which saves chitin and gives clearer results, 
because the layer to be hydrolyzed is thinner 
and the material remains at the top of the plate, 
so that the bacteria have an easier access to it. 

CT6 Agar I Top layer: 
MgS0.-7H20 0.1% 
K2HP04 0.02% 
Agar 1.5% 
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Adjust the pH to 7.5. After autoclaving, enough of the 
sterile chitin suspension is added to give a good turbid
ity, which should be achieved with about 0.5% chitin 
and not more than 30% (by volume) of the suspension. 
The medium is poured as a thin layer on top of the 
following base agar: 

Base agar: 
Casitone (Difco) 0.1% 
Yeast extract (Difco) 0.05% 
MgS041H,O 0.1% 
Agar 1.2% 
Adjust the pH to 7.2 and autoclave. 

CT7 Agar 
The top layer is as above; the base agar, however, is water 
(WAT) agar, which is as follows: 

WATagar: 
CaC1,·2H,O 0.1% 
Agar 1.5% 
Adjust the pH to 7.2 and autoclave. 

In CT7 agar, chitin is the only nitrogen, car
bon, and energy source besides agar, and thus 
the medium is more selective. But not all chitin 
degraders grow on it. On CT6 agar, on the other 
hand, chitin degradation is sometimes sup
pressed by the peptone, and organisms that are 
not chitinovorous also grow on it. 

Lysobacters decompose many bacteria, living 
and dead, and therefore may be isolated on such 
substrates. Strain AL-l was obtained from lysis 
zones in lawns of Arthrobacter crystallopoietes 
(Ensign and Wolfe, 1965). Aqueous soil extracts 
were streaked on plates of medium A and in
cubated at 30°C. 

Medium A 

I A basal agar with 0.5% peptone and 1% agar was over
laid with the same medium containing 109 cellsjml of 
Arthrobacter. 

The bacteria from the plaques that developed 
in the lawn were purified by plating diluted sus
pensions on medium B. 

Medium B 

I Agar, 1.5%, containing 109 cellsjml of washed Arthro
bacter. 

Presumably the Arthrobacter cells were living 
in the isolation medium and dead in the puri
fication medium. Strain AL-l was also main
tained on medium B (at 30°C, with weekly 
transfers). 

Similar isolation techniques may be devised 
with other bacteria and in fact have been used 
repeatedly to obtain lysobacters that lyse cy
anobacteria. Stewart and Brown ( 1969) and 
Shilo ( 1970) isolated their organisms from 
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water collected from a waste stabilization pond 
and a fish pond with a water bloom, respec
tively. Both groups used the soft-agar overlay 
technique developed for the isolation of cyano
phages, and living Nostoc muscorum or Plec
tonema boryanum as the indicator organisms. 
Shilo ( 1970) first enriched the lytic agent by in
oculating the sample into a Plectonema culture. 
While vir~l plaques appear after just 2-3 days, 
the bactenal plaques need 5-7 days to develop, 
and in addition are slightly sunken into the agar. 
Further, the bacteria also produce lysis zones in 
layers of autoclaved cyanobacteria. Shilo ( 1970) 
separated her strain from the cyanobacteria by 
transfer to a mineral salts liquid medium with 
0.2% Casitone and incubation in the dark. The 
overlay technique may also be used for counting 
the lytic bacteria. Stewart and Brown ( 1969) de
termined for strain N-5 (myxobacter 44) a ratio 
of 1.3 for the number of viable cells to plaque
forming units. 

A slightly different method was applied by 
Daft and Stewart ( 1971) and Daft et al. (1973). 
The cyanobacteria were grown on a suitable 
mineral salts medium with 0.6% agar. On the 
lawns produced after 7 days at 22-25°C, 1-ml 
water samples from the top-most layer of lakes 
or other surface waters, preferentially such with 
a cyanobacterial water bloom, were spread and 
the lysobacters isolated from the lysis zones that 
arose in the lawns. As indicator organisms, Nos
toe ellipsosporum, Anabaena catenula, A. flos
aquae, or Phormidium foveolarum were used, 
and N. ellipsosporum (strain 1453/19 Cam
bridge University) proved particularly sensitive 
to lysis. The CP strains could be maintained 
without loss of lytic activity on CP agar. 

CP Agar 
K 2HP04 

MgC1,·6H,O 
CaC1,·6H,O 
NaCl 
FeCI, 
EDTA 
Standard trace element solution* 
Casitone (Difco) 
Agar 
Distilled water 

17 mg 
49 mg 
15 mg 
60 mg 
0.3 mg 
7.4 mg 

2g 
6g 
1 liter 

The mineral part is that of ASM medium (Daft and 
Stewart, 1971) for the cultivation of algae (and probably 
dispensable for the lysobacters). 

*See, for example, Drews (1974), p. 6. 

Lysobacter colonies may be recognized by 
their spreading growth due to gliding motility, 
and colony morphology can thus be used as a 
lead to isolate the organisms. Thus, on plates 
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designed for the isolation of myxobacteria and 
consisting of water agar (WAT agar) with streaks 
of living Escherichia coli that are inoculated 
with soil, we occasionally also observe swarm
ing lysobacters. 

The purification of Lysobacter strains is easy 
and is done either by plating of diluted cell sus
pensions or by making transfers from the ad
vancing edge of swarm colonies. As swarming 
is much reduced or completely suppressed on 
rich media, the latter possibility exists only 
when the bacterium is grown on a lean medium 
like yeast agar or CY agar (see below). To avoid 
confluence of the arising colonies, plating is 
done best on a rich medium such as standard 
nutrient agar (Difco ). 

Cultivation 

The lysobacters are robust, adaptable organ
isms, and their cultivation is no problem. They 
actually grow on any bacteriological standard 
medium. Christensen and Cook ( 1978) rec
ommend the three following media: 

PC Agar (Plate Count Agar, Difco) I Yeast extract 0.25% 
Tryptone 0.5% 
Glucose 0.1% 
Agar 1.5% 

CC Agar (Cook's Cytophaga Agar; Christensen and 
Cook, 1972) 

I Tryptone 0.2% 
Agar 1.0% 

SA Agar (Skim-Milk Acetate Agar; Christensen and 
Cook, 1972) I Skim milk powder 

Yeast extract 
Sodium acetate 
Agar 

0.5% 
0.05% 
0.02% 
1.5% 

The pH for all of these media is adjusted to 
about 7.0 and the medium is sterilized by au
toclaving. On PC agar, the colonies remain 
small and compact like those of nongliding bac
teria, whereas on CC and SA agar, spreading 
swarms are obtained. Another good medium for 
lysobacters, including stock cultures, is the 
Yeast Agar mentioned above. On this medium 
the organisms form thin, spreading swarms, 
and because no or much less ammonia is pro
duced than on the peptone media, the cultures 
tend to remain viable for longer time. 

SA medium may also be used as a broth for 
liquid cultures, but a nonturbid medium is 
more convenient, e.g., I% yeast extract medium 
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(Ensign and Wolfe, 1966). We often use PEP 
medium. 

PEP Medium 

I Peptone from casein, tryptically digested 
MgS0.-7H20 
Adjust the pH to 7.2 and autoclave. 

1% 
0.1% 

Other peptones can be used as well, e.g., Cas
itone (Difco ), which is a pancreatic digest of 
casein, and casamino acids have also been em
ployed successfully (Gillespie and Cook, 1965). 
L. brunescens appears not to grow well or to 
lyse early in pure peptone media. It could, how
ever, be cultivated with a generation time of 4 
hat 20-22°C in tryptone-starch medium. 

Tryptone-Starch Medium (von Tigerstrom and 
Stelmaschuk, 1987b) I Tryptone 0.8% 

Yeast extract 0.2% 
Starch 0.3% 
MgC12 0.02% 

A fully defined medium for L. enzymogenes 
strain AL-l was developed by Ensign and is 
mentioned in Tan et al. (1974): 

Defined Liquid Medium (for Strain AL-l) 
Aspartic acid 0.2% 
K2HP0.-3H20 0.34% (0.03 M) 
(NH.)2so. 0.1% 
MgS0.-7H,O 0.01% 
Tap water 1% 
Glucose 0.5% 
Adjust to pH 7.0 and autoclave. 

Although lysobacters tolerate relatively high 
pH values and can grow above pH 10 (Chris
tensen and Cook, 1978), their optimum is be
tween pH 7 and 9. While all appear to grow at 
30°C, their temperature optimum is sometimes 
lower, and cultivation at 25°C or even 22°C 
may give better results. The organisms are strict 
aerobes, and liquid cultures have to be shaken. 

The generation times are typically around 2.5 
h (2.3 h for L. enzymogenes strain 495 in 0.8% 
yeast extract broth at 22°C: von Tigerstrom and 
Stelmaschuk, 1989; and 2.6 h for strain myxo
bacter 44 in a mineral salts medium with 0.2% 
starch and 0.25% peptone, 30°C: Stewart and 
Brown, 1971. Much longer generation times of 
10.7 and 12.6 hare reported for growth under 
quasi-natural conditions in nutrient-poor cul
ture filtrates from cyanobacteria and green al
gae, respectively (strain CP-1, 20°C: Fallowfield 
and Daft, 1988). A maximum cell yield of 2.5 
gjl (dry weight) was obtained with strain 495 
in condensed fish solubles with 2% glucose 
(Wah-On et al., 1980). 
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Large-scale fermentations with lysobacters 
have been performed for the production of the 
antibiotic myxin, and of an enzyme complex 
capable of lysing living yeast cells. While ap
parently nothing has been published about the 
industrial process developed by Hoffmann-La 
Roche (Nutley, NJ) for the manufacture of 
myxin with strain "Sorangium" 3C, some data 
on 10-liter fermentations are given in a Cana
dian patent (Can. Pat. 784,213; 30 April1968). 
The fermentation was performed in the follow
ing medium: Tryptone, 0.1 %; glucose, 0.1 %; 
K2HP04, 0.1%; MgS04, 0.02%; CaC12, 0.01%; 
and FeCl3, 0.001%; at pH 7.5 and 25°C. The 
aeration rate was 0.1 liter air per liter medium 
and min; the stirring rate, 300 rpm; the harvest 
time, 20 h with a 2% (v/v) inoculum, and 12 h 
with a 10% inoculum. 

Production of yeast-lytic enzymes by "Cy
tophaga" NCIB 9497 was studied at up to a 
900-1 liter scale (Asenjo et al., 1981 ). The me
dium consisted of 1% yeast extract and 1% glu
cose and permitted a maximum growth rate 
(J.Lmax) of0.36 h-1• The inoculum size was 3.8%, 
the initial pH 7.2, and the temperature 26°C. 
The aeration rate was set at 0.2 liter air per liter 
medium and min, and the impeller tip speed 
between 1.21 and 1.57 m·sec- 1 (around 100 
rpm). It appeared that a relatively low level of 
dissolved oxygen around 20-30% was favorable, 
particularly in the beginning. Polypropylene 
glycol 2000 was added as an antifoam agent and 
was well tolerated at 2 ml/1 but not higher. Still, 
after 24 h, the broth began to foam heavily. 
Harvest was at 30 h with a good yield of active 
enzyme, part of which was set free only by cell 
lysis at the end of the fermentation. Early cell 
lysis may be a serious problem. Obviously it is 
essential to start with young, vigorous seed cul
tures, e.g., from freeze-dried material. 

Preservation 

Stock cultures may be kept on yeast agar at 
room temperature (21 oq and should be trans
ferred every 1 to 2 weeks. With stock cultures 
on peptone media, production of toxic levels of 
ammonia can be a problem. Storage of cultures 
in the cold is not recommended. In one reported 
case, all cells were dead after 3 weeks at soc 
(Asenjo et al., 1981 ). It seems understandable 
that the lytic enzymes produced by lysobacters 
also destabilize resting cultures. 

Lysobacters survive freezing very well, either 
at - 80°C or in liquid nitrogen. Cells from 
young plate cultures are suspended in PEP me
dium, or young shake cultures in the same me
dium are taken, and 1-ml samples are frozen 
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without further precautions. The preserved cul
tures are reactivated by immersing them in tap 
water for a quick thawing and transferring the 
content as soon as it is liquefied. The longest 
storage period we have tested so far was 13 years 
at - 80°C, which was reliably tolerated by all 
strains. 

Lysobacters also can be lyophilized in skim 
milk by the standard procedure. It is reported 
that reactivated freeze-dried cultures may show 
a slightly different colony morphology and re
duced bacteriolytic and proteolytic activity 
(Christensen, 1989). We dry the organisms with 
good results at room temperature, which may 
be less harmful to them. A few drops of a cell 
suspension in sterile skim milk are applied to 
a plug of lyophilized skim milk in an ampule. 
The wetted plug is then dried in vacuo, the am
pule filled with nitrogen gas, and sealed. 

Characterization 

Morphologically, the various lysobacter species 
resemble one another closely (Christensen and 
Cook, 1978; Christensen, 1989). The cells are 
slender cylinders with rounded ends, and, at 
least in young healthy cultures, are rather reg
ular in shape (Figs. 1 and 2). They typically 
measure 0.3-0.6 X 2-6 J.Lm, but much longer 
threads, up to 70 J.Lm, are usually also present. 
Those filaments obviously are incompletely di
vided cells and cell chains. A mixed population 
of short and long cells is very characteristic for 
the lysobacters and distinguishes them at once 
from any myxobacterium. To avert confusion, 
it should be mentioned that the morphological 
description given by Veldkamp (1955) of his 
chitinolytic strain does not fit the present NCIB 
8501 strain, which indeed is a typicallysobacter. 
Instead, Veldkamp has given the morphology 
and cyclic-shape change of Flexibacter filifor
mis, which also is strongly chitinolytic. 

Electron micrographs of thin sections show a 
typical Gram-negative cell wall, large meso
some-like structures in the center or at the 
poles, and granules interpreted as poly-!3-hy
droxybutyrate and polyphosphate. On the sur
face there may be ruthenium-red-positive ma
terial, presumably slime (Shilo, 1970; Stewart 
and Brown, 1971; Stewart and Daft, 1977); in 
other cases no such material was seen ("myxo
bacter" AL-l: Pate and Ordal, 196 7). True rhap
idosomes, i.e., the contracted tails of a defective 
phage (Reichenbach, 1967), were found in cell 
lysates of "Sorangium" 495 (Pate et al., 1967). 

In contact with an interface, the lysobacters 
may move by gliding. The movements usually 
are rather slow but observable under the mi-
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croscope. An average speed of 1 Jtm per min 
(30°C) has been reported (Veldkamp, 1955). 
When suspended in liquid the cells are non
motile. 

On lean media like CC, SA, and yeast agar, 
most lysobacters produce thin, filmlike swarms 
with little flamelike extensions at the edge (Figs. 
3 and 4). Only L. gummosus appears not to 
spread on any medium, and its gummy colonies 
always show an entire edge. In general, the 
spreading of lysobacter swarms is not too fast, 
and it may take 2-3 weeks before they cover the 
entire plate. The swarm sheet itself may be 
somewhat slimy, but otherwise it is rather un
structured and smooth. This distinguishes the 
lysobacter swarms from myxobacterial swarms, 
which almost always are morphologically dif
ferentiated with radial veins, concentric ridges, 
and oscillating waves or ripples, and which in 
addition may etch themselves deeply into the 
agar surface (degenerate strains may produce 
homogeneous, slimy swarms). On rich media 
like PC agar, the colonies tend to remain com
pact, small, with a smooth convex surface and 
an entire edge. Those colonies often are highly 
mucoid. Enough slime may be produced to drop 
from the colony into the lid of the inverted dish 
(Ensign and Wolfe, 1965). As briefly mentioned, 
L. enzymogenes produces two different colo
nies, one dirty-white and mucoid, the other yel
lowish and nonmucoid. While both colony types 
are always obtained when starting from white 
colonies, the yellow ones yield only the yellow 
type. Physiologically and biochemically, the 
two organisms are identical (Christensen and 
Cook, 1978). Often, small, colorless crystals are 
seen within the colonies (Fig. 3e). In the case 
of L. gummosus, the colonies are of a rubbery 
consistency. 

The color of colonies of Lysobacter may be 
off-white; cream; pale to deep yellow, some
times with a greenish hue; pinkish; salmon; or 
orange-brown, depending on the species and on 
the medium. The chemical nature of those pig
ments is not known. The published absorption 
spectra of crude extracts show maxima or shoul
ders at 455, 482, and 516 nm (n-hexane) for 
salmon-colored strain FP-1; 448, 466, and 470 
nm (ethanol) for three yellow "myxobacters" 
(Stewart and Brown, 1971); and 424, 442, and 
464 nm (in methanol) for the yellow strains CP-
1 and CP-15 (Daft and Stewart, 1971; Daft et 
al., 1973). While those spectra suggest a polyene 
chromophore, perhaps a carotenoid, they may 
be spectra of a mixture of pigments and thus 
cannot be reliably interpreted. Many strains 
produce a water-soluble, dark-brown, probably 
melanoid pigment, which is particularly prom
inent in old cultures and on media containing 
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amino acids or peptones. Color reactions of 
phenolic compounds indicate the presence of a 
mono- and diphenol oxidase (Stewart and 
Brown, 1971 ). Deep-red crystals of myxin may 
appear within the colonies of L. antibioticus. 
Also, many cultures give off an unpleasant Pseu
domonas- or pyridine-like odor. 

In agitated liquid media, the lysobacters grow 
as homogeneous cell suspensions. When gently 
rotated, those cultures appear silky. Depending 
on the medium, liquid cultures may become 
somewhat viscous, and those of L. gummosus 
virtually solid. 

Relatively little has been published about the 
composition of the lysobacter cell. A typical 
Gram-negative peptidoglycan was demon
strated in L. enzymogenes strain AL-l, with 
meso-diaminopimelic acid and o-alanine cross
bridges (Harcke et al., 197 5). The inner and 
outer membrane could be separated starting 
from osmotically shocked cells. The outer mem
brane had a density of 1.30 g·cm-3 (CsCl), the 
inner one of 1.23 g·cm-3 (Hartmann et al., 
1977). Ubiquinone Q-8 is the only respiratory 
quinone of L. antibioticus and L. enzymogenes 
(M. D. Collins, personal communication). This 
allows one to quickly distinguish lysobacters 
from myxobacteria as well as from organisms 
of the Cytophaga group (including high GC 
strains of Taxeobacter) which all contain me
naquinones exclusively. The ribosomes of 
"myxobacter" 495 (L. enzymogenes) were dif
ficult to isolate because tightly bound nucleases 
and proteases were attached to them and could 
not be removed by the usual methods (Sendecki 
et al., 1971 ). Otherwise, lysobacter ribosomes 
have the typical prokaryotic composition. The 
rRNA has the same base ratio as that of E. coli 
(GC/AU = 1.20). The presence of poly-,8-hy
droxybutyrate in the lytic "myxobacters" was 
substantiated by its conversion into crotonic 
acid (Stewart and Brown, 1971 ). The compound 
accumulates in the course of cultivation, with 
a maximum on the third day. Capnoids, a new 
type of sulfonolipids found in bacteria of the 
Cytophaga group (Godchaux and Leadbetter, 
1983), and multicopy single-stranded DNA 
common in myxobacteria (Dhundale et al., 
1985), are both absent in lysobacters. The ly
sobacter DNA has a high GC content of65-71 
mol% (Christensen and Cook, 1978; Daft and 
Stewart, 1971; Mitchell et al., 1969; Shilo, 1970; 
Stewart and Brown, 1971 ). 

A number of metabolic enzymes have been 
studied in L. enzymogenes strain AL-l (Gun
termann et al., 1975; Hartmann et al., 1977). 
In the cytoplasm there is an a- and a ,8-gluco
sidase, a ,8-galactosidase, and an isocitrate de
hydrogenase; on the cytoplasmic membrane, a 
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succinate dehydrogenase; and bound to the 
outer membrane, an alkaline phosphatase and 
a N-acetyl glucosaminidase. The activities of 
those enzymes change during the cell cycle. Two 
distinct patterns were noted, one for the five 
hydrolases, the other for the two dehydrogen
ases. In the case of the a-glucosidase, the activ
ity increase was shown to be due to de novo 
enzyme synthesis. While ~-glucosidase and ~
galactosidase are constitutive, a-glucosidase is 
inducible by maltose. In a study on the phy
logenetic implications of the isozyme pattern of 
3-deoxy-o-arabino-heptulosonate 7 -phosphate 
synthase (important for the synthesis of aro
matic amino acids) in superfamily B (to which 
Lysobacter belongs according to 16S rRNA 
data), L. enzymogenes was found to possess 
only one enzyme variant, the one that is sen
sitive to feedback inhibition by tryptophan and, 
unique for Lysobacter, ultrasensitive to chor
ismate (Ahmad et al., 1986). This pattern is 
shared only by group V pseudomonads, which 
fits its classification based on 16S rRNA studies. 
In addition, the lysobacters produce a host of 
exoenzymes. As some of those are of a more 
general interest and have found applications, 
they will be discussed under "Practical As
pects," this chapter. 

For a large number of strains, comparative 
physiological and biochemical tests were per
formed and used for the differentiation of spe
cies (Christensen, 1989; Christensen and Cook, 
1978). The strains studied for their ability to 
destroy cyanobacteria were not characterized in 
the same scheme as those able to destroy other 
bacteria, so that the following generalizations 
may not always apply to them. 

The lysobacters are aerobic organisms, al
though many strains appear to grow best at a 
reduced oxygen level (10% 0 2). In the oxidation
fermentation (OF) test with glucose, practically 
all strains show oxidative growth but many also 
show fermentative growth. Growth of the lytic 
freshwater organisms stops immediately when 
the culture is flooded with N2 gas; no growth is 
obtained in paraffin-sealed tubes, and the gen
eration time increases to 9 h (30°C) when the 
oxygen tension is reduced to 20% of the normal 
atmospheric pressure (Daft et al., 1975; Stewart 
and Brown, 1971 ). Catalase and oxidase are pos
itive, but the catalase reaction is very sensitive 
to the culture conditions and sometimes is very 
weak or even absent (H. Reichenbach, unpub
lished observations). 

The pH range is 4.5 to over 10, the optimum 
between 7 and 9. There is almost always are
markable tolerance to alkaline conditions. Even 
the freshwater strains usually grow well at pH 
9 (Stewart and Brown, 1971; Daft et al., 1975). 
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The ability to grow at an acid pH varies with 
the different strains; many do not grow below 
pH 6. During growth on peptones, the pH may 
rise substantially due to ammonia production. 

The temperature optimum is usually around 
30°C, even for the freshwater organisms, but it 
varies substantially from isolate to isolate. It 
may be as low as 25°C or as high as 40°C. A 
few strains can grow at 2°C and at 50°C, but 
the limits often are 4 and 40°C. 

The salt tolerance is usually limited to 1% 
NaCl or less, and no strain was found to grow 
in the presence of 3% NaCl. 

The lysobacters are chemoorganotrophs. For 
many strains, N03-, NH/, glutamate, or aspar
agine serve as the sole nitrogen source whereas 
urea appears to be utilized only by a few strains. 
Some organisms, however, are more fastidious. 
Several of the strains that lyse cyanobacteria do 
not grow on inorganic nitrogen (Daft et al., 
1973; Shilo, 1970), while others do (Stewart and 
Brown, 1971 ). Alllysobacters grow on peptone 
as the only organic substrate, but the type and 
concentration of the peptone may be critical. 
Casitone (Difco) seems to be suitable in all 
cases, but strain FP-1 has a low optimum of 
0.2% for Casitone and does not grow at 0.5%. 
The same strain also does not accept yeast ex
tract, tryptone, or casamino acids, and does not 
grow on nutrient broth or nutrient agar (Shilo, 
1970). In general, peptides appear to be the pre
ferred carbon and energy source, and monosac
charides may only be used slowly (von Tiger
strom and Stelmaschuk, 1987b). 

Glucose is probably utilized by all strains. 
Growth may take place on a wide spectrum of 
carbohydrates, e.g., in one case on: glycerol, 
mannitol, arabinose (weak), glucose, galactose, 
fructose (weak), mannose, lactose, sucrose, raf
finose, and rhamnose (Veldkamp, 1955). Acid 
is produced from glucose and from several other 
sugars in a varying pattern that may be useful 
for the differentiation of species. Many strains 
grow on citrate as the sole carbon source. 

All strains are strongly proteolytic as can be 
seen, e.g., by cultivation on skim milk agar. 
They liquefy gelatin, peptonize milk, and pro
duce a-, ~-, or -y-type hemolysis on sheep blood 
agar, including strain AL-l, which originally 
was reported to be negative for hemolysis (En
sign and Wolfe, 1965). Almost all lysobacters 
hydrolyze chitin. Veldkamp (1955) observed N
acetylglucosamine, glucosamine, acetic acid, 
and NH4 + as products. Several of the isolates 
that decompose cyanobacteria did not attack 
chitin (the failure was perhaps due to the 
method used; Stewart and Brown, 1969; Daft et 
al., 1975), while others do (Stewart and Brown, 
1971 ). Crystalline cellulose (filter paper) is not 



3266 H. Reichenbach 

decomposed, but many strains degrade carbox
ymethyl cellulose, and at least some strains can 
even grow on it as the only organic substrate 
(Stewart and Brown, 1971 ). While agar is not 
liquefied or softened, gelase fields (uncolored 
areas) may appear upon flooding with iodine 
solution (Shilo, 1970). Starch, pectate, and al
ginate may or may not be decomposed. Many 
strains produce lipases that cleave Tweens. 

Ammonia is produced from proteins and pep
tones. Nitrate is only rarely reduced to nitrite. 
Some strains generate H2S. The indole, methyl 
red, and Voges-Proskauer tests are always neg
ative, and the phosphatase test is always posi
tive. 

Sodium dodecyl sulfate usually diminishes 
growth at 0.01% and completely inhibits it at 
0.1 %. All lysobacters appear to be sensitive to 
polymyxin B, although the result may vary 
somewhat with the way the test is done (Chris
tensen and Cook, 1978; Shilo, 1970; Stewart 
and Brown, 1971 ). This is a valuable distin
guishing characteristic in so far as most Cy
tophaga-like bacteria are resistant to polymyxin 
B (Mitchell et al., 1969). All strains of L. bru
nescens as well as the freshwater lysobacters 
(Shilo, 1970; Stewart and Brown, 1971) also are 
rather sensitive to actinomycin D (around 2 J.Lg/ 
ml), which is in contrast to most Gram-negative 
bacteria but in accordance with the behavior of 
most other gliding bacteria (Dworkin, 1969). All 
L. brunescens strains are inhibited by chlor
amphenicol, penicillin G, and usually also 
streptomycin, but most other lysobacters are 
not. Strain FP-1 was also resistant to erythro
mycin and tetracycline, but inhibited by kan
amycin and neomycin (Shi1o, 1970). The strains 
of Stewart and Brown ( 1971) and of Daft et al. 
(1975) were sensitive to all these and several 
more antibiotics. 

As already mentioned, the lysobacters are 
able to kill and disintegrate many living and 
healthy microorganisms, such as both Gram
positive and Gram-negative bacteria, including 
actinomycetes and cyanobacteria; filamentous 
fungi; algae; and even nematodes. Gram-nega
tive strains are usually less readily killed and 
lysed than Gram-positive ones. The first signs 
of lysis may be observed within minutes after 
the culture broth has been added to a suspen
sion of sensitive bacteria (Gillespie and Cook, 
1965). The technique by which the lysobacters 
destroy cyanobacteria is particularly well doc
umented (Daft and Stewart, 1971, 1973; Daft 
et al., 1973, 1975; Shilo, 1970; Stewart and 
Brown, 1970). They use two different mecha
nisms: 1) One strain, strain N-5 (myxobacter 
44) attacks the cyanobacteria with free exoen
zymes (Stewart and Brown, 1969, 1970, 1971). 
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The first assault seems to be on the cell wall 
with lysozyme-like enzymes, but later the whole 
cell with the exception ofthe membranes is di
gested. Heterocysts and akinetes are more re
sistant but finally also destroyed. Only their 
walls remain. 2) All other strains need to be in 
contact with the cyanobacteria before they can 
lyse them (Daft and Stewart, 1973; Shilo, 1970). 
Since neither culture supernatants nor cell ex
tracts are sufficient to disintegrate cyanobac
teria on solid or in liquid media, enzymes 
bound to the surface of the lysobacter cell are 
probably involved. It appears that the lysobac
ters move actively toward their prey, perhaps 
attracted by the oxygen produced by photosyn
thesizing cells. They attach themselves with one 
cell pole often close to the cross-septa of the 
filaments, and then become fixed perpendicu
larly on the surface of the target cells. No special 
organelle for attachment is recognizable. The 
need for contact explains why lysis does not 
take place in shaken cultures. In unshaken liq
uid cultures, the lysobacters are found fixed to 
the cyanobacteria within 20 min after mixing. 
A single lysobacter cell may lyse a Nostoc cell 
within 20 min. It then moves on and attacks 
another cell in the filament. There is no specific 
order in which the cells along a filament are 
assaulted. When a lysobacter culture of a suf
ficiently high cell density is added to a cyano
bacterial population, lysis may be complete 
within 1 to 3 h. The time required depends, of 
course, on environmental factors, notably oxy
gen and temperature. Thus, in a well-aerated 
culture at 26°C, Nostoc el/ipsosporum is com
pletely destroyed within 60 min. On ultrathin 
sections in the electron microscope, it can be 
seen that the first structure to disappear is the 
peptidoglycan layer. The cell contents are then 
gradually broken down, and only the cell mem
branes, lipid droplets adhering to them and, if 
present, the gas vacuoles remain. The latter rise 
to the surface where they can be collected. The 
membranes often coil up, looking in cross-sec
tions like scrolls. Protoplasts may be released 
from the filaments. If there is an outer sheath, 
it also may disintegrate. In the case of Oscil
latoria redekei, amorphous material disappears 
from the sheath and a fibrous layer is left. Het
erocysts initially resist lysis but eventually also 
disintegrate, either under the impact of the bac
terial enzymes or by autolytic processes started 
after the cells are released from the filaments. 
In infected cyanobacterial cultures, the chlo
rophyll a content and the nitrogenase activity 
go down concomitantly with lysis, so that either 
parameters can be used to measure its progress 
(Daft et al., 1973). 
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Tan et al. (1974) have devised a method to 
establish synchronized cultures of myxobacter 
AL-l: Cells of different sizes, equivalent to dif
ferent stages of the growth cycle, were separated 
by centrifugation in a sucrose density gradient. 
As already mentioned, in this way, changes of 
enzyme activities during growth could be de
termined. 

Taxonomy and Identification 

The first step in the identification procedure is 
to make sure that an isolate belongs to the genus 
Lysobacter. An organism qualifies as a lysobac
ter if it is a chemoorganotrophic, aerobic, uni
cellular, gliding, Gram-negative bacterium with 
a GC content of 65 to 71 mol%. Those char
acteristics are, however, shared by the myxo
bacteria and by certain organisms of the Cy
tophaga group (such as Taxeobacter). Some 
myxobacteria have a very similar cell shape (for 
instance, Polyangium, Sorangium, and Chon
dromyces) but the populations never show the 
variation in cell length typical for lysobacters. 
The morphology and structure ofmyxobacterial 
swarms is usually completely different, myxo
bacteria produce fruiting bodies and myxo
spores, and they contain menaquinones instead 
ofubiquinones as respiratory quinones. The or
ganisms of the Cytophaga group, as far as they 
are gliding, may form very similar soft, slimy 
swarm colonies, but their cells usually look 
much different, they often contain flexirubin
type pigments and always menaquinones. The 
colonies of most Cytophaga- like bacteria are 
more-or-less yellow to orange, often brightly 
colored, particularly on peptone agar, and turn 
red if covered with 20% KOH (flexirubin re
action), which is never observed with lysobacter 
strains. Unfortunately, Taxeobacter, the only 
genus that in its GC content comes close to Ly
sobacter, is red. It has a similar cell shape to 
Lysobacter, but its cells are much stouter and 
tend to arrange themselves side-by-side in a pal
isade like fashion. Also, Taxeobacter lacks the 
unpleasant smell of Lysobacter. 

Presently, four Lysobacter species are recog
nized. Their differential characteristics are 
listed in Table 1. The separation of the species 
rests entirely on physiological and biochemical 
data and is based on phenotypic analysis of a 
large number of strains (Christensen and Cook, 
1978). However, the relatively wide GC range 
of the strains of two species (65-70 mol% in L. 
enzymogenes and 66-69 mol% in L. antibioti
cus) and the substantial differences in the tem
perature maxima of strains of L. brunescens 
(37-50°C) suggest that more than one taxon 
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may be hidden among the strains presently al
located to one species. First attempts to sub
divide one of the species have been made (L. 
enzymogenes subsp. enzymogenes and subsp. 
cookii; Christensen and Cook, 1978), but before 
that can reasonably be done, the methods of 
molecular taxonomy, notably DNA-DNA hy
bridization, need to be used. It seems doubtful 
whether the occurrence of myxin can be used 
as a characteristic of the species L. antibioticus, 
because production of an antibiotic usually is 
strain- and not species-specific. 

As there is a free exchange of organisms be
tween soil and fresh water, the habitats given 
in Table 1 for the various species should not be 
taken as absolute. In fact, the "freshwater" ly
sobacters attacking cyanobacteria have also 
been found in soil (Daft et al., 197 5), and we 
have isolated myxin-producing lysobacters 
from freshwater (H. Reichenbach, unpublished 
observations). 

Two more species not shown in Table 1 also 
have been proposed L. lactamgenus (Ono et al., 
1984) was studied because of its new cephem 
antibiotics, the cephabacins. While several char
acteristics of the strain are in accordance with 
a lysobacter, it differs substantially in its ex
tremely high GC content (76 mol%, T m) and in 
its inability to produce acid from any sugar. L. 
a/bus (Nozaki et al., 1987) synthesizes the novel 
antibiotic lactivicin. The description of this iso
late is very preliminary and lacks essential data, 
e.g., on gliding motility and GC content. Ac
ceptance of the new species will require that the 
strains be made freely accessible to others in 
the field. 

Practical Aspects 
The spectacular lytic capabilities of the lyso
bacters suggest that they may play an important 
role in the control of microbial populations in 
nature, although their population densities ap
pear never to become high enough to cause a 
breakdown of a cyanobacterial water bloom 
(Daft et al., 197 5). Still, it may be possible to 
eliminate blooming organisms in a limited area, 
or pathogenic or otherwise undesirable bacteria 
in sewage plants, like the filamentous organisms 
responsible for the bulking of sludge, by intro
ducing lysobacter strains with strong, lytic en
zymes. The potential is probably limited by the 
requirement for cell-to-cell contact as a prereq
uisite for lysis, which would restrict any appli
cation to nonagitated environments, such as 
trickling filters or dense, floating mats of the 
target organisms. 
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Table I. Characteristics distinguishing the four species of Lysobacter. 

Character L. enzymogenes• L. antibioticus L. brunescens L. gummosus 

Colony morphology Sheetlike, soft slimy Sheetlike, soft slimy Thin, filmlike Compact, gummy 
Colony color Cream to greenish-yellow Pink to greenish-yellow Yellow to brown Yellowish-gray 
Viscosity of broth + 

cultures 
Urea as soleN-source v 
Citrate as sole C-source + 
Acid from cellobiose + 
Acid from sucrose + 
Acid from lactose + 
Hydrolysis of + 

carboxymethyl 
cellulose 

Hydrolysis of pectate + 
Hydrolysis of starch v 
Hemolysis (sheep a, {3, or 'Y 

blood) 
Sensitive to v 

chloramphenicol 
Sensitive to v 

actinomycin D 
GC content, Tm 65-70 

(mol%) 
Habitat Soil 
ATCC no. of type 29487b 

strain 

Symbols: +, present; -, absent; V, variable. 
•Type species of the genus Lysobacter. 
bFormerly "myxobacter" or "Sorangium" 495. 
<Formerly "Sorangium" 3C. 

+ +++ 

+ 
+ + 
+ + 
+ + 
v + 
+ + 

+ + 
+ 

{3 or a 'Y or - a 

+ 

+ v 

66-69 67 66 

Soil Fresh water Soil 
29479< 29482 29489 

Adapted from Christensen (I 989) and Christensen and Cook ( 1978). 

The ability of lysobacters to synthesize new 
secondary metabolites is of particular impor
tance. The following antibiotics have been iso
lated from lysobacters (and Lysobacter-like or
ganisms): the phenazine-N-oxide, myxin 
(Peterson et al., 1966; Weigele and Leimgruber, 
1967); two cyclic decapeptides, myxosidin A 
and B (Clapin and Whitaker, 1976, 1978; Mon
ahan and Whitaker, 1976); the quinoline com
pound, G 1499-2 (Evans et al., 1978); new ce
phem antibiotics, the cephabacins (Harada et 
al., 1984; Ono et al., 1984); the acyltetramic 
acids, catacandin A and B (Meyers et al., 1985); 
a dicyclic dipeptide with lactam-like properties, 
lactivicin (Harada et al., 1986, 1988; Nozaki et 
al., 1987, 1989); and a dibasic macrocyclic pep
tide lactone, lysobactin (Bonner et al., 1988; 
O'Sullivan et al., 1988; Tymiak et al., 1989). 

Of those antibiotics, myxin has been pro
duced industrially by Hoffmann-La Roche in 
Nutley for some time. It was applied in the form 
of a copper chelate called cuprimyxin and sold 
under the trade name Unitrop®. In contrast to 
free myxin, the chelate is very stable and prac
tically insoluble. In contact with animal tissue, 
myxin is gradually released, so that the complex 
guarantees a sustained activity. Cuprimyxin 

was applied topically, mainly against skin in
fections including dermatophytes, and its use 
was restricted to veterinary medicine. The anti
biotic is produced by strains of L. antibioticus, 
which was originally named "Sorangium" 3C 
(in the chemical literature, it is often further 
mislabelled as "Sporangium"). Myxin acts on 
DNA. There exists a voluminous literature on 
the various aspects of myxin, which can, how
ever, not be reviewed here (see, e .. g., on the 
chemistry: Sigg and Toth, 1967; Weigele and 
Leimgruber, 1967; Weigele et al., 1971; on the 
mechanism of action: Behki and Lesley, 1972; 
Lesley and Behki, 1967; on the biological activ
ity and application: Grunberg et al., 1967; 
Maestrone and Brandt, 1980; Maestrone and 
Mitrovic, 197 4; Maestrone et al., 1972; Mc
Donald et al., 1980; Snyder and Imhoff, 197 5). 

The main reason why the lysobacters initially 
were noticed was their rich stock of exoen
zymes. Several of those enzymes have a poten
tial for an application in research or industry. 
One of the Lysobacter proteases has been stud
ied in great detail for theoretical reasons and is 
one of the best-understood enzymes. Again, the 
literature on this topic is by far too extensive 
to be reviewed here comprehensively (see be
low). 
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Strain NCIB 8501 (if the present strain is 
really identical with the one first described, see 
above) was the first lysobacter to be studied for 
its exoenzymes, a chitinase complex (Veld
kamp, 1955). The products of the enzymatic 
activity are N-acetylglucosamine, acetate, and 
ammonia, but not glucose. While chitin decom
position is a common feature of the lysobacters, 
it appears that so far no other study has been 
performed on the subject. An extracellular en
zyme with both {3-1 ,4-glucanase and chitosan
ase activity was purified from L. enzymogenes 
strain AL-l (Hedges and Wolfe, 1974). It does 
not attack chitin. Enzymes of this type are prob
ably responsible for the often-observed hydrol
ysis of carboxymethyl cellulose. They could also 
be useful for the study of the structure of fungal 
cell walls. Strain "Cytophaga" L1 ( = NCIB 
9497) was patented for its impressive combi
nation of fast-working hydrolytic exoenzymes 
(Brit. Pat. 1,048,887, 23 November 1966). The 
enzyme complex includes chitinase, laminari
nase, lipase, elastase, keratinase, and other pro
teolytic activity and may be useful for the de
composition of fungal mycelia from 
fermentations. Using the same strain, a process 
was later worked out for the degradation ofliv
ing yeast cells (Andrews and Asenjo, 1984; 
Asenjo, 1980; Asenjo and Dunnill, 1981; Asenjo 
et al., 1981; Hunter and Asenjo, 1987a, 1987b). 
The yeast lytic enzymes are produced consti
tutively and consist of {3-(1-6)-glucanase, man
nanase, and high protease activities. The break
down of the yeast cells is connected mainly with 
the protease and the glucanase activities, which 
have to act in sequence because a specific pro
tease must remove the mannoprotein layer in 
the outer cell wall before the glucanase can be
come active. As the glucanase is repressed if 
more than 0.8 g of glucose is present per liter 
of medium, a 20-fold-higher enzyme yield is 
obtained in continuous cultures with optimal 
dilution rates compared with batch cultures. 
The lysobacter glucanase appears not to adsorb 
to the yeast glucan, attacks the fibrillar and the 
amorphous glucan fractions equally well, and 
shows no inhibition by its hydrolysis products. 
If crude enzyme preparations are applied in 
higher concentrations, the rate of lysis may de
cline. This may be due to competitive inhibition 
by carbohydrates present in the enzyme solu
tion. The lysobacter enzyme mixture solubilizes 
the yeast cells almost completely and thus ap
pears particularly useful for the production of 
yeast extract and of animal feed. A two-step 
model has been proposed to describe the ki
netics of the process of lysis. Also, the separa
tion of the enzyme complex from the culture 
broth and its application in an immobilized 
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form has been studied. It appears, however, that 
the free enzyme is more promising for technical 
purposes. 

Two alkaline phosphatases were demon
strated in L. enzymogenes strain 495 (von Tig
erstrom, 1983; 1984; von Tigerstrom and Stel
maschuk, 1986, 1987a). The appearance of both 
activities is repressed by inorganic phosphate. 
One of those enzymes is excreted into the me
dium, has a molecular weight of about 25 kDa, 
and does not contain a metal ion, which is 
rather unusual for a bacterial phosphatase. As 
the enzyme is easy to recover and purify, it 
might be a useful tool in nucleic acid research. 
The other enzyme appears to be bound to the 
outer membrane, has a molecular weight of 
about 69 kDa, and seems to be composed of at 
least two subunits. It is a metal enzyme prob
ably containing Zn2+, hydrolyzes a wide variety 
of 5'-,3'-, and 2'-ribose and -deoxyribose nu
cleotides, as well as sugar phosphates, and 
shows a remarkably high specific activity. A cor
responding cell-bound phosphatase was also 
found in the three other Lysobacter species, and 
all four enzymes are immunologically related 
among themselves but completely different 
from cell-associated phosphatases from other 
gliding bacteria. The extracellular and the cell
bound phosphatase also differ in their amino 
acid composition. 

The same strain produces two extracellular 
endonucleases (von Tigerstrom, 1980, 1981). 
One is a nonspecific nuclease (22-28 kDa) pref
erentially cleaving double-stranded DNA and, 
with reduced efficiency, single-stranded DNA 
and RNA, but not poly(A) and poly(C). It pro
duces large oligonucleotides with 5' -phosphate 
groups. The synthesis of this enzyme is inhib
ited by RNA in the medium. The second en
zyme is an RNAse ( 46-4 7 kDa) that also cleaves 
poly(A) and poly(C) but not double-and single
stranded DNA. It appears to have no base spec
ificity. The enzyme is unusual in that it gen
erates short oligonucleotides with 5' -phosphate 
ends (instead of the more common 3'-phosphate 
groups). The production of the RNAse is in
hibited by phosphate in the medium. During its 
purification, a contaminating enzyme was dis
covered that degraded the dialysis bags. The ex
tracellular enzymes of strain 495 are obtained 
with good yields in tryptone (0.4%) broth at 
25°C (von Tigerstrom, 1983). While the pro
duction of nuclease, RNAse, and phosphatase 
is inhibited by Mg2+ and by Mn2+ above 0.1 and 
0.01 mM, respectively, that of protease is stim
ulated by Mg2+ and neutral to Mn2+. The ions 
appear to interact specifically with the synthesis 
of the enzymes and not with their release from 
the cells. 
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Other hydrolases excreted by lysobacters are: 
endoamylases found in all four species (von Tig
erstrom and Stelmaschuk, 1987b), which seems 
surprising because the characterization of the 
lysobacter species excludes starch hydrolysis in 
almost all strains of three species (see Table 1); 
the paradox may be a result of the test condi
tions. The enzyme of L. brunescens, the most 
potent organism, has a molecular weight of 47-
49 kDa and also decomposes amylopectin, amy
lose, and glycogen, but not dextran. The enzyme 
probably has no commercial interest because of 
its enzymatic properties and low yield. Further, 
all species produce two extracellular lipolytic 
esterases (von Tigerstrom and Stelmaschuk, 
1989). One is excreted into the medium and is 
inducible by olive oil. As it is synthesized only 
after exponential growth, it appears to be under 
catabolite repression. The other enzyme is as
sociated with the outer membrane and is con
stitutive. The two esterases differ in their sub
strate specificity. Both are very active on Tween 
20, but only the free enzyme is able to attack 
olive oil. In addition, there is a third, cyto
plasmic esterase which, in contrast to the ex
tracellular enzymes, is very active on tributyrin. 
Finally, there is a periplasmic ,8-lactamase. 

The most fascinating Lysobacter enzymes are 
their proteases. Two proteases were isolated 
from the culture supernatant of L. enzymogenes 
strain ( "Sorangium" or "myxobacter") 495; one 
of them a-lytic protease, became a very impor
tant enzyme for scientific reasons. The strain 
was originally noted for its ability to rapidly lyse 
a wide spectrum of bacteria (Gillespie and 
Cook, 1965) and nematodes (Katzne1son et al., 
1964). Soon it was realized that the lytic activity 
was due to at least two different proteases, a
and ,8-lytic proteases (Whitaker, 1965), and pro
cedures were worked out to produce and purify 
those enzymes (Whitaker et al., 1965a; Whi
taker, 1967a). Later it was found that there are 
at least two more proteases in the culture broth. 

A major research effort has been made to 
characterize the a-lytic protease. This enzyme 
is an alkaline serine protease (for a summary 
of the early work see: Whitaker, 1970) that 
aroused great interest because it was the first 
bacterial serine protease with the same amino 
acid sequence in its active center, Gly-Asp-Ser
Gly-Gly, as the mammalian pancreatic serine 
proteases (Olson et al., 1970; Whitaker et al., 
1966; Whitaker and Roy, 1967), and not Thr
Ser-Met as in most other bacterial serine pro
teases. This suggested a common ancestor for 
both enzymes and invited studies on the evo
lution of protein structure and function. The 
similarity to porcine pancreatic elastase is par
ticularly notable, a similarity which also ex-
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tends to substrate specificity and kinetic prop
erties (Kaplan and Whitaker, 1969; Kaplan et 
al., 1970). While the homology in the amino 
acid sequence is only high in certain critical 
regions (overall homology 18% ), long sections 
appear conserved in the three-dimensional 
structure as revealed by high-resolution X-ray 
analyses and molecular models (55% topologi
cal equivalence). There is an even higher cor
respondence with Streptomyces griseus pro
teases A and B, with 35% and 36% sequence 
homology and 80% topological equivalence 
(e.g., Brayer et al., 1979; Fujinaga et al., 1985; 
McLachlan and Shotton, 1971 ). The ~:~-lytic pro
tease (EC 3.4.21.12; 19.8 kDa) consists of 198 
amino acids and contains three disulfide 
bridges. It cleaves polypeptides at the carbonyl 
side of short neutral aliphatic amino acids, pref
erentially alanine (Kaplan and Whitaker, 1969). 
It also attacks bacterial peptidoglycans, mainly 
at the cross-linkages (Tsai et al., 1965). Like 
other serine proteases, a-lytic protease has sev
eral subsites (in this case, six) for substrate bind
ing, with different amino acid specificities 
(Bauer et al., 1981 ). This explains why the en
zyme prefers long substrate molecules over 
short ones. While the pH optimum for catalytic 
activity is reached at pH 8, substrate binding is 
independent of pH between pH 5 and 10.5 (Ka
plan and Whitaker, 1969; Paterson and Whi
taker, 1969). The enzyme shows a high stability 
unparalleled in any other protease (Kaplan et 
al., 1970), which appears to arise from a high 
structural rigidity (Fujinaga et al., 1985). As 
with other serine proteases, a strong H-isotope 
effect is observed: the catalytic rate drops to 
one-third in 2H20 (Hunkapiller et al., 1973). 
The discovery that a-lytic protease contains but 
one histidine (His) residue (JuniSek and Whi
taker, 1967) proved particularly momentous for 
the elucidation of the catalytic mechanism of 
serine proteases, for the other enzymes all con
tain more than one His. This finding at once 
excluded a requirement of several His residues 
for the catalytic process, as was postulated be
fore. The histidine in a-lytic protease is ho
mologous with the His-57 in a-chymotrypsin 
and is part of the catalytic triad, Asp-1 02/His-
57/Ser-195 (the adopted numbering is that of 
a-chymotrypsin). By the use of a His auxo
trophic mutant, 13C and 15N could substantially 
be enriched in His-57 (Westler et al., 1982), 
which allowed refined NMR studies of the dis
sociation behavior and hydrogen bonding in the 
active center (Bachovkin, 1986; Bachovkin et 
al., 1981; Hunkapiller et al., 1973). Another ap
proach was the use of peptide-boronic acid in
hibitors forming rather stable enzyme-substrate 
complexes, which can be analyzed as models of 
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the otherwise-not-accessible transition state 
(Bone et al., 1987; 1989). Those studies pro
vided deep insights into the mechanism of ca
talysis and substrate specificity. The gene of a
lytic protease (the progene) has also been cloned 
in Escherichia coli (Epstein and Wensink, 1988; 
Silen et al., 1988). At the amino end ofthe pro
tease domain, the gene has an open reading 
frame that extends 198 (or 199: the two articles 
do not completely agree in the details) amino 
acid codons upstream and represents a very 
large prepro sequence. The latter consists of a 
typical bacterial pre (or signal) peptide of24 (or 
33) amino acids ending with a Ala-Leu-Ala-Ala 
cleavage site, followed by a pro region of 174 
(or 166) amino acids, i.e., more than twice the 
size of other known bacterial propeptides. The 
high sequence homology observed between a
lytic protease and proteases A and B of Strep
tomyces griseus continues for 49 amino acids 
into the pro region (21% and 38% homology, 
respectively), and then falls suddenly to a low 
value of 7% and 3%. This suggests that the Ly
sobacter pro region is a composite of two parts, 
perhaps of different origin and with different 
functions. In fact the amino acid sequence 
around the cleavage site of the signal peptide 
shows a unique homology to a trypsin inhibitor 
of maize, and it was speculated that this part 
of the peptide may block the protease activity, 
while the conservative part may serve an iden
tical function as the (much shorter) propeptides 
of proteinases A and B, namely, arranging the 
correct folding of the protease domain (Epstein 
and Wensink, 1988). The Lysobacter ribosomal 
binding site (AGGAG) is homologous to known 
E. coli binding sites. When the Lysobacter gene 
is fused with an inducible E. coli promoter and 
signal sequence (e.g., pho A), a-lytic protease is 
expressed in E. coli and (probably unspecifi
cally) exported into the medium (Silen and 
Agard, 1989; Silen et al., 1989). Deletion of the 
pro region results in inactive enzyme, which is 
immunologically and electrophoretically indis
tinguishable from a-lytic protease, but presum
ably improperly folded. Site-specific mutation 
of the Ser-195 in the catalytic pocket leads to 
the production of a double-sized inactive pro
tease molecule, which suggests that the removal 
of the propeptide is an autocatalytic process. 
Surprisingly, the activation (not the production) 
of a-lytic protease proved temperature sensitive 
and did not take place above 30°C. If the pro 
region and the protease domain were cloned 
separately with independently inducible E. coli 
promoters, active enzyme was obtained when 
both were induced concomitantly, in spite of 
the fact that in this case, the two peptide were 
not covalently connected. Obviously, the pro-
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peptide functions as a chaperonin-like, though 
specific, folding template. It appears that a-lytic 
protease is produced exclusively by strain 495. 

Much less is known about the ~-lytic protease, 
a second protease from strain 495. The enzyme 
is a nonserine protease and resembles mam
malian carboxypeptidase and particularly the 
bacterial neutral proteases (Oza, 1973). Its spec
ificity is quite distinct from that of the pan
creatopeptidases. It cleaves very selectively at 
the carbonyl side of neutral amino acids. Thus, 
only the B chain of (denatured) insulin is 
cleaved, and that between glycine-23 and phen
ylalanine-24 and, much more slowly, between 
valine-18 and cysteine-19 (Whitaker et al., 
1965b ). A free a-amino group or a free terminal 
carboxyl next to the cleavage site is not ac
cepted, but an amido group on the carboxyl al
ready eliminates the blocking effect of the latter. 
The ~-enzyme is more active than the a-enzyme 
on bacterial peptidoglycan rapidly hydrolyzing 
the muramic-acid alanine bond (Tsai et al., 
1965). The ~-lytic protease (19 kDa) appears to 
be composed of 177 amino acids and to contain 
two disulfide bridges and one atom of zinc (Jur
asek and Whitaker, 1967). The zinc can be re
moved and restored again with reconstitution 
of enzyme activity (Whitaker, 1967b). While 
the apoenzyme is no longer proteolytic (Oza, 
1973), the cell-wall-lytic activity was still ob
served (Whitaker and Roy, 1967). But conceiv
ably the protease was simply restored by a con
tamination of the peptidoglycan with zinc. The 
pH optimum of ~-lytic protease is 6.5 (Oza, 
1973). The proteases of strain 495 can be pro
duced with good yields (4-4.5 g of a- and 2 g 
of ~-enzyme from 100 liters) on casamino acid/ 
glucose media (Whitaker, 1967a). Also, pro
duction on media with condensed fish solubles, 
a by-product of the salmon canneries, seems 
feasible (Wah-On et al., 1980). 

Finally, the proteases of L. enzymogenes 
strain ("myxobacter") AL-l (ATCC 27796) 
should briefly be mentioned. The organism was 
isolated because it lysed cells and cell walls of 
Arthrobacter crystallopoietes, and enzymes with 
that property were of much interest at that time 
for studies on the cell wall structure of bacteria 
(Ensign and Wolfe, 1965, 1966). In fact, one of 
the AL-l enzymes was soon successfully applied 
for that purpose (for a review, see Ghuysen, 
1968). The enzyme is particularly useful be
cause it cleaves the bond between muramic acid 
and L-alanine, making it possible to isolate the 
pure polysaccharide backbones of peptidogly
can. The enzyme could thus be used to dem
onstrate a shortening of the polysaccharide 
chain length during the rod-to-sphere conver
sion of Arthrobacter (Krulwich et al., 1967). At 
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first, only the enzyme just mentioned, AL-l pro
tease or, later, AL-l protease I, was recognized 
and characterized (Ensign and Wolfe, 1966; 
Jackson and Wolfe, 1968; Jackson and Mat
sueda, 1970). The enzyme can be produced by 
fermentation in 1% yeast extract medium at 
30°C for 36 h, and is recovered from the culture 
supernatant with a yield of 350 mg of pure en
zyme from 100 liters. The AL-l protease I (13.5 
kDa) is an alkaline endopeptidase with a sharp 
pH optimum at 9.0. The molecule consists of 
136 amino acids, with Ser, Asp, Gly, Thr, and 
Ala accounting for more than 50% of the resi
dues. It contains one disulfide bridge, and does 
not contain a hexose molecule, as was previ
ously suggested. The enzyme is spherical, com
pact, and very stable. Within minutes, it com
pletely lyses whole cells of many Gram-positive 
and some Gram-negative bacteria, as well as 
purified peptidoglycan (Ensign and Wolfe, 
1965). It cleaves about 30% of the bonds in ca
sein and albumin, and 15% in gelatin. In the B 
chain of insulin only the bonds between Ala and 
Leu, Gly and Phe, and Val and Cys are attacked. 
Thus it appears that a hydrophobic residue is 
required at the cleavage site, but the exact spec
ificity is not yet known. In peptidoglycan, be
sides the connection of the peptide side chain 
to the polysaccharide backbone, only the bonds 
between terminal o-Ala and the pentaglycine or 
L-Ala bridges, and bonds within the pentagly
cine bridge are cleaved. The enzyme therefore 
became a useful tool for the elucidation of the 
structure of bacterial cell walls (e.g., Ghuysen, 
1968; Jarvis and Strominger, 1967; Katz and 
Strominger, 1967; Tipper, 1969). 

Also, the second protease from strain AL-l, 
AL-l protease II (17 kDa), is a small, stable, 
alkaline endopeptidase, but it does not attack 
bacterial cell walls (Wingard et al., 1972). It is 
obtained from the culture supernatant with a 
yield of 10% of protease I. The enzyme is very 
unusual in two respects: it readily crystallizes 
from the column fractions, and it cleaves ex
clusively at the amino side oflysine. It does not 
remove terminal lysine residues. The enzyme 
consists of 157 amino acids, 50% of which are 
Asp, Ala, Thr, and Gly, and has a broad pH 
optimum between 8.5 and 9.0. 

A third unusual protease from AL-l is called 
endoproteinase Lys-C. This enzyme has a high 
although not absolute specificity for peptide and 
ester bonds at the carboxyl end of lysine (in
formation leaflet Boehringer Mannheim, Bioch
emica-Dienst no. 42, April 1980), so that it can 
be used for sequencing proteins and for peptide 
mapping (Au et al., 1989; Boileau et al., 1982; 
Hofsteenge et al., 1983; Jekel et al., 1983; Jolles 
et al., 1983). The enzyme (30 kDa unreduced, 
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33 kDa reduced) is an alkaline serine protease, 
is very stable even in the presence of 0.1% so
dium dodecylsulfate or 5 M urea, and is com
mercially available from Boehringer Mannheim 
(Mannheim, Germany). 
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The Moraxella and Branhamella Subgenera of 
the Genus Moraxella 

GARY V. DOERN 

Introduction 

The Maraxella genus is comprised of two sub
genera, Maraxella and Branhamella (Bavre, 
1984). Within the Maraxella subgenus are 
found six clearly delineated species: M. (M.) la
cunata, the type species of this subgenus, M. 
(M.) nanliquefaciens, M. (M.) atlantae, M. (M.) 
phenylpyruvica, and M. (M.) aslaensis. In ad
dition, there is one species of uncertain taxo
nomic status, M. urethra/is (species incertae 
sedis). The Branhamella subgenus consists of 
four species: M. (B.) cat arrha/is, the type species 
of this subgenus, M. (B.) caviae, M. (B.) avis, 
and M. (B.) cuniculi. 

Characteristics common to both subgenera of 
Maraxella include Gram-negative staining 
reactivity, lack of pigmentation, a positive ox
idase test using either the tetra- or dimethyl-p
phenylenediamine reagent, catalase reactivity, 
and lack of motility. In addition, organisms 
within this genus are uniformly asacharolytic 
and chemoorganotrophic. Optimum growth oc
curs under aerobic conditions at a temperature 
of 33-35°C. With the exception of M. (B.) ca
tarrhalis and M. (M.) nan/iquefaciens, most 
strains are inhibited by low concentrations of 
penicillin. The GC content of the DNA varies 
between 40.0 and 47.5 mol% for all species of 
the Maraxella genus. 

The principal distinguishing feature between 
the Maraxella and Branhamella subgenera of 
the Maraxella genus is cellular morphology. 
Species within the Maraxella subgenus typically 
produce large rods that are often blunted and 
plump, frequently appearing almost coccid in 
shape. In contrast, Maraxella (Branhamella) 
species form small cocci, usually occurring in 
pairs with flattened adjacent sides. In this re
spect, they closely resemble Neisseria species. 
Characteristics useful in identifying the species 
of both the Moraxella and Branhamella sub
genera of the Moraxel/a genus are presented in 
detail in the most recent edition of Bergey's 
Manual of Systematic Bacteriology (Bevre, 
1984). 

The Moraxella Subgenus 

With the exception of M. (M.) bavis, all species 
of the Maraxella subgenus are found in asso
ciation with mucosal surfaces of humans. They 
are uncommonly recovered as causes of disease. 
However, when found as etiologic agents of in
fection, the most frequent disease associations 
are as follows: M. (M.) lacunata, conjunctivitis; 
M. (M.) non/iquefaciens, acute tracheobronchi
tis; M. (M.) atlantae, M. (M.) phenylpyruvica, 
and M. (M.) asloensis, opportunistic systemic 
pathogens in profoundly immunocompromised 
individuals; and M. urethra/is, a possible cause 
of acute urethritis and cystitis in women. Mar
axel/a (M.) bavis on the other hand, is an im
portant veterinary pathogen and will, therefore, 
be discussed further. 

Maraxella (Maraxella) bavis 

Moraxel/a (M.) bavis is a common cause of in
fectious bovine keratoconjunctivitis (IBK) (Gil
Turnes and Ribeiro, 1985). This disease most 
frequently affects calves and is often seen in the 
setting of an epidemic. The causative agent 
probably resides on the ocular and nasal mucosa 
of asymptomatic immune cattle as part of the 
normal commensal bacterial flora (Pugh and 
MacDonald, 1986). One phenotypic character
istic that has been most strongly associated with 
disease-producing strains of M. (M.) bovis is the 
presence of fimbriae on the cell surface (Moore 
and Rutter, 1987). Fimbriae appear to be a pri
mary virulence determinant. Nonfimbrinated 
strains are avirulent in experimental infections 
of the corneas of cattle and laboratory mice 
(Marrs et al., 1988). Furthermore, antibody re
active with fimbria! antigens administered pas
sively or acquired following vaccination with 
purified fimbriae is protective (Ostle and Ro
senbusch, 1985). 

The fimbriae of M. (M.) bovis can be divided 
into seven serogroups based on patterns of en
zyme-linked immunsassay (ELISA) reactivity, 
tandem two-dimensional crossed-immunoelec-
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trophoresis, and slide agglutination (Moore and 
Rutter, 1987). Humoral immune protection is 
fimbrial antigen-specific. The fimbriae mediate 
attachment to cultured bovine corneal cells in 
vitro; the attachment is abrogated by specific 
homologous antiserum (Moore and Rutter, 
1989). There is no evidence that strains of one 
particular fimbrial serogroup are more virulent 
than others. 

Expression of fimbrial proteins has been ex
tensively studies in one strain (Epp 63) of M. 
(M.) bovis. This strain can express either of two 
different fimbrial proteins, alpha and beta 
(Marrs et al., 1988). The phase variation noted 
between the expression of alpha and beta fim
bria! proteins appears to be under control of an 
approximate 2-kb region of DNA within the 
fimbrial gene. The amino acid sequences of 
both the alpha and beta fimbrial proteins have 
been determined and are approximately 70% 
homologous (Ruehl et al., 1988). Interestingly, 
beta-fimbrinated strains of M. (M.) bovis were 
significantly more virulent than alpha-fimbri
nated strains when inoculated into calves eyes 
(Ruehl et al., 1988). Initial studies support the 
notion that other strains of M. (M.) bovis also 
produce two types of fimbriae and that this 
might be a characteristic of all fimbrinated 
strains within the species (Ruehl et al., 1988). 

A second characteristic associated with vir
ulence of M. (M.) bovis is hemolytic activity 
when grown on blood-containing medium (Ka
gonyera et al., 1989). Hemolytic strains appear 
to be more infectious for calves and laboratory 
mice and also demonstrate greater cytotoxicity 
for bovine neutrophils. In addition, cattle that 
have experienced IBK typically are found to 
have high titers of antihemolysin antibody (Os
tle and Rosenbusch, 1985). 

The Branhamella Subgenus 

Among the four recognized species of the Bran
hamel/a subgenus of Moraxella, M. (B.) catar
rhalis is clearly the most important. The other 
three species, M. (B.) caviae, M. (B.) avis, and 
M. (B.) cuniculi, have been found in association 
with guinea pigs, sheep, and rabbits, respec
tively, although their significance in health or 
disease is unknown. M. (Branhamella) catar
rhalis is, on the other hand, a well-documented 
commensal and pathogen of humans and thus, 
will be further discussed. 

Moraxella (Branhamella) catarrhalis 

First known as Micrococcus catarrhalis in the 
early 1900s, this organism came to be referred 
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to as Neisseria catarrhalis during the 1950s due 
largely to its morphologic resemblance to mem
bers of the Neisseria genus (i.e., it consists of 
Gram-negative, kidney bean-shaped diplococci) 
and because of its positive oxidase reactivity, 
another characteristic of Neisseria species. Cat
lin ( 1970) proposed that this organism be re
named Branhamella cat arrha/is in honor of the 
noted microbiologist Sarah Branham. Separa
tion of B. catarrhalis from the Neisseria genus 
was predicated on a demonstrated lack of chro
mosomal DNA homology between the two, ge
netic transformation experiments which indi
cated unrelatedness, and widely varying DNA 
base composition. The taxon Branhamella ca
tarrhalis was quickly adopted during the 1970s 
and has become widely applied since then. 

Subsequent to the work of Catlin, however, 
B0vre and colleagues provided additional in
formation demonstrating a clear genetic and 
physiologic relatedness between Branhamella 
cat arrha/is and species of the Moraxella genus, 
in particular M. nonliquefaciens (B0vre, 1979). 
Based on their studies, B0vre advocated assign
ment of the Branhamella genus to one of two 
subsgenera of the Moraxella genus; the other 
subgenus was designated Moraxella and con
tained all species of the previously designated 
genus Moraxella (B0vre, 1984). As noted above, 
this taxanomy has now been adopted. 

M. (B.) catarrhalis exists as part of the com
mensal flora of the upper respiratory tract. It is 
also recognized as a cause of a variety of human 
infectious diseases (Doern, 1986). The most im
portant of these, at least with respect to inci
dence and morbidity, are acute otitis media, 
sinusitis, and infections of the lower respiratory 
tract. Otitis media and sinusitis due to M. (B.) 
catarrhalis are primarily found to occur in in
fants and young children. By contrast, M. (B.) 
catarrhalis lung infections usually occur in 
adults, in particular the elderly with some pre
disposing condition. The most common pre
disposition is chronic obstructive pulmonary 
disease. 

MoRPHOLOGY. M. (B.) catarrhalis may be vis
ualized directly in clinical material obtained 
from infected patients by use of the Gram stain 
or by cultivation on suitable growth media with 
resultant biochemical identification. The 
Gram-stain morphology of M. (B.) catarrhalis 
noted previously is characteristic, but does not 
serve to differentiate this organism from Neis
seria species which may look identical. 

IsoLATION. M. (B.) catarrhalis grows readily on 
standard nonenriched laboratory media such as 
brain heart infusion and tryptic soy digest. Sup-
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plementation of media with blood (e.g., 5% 
sheep blood agar) or boiled blood plus vitamin/ 
amino acid enrichments (e.g., chocolate agar) 
yields enhanced growth (Doern and Morse, 
1980). M. (B.) catarrhalis grows in ambient air 
at a wide range of temperatures, (i.e., 20-42°C), 
but optimum growth is achieved in 5% C02 at 
35-37°C. A defined medium has been described 
for propagation of M. (B.) catarrhalis in which 
sodium lactate, proline, aspartate, arginine, gly
cine, and methionine suffice as source of car
bon, nitrogen, and growth cofactors (Juni et al., 
1986). 

A variety of selective media have been de
scribed for use in recovering M. (B.) catarrhalis 
from sources likely to be contaminated with 
other bacteria or with fungi (Corkill and Makin, 
1982; Soto-Hernandez et al., 1988; Vanee
choutte et al., 1988a). A common feature of 
these media is the inclusion of vancomycin, tri
methoprim, and an antifungal agent to inhibit 
growth of Gram-positive bacteria, Gram-nega
tive bacteria, and fungi, respectively. M. (B.) 
catarrhalis is resistant to all three antibiotics. 
Enhanced recovery of M. (B.) catarrhalis has 
been described when a fourth inhibitory sub
stance, i.e., acetazolamide, a synthetic sulfon
amide, was added to selective media already 
containing vancomycin, trimethoprim, and am
photericin B (Vaneechoutte et al., 1988a). 

IDENTIFICATION. M. (B.) catarrhalis is catalase
and oxidase-positive but fails to ferment glu
cose, maltose, sucrose, and lactose (Doern and 
Morse, 1980). Proline aminopeptidase and 
gamma glutamylaminopeptidase are lacking. 
All strains produce extracellular DNAse and re
duce nitrates to nitrites and ammonia. In ad
dition, butyric acid esterase is produced (Riley, 
1987). This enzyme can be detected using col
orimetric assays with tributyrin or idoxyl bu
tyrate as substrates or fluorimetrically using 4-
methylumbelliferyl-butyrate as a substrate 
(Dealler et al., 1989; Janda and Ruther, 1989; 
Vaneechoutte et al., 1988b ). 

Taking advantage of the DNAse reactivity of 
M. (B.) catarrhalis, a selective and differential 
medium has been devised for the recovery and 
presumptive identification of this organism 
(Soto-Hernandez et al., 1988). Vancomycin, tri
methoprim, and amphotericin B are added to 
DNAse test agar. Colonies of Gram-negative di
plococci which grow on this medium are tested 
for DNAse production by exposure to a drop 
of toluidine blue 0 solution. Development of a 
purple color in the area adjacent to colonies is 
taken as a positive reaction. 
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CELL ENVELOPE CHARACTERISTICS. M. (B.) ca
tarrha/is has been found to possess eight outer 
membrane proteins when analyzed by sodium 
dodecyl-sulfate polyacrylamide gel electropho
resis (Bartos and Murphy, 1988). These pro
teins range in molecular weight from 21-98 kDa 
and are remarkably conserved since there is 
only minimum variation in the outer mem
brane protein profiles among different strains of 
this species. 

The lipopolysaccharide (LPS) of M (B.) ca
tarrhalis is also extremely homogeneous (Mur
phy, 1989). Its polysaccharide moeity is com
prised of a small and simple seven-residue 
oligosaccharide consisting of o-glucose ( 4 mol) 
and o-galactose, 2-amino-2-deoxy-o-glucose, 
and 3-deoxy-o-manno-octulosonic acid (1 mol 
each) (Johnson et al., 1976). This oligosacchar
ide appears to be common to all strains of M. 
(B.) catarrhalis, although minor epitope differ
ences in the antigenic composition have been 
noted (Murphy, 1989). The specific LPS of M. 
(B.) catarrhalis has not been observed in any 
other bacteria. 

Preliminary observations also indicate the 
presence of fimbriae on the surface of at least 
some strains of M. (B.) catarrhalis (Murphy, 
1989). It is possible, but yet unproven, that these 
surface appendages participate in the attach
ment of fimbrionated strains to receptors on 
epithelial cells of mucosal surfaces of the res
piratory tract in humans who are colonized. 

OTHER PHENOTYPIC CHARACTERISTICS. Restric
tion endonuclease digestion of chromosomal 
DNA has proven to be a useful tool for deter
mining strain relatedness among different iso
lates of M. (B.) catarrhalis (Patterson et al., 
1989). Four of eight restriction endonucleases, 
Hae III, Hind III, Pst I, and Cia I, produce 
distinguishable digestion patterns. Digests ob
tained from Hae III are the most definitive. 

Other phenotypic characteristics that have 
been investigated include susceptibility to nor
mal human serum-mediated bacteriolysis, abil
ity to agglutinate human group 0 erythrocytes 
and trypsin sensitivity (Soto-Hernandez et al., 
1989). Although a variety of interesting rela
tionships among these attributes have been de
scribed for apparently unrelated strains of M. 
(B.) catarrhalis, no correlation with virulence 
has been proven. 

The large majority of clinically significant 
strains of M. (B.) catarrhalis produce ~-lacta
mase (Jorgensen et al., 1989). The enzyme is 
produced constitutively, is encoded for by chro
mosomal genes, and is produced in very small 
amounts and remains tightly cell-associated 
(Farmer and Reading, 1986; Labia et al., 1986). 
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It probably confers resistance to penicillin and 
ampicillin on strains that produce it (Doern and 
Tubert, 1987). Based on isoelectric profiles, the 
,6-lactamase of M. (B.) catarrhalis exists in nu
merous different forms (Labia et al., 1985; Stob
beringh et al., 1986). Two of them, designated 
Ravasio and 1908, or BR0-1 and BR0-2, re
spectively, appear to be most common (Farmer 
and Reading, 1986; Nash et al., 1986). BR0-1-
type ,6-lactamase-producing strains can be dis
tinguished from strains that produce the BR0-
2-type enzyme by a number of different char
acteristics. These include the specific pattern 
obtained when ,6-lactamase isoelectric profiles 
are determined, the substrate affinity profile of 
the two ,6-lactamases, the relative prevalence of 
these strains (i.e., BR0-1-type strains are much 
more common among clinical isolates) and the 
absolute amount of enzyme produced. BR0-1-
type strains produce significantly more enzyme 
than do BR0-2-type strains. Finally, BR0-1-
type strains not surprisingly appear to be more 
resistant to penicillin and ampicillin than are 
BR0-2-type strains (Nash et al., 1986). 

Aside from the variable activity of penicillin 
and ampicillin, the pattern of antimicrobial sus
ceptibility of strains of M. (B.) catarrhalis is 
strikingly homogeneous (Doern and Tubert, 
1988). Vancomycin, trimethoprim, and clin
damycin are uniformly inactive. Colistin or po
lymycin B and the isoxazoly penicillins (meth
icillin, nafcillin, and oxacillin) have variable 
activity. All other agents are highly active. 
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The Genus Legionella 

A. WILLIAM PASCULLE 

Legionnaires' Disease 
and Legionellosis 

Legionnaires' disease is the commonly accepted 
name for an acute purulent bacterial pneu
monia caused by Legionella pneumophila. The 
name resulted from the investigation of an ex
plosive outbreak of pneumonia (189 cases with 
29 deaths) among the approximately 3,000 del
egates to the annual convention of the Penn
sylvania Division of the American Legion in 
July 1976. Although the exact source of the in
fection was never determined, epidemiologic 
investigations demonstrated a strong associa
tion between disease acquisition and the 
amount of time spent in or near the headquar
ters hotel (Fraser et al., 1977). Initial attempts 
at isolation of the causative agent were unsuc
cessful, but subsequent attempts resulted in the 
isolation of a novel bacterium, L. pneumophila, 
from lung tissue removed at the autopsies of 
several of the patients (McDade et al., 1977). 
The new bacterium was not related to any rec
ognized at that time and was placed into a new 
family, the Legionellaceae (Brenner et al., 
1979). 

The recognition of L. pneumophila as an im
portant new etiologic agent was quickly fol
lowed by the discovery of additional outbreaks 
of Legionnaires' disease and the realization that 
Legionnaires' disease was in no way a new in
fection. Epidemics have been documented to 
have occurred as early as 1957 (Osterholm et 
al., 1983). The earliest known isolation of L. 
pneumophila occurred in 1947 from a guinea 
pig, which had been inoculated with blood from 
a patient with an unknown febrile illness (Boze
man et al., 1968). It is now well recognized that 
Legionnaires' disease occurs world-wide and 
that members of the family Legionellaceae are 
ubiquitous in distribution. 

Additional organisms were also quickly rec
ognized as belonging to the genus Legionel/a. 
An organism isolated by Tatlock (1944) from 
the blood of a patient who was involved in an 

outbreak offebrile illness among soldiers at Fort 
Bragg, NC, was subsequently shown to be a 
member of the new family and named L. mic
dadei (Hebert et al., 1980). Interestingly, the 
febrile illness in the patient from whom Tatlock 
recovered this Legionel/a isolate was subse
quently shown to be caused not by L. micdadei 
but by Leptospira interogans serotype autum
nalis and the role of the L. micdadei isolate in 
the patient's original illness is unknown (Go
cehnour et al., 1952; Tatlock, 1982). A third 
historical isolate, WIGA, also isolated by Boze
man et al., (1968), was subsequently shown to 
be a member of the new family and named Le
gionella bozemanii in her honor (Brenner et al., 
1980). The decade following the discovery of 
these important bacteria was marked by a rapid 
identification of additional members of the ge
nus. At the current time, there are 29 named 
species and two subspecies in the genus Le
gionella which together account for 4 7 serovars 
(Table 1 ). There are also a number of isolates 
representing additional species that have been 
partially characterized but remain to be named 
(Brenner, 1987). 

Clinical and 
Epidemiologic Features 

Most of what is known about Legionel/a infec
tions is derived in large part from the study of 
infections caused by L. pneumophila. The data 
that are available from the study of other Le
gionella infections, however, indicate that they 
are substantially similar. Collectively, these in
fections are referred to as legionellosis. Legi
onella infections have occurred in both sporadic 
and epidemic distributions. A second form of 
the disease, called Pontiac fever, was first rec
ognized among visitors to a health department 
building in Pontiac, MI. Pontiac fever is a self
limiting non pneumonic disease consisting offe
ver and vague constitutional symptoms but 
does not include pneumonia (Glick et al., 1978). 
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Table 1. Phenotypic characteristics of Legionella species. 

!3- Hippurate Gelatin 
Species (serovar) Oxidase Lactamase Motility hydrolysis liquefaction Autofluorescence 

L. pneumophila (14)• +·or yo + + + + -d 

L. feeleii (2) + v 
L. micdadei + + 
L. spiritensis (2) + + + -(w) + 
L. longbeacheae (2) + v + + 
L. jordanis + + + + 
L. oakridgensis +(w)e + 
L. wadsworthii + + + 
L. sainthelensi + + + + 
L. hackeliae (2) + + + + 
L. maceachernii + + + 
L. jamestownensis + + + 
L. santicrucis + + + + 
L. israelensis NR + +(w) 
L. cincinnatiensis + + + 
L. brunensis + + + 
L. moravica -(w) + + + 
L. quinlivanii + + 
L. bozemanii (2) v v + + +(BW)s 
L. dumoffii + + + +(BW) 
L. gormanii + + + +(BW) 
L. anisa + + + + V(BW) 
L. cherii + + + +(BW) 
L. steigerwaltii + + + +(BW) 
L. parisiensis + + + + +(BW) 
L. tucsonensis + + + +(BW) 
L. birminghamensis v + + + +(YG)• 
L. rubrilucens + + + +(RY 
L. erythra + + + + +(R) 

•Includes subsp. pneumophila, subsp. fraseri, and subsp. pascullei. The numbers in parentheses indicate the number of 
serovars. 
•Positive. 
'Variable. 
•Negative. 
<Weak reaction. 
!Not reported. 
•Blue-white. 
•Yellow-green. 
'Red. 
Adapted from Brenner (1987). 

The reasons why patients develop one or the 
other form of infection are not known, but 
clearly Legionnaires' disease and Pontiac fever 
represent opposite ends of a clinical spectrum. 
Different persons exposed simultaneously to the 
same environmental source of Legionella have 
developed either Pontiac fever or Legionnaires' 
disease (Girod et al., 1982). In addition, guinea 
pigs exposed to the air-conditioning system in 
the Pontiac Health Department building devel
oped pneumonias rather than Pontiac fever 
(Kaufmann et al., 1981 ). Pontiac fever-like ill
ness has also been caused by L.feeleii (Herwaldt 
et. al., 1984) and L. micdadei (Goldberg et al., 
1989). 

Legionellosis is an acute purulent pneumonia 
that appears to begin with the inhalation ofbac-

teria-laden aerosols. Following an incubation 
period of 2-10 days, patients often develop a 
prodromal illness, which is often described as 
"flu-like" and consists of malaise, lethargy, 
myalgia, and headache. As the disease pro
gresses, patients develop high fever, chills, and 
a nonproductive cough accompanied by short
ness of breath and pleuritic chest pain. Slightly 
fewer than 50% of patients with Legionnaires' 
disease suffer nausea, vomiting, and a watery 
diarrhea. Neurologic symptoms are also not un
common and include headache, mental confu
sion, and even seizures (Kirby et al., 1980; Edel
stein and Meyer, 1984; Yu et al., 1982; 
Strampfer and Cunha, 1987). The radiographic 
features of legionellosis are not sufficiently spe
cific to differentiate legionellosis from other in-



CHAPTER 178 

fections. Most frequently, patchy alveolar infil
trates, which may eventually progress to 
consolidation, can be demonstrated. Spread of 
the pneumonia to another lobe of the lung is 
not uncommonly seen and pleural effusions 
may also be present. 

Legionellosis has occurred among all age 
groups (range 2-84 years), but occurs most pre
dominantly among persons over the age of 
about 50 (England et al., 1981 ). Various studies 
have attempted to calculate the incidence ofle
gionellosis in various populations. Such studies 
are difficult to compare because of differing 
study populations and criteria for infection 
(Reingold, 1988). The reported incidence has 
been as low as 1% among members of a prepaid 
health group and as high as 26% among patients 
hospitalized with community-acquired pneu
monia (Foy et al., 1979; Marrie et al., 1981). In 
addition to age, a number of other important 
risk factors have also been identified. The in
cidence of disease is almost three times greater 
in males than in females and the risk of infec
tion is also increased in smokers, those with 
underlying chronic diseases, and other forms of 
immunosuppression (Fraser et al., 1977; En
gland et al., 1981; Kirby et al., 1980). Renal and 
heart transplant patients appear to have in
creased risk of legionellosis as well (Dowling et 
al., 1984; Fuller et al., 1985). 

Person-to-person spread oflegionellosis is not 
known to occur (Marrie et al., 1986). Humans 
also appear to be the only natural hosts. Al
though horses have been found to have anti
bodies against legionellae, attempts to produce 
legionellosis experimentally in horses produced 
only asymptomatic seroconversion (Cho et al., 
1983; Cho et al., 1984.) 

Pathology and Pathogenesis 

Pathologic Features 

It is suspected that legionellosis arises after in
halation of aerosols or droplet nuclei that con
tain the bacteria. Most of the pathologic changes 
present in the lung of humans occur only in the 
alveoli, suggesting that the infecting agent is in
haled. A pathologically similar disease has been 
produced in guinea pigs following exposure to 
aerosolized legionellae (Baskerville et al., 1981 ). 
It has also been suggested that legionellosis 
might arise from aspiration of organisms from 
the oropharynx (Johnson et al., 1985). This in
deed is possible and legionellosis has been pro
duced in experimental animals by instillation 
ofbacteria directly into the trachea, a technique 
that mimics aspiration. In animals so infected, 
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the pneumonia uncharacteristically is in the 
portions of the lung nearest the major bronchi 
rather than in the peripheral segments seen in 
animals (and humans) infected via inhalation 
of aerosols (Winn et al., 1982). 

Histologically, legionella infection is confined 
to the alveoli and bronchioles whereas the larger 
bronchi are spared. The exudate contained 
within the alveoli is composed of both poly
morphonuclear leukocytes and alveolar mac
rophages. Early in the disease, the infiltrate is 
composed mostly of polymorphonuclear cells, 
while later in the infection, alveolar macro
phage tend to predominate. Smaller lesions 
tend to coalesce into larger ones as the disease 
progresses, but there is very little destruction of 
the lung architecture and frank abscess forma
tion only occurs in the most severe cases. In 
very late infections, lysis of the cells in the cen
ter of the infected area often occurs. Fibrin and 
edema fluid may be present in the alveoli but 
there is little or no blood. (Blackmon et al., 
1981; Winn and Myerowitz, 1981 ). Other 
changes that are sometimes present, such as 
hyaline membrane formation and interstitial 
edema, are more likely related to the supportive 
care of the patient than to the infection. 

Extrapulmonary infections with legionellae 
have also been infrequently reported and can 
occur in the absence of clinical Legionnaires' 
disease. Legionellae have been identified from 
hemodialysis fistulae (Kalweit et al., 1982), per
icarditis (Nelson, 1984; Mayock et al., 1983), 
wound and skin infections (Brabender et al., 
1983; Ampel et al., 1985), and even a perirectal 
abscess (Arnow et al., 1983). Bacterial endocar
ditis has been documented on prosthetic heart 
valves (McCabe et al., 1984; Tomkins et al., 
1988). 

Early investigations of legionellosis were 
hampered because the stains commonly applied 
to lung tissue (Brown-Brenn, Fite-Faraco, etc.) 
failed to detect bacteria in lung tissue that was 
obviously compromised by a purulent process. 
The bacterium was first visualized by Chandler 
et al. ( 1977), who employed the Dieterle silver 
impregnation stain on human lung tissue. Use 
of this stain enabled the demonstration that the 
bacteria are highly associated with the inflam
matory cells in infected tissues. Extracellular 
bacteria are present primarily in areas of the 
lung where lysis of the inflammatory exudate 
(leukocytoclasis) has occurred. Large numbers 
of apparently multiplying bacteria are found in 
the cytoplasm of alveolar macrophage. 

Bacteremia may occur in many patients with 
Legionella infection. Up to one-third of patients 
with culture-proven legionellosis in one series 
(Ribs et al., 1985) had positive blood cultures. 
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The bacteremia most likely leads to the seeding 
of other organs remote from the lung and is 
probably responsible for the extra pulmonary in
fections already mentioned. Soluble antigens of 
legionellae are detectable in the urine of many 
infected patients. In a small number of patients, 
this antigen may actually be present during the 
prodromal phase of the illness (Sathapataya
vongs et al., 1982) and may continue to be shed 
for several months after illness. 

As previously mentioned, many patients with 
legionellosis also display one or more symptom 
referable to organ systems other than the lung, 
such as mental confusion, diarrhea, abnormal
ities ofliver function, and hyponatremia. These 
observations suggest that Legionella may indi
rectly affect other organs, perhaps by secreting 
one or more toxins (Friedman, 1978). The short 
incubation period (36 h) and lack of symptoms 
referable to the respiratory system also suggest 
that the symptoms of Pontiac fever may also 
result largely from intoxication rather than in
fection. 

Pathogenesis and Virulence 

Legionellae are facultative intracellular bacteria 
with pathologic properties that are intimately 
related to their ability to disarm and multiply 
within professional phagocytes. In the lung of 
both humans and experimental animals, large 
numbers of apparently multiplying bacteria can 
be visualized in the cytoplasm of alveolar mac
rophages. Extracellular bacteria are mainly 
present only in those areas of the lung where 
lysis of the inflammatory cells has taken place 
(Winn and Myerowitz, 1981 ). Multiplication of 
the legionellae has been demonstrated in vitro 
in peripheral blood monocytes (Horwitz and 
Silverstein, 1980) and in these cells, the dou
bling time of the bacteria may be as short as 2 
h. 

Studies in guinea pigs suggest that the poly
morphonuclear leukocyte (PMN) is important 
in host defense against the legionellae. Although 
the first cells to encounter legionellae in the lung 
are the resident alveolar macrophage, the first 
cells recruited into the lung following infection 
are PMNs, which are present by the end of the 
first day. The numbers of alveolar macrophages 
present do not increase for about 3 days follow
ing infection. When the cellular infiltrate from 
infected guinea pigs was fractionated by cell 
type, the numerous viable bacteria were found 
to be associated with the macrophage fraction. 
In contrast, few bacteria were recovered on cul
ture of the PMN fraction, but light and electron 
microscopy demonstrated that large numbers of 
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dead bacteria were present in the PMN s (Davis 
et al., 1983). Similarly, Fitzgeorge et al. (1988) 
have demonstrated that guinea pigs that are 
made neutropenic are more susceptible to in
fection with L. pneumophila and suffer higher 
mortality than normal guinea pigs. 

In vitro studies of the PMN, in contrast, do 
not demonstrate a protective role for these cells. 
Phagocytosis of L. pneumophila in vitro by 
PMN s requires the presence of antibody and 
complement, but few of the infecting bacilli are 
killed. PMN cultures that are co-infected with 
Legionella and Escherichia coli kill the E. coli 
while the legionellae survive (Horwitz and Sil
verstein, 1981 ). The reason for the apparent di
chotomy between the in vivo and in vitro ob
servations is not clear. 

In vitro observations of the interaction be
tween macrophages and legionellae comple
ment those made in vivo and are outlined sche
matically in Fig. 1. Phagocytosis of legionellae 
by macrophages is enhanced in the presence of 
antibody plus complement and attachment of 
the bacteria to these cells is mediated by com
plement receptors, which fix complement via 
the alternate pathway (Payne and Horwitz, 
1987). Phagocytosis of L. pneumophila has been 
reported to occur by a novel process, termed 
"coiling phagocytosis," whereby a pseudopod 
coils around the bacterium during its internal
ization by the phagocyte (Horwitz, 1984). The 
significance of this unusual phagocytic process 
is not understood. It has been demonstrated 
that phagocytosis of Legionella can be inhibited 
by cytocholasin D, suggesting that the phago
cytic process may be only slightly different from 
that employed by other microorganisms (Elliot 
and Winn, 1986). Rechnitzer and Blom (1989) 
have also reported that phagocytosis of the 
Knoxville 1 strain of L. pneumophila and of L. 
micdadei did not involve coiling phagocytosis 
and that only the Philadelphia 1 strain appeared 
to be taken up by this mechanism. 

The intracellular behavior of the legionellae 
is most fascinating. The internalized bacteria 
are surrounded by a membrane-bound phago
lysosome, which eventually becomes associated 
with smooth vesicles. Later, these phagosomes 
become surrounded by mitochondria, which 
later are replaced by what appear by micro
scopic observation to be mitochondria (Fig. 2) 
(Horwitz, 1983a). The normal fusion of lyso
somal granules and the phagosome does not oc
cur in L. pneumophila-infected monocytes. 
Acidification of the phagosome also does not 
occur (Horwitz, 1983b; Horwitz and Maxfield, 
1984), permitting the bacteria to multiply 
within and ultimately cause the rupture of the 
infected phagocyte. Monocytes that have phag-
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Fig. I. Diagram of the sequence of cy
toplasmic events involved in the intra
cellular multiplication of L. pneuma
phi/a. (a) Phagocytosis occurs by 
engulfment of the bacterium in a coiling 
pseudopod. (b) The internalized bacte
rium is surrounded in a membrane
bound vacuole, which is associated first 
with smooth vesicles within 15 min after 
ingestion. (c) Within I h after infection, 
the vesicles become surrounded by one 
or more mitochondria in addition. (d) At 
about 4 h after ingestion, the vesicles be
come surrounded by rough vesicles and 
ribosomes and by 8 h, the vesicle is stud
ded entirely by ribosomes. (e) Multipli
cation of the bacteria occurs within these 
ribosome-studded vacuoles, eventually 
resulting in the rupture of the cell. (From 
Horwitz, 1983a.) 

Fig. 2. L. pneumophi/a multiplying in a guinea pig alveolar 
macrophage. The bacteria are contained in a vacuole, which 
is studded with ribosomes. 

ocytosed avirulent legionellae do not contain ri
bosome-studded phagosomes. In these cells, 
phagosome-lysosome fusion and phagosome 
acidification occur in normal fashion. While the 
legionellae are still not killed by these phago
cytes, at the same time they neither replicate 
within nor kill the phagocyte (Horwitz, 1987). 

Virulence Factors 

While much is known about the intracellular 
behavior of the legionellae, the search for the 
virulence factors that underlie this behavior has 
to date been frustrating. The unique intracel
lular life cycle of these bacteria suggests that 
virulence must be multifactorial. Virulence 
must involve at least four attributes, as dem
onstrated in vitro. 1) Bacteria must be recog
nized and phagocytosed in order to gain en-
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trance into the favored site for multiplication. 
This, as previously discussed, is known to be 
mediated by complement receptors on the bac
terial cell (Payne and Horwitz, 1987). 2) Once 
within the bacterial cell, the organisms must 
inhibit phagosome-lysosome fusion, and also 
resist the oxidative killing mechanisms of the 
phagocyte. 3) Evasion of the oxidative killing 
mechanisms must be required because it has 
been shown that an avirulent mutant is not 
killed even in the presence of phagosome-ly
sosome fusion (Horwitz, 1987). 4) Having en
tered the cell and resisted or abrogated its de
fenses, a virulent bacterium must be capable of 
multiplication within the cell. How the legi
onellae effect such a life cycle continues to be 
the subject of much investigation. 

Most ofthe legionellae, with the exception of 
Legionella micdadei, produce a 39-kDa metal
loprotease that can be recovered from culture 
filtrates (Thompson Miller and Iglewski, 1981 ). 
The enzyme is cytotoxic for cultured chinese 
hamster ovary cells and causes the hydrolysis 
of canine erythrocytes (Keen and Hoffman, 
1989). Conlan et al. ( 1986) reported that the 
instillation of this protease into the lungs of 
guinea pigs produced a pattern of cellular de
struction which resembled that seen in Legion
naires' disease, but it was not demonstrated that 
such destruction in natural infections is caused 
by this enzyme. Blander and Horwitz (1989) 
demonstrated that animals immunized with the 
purified protease produced antibody against the 
molecule and displayed evidence of cell-me
diated immunity to the protease. Such vacci
nated animals were also resistant to aerosol 
challenge with virulent L. pneumophi/a. Later 
studies, however, showed that vaccinated ani
mals were not immune to infection by a pro-
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tease-deficient mutant, suggesting that while the 
enzyme may modulate the immune response, it 
is probably not a virulence factor. 

A highly basic protein on the surface of L. 
pneumophila has been identified by Cianciotto 
et al. ( 1989). Mutants made deficient in the ge
netic sequence coding for this protein were 
found to be less capable of penetrating a mac
rophage-like cell line than was the isogenec par
ent strain. However, once internalized, the mu
tant strain appeared to be as capable of 
multiplication as the parent strain. These work
ers named this protein and the gene coding for 
it MIP (for macrophage infectivity promoter). 

Saha et al. ( 1988) identified an acid phos
phatase in L. micdadei that interferes with su
peroxide formation by stimulated human 
PMN s. The purified enzyme has been shown to 
hydrolyze phosphatidyl inositol 4,5-bisphos
phate, an important intermediary molecule in 
the production of reactive oxygen intermediates 
by human PMNs. Since most legionellae con
tain such enzymes, they also may be an im
portant virulence factor. At this time, however, 
the relationship of this property to virulence 
remains indeterminate since the enzyme can be 
isolated from highly passaged and hence avi
rulent organisms and a similar biochemical "le
sion" has not been detected in PMNs infected 
with legionellae. 

L. pneumophila, L. micdadei, and several 
other species produce novel cytotoxin, which 
might play some role in virulence. The mole
cules are small (300-3,400 kDa) peptides, which 
are heat and acid-resistant. The toxin from L. 
pneumophila has been shown to be cytotoxic 
for chinese hamster ovary cells (Friedman et al., 
1980). The toxin also inhibits the respiratory 
burst and subsequent production of reactive ox
ygen intermediates by PMNs (Friedman et al., 
1982), as does a similar product from L. mic
dadei (Hedlund, 1981 ). What role if any these 
molecules may play in virulence remains to be 
determined since these compounds have been 
isolated from laboratory strains of unconfirmed 
virulence. 

Studies of immunity against legionellosis 
have also uncovered another potential virulence 
factor for the legionellae; the ability to scavenge 
iron from the cytoplasm of macro phages. Byrd 
and Horwitz ( 1989) discovered that gamma-in
terferon-activated human monocytes could 
limit the intracellular growth of L. pneumophila 
by decreasing the number of transferrin recep
tors present on the cell surface thereby limiting 
the availability of iron to the intracellular bac
teria. Treatment of the immune cells with iron 
transferrin restored their ability to support 
growth of the legionellae. Likewise, an iron che-
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lating agent, deferoxamine, prevented the mul
tiplication of L. pneumophi/a in nonimmune 
cells. How legionellae are able to obtain needed 
iron from the intracellular milieu is not yet 
known. Siderophores have not been detected in 
Legionella to date (Reeves et al., 1983). 

Therapy 
The epidemiologic investigation of the Phila
delphia outbreak of Legionnaires' disease sug
gested that erythromycin was an effective ther
apeutic agent and that ~-lactam and 
aminoglycoside agents were not (Fraser at al., 
1977). Subsequent studies in animals (Fraser, 
1978) confirmed the efficacy of erythromycin 
against the legionellae. In addition, rifampin, 
the tetracyclines, and the combination of sul
famethoxazole with trimethoprim have been 
demonstrated to be efficacious in infected ani
mals (Edelstein Calarco and Yasui, 1984; Pas
culle, et al., 1985). The susceptibility of legi
onellae to antibiotics can be measured by in 
vitro susceptibility tests (Pasculle et al., 1981 ), 
but these tests do not predict which agents will 
be therapeutically efficacious because in vitro 
tests do not take into account whether or not 
these agents can penetrate cells. Most species of 
Legionella produce a broad spectrum ~-lacta
mase and are not susceptible to penicillins and 
cephalosporins. A relatively new class of agents, 
the fluoroquinolones (such as ciprofloxacin) 
also appear to have both in vitro and in vivo 
activity against the legionellae and may also 
find clinical use (Saito et al., 1986). 

On a weight basis, rifampin appears to be the 
agent most active against the legionellae. Ri
fampin, however, is never used alone for the 
treatment of legionellosis because it rapidly se
lects for resistant subpopulations of legionellae 
(Dowling et al., 1982). Most patients are treated 
with erythromycin alone or in combination 
with rifampin for 3 weeks. Tetracyclines and 
sulfamethoxazolejtrimethoprim have also been 
reported to be therapeutically effective. There
sponse of patients to therapy is variable. In 
some patients the clinical response to antimi
crobial therapy may appear delayed and the pa
tient may even seem to worsen after therapy 
begins. Legionellae may be detected by immu
nofluorescence or culture after up to 10 days of 
therapy, but this observation also does not cor
relate with the patient's ultimate response to 
therapy (Kirby et al., 1980). 

Diagnosis 
Culture 

Culture remains the most sensitive test for the 
laboratory diagnosis of legionellosis (Edelstein 
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Meyer and Finegold, 1980; Zuravleff et al., 
1983.; Edelstein, 1987; Pasculle et al., 1989). 
The sensitivity of culture methods varies not 
only with the type of specimen but also from 
laboratory to laboratory. Whether this phenom
enon reflects variation in intra-laboratory pro
ficiency or the varying quality of commercially 
prepared media is not known. Culture is most 
sensitive (about 90%) when applied to speci
mens such as those obtained by transtracheal 
aspirates or bronco-alveolar lavage, since these 
are not usually contaminated with oral bacteria. 
Culture of sputum specimens is much less sen
sitive and the sensitivity of culture in hospital
ized patients may be somewhat lower, about 65-
75%. The sensitivity will vary primarily because 
of variations in the prevalence of cefamandole
resistant bacteria (especially Pseudomonas and 
enterococci) in various hospitals. 

The legionellae are not known to colonize hu
mans (Bridge and Edelstein, 1983; Baumgard
ner et al., 1988.). Thus, the specificity of culture 
methods appears to be close to 100% and any 
patient from whom the organism is isolated 
should be presumed to have legionellosis. A va
riety of ancillary procedures are used to en
hance cultural diagnosis of legionellosis. A dis
cussion of these may be found elsewhere in this 
chapter. 

Direct Antigen Detection 

IMMUNOFLUORESCENCE. Direct fluorescent an
tibody staining (DFA) has been employed for 
the rapid detection of legionellae in both tissue 
and respiratory secretions (Broome et al., 1979). 
The major benefit of this technique is that it 
can be performed rapidly with results usually 
available within 2 h. The sensitivity of DFA in 
various laboratories has not been constant. 
Some laboratories have reported a sensitivity of 
25-30% for DFA (Zuravleff et al., 1983; Buesch
ing et al., 1983) while other have found the sen
sitivity of the test to be in the order of 70% 
(Edelstein, 1987; Pasculle et al., 1989). The rea
sons for the widely varying estimates of sensi
tivity are not fully understood but may include 
differing patient populations, methodological 
differences such as volume of specimen exam
ined, or even laboratory proficiency. The above 
not withstanding, all laboratories find to a 
greater or lesser extent that culture is more sen
sitive than DFA. 

Direct immunofluorescence has additional 
limitations as well. As the number of serovars 
has increased, the number of fluorescent con
jugates required to detect all possible organisms 
has become unmanageable. At present, there 
are 4 7 serovars in the genus. Even more prob-
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lematic is that conjugated antisera are not avail
able commercially for most Legionella sera
types, making complete examination of 
specimens possible in only a few reference lab
oratories. On the other hand, since over 90% of 
all legionella infections are caused by L. pneu
mophila serogroups 1 through 6 and L. mic
dadei (Reingold et al., 1984), detection of the 
greatest majority of cases is possible using com
mercially available antiserum pools that contain 
antibodies for these organisms. Many American 
laboratories limit their immunofluorescent test
ing to these seven serovars and rely on culture 
(which should always be performed in parallel 
with DFA) to detect other serovars. 

The specificity of DFA in most laboratories 
has been high (93-99%) (Edelstein, 1987; Pas
culle et al., 1989). However, in areas oflow dis
ease prevalence, this level of specificity consid
erably lowers the predictive value of a positive 
test. A number of bacterial species are known 
to be stained by Legionella DFA conjugates. 
These include Pseudomonas fluorescens, P. 
aeruginosa, P. putida, and Bacteroides species 
(Tenover et al., 1986; Edelstein et al., 1980). 
There are also reported cross-reactions between 
Legionella and Bordetella pertussis (Benson et 
al., 1987; Ng et al., 1989). 

Since legionellae are often present in water 
distribution systems, the buffers and other 
aqueous reagents used in the DFA procedure 
can become contaminated with these bacteria, 
producing false positive tests (Ristagno and Sa
rovolatz, 1985). This type of false positive re
action is easily prevented by membrane filter
ation of all the aqueous reagents used for the 
DFA test. 

DFA staining is not usually applied to envi
ronmental specimens because of unsuitably low 
specificity. In some studies involving environ
mental specimens, fewer than 50% of samples 
that tested positive by DFA yielded Legionella 
upon culture (Fliermans et al., 1981.). Whether 
this is the result of cross-reactivity or of the 
presence of dead or dormant legionellae in these 
specimens is not actually known. 

The first DFA reagents available were pro
duced in rabbits and it is these polyclonal re
agents that have been associated with most of 
the false positive reactions. Monoclonal anti
body (MAb) reagents are now commercially 
available. One MAb recognizes all serotypes of 
L. pneumophila while additional reagents are 
also available for L. micdadei and L. dumoffii. 
These monoclonal reagents have been demon
strated to be of equivalent sensitivity to the po
lyclonal reagents and to have higher specificity 
(Edelstein et al., 1985; Cercenado et al., 1987.). 
In addition, the polyclonal reagents produce less 
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nonspecific florescence of the background ma
terial. The L. pneumophila MAb appears to be 
directed against a species-specific protein anti
gen, probably in the outer membrane. Because 
of this, the MAb does not react with organisms 
in formalin-fixed specimens (Edelstein et al., 
1985). One false positive reaction caused by 
spores of Bacillus cereus spores in an environ
mental specimen has been reported (Flournoy 
et al., 1988). 

Nucleic Acid Probes 

A DNA probe which hybridizes with the rRNA 
of Legionella has been commercially produced. 
Initial studies using bacterial isolates indicated 
that the probe could detect all 22 Legionella 
species tested and did not react with other com
mon and uncommon bacterial species (Edle
stein, 1986; Wilkinson et al., 1986). A retro
spective premarket study of the probe using 
frozen respiratory tract specimens demon
strated that the sensitivity of the DNA probe 
was about 75% compared to culture and the 
specificity was 99% (Edelstein et al., 1986). Two 
prospective studies of the commercial product 
have been performed. One (Doebbeling et al., 
1988) found the sensitivity and specificity to be 
50 and 99% respectively, while the other (Pas
culle et al., 1989.) reported values of 71 and 
99%. The probe appears to be equivalent to 
DFA testing, but not as sensitive as culture. The 
major advantage of such a reagent is the ability 
to detect all species and serogroups with a single 
reagent. The probe has two major disadvan
tages: its somewhat higher cost limits its use to 
high-volume laboratories; and the test probe 
employs an 1251 label and thus has a relatively 
short shelf life of 6 weeks. 

Two other DNA probes have been prepared 
experimentally. Grimont et al. ( 1985) used ra
diolabeled chromosomal restriction endonucle
ase fragments to demonstrate in situ hybridi
zation on nitrocellulose filters. Another group 
used cloned DNA, which codes for the major 
outer membrane protein of Legionella as a 
probe to detect the organism in lung tissue of 
mice (Engelberg et al., 1986). 

Despite their differing compositions, all the 
above DNA probes appear to be about equal in 
sensitivity and are reported to detect between 
104 and 105 colony-forming units/mi. Amplifi
cation of Legionella DNA in artificially seeded 
tap water has been accomplished using the pol
ymerase chain reaction (Starnbach et al., 1989). 
It was reported that as few as 35 colony-forming 
units of L. pneumophila could be detected. 

Urinary Antigen Detection 

Legionella urinary antigen can be detected in 
the urine of patients with Legionnaires' disease 
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by a number of immunologic methods. En
zyme-linked immunosorbent assay (ELISA) 
and radioimmunoassay (RIA) appear to be 
more sensitive than latex agglutination. The 
sensitivity ofthe test has ranged from 70-100% 
(Sathapatayvayongs et al., 1982.; Aguero-Ro
senfield and Edelstein, 1988) and the specificity 
appears to be in the 99-100% range as well. One 
study found that false positive ELISA tests 
could be eliminated by boiling the urine prior 
to testing (Sathapatayvayongs et al., 1982). 

The RIA test has recently become commer
cially available. A retrospective evaluation of 
that reagent found it to be 100% sensitive and 
specific (Aguero-Rosenfield and Edelstein, 
1988. ). The major limitation of the tests for an
tigenuria is that the antibody employed to date 
detects the antigen of only L. pneumophila ser
ogroup 1. Thus, in certain areas where other 
Legionella serotypes and/or species are more 
prevalent, the predictive value of a negative test 
will be unacceptably low. Also, the use of a ra
dioisotope (1 251) in the RIA method will make 
the method undesirable for many laboratories. 
Finally, antigen may be present in the urine of 
some patients for several months after recovery, 
slightly diminishing the predictive value of a 
positive test. 

Antigens of other Legionella serogroups also 
appear to be detectable in the urine (Kohler et 
al. 1987), suggesting that a polyvalent screening 
system might be possible. Alternatively, the 
production of a broadly reactive antibody that 
detects multiple serotypes and species has been 
demonstrated. Its sensitivity appears to be 
equivalent to the monovalent serogroup 1 re
agent (Tang and Toma, 1986). If multivalent or 
panvalent antibody reagents become commer
cially available, the urinary antigen test may 
very likely become the method of choice for 
rapid screening for legionellosis. 

Antibody Detection 

Serological diagnosis is still often used despite 
a number of significant problems. Antibodies 
against the legionellae can be detected by a 
number of methods, including indirect immu
nofluorescence (IFA), ELISA, and microagglu
tination tests. The IFA test continues to be most 
often employed for the serological diagnosis of 
legionellosis. The sensitivity ofthe IFA test ap
pears to be about 75% when paired sera are 
tested, while the specificity is above 99% in most 
series (Wilkinson et al., 1981 ). A number offac
tors reduce the diagnostic utility of serological 
testing. Most importantly, the antibody re
sponse following infection is variable. In pa
tients with legionellosis documented by culture, 
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only about 25% of patients may have demon~ 
strable antibody during the first 2 weeks follow
ing infection. Some patients do not appear to 
develop antibody for up to 6 weeks following 
infection documented by cultures and 15-20% 
of such patients fail to develop antibody at all 
(Kirby et al., 1980). Thus, for maximal diag
nostic yield, paired sera, often collected 6 weeks 
apart, must be tested. Thus, serological testing 
can do little to establish the diagnosis of legi
onellosis in a critically ill patient within a clin
ically relevant time frame. 

The varying prevalence of antibody (1-20%) 
among various populations and the probable 
lifelong persistence of antibody also make the 
interpretation of single antibody titers unreli
able. Single IFA antibody titers of> 256 appear 
to be associated with both recent and remote 
Legionella infection and cannot reliably estab
lish a diagnosis of legionellosis in a critically ill 
patient. This is particularly true in areas where 
the antibody prevalence is known to be high. 
The most reliable diagnostic yields result from 
the demonstration of fourfold rises in antibody 
titer in paired sera with a titer of> 128 in the 
convalescent serum (Wilkinson et al., 1981) 
These interpretive criteria are also often applied 
to the serological diagnosis of infections caused 
by other Legionella species and serotypes, but 
criteria for the interpretation of serologic titers 
for these organisms has not been conclusively 
established (Wilkinson et al., 1983). Finally, 
while antibody ofthe IgG, IgM, and IgA classes 
are produced in response to Legionella infec
tion, they appear to be produced concomitantly 
in many patients and remain elevated. Thus, it 
is important to employ reagents that can detect 
both IgG and IgM. The detection of IgM alone 
does not always demonstrate recent infection 
(Wilkinson, 1987). 

Serological testing also cannot determine the 
identity of the Legionella serovar causing dis
ease in a particular patient. Patients with cul
turally proven legionellosis may produce anti
body to another serovar or even to multiple 
serovars. The nature of the serological response 
seems to be influenced more by the patient than 
by the identity of the infecting organism (Wilk
inson et al., 1983; Fallon and Johnston, 1987). 
Because of this, the interpretation of many pub
lished studies of the prevalence of legionellosis 
is subject to some skepticism (Reingold, 1988). 
In addition, serological cross-reactions have 
been reported in the sera of patients with Bac
teroides infections and in patients with cystic 
fibrosis, presumably due to Pseudomonas aeru
ginosa. (Edelstein et al., 1980; Collins et al., 
1984). 
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Isolation 

L. pneumophila was initially isolated in guinea 
pigs and in embryonated eggs (McDade et al., 
1977), as were some of the other early species 
in the genus. A number of artificial media have 
been developed that support growth of the le
gionellae. Artificial media are superior to in
oculation of guinea pigs (Edelstein et al., 1982) 
because specimens with low numbers of organ
isms produce only subclinical infection of the 
animals. The legionellae require iron and cys
teine in order to initiate growth on artificial me
dia, and the first medium upon which L. pneu
mophila was cultivated consisted of Mueller
Hinton agar to which hemoglobin and the sup
plement I so Vitale X were added (Feeley et al., 
1978). Ferric pyrophosphate was found to be an 
acceptable substitute for hemoglobin, and L

cysteine was found to be the active component 
in Iso VitaleX. The addition of these com
pounds to a basal medium consisting of casein, 
beef extract, and starch produced F-G agar (Fee
ley et al., 1978) upon which many isolations of 
L. pneumophila were made. Feeley et al. (1979) 
subsequently developed a more sensitive sem
isynthetic charcoal-based medium, charcoal 
yeast extract agar. Good control of the pH of 
the medium was necessary since the legionellae 
initiated growth over a very narrow range of pH 
(6.85-6.95) and the addition of a zwitterionic 
buffer, ACES, to charcoal yeast extract agar by 
Feeley's group (Pasculle et al., 1980) resulted in 
buffered charcoal yeast extract agar (BCYE), 
which remains the medium of choice for the 
isolation of the legionellae. Edelstein ( 1982) 
added a-ketoglutarate to BCYE agar and dem
onstrated a marked increase in both the speed 
of growth and in the plating efficiency of the 
medium. It is this version, commonly referred 
to as BCYE-a, which is most widely used. 

BCYE agar is very rich and in no way selec
tive for legionellae. A number of modifications 
have been made to BCYE agar to produce se
lective and differential media for specialized 
use. Edelstein ( 1982) added cefamandole, poly
myxin B, and the antifungal agent anisomycin 
to produce a semiselective medium that is often 
employed for clinical specimens such as spu
tum, which may contain other bacterial species. 
Wadowsky and Yee (1981) added glycine (to in
hibit Gram-negative bacteria) vancomycin, and 
polymyxin B to produce a medium that they 
found highly useful for culturing environmental 
sites heavily contaminated with other bacteria. 
Vickers et al. (1981) found that the addition of 
bromcresol purple and bromthymol blue dye to 
these media enabled L. micdadei to be differ
entiated from other legionellae by the blue color 



3290 A. W. Pasculle 

of their colonies on the agar. Selective media 
should not be used alone for clinical specimens 
since they are somewhat inhibitory for small 
numbers of legionellae (Roberts et al., 1987). 

The pH of the medium is exceedingly critical 
and should be held between 6.85 and 6.95 (Fee
ley et al., 1979; Pasculle et al., 1980). Media 
should probably be poured in a darkened room 
to prevent the photochemical oxidation of yeast 
extract and the light-catalyzed autoxidation of 
cysteine. These oxidations produce inhibitory 
superoxide anion and peroxides (Hoffman et al., 
1983). Adequate quality control of the media is 
necessary to ensure that the media are of good 
quality. Legionella isolates that have been sub
cultured several times on agar no longer con
stitute an adequate quality control challenge for 
these media and a virulent strain of bacteria 
maintained in homogenates of human or guinea 
pig lung should be used for this purpose (Feeley 
et al., 1979; Kealthly and Winn, 1984). All the 
media previously discussed are currently avail
able from commercial vendors but the quality 
can be highly variable (Kealthly and Winn, 
1984). 

Additional techniques are often used to in
crease the yield of legionellae from clinical and 
environmental specimens. Treating specimens 
with an HCl-KCl buffer (pH 2.2) prior to in
oculation on agar media kills many contami
nating bacteria more rapidly than the legionel
lae in environmental specimens (Bopp et al., 
1981; Roberts et al., 1987). This procedure also 
results in about a 10% greater yield of positive 
specimens when used with clinical samples 
(Buesching et al., 1983). Tissue specimens may 
harbor substances that are inhibitory for the 
legionellae. Dilution of such specimens at least 
10-fold in bacteriological broth also may in
crease the yield of positive cultures from such 
specimens (Lattimer et al., 1980; Wilkinson, 
1987). Other specimens that are dilute or other
wise contain small numbers of bacteria should 
be concentrated by centrifugation before inoc
ulation onto media. Such specimens include 
pleural fluids, trans-tracheal aspirates, broncho
alveolar lavage fluids, and pericardia! fluids. 

Several methods have been employed to col
lect and process environmental specimens, 
which frequently contain small numbers of le
gionellae. Some method of concentration is 
often employed. These include centrifugation 
(Voss et al., 1984) and membrane filtration (Or
rison et al., 1981 ). Both techniques appear to 
be of equal efficiency (Brindle et al., 1987). 

Several liquid media have been developed for 
propagation of the legionellae for antigenic, 
metabolic, and other studies. Two chemically 
defined media contain complex mixtures of 
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amino acids, vitamins, and trace elements (Pine 
et al., 1979; Warren and Miller, 1979). Ristroph 
et al., ( 1980) developed a novel semisynthetic 
broth medium, which consists of filter-sterilized 
yeast extract with cysteine and ferric pyrophos
phate. Sterilized agar may be added to produce 
a semisynthetic agar and ACES buffer has also 
been added to this medium (Dowling et al., 
1982) to produce more reliable growth. Wild 
type strains of Legionella do not appear to in
itiate growth well in liquid media. Growth of 
small inocula is variable and the lag phase may 
last over 24 h. Strains that have been transferred 
in broth culture several times appear to become 
somewhat adapted to growth in these media. 
Whether this poor growth of legionellae in liq
uid media is a characteristic of the genus or 
reflects remaining deficiencies in the available 
media is currently not known. Nevertheless liq
uid media are never relied on for the isolation 
of these bacteria from clinical or environmental 
sources. 

Legionella has been isolated from blood by a 
variety of techniques including biphasic blood 
culture bottles (Edelstein et al., 1979), lysis cen
trifugation (Dorn and Barnes, 1979), and con
ventional radiometric methods (Rihs et al., 
1985). However the diagnostic utility of rou
tinely performing such blood cultures remains 
to be established. 

Buffered Charcoal Yeast Extract Agar 
N-(2-acetamido )-2-aminomethane sulfonic 
acid (ACES) 10 g 
Yeast extract (Difco) 10 g 
Charcoal (Norit SG) 2 g 
Agar (Difco) 1 7 g 
a-Ketoglutarate (monopotassium salt) 1 g 
L-Cysteine HCI·H20 (in 10 ml distilled 
water) 0.4 g 
Ferric pyrophosphate (in I 0 ml distilled 
water) 0.25 g 
Distilled/deionized water 950 ml 

Dissolve ACES completely in water, warming water 
if necessary. Add a-ketoglutarate and yeast extract. Ad
just pH to 6.95 with 1 N KOH (40-45 ml) and then 
bring volume to 1 liter with water. Add charcoal, agar, 
and dissolve by boiling. Autoclave for 15 min at 121 oc. 
Allow to cool to 50°C and add filter-sterilized cysteine 
and ferric pyrophosphate solutions, always adding the 
cysteine first. Check pH and adjust with 1 N KOH if 
necessary. 

Swirl the flask or use a magnetic stirring bar while 
pouring plates to keep the charcoal particles suspended 
in the medium. Pour 25 ml per plate to resist drying 
out during prolonged incubation. It may be beneficial 
to pour media in a darkened room to prevent generation 
of peroxides. 

Precautions: The ferric pyrophosphate must be kept 
dry (desiccator) and the solution must be freshly made 
just prior to use. If the powder changes from its green 



CHAPTER 178 

color (yellow or brown), it is no longer usable. This so
lution must be made fresh each time it is required. Ferric 
pyrophosphate can be readily dissolved in water by heat
ing it to sooc. 

Identification 

Colonial Morphology 

Colonies of legionellae appear on BCYE agar 
within 36-48 h of incubation. Recognition and 
preliminary identification of the bacteria are fa
cilitated by the use of a dissecting microscope 
for the examination of the media. Legionella 
colonies display a characteristic appearance re
sembling "ground glass" when viewed under 
obliquely transmitted light. The colonies are 
gray, convex with an entire edge that usually 
displays a birefringent band, which is either 
greenish blue or pink depending on the species. 
As the colonies become several days older, the 
ground-glass appearance and the birefringent 
edge tend to disappear and the colonies appear 
more like those of other bacteria. When the col
onies are illuminated with a Woods' lamp the 
colonies of most species will exhibit a dull yel
low fluorescence (Table 1). The colonies of L. 
bozemanii, L. gormanii, L. dumoffii, and sev
eral other species display a very striking blue
white autofluorescence under similar condi
tions of illumination while colonies of L. rub
rilucens and L. erythra produce a red fluores
cence. (Feeley et al., 1978; Brenner et al., 1985). 

Cellular Morphology and 
Biochemical Characteristics 

The legionellae are fastidious bacteria that re
quire iron and cysteine for primary isolation. 
Growth does not occur on common laboratory 
media such as blood or chocolate agar. Despite 
their apparent acid resistance (Bopp et al., 
1981 ), the legionellae appear only to initiate 
growth on artificial media over a very narrow 
pH range of6.8-7.0. The optimum temperature 
for human isolates appears to be 35°C, but iso
lates from warmer environments, such as hot 
water systems, may grow at higher tempera
tures. Growth of the legionellae on the agar me
dia mentioned earlier, such as FG agar, appear 
to be stimulated by incubation in a 5-10% C02 

atmosphere. In contrast, growth on yeast ex
tract-based media (CYE and BCYE) appears 
not to be stimulated by incubation in an at
mosphere enchriched with C02 (Feeley et al., 
1978; Pasculle et al., 1980.). They do not grow 
appreciably under anaerobic conditions. 

Legionella cells are small, Gram-negative 
rods, 1-2 ~m in length and 0.5 ~m wide. Fila-
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mentous forms up to 20 ~m may also be present 
in some cultures, particularly after prolonged 
passage in artificial media (Pine et al., 1979). 
Their ultrastructural arrangement is typical for 
Gram-negative rods, with typical trilaminar in
ner and outer membranes. L. micdadei has a 
unique electron dense layer in the periplasmic 
space that is not seen in L. pneumophila (Gress 
and Myerowitz, 1980). Several species, except 
L. micdadei, appear to have an extracellular 
polysaccharide capsule or slime layer that can 
be vizualized by ruthenium red staining (He
bert et al., 1984), even though the bacteria ap
pear unencapsulated by other means. Staining 
characteristics depend to some degree on the 
source of the bacteria. Typically, the legionellae 
in clinical specimens are not reliably stained by 
the Gram stain, although bacterial cells from 
artificial media stain somewhat better. The sub
stitution of carbol fuchsin for the saffranin 
counterstain in the Gram technique makes the 
legionellae more readily visible. Staining of the 
legionellae can also be accomplished using crys
tal violet (de Freitas et al., 1979) and methylene 
blue (Pasculle et al., 1980). L. micdadei is un
usual in that the cells are weakly acid fast when 
present in tissue but readily lose this property 
after a single passage on artificial media. The 
reason for this is unknown (Pasculle et al., 
1980). The legionellae can also be readily 
stained by the Gieminez stain (McDade, 1978) 
and the Dieterle silver (Chandler et al., 1977) 
stains, but neither technique is specific for these 
bacteria. 

The legionellae are chemoorganotropic and 
they do not possess a glucose transport system 
and do not appear to ferment any other car
bohydrates as well. Early studies using several 
defined media suggested that methionine, ar
ginine, threonine, serine, isoleucine, leucine, 
and valine are required by the legionellae, in 
addition to cysteine. Serine, glutamate, and per
haps threonine appear to serve as the primary 
carbon and energy sources for the legionellae 
and are catabolized via the Krebs cycle. Car
bohydrate synthesis occurs through gluconeo
genesis via the Embden-Meyerhof pathway 
(Pine et al., 1979; George et al., 1980; Keen and 
Hoffman, 1984; Tesh et al., 1983). 

Members of the genus Legionella cannot be 
identified with any degree of certainty using tra
ditional biochemical testing. The few pheno
typic tests that can be used to separate these 
organisms into groups are given in Table 1. All 
species are motile via one to three polar or sub
polar flagella and the flagella of all legionella 
species appear to be antigenically identical. 
Only L. oakridgensis appears to be nonmotile 
(Thomason et al., 1979; Orrison et al., 1983). 
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Tests for nitrate reductase and urease are neg
ative for all species. Most strains are reported 
to be catalase positive when whole cells are 
tested for the ability to decompose hydrogen 
peroxide. Studies using cell-free extracts, how
ever, have demonstrated the L. pneumophila 
and L. gormanii have only peroxidase activity 
whereas other Legionella species in actuality do 
possess catalase (Pine et al., 1984). Most spe
cies, except L. feeleii and L. micdadei, liquify 
gelatin. Most strains of L. pneumophila and 
some strains of L. Feeleii hydrolyze hippurate. 
Most strains produce a beta-lactamase that is 
active against cephalosporins and can readily 
be demonstrated using nitrocefin (Marre' et al., 
1982.). 

Cellular Lipids 

The cell wall of the legionellae is somewhat 
unique among Gram-negative bacteria in that 
it contains large amounts of branched chain 
fatty acids and only minor amounts of hydroxy 
acids (Moss et al., 1977). When there were few 
species in the genus, the determination of the 
presence of these unusual fatty acids was a rapid 
means for the presumptive identification of 
these bacteria. With the subsequent recognition 
of multiple species in the genus, the determi
nation of fatty acid profiles is useful primarily 
for the initial examination of an isolate. Both 
quantitative and qualitative measurements of 
fatty acid content are made by gas-liquid chro
matography. Using such quantitative measure
ments, Lambert and Moss (1989) were able to 
divide the first 23 Legionella species into three 
major groups. 

The legionellae also are unusual in that their 
isoprenoid quinones are ubiquinones with side 
chains containing greater than nine isoprenoid 
units (Karr et al., 1982; Lambert and Moss, 
1989). Lambert and Moss (1989) were able to 
divide 23 Legionella species into four groups 
and differentiate L. feeleii from all the other 
legionellae by quantitative estimation of their 
ubiquinone content. The determination of fatty 
acid and ubiquinone profiles is generally too 
complex for routine laboratory use. These pro
cedures are, however, very helpful in the pre
liminary characterization of isolates by refer
ence laboratories. 

Identification Techniques 

The identification of Legionella isolates ranges 
from a simple task for common species to a very 
complicated task for new species. Traditionally, 
the first step is to demonstrate the requirement 
of an isolate for cysteine, which is characteristic 
of the genus Legionella (Brenner et al., 1988). 
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In most laboratories, this is done by inoculating 
the isolate onto a BCYE agar plate from which 
the cysteine has been omitted (Wilkinson, 
1988). Other cysteine-deficient media, such as 
sheep blood agar, may be used for this purpose, 
but occasional strains of other heterotrophic en
vironmental bacteria may be encountered that 
will grow on BCYE and not on blood agar 
(Thacker et al., 1981 ). Isolates can also be pre
liminarily assigned to the genus by reacting 
them with a commercially available DNA 
probe, which appears to be highly specific for 
members of the genus (Wilkinson et al., 1986; 
Edelstein, 1986). 

Other methods may eventually come into use 
to assign organisms to the genus Legionella. 
Most of the antibody in patients' sera appears 
to be specific for serogroup-dependent deter
minants in the lipopolysaccharide of the legi
onellae (Ciesielski et al., 1986.). There are, how
ever, protein antigens associated with the cell 
surface that may be common to some or all 
species (Rindahl and Iglewski, 1986; Nolte and 
Conlin, 1986). The genetic locus for the major 
outer membrane protein of Legionella pneu
mophila appears to contain both genus- and 
species-specific regions. An experimental DNA 
probe for this locus has already been prepared 
(Engelberg et al., 1986). Butler et al. (1985) dem
onstrated extensive cross-reactions by immu
noblotting between the major outer membrane 
proteins of 10 Legionella species. Similarly, 
Sampson et al. ( 1986) were able to demonstrate 
a common 58-kDa protein antigen in the outer 
membrane of the first nine Legionella species. 
The use of a genetic or immunological probe to 
detect one or more of these common antigenic 
determinants could also be used to assign iso
lates to the genus. 

The identification of the various recognized 
species and serovars of Legionella is most read
ily achieved by serological methods. Fluores
cein-conjugated antisera for direct immuno
fluorescence testing can be used for the rapid 
presumptive identification of isolates (Cherry et 
al., 1978; Wilkinson, 1987). Since L. pneuma
phi/a accounts for the greatest preponderance 
of clinical isolates (Reingold et al., 1984), most 
clinical isolates can indeed be identified using 
such commercially available antisera. Antibody 
conjugates are available commercially for L. 
pneumophila serogroups 1-6, L. bozemanii, L. 
dumoffii, L. gormanii, L. micdadei, and L. long
beachae serotypes 1 and 2. A monoclonal an
tibody conjugate that reacts with at least 10 ser
ogroups of L. pneumophila is also available, as 
are similar conjugates for L. micdadei and L. 
dumoffii (Edelstein et al., 1985; Cercenado et 
al., 1987). 
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A simple slide agglutination test for the iden
tification of the legionellae has also been de
veloped. Extensive crossreaction among the le
gionellae requires that the polyclonal antisera 
used for this procedure and for immunofluo
rescence be subjected to reciprocal adsorption 
to remove cross-reacting antibodies. Thacker et 
al. ( 1985) were able to identify 22 Legionella 
species using slide agglutination reagents. The 
only organisms not identifiable were L. boze
manii and L. parisiensis, whose cross-reactions 
cannot be removed. Despite its rapidity and 
simplicity, slide agglutination reagents are not 
available commercially. 

Identification of Strains 

Epidemiologic studies are greatly enhanced by 
the recognition of common clones or strains 
among isolates. The earliest studies employed 
simple serotyping to recognize isolates that were 
different from each other. However, the pre
ponderance of isolates belonging to L. pneu
mophila serogroups 1 and 6 limits the use of 
this technique to those situations involving 
other species and serotypes. Plasmid profiling 
has been used to characterize environmental 
and clinical isolates in several outbreaks. A large 
majority of isolates appear not to contain plas
mids, but when present the identification of 
plasmid types has been useful (Mikesell et al., 
1981; Brown et al., 1982). In addition to com
paring plasmids by molecular weight, it is also 
possible to further characterize plasmids of sim
ilar size by analyzing the fragments produced 
after treatment of the plasmids with restriction 
endonucleases (Nolte et al., 1984.) 

Panels of monoclonal antibody reagents have 
been developed for typing isolates of L. pneu
mophila serogroup 1. (Joly et al., 1983; Mc
Kinney et al., 1983; Watkins et al., 1985). A 
panel of standardized reagents has been devel
oped that could separate L. pneumophila ser
ogroup 1 into 10 major subgroups (Joly et al., 
1986). A panel of two monoclonal antibodies 
for L. pneumophila serogroup 6 has also been 
developed, which could divide these isolates 
into two groups. In conjunction with other typ
ing methods, monoclonal antibody typing of 
serogroup 6 isolates is also useful for epidemi
ologic purposes (McKinney et al., 1989). 

Analysis of restriction endonuclease frag
ments of chromosomal DNA has also been em
ployed to evaluate the relationships between 
isolates of L. pneumophila, L. micdadei, and L. 
dumoffii. The advantage of this technique is 
that it permits comparison of species and sera
types that do not contain plasmids and/or for 
which monoclonal antibodies are not available 
(Tompkins at al., 1987). 
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Multilocus enzyme electrophoresis (MEE) 
has also been applied to the study of the legi
onellae at both the strain and species level. In 
this analysis, as applied to Legionella, the elec
trophoretic mobility of a panel of 22 bacterial 
enzymes is measured. Differences in electro
phoretic mobility of a particular enzyme result 
from small genetic changes in the structure of 
the enzyme, which do not affect enzyme func
tion. Selander et al. (1985) could divide L. pneu
mophila into 62 distinct electrophoretic types 
and identified two groups of strains that were 
actually new species of Legionella (see below). 
Edelstein et al. ( 1986) compared MEE with 
monoclonal antibody testing and plasmid 
analysis of strains involved in a large outbreak 
and found that MEE was the most sensitive typ
ing system in that it separated the strains into 
the largest number of types. Tompkins et al. 
(1987) found MEE and analysis of chromo
somal restriction fragments of approximately 
equal sensitivity. McKinney et al. ( 1989) iden
tified 11 MEE types among isolates of L. pneu
mophila serogroup 6, and in conjunction with 
two monoclonal antibodies were able to divide 
this group of organisms into 12 separate types. 
Two-thirds of the isolates fell into a single 
group. 

Taxonomy 

Isolates that cannot be identified by the above 
methods must be submitted to a reference lab
oratory for identification. Definitive identifi
cation requires the examination of cellular lip
ids, as described above, for preliminary 
characterization and also genetic analysis. The 
genus Legionella was initially defined by Bren
ner et al. ( 1979), who examined several isolates 
of the newly discovered Legionnaires' disease 
bacillus and concluded that they represented a 
new family, genus, and species. Since then, the 
genus has been redefined twice to take into ac
count the ever-increasing number of species and 
subspecies. The creation of a single genus to 
hold this collection of species has been chal
lenged by a small group of investigators. 

Oligonucleotide cataloging of Legionella 16S 
rRNA has demonstrated that the legionellae are 
not closely related to other groups of organisms, 
but are closely related to each other at the ri
bosomal level. They are distantly related to the 
purple sulfur bacteria and their nonphotosyn
thetic relatives (Ludwig and Stackebrandt, 
1983; Brenner, 1987). Other taxonomic studies 
have also demonstrated the uniqueness of the 
genus Legionella. Brenner (1987) reported that 
hybridization studies using the DNA which 
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specifies rRNA demonstrated that the legionel
lae were most closely related (approximately 
60%) to common members of the Enterobac
teriaceae and to Pseudomonas, all of which are 
also related at the ribosomal level to the purple 
photosynthetic bacteria. 

The GC content ofthe DNA of species in the 
genus is 38 to 52 mol% (Brenner et al., 1985, 
1988). The various Legionella species share up 
to 67% DNA relatedness at optimal hybridi
zation temperature while strains within a given 
species have 70% or greater relatedness and 
<5% divergence in related sequences. It is upon 
this basis that the 29 species have been created 
within the genus (Brenner, 1987; Brenner et al., 
1988; see also Table 1 ). 

Garrity et al. (1982) recovered a number of 
isolates belonging to L. pneumophi/a serogroup 
5, which were 15-42% related to the reference 
strain of L. pneuma phi/a serogroup 5. They con
cluded that these isolates represented a species 
closely related to but separate from L. pneu
mophila. A taxonomic study of L. pneumophila 
isolates, using multilocus enzyme analysis, 
identified two clones among a collection of iso
lates with closely related, but not identical al
lotypes. Isolates belonging to these clones be
longed to L. pneumophila serogroups 1, 4, and 
5 (including the strains studied by Garrity) and 
an unnumbered serotype, Lansing 3. The analy
sis suggested that these two clones represented 
two species closely related but not identical to 
L. pneumophila (Selander et al., 1985). Upon 
further examination of their DNA, Brenner et 
al. 1988) also concluded that these two groups 
of clones form two distinct DNA hybridization 
groups. Organisms within each group are highly 
related (88-98%) to each other but were only 
distantly related (40-50% under stringent con
ditions) to L. pneumophila, with which most 
isolates share common antigens. Since these or
ganisms can only be differentiated from each 
other in most cases by DNA hybridization stud
ies rather than phenotypic testing, it was pro
posed that the species L. pneumophila be di
vided into three subspecies. The species 
formerly known as L. pneumophila was 
changed to L. pneumophila subsp. pneuma
phi/a. The second hybridization group was 
named L. pneumophila subsp. fraseri, and the 
third group, L. pneumophila subsp. pascullei 
(Brenner et al., 1988). While the creation of 
these subspecies is of taxonomic importance, 
the use of the subspecific epithets will be limited 
to those few laboratories that can identify L. 
pneumophila to this level. 

The taxonomy of the legionellae has been 
challenged at the genus level by Garrity et al. 
(1980) and Brown et al. (1981), who examined 
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L. micdadei, L. bozemanii, L. dumo.ffii, and L. 
gormanii by DNA hybridization. Their re
ported hybridization values were virtually iden
tical to those reported by others (Brenner et al., 
1980) and showed that these species are less 
than 25% related to L. pneumophila. These 
workers suggested that organisms that were less 
than 25% related to each other should be placed 
in separate genera and proposed the genus Tat
lockia for L. micdadei (T. micdadei), and Fluo
ribacter for the autofluorescent species L. boz
emanii (F. bozemanae) (sic), L. dumoffii (F. 
dumo.ffii), and L. gormanii (F. gormanii). 

The controversy over the classification of the 
legionellae centers not on the degree of relat
edness between the species tested, since both 
research groups have produced identical values, 
but lies in the interpretation of the data relative 
to what constitutes a genetic definition of a ge
nus. Brenner (1987) has stated that there is no 
accepted definition of a species at the genetic 
level and that a genus should include organisms 
that are phenotypically related and show some 
degree of genetic relatedness. He suggests that 
the common ecological niche, metabolic path
ways, pathologic features, antimicrobial suscep
tibility, and antigens shared by these organisms 
should also be taken into account along with 
their degree of genetic relatedness in the prac
tical definition of a genus. It would appear that 
most agree with the proposal of Brenner et al 
( 1979) because the generic designation Legi
onella is used almost exclusively in the scientific 
literature. 

Habitat and Reservoirs 

Natural Habitats 

The legionellae are widely distributed in nature 
and seem to prefer moist environments. In ad
dition to their isolation from cooling towers, 
water distribution systems, and various medical 
devices already mentioned, they have been iso
lated form a wide range of natural and artificial 
habitats, which include rivers, lakes, streams, 
and riparian soil (Fliermans et al., 1981 ). They 
have been isolated from water at temperatures 
ranging from 5-65°C and survive and multiply 
(in water) over a pH range of 5.5-9 (Fliermans 
et al., 1981; States et al., 1987b). 

Reservoirs 

One of the earliest recognized outbreaks of Le
gionnaires' disease occurred among patients in 
a psychiatric hospital in Washington, DC 
(Thacker et al., 1978) and nosocomial Legion
naires' disease outbreaks were recognized at 
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many institutions during the 1980s. It is 
through the investigation of such outbreaks that 
we have come to gain an appreciation of the 
ubiquitous distribution of the legionellae and 
their relationship to our natural and inanimate 
environment. The first association between L. 
pneumophila and water distribution systems 
occurred when the organism was isolated from 
the shower fixtures in the rooms of two renal 
transplant patients who had contracted Legion
naires' disease (Tobin et al., 1980). This obser
vation was followed by many others, which also 
indicated that Legionella could be recovered 
from the potable water supply oflarge buildings 
and from equipment that came in contact with 
tap water (Shands et al., 1985; Edelstein et al., 
1986; Helms et al., 1983). Legionellae have been 
found in numerous locations, such as showers 
(Tobin et al., 1980; Cordes et al., 1981) and 
faucets (Stout et al., 1985; Wadowsky et al., 
1982), and ice machines (Stout et al., 1985). It 
is not surprising, then, that the legionellae are 
found in water-containing devices such as res
piratory therapy equipment (Arnow et al., 1982; 
Gorman et al., 1980) and even a room humi
difier (Zuravleff et al., 1983). They have also 
been found in both therapeutic and recreational 
whirlpool baths (Mangione et al., 1985; Bra
bender et al., 1983). The major source of legi
onellae that contaminate these devices appears 
to be the hotwater distribution system 
(FischerHoch et al., 1981; Wadowsky et al., 
1982; Helms et al., 1983). 

The source of the bacteria that ultimately col
onize water distribution systems appears to be 
the municipal water distribution system, which 
may harbor the organism in small numbers 
(States et al., 1987). Reservoirs of warm water, 
such as hotwater tanks, then serve as efficient 
bacterial "amplifiers," allowing small numbers 
of the bacteria to multiply and subsequently col
onize the water distribution system. Multipli
cation of the legionellae under such circum
stances in water distribution systems appears to 
be enhanced by the presence of sediment and 
other microorganisms (Wadowsky and yee, 
1985) and even by some components ofthe sys
tem such as faucet washers made from certain 
types of rubber (Colbourne et al., 1984). Legi
onellae have been detected in the home water 
systems of some, but not all, patients with com
munity-acquired Legionnaires' disease (Stout et 
al., 1987). 

Air conditioning cooling towers, which usu
ally harbor a bacterial flora, also often contain 
legionellae (Dondero et al., 1980; Orrison et al., 
1981; Girod et al., 1982). The source of legi
onellae that colonize cooling towers is also most 
likely the municipal water supply used to fill 
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such systems. Again, because of their heat-ex
changing function, cooling towers serve as am
plifiers of legionellae. Bacteria-laden water va
por from cooling towers can travel long 
distances (Shands et al., 1985) and has even en
tered a building by traveling down an open 
chimney (Band et al., 1981). 

While the epidemiologic associations be
tween environmental contamination and Le
gionnaires' disease are strong, these organisms 
have also been isolated without any disease as
sociation (Bartlett et al., 1983). The reasons why 
Legionnaires' disease does not always occur in 
the presence of a contaminated water supply or 
cooling tower is not yet known. One very in
teresting hypothesis is that not all legionellae 
are of equal virulence. Plouffe et al. ( 1983) de
scribed the isolation of two different strains of 
L. pneumophila serogroup 1 from separate hos
pital buildings. Legionnaires' disease occurred 
in only one of the buildings and was caused by 
the strain associated with that building. Sub
sequent studies of the two strains in animals 
indeed suggested that one was more virulent 
than the other (Bolin et al., 1985). 

Methods for the Control 
of Legionellae 

A number of methods have been used for the 
control of legionellae in mechanical systems. 
Chlorination ofbuilding water systems has been 
shown to be very effective in eliminating the 
legionellae from potable water distribution sys
tems (Fisher-Hoch et al., 1981; Shands et al., 
1985; Helms et al., 1983). Most workers have 
employed initial shock chlorination of the water 
supply, followed by maintenance treatment 
with 1-5 ppm of free available chlorine. The 
major drawbacks of this method appear to be 
corrosion of the plumbing system and the po
tential for formation of toxic and/or carcino
genic trihalomethanes (Helms et al., 1988). 

Elevation of the temperature ofbuilding hot
water systems to temperatures between 60 and 
80°C has also been used to eliminate legionellae 
from plumbing systems both alone and in com
bination with chlorination (Fisher-Hoch et al. 
1981; Best et al., 1983). This method is effective 
in reducing the numbers of legionellae in the 
plumbing system, but also increases the risk of 
scalding. Intermittent raising of the tempera
ture followed by flushing of the hot water 
through all building fixtures is effective, but re
quires a highly coordinated staff to carry out. 
Treatment of a hospital water supply with ul
traviolet radiation has also been used to elim-



3296 A.W. Pasculle 

inate legionellae (Farr et al., 1988). Ozone treat
ment also appeared to be effective in reducing 
the numbers of legionellae in a single study 
(Edelstein et al., 1982). No controlled compar
isons of the various disinfection methods have 
been carried out. Each of the methods has been 
shown to be efficacious in the studies mentioned 
above and also under more controlled circum
stances in a model plumbing system (Muraca 
et al., 1987). 

Control of legionellae in cooling towers has 
been much more difficult, both because of their 
mechanical and biological complexity. In vitro 
studies have demonstrated that the legionellae 
are susceptible to a number of commonly used 
coiling tower biocides (Grace et al., 1981; Skaliy 
et al., 1980). In use, however, biocides alone 
have failed to prevent multiplication of legi
onellae in cooling towers. Many factors are un
doubtedly responsible for this, including inac
tivation ofbiocides by aeration and/or light, the 
presence of large amounts of biofilm, and the 
presence of other microorganisms that may pro
tect the bacteria from inactivation (England et 
al., 1982; Kurtz et al., 1982). Chlorine has also 
been the most reliable decontaminating agent 
used to date, but its use is not simple because 
of corrosion problems (Fliermans et al., 1982; 
States et al., 1987b). Cooling tower maintenance 
programs are further complicated by the need 
to add antifouling and anticorrosion agents. 

Relationships with 
Other Microorganisms 

Symbiosis with Prokaryotes 

A novel and probably important aspect of the 
ecology ofthe legionellae is their apparent sym
biotic relationship with other members of their 
ecosystem. Early studies (Wadowsky et al., 
1982) suggested that legionellae were found in 
greatest numbers at the botton ofhotwater tanks 
and were often found in association with the 
sediment at the bottom of the tank. A strain of 
Flavobacterium breve present in one water sys
tem when cocultivated with L. pneumophila 
eliminated the need to supplement the medium 
with cysteine (Wadowsky and Yee, 1983). Other 
heterotrophic bacteria present in tap water are 
also capable of stimulating the growth of legi
onellae in cysteine-deficient media, but do not 
appear to stimulate the growth of these bacteria 
in water cultures (Wadowsky and Yee, 1985). 
Photosynthetic cyanobacteria (Fischerella sp.), 
which were recovered from an algal mat that 
also contained L. pneumophila, have also been 
shown to stimulate multiplication of L. pneu-
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mohila in mineral salts medium (Tison et al., 
1980). The exact role of these organisms in the 
ecology of legionellae is not clear since these 
photosynthetic cyanobacteria require light and 
would not be expected to be present in me
chanical systems such as water distribution sys
tems. 

Symbiosis with Eukaryotes 

Studies of legionellae growth in tap water cul
tures demonstrated that a factor that was re
tained by 1-JLm membrane filters supported the 
growth of L. pneumophila. Hartmanella ver
miformis and two other species of hartmanellid 
amoebae were isolated from the filter retentates 
and shown to be capable of supporting the 
growth of L. pneumophila in tap water (Fig. 3). 
A number of other free-living eukaryotes were 
also shown to be capable of supporting the 
growth of the legionellae. Rowbotham et al. 
( 1980) demonstrated that the free-living amoe
bae Acanthamoeba and Naegleria can become 
infected with legionellae. A similar growth-pro
moting ability has been demonstrated for the 
ciliate Tetrahymena pyiriformis (Fields et al., 
1984). Clear proof ofthe role of these organisms 
in the multiplication or dissemination of legi
onellae to humans is still lacking, probably due 
in large part to the difficulty in reliably culti
vating protozoa from water sources. One group 
(Barbaree et al., 1986) recovered ciliated pro
tozoa from an air conditioning tower that was 
associated with an outbreak oflegionnaires dis
ease. L. pneumophila could infect and multiply 
within the ciliate in vitro. More reliable meth
ods for determining the presence of various pro
tozoal species in water systems are required. 

Given that the intracellular milieu of the hu
man monocyte is remarkably similar (see Figs. 
2 and 3) to that of these one-celled organisms, 
many speculate that the legionellae have 
adapted to multiplication in human monocytes 
by co-evolving in the natural environment with 
simple protozoa. Indeed, one study has sug
gested that virulent L. pneumophila multiply 
more rapidly in ciliated protozoa than avirulent 
strains (Fields et al., 1986). Likewise, just as 
their intracellular location protects the legi
onellae from the action of many antimicrobial 
agents in humans, it is equally possible that res
idence within these protozoa provides the le
gionellae with nutritional support while at the 
same time protecting legionellae from environ
mental stress, including disinfecting agents 
added by humans to control the bacteria in me
chanical systems. 
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Fig. 3. Transmission electron micrograph of the free-living amoeba, Hartman nella vermiform is, infected with Legionella 
pneumophi/a serogroup I. Legionella cells are multiplying within vesicles studded with ribosomes. (Courtesy of E. H. 
White, C. H. King, and B. S. Fields, Centers for Disease Control, Atlanta, GA.) 
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CHAPTER 179 

The Genus Haemophilus 

SUSAN K. HOISETH 

The genus Haemophilus is traditionally defined 
as being comprised of small, pleomorphic, 
Gram-negative rods (often coccobacilli) with 
growth requirements for one or more factors 
present in blood (NAD and/or hemin); hence 
the name Haemophilus (blood-loving). This is 
a diverse genus, comprised ofboth animal and 
human pathogens, as well as a number of spe
cies that are primarily commensals of the mu
cous membranes. The organisms are not free
living in nature. 

The type species, H. influenzae, was de
scribed by Pfeiffer in 1892 and was erroneously 
thought to be the cause of influenza. The reason 
for this error probably lies in the fact that even 
though it is not the cause of influenza, H. in
jluenzae can often be isolated in high numbers 
from the respiratory tract of individuals in
fected with influenza virus. H. injluenzae is, 
however, a pathogen in its own right and is the 
leading cause of bacterial meningitis in the 
United States (Schlech et al., 1985). It also 
causes other invasive diseases (epiglottitis, ar
thritis, pneumonia, cellulitis, septicemia), pri
marily of children (see below). 

The taxonomy of this genus has been subject 
to many changes and is still undergoing consid
erable revision. The genus Haemophilus was at 
one time included in the family Brucellaceae 
(Breed et al., 1957); it was included with "Gen
era of Uncertain Affiliation" in the eighth edi
tion of Bergey's Manual of Determinative Bac
teriology (Zinnemann and Biberstein, 1974) 
and was only recently included (along with Ac
tinobacillus and Pasteurella) in the family Pas
teurellaceae (Kilian and Biberstein, 1984). In 
contrast to the nonfermentative Brucellaceae, 
the haemophili are heterofermentative (with the 
possible exception of H. ducreyi, see below). All 
reduce nitrate to nitrite or beyond and are fac
ultative anaerobes. 

The haemophili are closely related to the ac
tinobacilli and pasteurellae, and some investi
gators feel that based on DNA hybridization 
studies and rRNA sequences, Actinobacillus ac
tinomycetemcomitans is more closely related to 

members of the genus Haemophilus than to 
other actinobacilli and should be placed in the 
genus Haemophilus (Potts et al., 1985; Chuba 
et al., 1988). Conversely, it has been suggested 
(and fairly well accepted) that Haemophilus 
pleuropneumoniae is more closely related to the 
actinobacilli than to other species of Haemo
philus and should be placed in the genus Acti
nobacillus (Pohl et al., 1983). There are signif
icant relationships between members of all 
three genera, and some species could be placed 
in one or more of these genera. Some of the 
taxonomic difficulties stem from the traditional 
definition of the genus Haemophilus based on 
requirements for NAD and/or hemin. H. aphro
philus has been reported to require hemin for 
primary isolation, but not usually for subse
quent subculture (Kilian and Biberstein, 1984); 
it has the enzymes necessary to convert o-ami
nolevulinic acid to protoporphyrin (White and 
Granick, 1963) and is therefore different from 
other hemin-requiring Haemophilus species. 
Since it also does not require NAD, the taxo
nomic position of H. aphrophilus has been 
questioned. H. ducreyi requires hemin, but 
based on a number of other criteria, may not 
be a valid Haemophilus species (Casin et al., 
1985). Strains that were traditionally defined as 
Haemophilus pleuropneumoniae require NAD; 
there are however, strains associated with pleu
ropneumonia of pigs that resemble H. pleuro
pneumoniae but which do not require NAD. H. 
avium requires NAD, but may be more closely 
related to Pasteurella multocida (the type spe
cies of the genus Pasteurella) than to H. influ
enzae, and Mutters et al. (1985) have proposed 
transfer of H. avium to the genus Pasteurella. 

Because the structure of the family Pasteu
rellaceae is undergoing considerable realign
ment, and the position of many species is still 
unsettled, I will for the purposes of this chapter 
discuss the traditionally defined Haemophilus 
species as they were listed in Bergey's Manual 
of Systematic Bacteriology (Kilian and Biber
stein, 1984). I will note, where appropriate, the 
changes that have been proposed since 1984. 
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One of the most significant observations may 
be that of Niven and O'Reilly ( 1990), who sug
gest that inability to amidate the carbonyl group 
of nicotinic acid may be a characteristic of the 
entire family Pasteurellaceae; thus, all members 
of the Pasteurellaceae may require as a mini
mum, preformed nicotinamide (which is pres
ent in most complex media). Only certain spe
cies, however, are unable to add a 
phosphoribosyl group to nicotinamide, and 
therefore have a requirement for intact nicotin
amide adenine dinucleotide (or nicotinamide 
mononucleotide or nicotinamide riboside, all of 
which are heat labile and/or otherwise lacking 
in most culture media). Although most mem
bers of the genus Haemophilus require NAD 
and/or hemin, these requirements may also ap
pear in other members of the family Pasteu
rellaceae. A redefinition of the individual gen
era within the family is thus needed. 

Bergey's Manual of Systematic Bacteriology 
(Kilian and Biberstein, 1984) included 16 spe
cies in the genus Haemophilus and listed three 
additional organisms as "species incertae 
sedis." Since the animal species rarely infect 
humans and vice versa, the individual Hae
mophilus species will be discussed in terms of 
their host origin. 

Human Isolates 

The human isolates include H. influenzae, H. 
aegyptius, H. haemolyticus, H. ducreyi, H. para
influenzae, H. parahaemolyticus, H. paraphro
haemolyticus, H. aphrophilus, H. paraphrophi
lus, and H. segnis (Table 1 ). Of these, H. 
influenzae, H. aegyptius, and H. haemolyticus 
require both hemin and NAD; H. ducreyi only 
requires hemin (X factor), and H. parainflu
enzae, H. parahaemolyticus, H. paraphrohae
molyticus, H. paraphrophilus, and H. segnis 

Table 1. The Genus Haemophilus.• 
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only require NAD (V factor). As mentioned ear
lier, H. aphrophilus sometimes requires hemin 
for primary isolation but not usually thereafter. 

Animal Isolates 

Haemophilus species isolated from animals in
clude H. parasuis and H. pleuropneumoniae 
(from pigs), H. paragallinarum and H. avium 
(from poultry), H. haemoglobinophilus (from 
dogs), and H. paracuniculus (from rabbits). Of 
the three species listed as "incertae sedis," "H. 
somnus" is isolated from cases of bovine sep
ticemia and meningoencephalitis (Kirkham et 
al., 1989); "H. agni" causes septicemia oflambs 
(Kirkham et al., 1989), and "H. equigenitalis" 
is the causative agent of contagious equine me
tritis (Taylor et al., 1978). 

H. equigenitalis is not a "good" Haemophilus 
species; it does not require NAD or hemin (Sug
imoto et al., 1983), does not reduce nitrate (Ros
sau et al., 1987), and does not ferment sugars 

. (Taylor et al., 1978). Sugimoto et al. (1983) have 
proposed transfer of this organism to a new ge
nus, Taylorella, as Taylorella equigenitalis 
comb. nov. This organism is not related to any 
of the Pasteurellaceae and the International 
Committee on Systematic Bacteriology (ICSB), 
Subcommittee on Pasteurellaceae has rejected 
it from the family (Frederiksen, 1987). The clos
est relatives ofT. equigenitalis appear to be the 
family Alcaligenaceae and the newly proposed 
genus Oligella (Rossau et al., 1987); this organ
ism will not be discussed further. 

The remaining "species incertae sedis," "H. 
somnus" (isolated from cattle) and "H. agni" 
(isolated from lambs), are closely related and 
may represent host-specific subgroups of the 
same species (Kirkham et al., 1989). Both are 
related to a third group of organisms named 
"Histophilus avis." "H. avis" has been associ-

NAD- and hemin-
independent 

Host origin 
NAD- and hemin
dependent species NAD-dependent species 

Hemin-dependent 
species species 

Humans 

Pigs 

Poultry 

Dogs 
Rabbits 

H. influenzae 
H. aegyptius 
H. haemolyticus 

H. parainfluenzae 
H. parahaemolyticus 
H. paraphrohaemolyticus 
H. paraphrophilus 
H. segnis 
H. parasuis 
H. p!europneumoniae 
H. paragallinarum 
H. avium 

H. paracunicu!us 

•Members of the genus according to Kilian and Biberstein, 1984. 

H. ducreyi H. aphrophilus 

H. haemoglobinophilus 
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a ted with suppurative mastitis of sheep and ep
ididymitis of rams (Walker et al., 1985). All 
three organisms are small, pleomorphic rods or 
coccobacilli and have fastidious growth require
ments (optimal growth on chocolate or enriched 
blood agar with 5-10% C02); in this sense they 
resemble the haemophili. There is however, no 
specific growth response to NAD and/or hemin 
(Kilian and Biberstein, 1984). Based on DNA 
hybridization analyses, all three organisms 
appear highly related (Walker et al., 1985; 
Piechulla et al., 1986); they do not, however, 
appear to be significantly related to H. inj/u
enzae or H. parainj/uenzae. Piechulla et al. 
(1986) found some binding to H. haernoglobi
nophilus DNA but did not recommend inclu
sion in the genus Haernophilus via H. haerno
globinophilus. There have been suggestions that 
the genus Histophilus be revived to accommo
date these organisms (Piechulla et al., 1986) and 
the Subcommittee on Pasteurellaceae felt that 
such a genus could be accommodated in the 
family Pasteurellaceae (Frederiksen, 1987). 
These organisms will not be discussed further. 

In addition to the above-named species, it has 
been reported that Haernophilus-like organisms 
can be isolated from the mucous membranes of 
the respiratory tract, mouth, or genitals of a 
wide variety of animals (Kilian and Frederik
sen, 1981, and references therein). Most of these 
isolates have not been well characterized, al
though Nicklas ( 1989) has published a detailed 
description of NAD-dependent organisms iso
lated from rats. 

Habitats/Pathogenesis 

NAD- and Hemin-Dependent Human 
Isolates 

H. HAEMOLYTicus. H. haernolyticus is an oc
casional member of the normal pharyngeal flora 
(Kawakami et al., 1982; Kuklinska and Kilian, 
1984); it rarely, if ever, causes disease (Albrit
ton, 1982). 

H. INFLUENZAE. The habitat for H. inj/uenzae 
is mainly the upper respiratory tract (oro- and 
nasopharynx), where it is frequently present as 
part of the normal flora. The species contains 
both encapsulated and nonencapsulated forms 
(Pittman, 1931). As many as 50-80% of indi
viduals may be colonized with nonencapsulated 
strains, whereas carriage rates for encapsulated 
strains are much lower (2-4% for type b strains 
and 1-2% for other capsule types; Turk, 1984). 
Disease, however, does occur in some individ
uals. The spectrum of disease caused by encap-
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sulated and nonencapsulated strains is quite 
distinct. More than 95% of invasive H. injlu
enzae disease (meningitis, epiglottitis, cellulitis, 
pneumonia, septicemia, septic arthritis) is 
caused by encapsulated type b strains; the ma
jority of cases occur in children less than five 
years of age (peak age incidence six months to 
two years; Cochi et al., 1985). Antibody to the 
capsular polysaccharide is known to be protec
tive (Peltola et al., 1977), and most adults have 
protective antibody levels. What is not known 
is why some infants succumb to disease whereas 
other infants (even though susceptible) become 
colonized but do not become ill (Moxon, 1986). 
The other H. inj/uenzae capsule types (a, c-f) 
are only rarely isolated from cases of systemic 
disease. Nonencapsulated strains, while com
mon members of the normal upper respiratory 
flora, are only rarely isolated from cases of sys
temic disease (and then patients are usually 
neonates, elderly, or have other underlying dis
ease; see below). Nonencapsulated strains are, 
however, frequently isolated from localized dis
eases, especially otitis media (Turk, 1982); they 
also cause sinusitis and are implicated in ex
acerbations of chronic bronchitis (Turk, 1982). 

Epidemiological studies suggest that there are 
approximately 12,000 cases of H. inj/uenzae 
type b meningitis per year in the United States; 
an additional 7,500 cases of other invasive dis
eases due to type b strains also occur (Cochi et 
al., 1985). Because of the severity of the disease, 
and the fact that a significant number of sur
vivors are left with neurologic deficits (Ferry et 
al., 1982), a great deal of work has been focused 
on the development of an H. influenzae type b 
vaccine. Antibody directed against the type b 
capsule is protective (Peltola et al., 1977), and 
vaccines aimed at eliciting anticapsular anti
bodies have recently been licensed. The first
generation vaccine, licensed in the USA in 
1985, contained purified capsular polysaccha
ride and was recommended for use in children 
at 24 months of age or greater (Immunization 
Practices Advisory Committee, 1985). The 
problem with this vaccine is that the purified 
capsular polysaccharide is not a good immu
nogen in infants less than 24 months of age (the 
age group with the highest incidence of disease). 
Progress has been made in improving the im
munogenicity of the vaccine by coupling the 
polysaccharide to protein carriers (Schneerson 
et al., 1980; Anderson et al., 1985; Weinberg and 
Granoff, 1988). A conjugate vaccine was origi
nally approved for use in infants at 18 months 
of age (Immunization Practices Advisory Com
mittee, 1988), and field trials are underway to 
determine the efficacy in younger age groups. 
Data from a large trial in Finland are encour-
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aging (Eskola et al., 1987), and a conjugate vac
cine was licensed in the USA in October of 1990 
for use at two months of age. 

Although viewed primarily as an inhabitant 
of the upper respiratory mucosa, H. injluenzae 
is also capable of colonizing the genital mucosa. 
It is occasionally implicated in genital tract in
fections (Wallace et al., 1983; Quentin et al., 
1989), and like other organisms capable of col
onizing the vagina and cervix, it is occasionally 
associated with neonatal and obstetrical infec
tions (Khuri-Bulos and Mcintosh, 1975; Wal
lace et al., 1983; Friesen and Cho, 1986; Milne 
et al., 1988). Although only a small percentage 
( < 1%, Khuri-Bulos and Mcintosh, 1975; 0.3 to 
0.5%, Albritton et al., 1982) ofpregnant women 
were found to carry H. influenzae in their cervix 
or vagina, a number of studies have suggested 
that transmission to the infant during or prior 
to delivery can occur. In their study of eight 
cases of H. injluenzae neonatal infection, 
Khuri-Bulos and Mcintosh (1975) found evi
dence of genitourinary colonization with H. in
fluenzae in all eight mothers. A number of more 
recent reports support this observation (Wallace 
et al., 1983; Campognone and Singer, 1986; 
Quentin et al., 1989). Although still moderately 
low (0.14 to 0.59 per 1,000 live births), there
ported incidence of neonatal septicemia due to 
H. influenzae appears to be increasing (Wallace 
et al., 1983; Milne et al., 1988; Quentin et al., 
1989). In contrast to H. influenzae meningitis 
in the pediatric patient (where most strains are 
encapsulated type b), many of the neonatal iso
lates are nonencapsulated (Wallace et al., 1983; 
Campognone and Singer, 1986; Friesen and 
Cho, 1986; Quentin et al., 1989). Vaccines di
rected against the type b capsular polysaccha
ride will not be effective in preventing disease 
due to nonencapsulated strains. 

It is often stated that H. injluenzae has no 
nonhuman hosts. This is not completely true, 
as H. influenzae (including encapsulated type 
b) has been isolated from the respiratory tract 
of naturally infected chimpanzees (Dochez et 
al., 1932). H. injluenzae has also been reported 
to cause bacteremic pneumonia in monkeys 
(Good and May, 1971), and McClure (1980) re
ported a variety of naturally occurring H. iriflu
enzae infections in nonhuman primates. Daw
kins (1982) reports a case of septic arthritis in 
a cynomolgus monkey. It is not known whether 
primates are colonized with H. influenzae in 
their native environment or whether they are 
accidentally infected via humans. 

Infant monkeys have been used as an exper
imental model to study H. influenzae patho
genesis (Scheifele et al., 1980), although an in
fant rat model is more commonly used (Moxon 
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et al., 1974; Smith et al., 1973). Rats are not 
naturally colonized with H. influenzae, but can 
be infected experimentally. The ability to infect 
rats decreases with the age of the rat, and unlike 
the human situation, resistance to infection in 
older rats is not due to anticapsular antibody 
(Smith et al., 1973). Infant rats are however, a 
good model in which to study the progression 
from nasopharyngeal colonization, to bactere
mia, to meningitis. 

H. AEGYPTIUS. H. aegyptius has traditionally 
been associated with acute conjunctivitis, par
ticularly in warm climates (Pittman and Davis, 
1950; Mazloum et al., 1982). The taxonomic 
status of this "species," however, is controver
sial (Pittman and Davis, 1950; Kilian et al., 
1976; Martel et al., 1986; Casin et al., 1986; 
Mazloum et al., 1982). Koch ( 1883) first ob
served small bacilli in smears of exudates from 
the eyes of Egyptian children suffering from 
conjunctivitis. Weeks (1886) cultured what was 
assumed to be a similar organism from cases of 
conjunctivitis in New York. For many years, 
Haemophilus-like organisms, isolated from 
cases of conjunctivitis, were referred to as the 
Koch-Weeks bacillus; it was not clear how (or 
if) they differed from H. influenzae; some in
vestigators attempted to make a distinction be
tween H. influenzae and the Koch-Weeks ba
cillus, whereas others did not. Pittman and 
Davis ( 1950) proposed use of the name H. ae
gyptius for certain of the conjunctivitis-associ
ated isolates. They suggested that H. aegyptius 
could be distinguished from nonencapsulated 
H. influenzae on the basis of its slightly more 
elongated cellular morphology, its inability to 
ferment xylose, the more fluffY, cometlike ap
pearance of its colonies in semisolid agar, and 
its ability to agglutinate red blood cells. They 
also detected differences in serology between H. 
aegyptius and nonencapsulated H. influenzae. 
Their criteria have not, however, in subsequent 
studies allowed unambiguous distinction be
tween H. influenzae and H. aegyptius; some iso
lates of H. influenzae also fail to ferment xylose 
(Brenner et al., 1988; Hollis et al., 1980). The 
hemagglutinating property is unstable, and can 
be lost on subculture (Kilian et al., 1976); fur
thermore, other Haemophi/us isolates can ex
hibit hemagglutinating properties. Mazloum et 
al., ( 1982) proposed that H. aegyptius could be 
separated from H. influenzae on the basis of its 
inability to grow on tryptic soy agar with NAD 
and hemin, and by its susceptibility to trolean
domycin. These tests have also not allowed un
ambiguous distinction between the two "spe
cies" (Carlone et al., 1985; Martel et al., 1986). 
Despite the confusion, the clinical picture sug-
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gests that certain strains may be more likely 
than others to cause the highly contagious, ep
idemic form of conjunctivitis, especially in 
warm climates. Unfortunately, the character
istics that could be used to unambiguously iden
tify such strains are not yet established. What 
is clear is that strains of H. influenzae that do 
not fit the classical description of H. aegyptius 
can also cause conjunctivitis (Pittman and 
Davis, 1950; Kilian et al., 1976); H. parainflu
enzae is also occasionally isolated (Kilian et al., 
1976). 

The problems in distinguishing H. aegyptius 
from H. influenzae are not surprising in view 
of the high level of genetic relatedness between 
the two organisms. Pohl ( 1981 ), in his DNA 
relatedness study, reported 80% binding be
tween H. aegyptius and H. influenzae DNA 
(three strains of H. influenzae, including the 
type strain, NCTC 8143, and two strains of H. 
aegyptius, including the type strain ATCC 
11116, were included in his analysis). Albritton 
et al. (1984) reported 90% binding between the 
type strains of H. aegyptius and H. influenzae. 
Except for one strain of H. aegyptius (which 
bound H. influenzae DNA at levels of only 63-
66%), Casin et al. (1986) also found high (80-
90%) levels of binding between the type strains 
of H. influenzae and H. aegyptius and several 
other strains of each "species." Included in this 
study were three of the H. aegyptius isolates 
described by Pittman and Davis (1950). DNA 
binding levels of 70% or greater are generally 
taken as indicative of species identity (Brenner 
et al., 1982), suggesting that a distinction be
tween H. aegyptius and H. influenzae may be 
unwarranted. 

Interest in distinguishing these organisms, 
however, has recently been spurred by the find
ing that "H. aegyptius" is responsible for the 
newly described disease, Brazilian Purpuric Fe
ver (BPF) (Brazilian Purpuric Fever Study 
Group, 1987a). This disease is characterized by 
a rapid onset of fever, often accompanied by 
vomiting and abdominal pain; in the absence 
of treatment there is a rapid progression to pe
techiae, purpura, vascular collapse, hypotensive 
shock, and death, usually within 48 hours of 
onset (Brazilian Purpuric Fever Study Group, 
1987a, 1987b). Epidemiological investigations 
revealed an association with a preceding pu
rulent conjunctivitis. An organism labelled H. 
influenzae biogroup aegyptius (to emphasize its 
relatedness to H. influenzae) was isolated from 
cases of conjunctivitis, and eventually (once 
proper blood culture techniques were initiated), 
from the blood of individuals during the pur
puric stage (Brazilian Purpuric Fever Study 
Group, 1987a, 1987b). This is the first time "H. 
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aegyptius" has been reported to cause anything 
more than conjunctivitis. Fortunately, cases 
have been limited to certain regions of Brazil, 
with two additional cases reported in Australia; 
the patients are young children, with a median 
age of 30 months (Harrison et al., 1989). 

Extensive characterization (including plas
mid profiles, outer membrane protein profiles, 
and multilocus enzyme typing) revealed that the 
BPF case isolates constituted a single clone of 
H. aegyptius (Brenner et al., 1988), and that 
there was a high degree of DNA homology be
tween case isolates and reference strains of both 
H. aegyptius (including three of the Pittman 
and Davis isolates) and H. influenzae (averages 
of88 and 85%, respectively). These results again 
confirmed the high level of genetic relatedness 
between isolates labeled "H. aegyptius" and H. 
influenzae; these investigators proposed use of 
the name H. influenzae biogroup aegyptius to 
emphasize this fact. 

The occurrence of Brazilian Purpuric Fever 
raises a number of interesting questions con
cerning the evolutionary history of the organ
ism involved. The factors responsible for the 
unique virulence potential of this organism are 
not known, although a number of potential fac
tors have been examined (Carlone et al., 1989). 
The case clone differs from other H. influenzae 
biogroup aegyptius strains in several respects 
and may represent a "new" clone with unique 
pathogenic properties. Musser and Selander 
( 1990) compared the relatedness of the case 
clone to other isolates of H. influenzae and H. 
aegyptius by the technique of multilocus en
zyme typing (ET) and found that the closest 
relatives of the BPF clone are type c strains of 
H. influenzae. Although the case isolates do not 
appear to be encapsulated (Brenner et al., 1988), 
they do have some homology to an H. influ
enzae capsular gene probe (S. Hoiseth, unpub
lished observations; Carlone et al., 1989), and 
unlike other isolates of "H. aegyptius" (which 
produce a type 1 IgA protease), the BPF clone 
produces a type 2 IgA protease (as do type c H. 
influenzae; Carlone et al., 1989). Non-BPF iso
lates of "H. aegyptius" fell into two additional 
clusters on the H. influenzae ET dendrogram 
(Musser and Selander, 1990), again confirming 
the close relationship of "H. aegyptius" and H. 
influenzae. Clearly, additional work needs to be 
done to define the genetic relationships and 
pathogenic potential of the BPF isolates andes
tablished Haemophilus species. 

NAD-Dependent Human Isolates 

H. PARAINFLUENZAE, H. PARAHAEMOLYTICUS, H. 
PARAPHROHAEMOLYTICUS, H. SEGNIS, AND H. 
PARAPHROPHILUS. These organisms are part of 
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the normal flora of the oral cavity and pharynx. 
Unlike H. influenzae, which seems to be con
fined to the pharyngeal mucosa, H. parainflu
enzae is frequently found in both the pharynx 
(Kuklinska and Kilian, 1984) and the oral cav
ity (mean counts in saliva of approximately 4 
X 107 /ml, representing approximately 10% of 
the cultivable flora; Kilian and Schiott, 197 5). 
It is also found in dental plaque (Kilian and 
Schiott, 1975; Liljemark et al., 1984). H. segnis 
and H. paraphrophilus are also found in the 
normal pharynx (Kuklinska and Kilian, 1984) 
and saliva (Kilian and Schiott, 1975) but much 
less frequently than H. parainjluenzae. H. seg
nis and H. paraphrophilus are more likely to be 
found in dental plaque than in saliva (Kilian 
and Schiott, 1975). Liljemark et al., (1984) 
found that a large percentage (98%) of individ
uals have Haemophilus species in their dental 
plaque; the total number ofhaemophili relative 
to other organisms, however, is low (in only 20% 
of the sites sampled did the proportion of Hae
mophilus exceed 5.9% of the total cultivable or
ganisms; 50% of the sites had 1.5% or fewer 
Haemophilus organisms). 

The oral haemophili are only rarely associ
ated with disease. Like other members of the 
oral flora, they occasionally cause endocarditis; 
even more rarely, they are associated with brain 
abscesses, pneumonia, osteomyelitis, septi
cemia, and other miscellaneous infections (Al
britton, 1982). H. parainfluenzae has been re
ported as a rare cause of meningitis (Albritton, 
1982, cited 22 cases reported in the English lit
erature between 1966 and 1980). H. parainflu
enzae has also been implicated in genital tract 
infections (Sturm, 1986; Quentin et al., 1989) 
although it probably acts mainly as an oppor
tunistic pathogen (e.g., many of the cases re
ported by Quentin et al. were associated with 
the use of an intrauterine device). The most re
cently described species, H. segnis (Kilian, 
197 6), has been isolated from several cases of 
appendicitis (Welch et al., 1986), from a pan
creatic abscess in a 29-year-old alcoholic (Bul
lock and Devitt, 1981 ), and from a case of en
docarditis (Bangsborg et al., 1988). 

In his review of "Infections due to Haemo
philus species other than H. inj/uenzae," Al
britton (1982) emphasized (and rightly so) that 
many of the organisms reported may have been 
improperly speciated. This is especially true for 
the distinction between H. parainf/uenzae and 
H. paraphrophilus. The tests to distinguish H. 
parainfluenzae from H. paraphrophilus are few 
(primarily lactose fermentation; see "Identifi
cation") and are often not done. The rationale 
for the distinction between H. parainj/uenzae, 
H. parahaemolyticus, and H. paraphrohaemo-
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lyticus has been questioned (Kilian, 1976). H. 
parahaemolyticus is distinguished from H. 
parainfluenzae by its hemolytic activity (Pitt
man, 1953); this trait can, however, be lost on 
subculture (Kilian, 1976). H. paraphrohaemo
lyticus is distinguished from H. parahaemoly
ticus on the basis of its C02 dependence (Zin
nemann et al., 1971 ), another trait that can be 
lost on subculture. Kilian (1976) has suggested 
that H. parahaemolyticus and H. paraphrohae
molyticus do not warrant species status, and he 
included them with H. parainfluenzae. H. par
ahaemolyticus and H. paraphrohaemolyticus 
were, however, included as separate species in 
Bergey's Manual of Systematic Bacteriology 
(Kilian and Biberstein, 1984), and the type 
strain of H. parahaemolyticus (NCTC 8479) 
does not appear to be related to strains of H. 
parainfluenzae when tested by DNA hybridi
zation analysis (Pohl, 1981 ). In practice, the 
tests to distinguish these "species" are often not 
done. Of the 55 reports of H. parainjluenzae 
infection reviewed by Black et al. (1988), he
molysis testing was done for only 31. Many of 
the reports would also not have distinguished 
H. parainfluenzae from H. paraphrophilus. The 
distinction of H. segnis may also be problem
atic. This species was proposed by Kilian ( 1976) 
on the basis of its relatively high GC content 
and weak fermentation activity. It is difficult to 
distinguish from the other NAD-dependent 
haemophili, and as pointed out by Albritton 
( 1982), will very likely be reported as H. para
inj/uenzae by most clinical laboratories. 

In reviewing the literature on infections due 
to NAD-dependent Haemophilus species, one 
must keep in mind that there is often insuffi
cient information to assign a species name 
(though one is generally reported). One must 
also keep in mind that the tests to distinguish 
these organisms are few, that some species dis
tinctions may be unwarranted, and that addi
tional taxonomic studies are needed. 

Hemin-Dependent Human Isolates 

H. DUCREYI. H. ducreyi is the causative agent 
of the sexually transmitted disease, chancroid 
(soft chancre). The disease is common in trop
ical or subtropical areas, but has been consid
ered uncommon in developed countries such as 
the USA (Morse, 1989). The number of cases 
in the USA, however, has risen considerably 
over the past several years. There were an av
erage of just under 1,000 cases per year through
out much of the 1960s, 1970s, and early 1980s; 
by 1987 there were over 5,000 cases reported 
per year (Morse, 1989). 

H. ducreyi produces genital ulcers and local
ized adenitis, but has not been reported to cause 
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systemic infection; untreated ulcers can, how
ever, become superinfected with other micro
organisms, resulting in extensive tissue destruc
tion (Morse, 1989). D'Costa et al. (1986) state 
that they have been unable to culture H. ducreyi 
from asymptomatic men; the possibility of as
ymptomatic carriage, however, remains contro
versial, especially in females (Morse, 1989). Al
though ulcers on the external genitalia are more 
common, females may occasionally have cer
vical lesions. These are often painless, and the 
woman may be unaware of the infection 
(D'Costa et al., 1986; Morse, 1989); this is prob
ably important in transmission of the disease. 
In addition to the above situation, occasional 
women may be culture-positive for H. ducreyi 
but have no symptoms or cervical lesions 
(D'Costa et al., 1986); whether these are true 
asymptomatic carriers or whether they are still 
in the incubation period for disease is not yet 
established. Unlike the oral haemophili, H. du
creyi can rarely, if ever, be considered normal 
flora. 

The history, biology, and epidemiology of 
chancroid has been hindered by difficulty in cul
tivating the organism (Deacon et al., 1954, 
1956) and by the fact that many different or
ganisms have at one time or another been la
beled "H. ducreyi." Kilian and Theilade ( 197 5) 
reported that several of the strains studied by 
Reymann (194 7, 1949) had cell walls typical of 
Gram-positive bacteria when examined by elec
tron microscopy. The strains studied by Deacon 
et al. (1954) were later found to be Corynebac
terium (Deacon et al., 1956). Part of the prob
lem stems from the fact that H. ducreyi is ex
tremely fastidious, and the lesions are often 
contaminated with other organisms. Progress 
has been made, however, with the introduction 
of enriched, selective media. Hammond et al. 
(1978) used an Isovitalex-enriched chocolate 
agar containing 3 J.Lg/ml vancomycin and were 
able to enhance the recovery of H. ducreyi by 
suppression of many of the contaminating or
ganisms. Inclusion of fetal bovine serum may 
further enhance recovery (see "Isolation" for 
additional comments). 

Although improvements have been made in 
the cultivation of H. ducreyi, there is still a great 
deal that is not known concerning the basic 
physiology and taxonomy of this species. H. du
creyi requires hemin for growth, and has a GC 
content (38%) within the range for the genus 
Haemophilus (37-44%); it differs from other 
haemophili, however, in a number of respects, 
and its position within the genus has been ques
tioned (Casin et al., 1985; Albritton, 1989). 
Casin et al. ( 1985) found very little homology 
between DNA from H. ducreyi and DNA from 
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other Haemophilus species (1-4%, S 1 nuclease 
method, 60°C). Albritton (1989) found binding 
levels of 13% between the DNA of H. inj/uenzae 
and H. ducreyi (hydroxyapatite method, 55°C), 
but found higher binding ratios (31%) for H. 
ducreyi and Actinobacillus (Haemophilus) pleu
ropneumoniae DNAs, and for H. ducreyi and 
Pasteurella ureae (27%), suggesting that H. du
creyi is at least moderately related to some 
members of the family Pasteurellaceae. 

There also appear to be basic differences be
tween H. ducreyi and the other haemophili in 
terms of carbohydrate metabolism, with H. du
creyi generally regarded as inert in sugar fer
mentation tests (Kilian, 1976; Kilian and Bi
berstein, 1984). Sng et al. (1982), however, 
reported positive reactions for glucos(:, fructose, 
and mannose, although the only reference strain 
tested, Institut Pasteur strain CIP 542, was neg
ative. Sottnek et al. ( 1980) reported that occa
sional strains gave weakly positive results with 
glucose or maltose, but the reactions could not 
be consistently repeated. Hammond et al. 
(1978) apparently found negative sugar fermen
tation for 19 clinical isolates and 4 reference 
strains, and S. Spinola and S. Misra (personal 
communication) reported negative sugar reac
tions for five reference strains of H. ducreyi (CIP 
542, Winnipeg strain 35,000, and CDC strains 
82-029362, 84-018676, and 85-023233). These 
results suggest that H. ducreyi is either not fer
mentative, or at a very minimum, only weakly 
fermentative. Additional studies are needed to 
clarify these and other problems pertaining to 
the taxonomic status of H. ducreyi. 

NAD- and Hemin-Independent Human 
Isolates 

H. APHROPHILUS. H. aphrophi/us is found pri
marily in the oral cavity and in dental plaque. 
Using a selective medium containing bacitra
cin, vancomycin, and sodium fluoride, Tempro 
and Slots (1986) detected H. aphrophilus in the 
saliva of 6 of 14 subjects; H. aphrophilus was 
detected in subgingival dental plaque of 11 of 
the 14 subjects. The proportion of H. aphro
philus relative to other organisms, however, was 
low. In healthy subjects, H. aphrophilus com
prised only 0.13% of the cultivable plaque flora, 
and in periodontitis patients, the percentage 
was even lower. They concluded that H. aphro
philus is frequently found as part of the normal 
oral flora; it comprises only a small proportion 
of the total oral flora and apparently plays no 
role in periodontal lesions. 

Like other members of the oral flora, H. 
aphrophilus occasionally causes endocarditis, 
brain abscesses, and other miscellaneous infec
tions (Albritton, 1982; King and Tatum, 1962). 
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The taxonomic position of this species is also 
somewhat of a problem. H. aprophilus was orig
inally included in the genus Haemophilus be
cause it is a small, Gram-negative coccobacillus 
that reportedly required hemin (Khairat, 1940; 
Boyce et al., 1969). Both Khairat ( 1940) and 
Boyce et al. ( 1969) noted that the hemin re
quirement could be lost after repeated subcul
ture, but felt it was required for primary iso
lation. Kraut et al. (1972), however, reported 
that H. aphrophilus could be recovered from the 
oral cavity by direct plating on trypticase soy 
agar with bacitracin but without added hemin. 
Tempro and Slots ( 1986) performed primary 
isolations on hemin-containing media, but 
found that none of 12 H. aphrophilus isolates 
required hemin when tested on subculture. 
White and Granick (1963) showed that one of 
Khairat's original strains (NCTC 5886) con
tains the enzymes necessary for hemin biosyn
thesis; analysis of additional H. aphrophilus iso
lates has shown that they give positive (but often 
weak) porphyrin tests (Kilian and Biberstein, 
1984; see "Identification" for details of the por
phyrin test). Thus, although it is possible that 
some H. aphrophilus isolates require hemin for 
primary isolation, H. aphrophilus does not ap
pear to be a true hemin-dependent species. 
Since it also does not require NAD, the taxo
nomic position of this species has been ques
tioned. H. aphrophilus is, however, closely re
lated (both biochemically and at the DNA level) 
to the NAD-dependent species, H. paraphro
philus (Kilian, 1976; Potts and Berry, 1983; 
Potts et al., 1985; Tanner et al., 1982). Both 
species are also related to Actinobacillus acti
nomycetemcomitans, although H. aphrophilus 
and H. paraphrophilus are more closely related 
to each other ( -70% DNA binding; Potts and 
Berry, 1983; Tanner et al., 1982) than to A. ac
tinomycetemcomitans ( -20 to 40% DNA bind
ing; Potts and Berry, 1983; Tanner et al., 1982). 
Because ofthe significant relationships between 
H. aphrophilus, H. paraphrophilus, and A. ac
tinomycetemcomitans, Potts et al. ( 1985) pro
posed transfer of A. actinomycetemcomitans to 
the genus Haemophilus. Assessment of the 
DNA relatedness between H. aphrophilus, A. 
actinomycetemcomitans, and the type species of 
the genera Haemophilus and Actinobacillus has, 
however, yielded conflicting results. Potts and 
Berry (1983) found that neither H. aphrophilus 
or A. actinomycetemcomitans showed signifi
cant binding to H. injluenzae or A. ligniersii 
DNA (<10% binding, S1 nuclease method, 
63 °C}. Pohl ( 1981 }, however, using the renatur
ation rate method, found A. actinomycetem
comitans to be 40% related to A. ligniersii and 
30% related to H. influenzae; he found H. 

The Genus Haemophilus 3311 

aphrophilus to be 30% related to H. influenzae. 
Albritton et al. (1984) found relative binding 
ratios of 29% for H. aphrophilus and H. influ
enzae DNAs (hydroxyapatite method, 60°C}. 
Additional studies are needed to resolve the tax
onomic status of H. aphrophilus and related or
ganisms. 

Additional Comments: Human Isolates 

As can be seen from the above descriptions, the 
human haemophili primarily inhabit the oral 
and pharyngeal mucosa. H. injluenzae and H. 
parainfluenzae may occasionally colonize the 
genital tract (Albritton et al., 1982; Sturm, 1986) 
and with appropriate selection, haemophili can 
even be recovered from feces. Using selective 
media, Palmer ( 1981) detected H. influenzae in 
1.5% of the fecal specimens he examined; NAD
dependent haemophili (H. parainfluenzae, H. 
segnis, and H. paraphrophilus) were detected in 
20% of the specimens. Using the Campylobacter 
filtration technique, Megraud et al. ( 1988) de
tected H. influenzae in 0.4% of fecal specimens 
and H. parainjluenzae in 1. 9%; whether this re
flects active colonization, or simply survival 
from the nasopharynx through the alimentary 
canal is not known. 

NAD-Dependent Avian Isolates 

H. PARAGALLINARUM AND H. A VIUM. H. para
gal/inarum causes infectious coryza of fowl. 
This acute respiratory disease causes economic 
loss to poultry growers through reduced weight 
gain and lowered egg production (Blackall, 
1989). The organism responsible for infectious 
coryza was originally named H. gallinarum and 
was thought to require both hemin and NAD. 
Subsequent studies have not confirmed a re
quirement for hemin and all currently existing 
strains only require NAD (Blackall, 1989). The 
name H. paragallinarum was proposed by Bi
berstein and White ( 1969) for strains requiring 
NAD only. H. gallinarum is no longer a rec
ognized species name (Skerman et al., 1980; 
Kilian and Biberstein, 1984). 

The apparent hemin dependency of the orig
inal isolates was probably due to inadequacy of 
the methods used by early investigators for 
growth factor testing (Blackall and Yamamoto, 
1989). H. paragallinarum is somewhat finicky 
in its growth characteristics, and many strains 
require chicken serum and/or C02 for growth 
(Blackall, 1989). 

The species H. avium was proposed by Hinz 
and Kunjara (1977) to accommodate avian iso
lates that are catalase-positive and nonpatho
genic (in contrast to H. paragallinarum, which 
is catalase-negative and pathogenic). H. avium 
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is considered to be a member of the normal 
respiratory flora of poultry (Blackall, 1989). 

Mutters et al. (1985) have suggested that H. 
avium is more closely related to Pasteurella spe
cies than to other members of the genus Hae
mophilus and should be transferred to the genus 
Pasteurella. Based on DNA homology, Mutters 
et al. (1985) further divided the catalase-posi
tive avian isolates into three species, P. avium, 
P. volantium, and Pasteurella species A. The 
number of isolates examined, however, was 
small. Blackall (1988), using the biochemical 
criteria proposed by Mutters et al. (1985), was 
able to assign only 25 of 39 strains of "H. av
ium" to one of the three proposed species, and 
suggested that additional studies are needed to 
resolve the taxonomic status of the biochemi
cally heterogeneous, catalase-positive, avian 
haemophili. 

NAD-Dependent Porcine Isolates 

H. PARASUIS AND H. PLEUROPNEUMONIAE. H. 
parasuis is responsible for the disease syndrome 
of pigs referred to as Glasser's disease. This dis
ease is characterized by polyserositis, arthritis, 
and/or meningitis (Nicolet, 1986). In addition 
to its role in Glasser's disease, H. parasuis may 
also cause pneumonia, probably as a secondary 
invader (Nicolet, 1986); it is frequently found 
in the normal upper respiratory flora of healthy 
pigs (Biberstein et al., 1977; Nicolet, 1986). 

H. parasuis requires NAD but not hemin. 
Controversy exists, however, concerning organ
isms originally labeled "H. suis. " Lewis and 
Shope ( 19 31) observed hemophilic bacilli in the 
respiratory tract of pigs infected with swine in
fluenza virus, and proposed the name H. influ
enzae suis (which was later shortened to H. 
suis). H. suis was originally thought to require 
both hemin and NAD. Existing H. suis strains, 
however (including two of Shope's original iso
lates), require NAD but not hemin (Kilian, 
1976), and Biberstein and White (1969) pro
posed use of the name H. parasuis to indicate 
this fact. "H. suis" was not included in the Ap
proved Lists of Bacterial Names (Skerman et al., 
1980), although occasional hemin- and NAD
requiring strains can apparently be isolated 
from pigs (Biberstein et al., 1977; Biberstein and 
White, 1969). The relationship of these hemin
and NAD-dependent isolates to strains origi
nally described as H. suis is not known, nor is 
much known about their pathogenic p9tential. 

H. pleuropneumoniae is the etiological agent 
of porcine necrotizing pleuropneumonia. The 
history of this species has also been somewhat 
complicated. The disease was first described in 
the 1960s (Matthews and Pattison, 1961; Shope, 
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1964), and the NAD-dependent organisms iso
lated were called H. parainjluenzae or H. para
haemolyticus by some investigators, and H. 
pleuropneumoniae by Shope (1964). Kilian et 
al. ( 1978) demonstrated that the porcine isolates 
were significantly different from the NAD-de
pendent human isolates, and recommended 
adoption ofShope's proposal (Shope,, 1964) that 
they be given specific status as H. pleuropneu
moniae. In addition to being distinct from the 
human isolates, these strains also differed from 
H. parasuis, particularly in their more luxuriant 
growth characteristics (H. parasuis grows quite 
poorly, even on chocolate agar; Matthews and 
Pattison, 1961; see "Identification"' for addi
tional tests) and by differences in disease pa
thology. 

No sooner had H. pleuropneumoniae been ac
cepted as the etiologic agent of porcine pleu
ropneumonia, when the situation was once 
again complicated by the isolation of Pasteu
rella haemolytica-like organisms from cases of 
porcine pleuropneumonia. These NAD-inde
pendent isolates were otherwise biochemically 
very similar to H. pleuropneumoniae, and DNA 
hybridization analysis indicated that both 
groups were highly related (Pohl et al., 1983). 
Furthermore, both groups were found to be 
much more closely related to the type species 
of the genus Actinobacillus (56 to 75% binding) 
than to H. injluenzae ( 6% binding), and Pohl et 
al. (1983) proposed that both the NAD-depen
dent and NAD-independent porcine pleuro
pneumonia isolates be renamed Actinobacillus 
pleuropneumoniae. 

The majority of Actinobacillus (Haemophi
lus) pleuropneumoniae isolates appear to be en
capsulated (Sebunya et al., 1982; Sebunya and 
Saunders, 1983; Jacques et al., 1988), and there 
is apparently some homology to an H. influ
enzae capsular gene probe (J. S. Kroll, unpub
lished observations, cited in Musser et al., 
1988). Unlike the situation with many other en
capsulated organisms, antibody to the H. pleu
ropneumoniae capsule does not appear to be 
fully protective (Inzana et al., 1988); hemolysins 
and/or other toxins may contribute to the or
ganism's pathogenic potential. 

In addition to the named species, other Hae
mophilus-like organisms can be isolated from 
pigs. These include the "minor group" strains 
(Kilian et al., 1978) and taxon C (Kilian, 1976). 
Minor group strains are similar to H. pleuro
pneumoniae in that they are urease positive, but 
are negative in several sugar fermentations for 
which H. pleuropneumoniae is positive (see 
Identification Section). Minor group strains are 
commonly isolated from porcine lungs at 
slaughter (Pijoan et al., 1983), but are thought 
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to be less virulent than H. pleuropneumoniae 
(Rosendal et al., 1985). 

NAD-Dependent Isolates from Rabbits 

H. PARACUNICULus. NAD-dependent coccoba
cilli have been isolated from the gastrointestinal 
tract of rabbits with mucoid enteritis (Tar
gowski and Targowski, 1979). The isolate ex
amined had a GC content of 40%, was nitrate 
reductase positive, and differed from most other 
NAD-dependent isolates in being indole posi
tive (though occasional H. parainjluenzae 
strains may also be indole positive; Bruun et 
al., 1984); the name, H. paracuniculus was pro
posed (Targowski and Targowski, 1979). The 
pathogenic potential of this organism and its 
relationship to other NAD-dependent haemo
phili have not been established, and the bio
chemical description of the species appears to 
have been based on the analysis of a single iso
late (Kilian and Biberstein, 1984; Targowski 
and Targowski, 1979). 

Hemin-Requiring Animal Isolates 

H. HAEMOGLOBINOPHILUS. H. haemogfobino
phifus forms part of the normal flora of the pre
putial sac of dogs. Its pathogenic potential is 
probably low. It has, however, been isolated 
from dogs with suppurative inflammation of the 
prepuce (Rivers, 1922), and reportedly from 
two human infections (otitis media in a 1 0-year
old agammaglobulinemic and from a case of 
osteomyelitis following a dog bite in a 12-year
old boy; Frazer and Rogers, 1972; Lavine et al., 
1974). This organism was originally referred to 
as H. haemoglobinophilus canis and later as H. 
canis; H. haemoglobinophilus has priority and 
is the taxonomically correct name (Kilian, 
1976). 

Additional Comments: Habitats 

As indicated in the introduction, Haemophilus
like organisms have been isolated from many 
additional animal species (Kilian and Freder
iksen, 1981 ); these isolates have not, however, 
been well characterized. It is generally held that 
animal isolates do not colonize humans and 
vice versa, and for the most part, this is prob
ably true. Occasional exceptions may, however, 
occur, and perhaps some of the heterogeneity 
found for the NAD-dependent human isolates 
will someday be explained as the occasional iso
lation of animal species from humans (e.g., "H. 
parainjluenzae" strain NCTC 4101, isolated 
from human tongue, has been shown by DNA 
hybridization to be highly related to H. avium; 
Mutters et al., 1985; Pohl, 1981 ). 
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Isolation 

Haemophili are fastidious organisms and re
quire enriched media for their isolation. The 
most commonly used is chocolate agar, which 
provides both hemin and NAD. Although un
heated blood also contains both hemin and 
NAD, strains requiring NAD do not grow on 
ordinary sheep blood agar (the type of blood 
used in most blood agar media). This is because 
sheep blood contains enzymes that degrade 
NAD, and unless the enzymes are destroyed by 
heating, the NAD is rapidly inactivated (Holt, 
1961 ). Other sources of blood (e.g., rabbit or 
horse) provide more NAD, but the amounts can 
vary, and these types ofblood are more expen
sive and not as readily available. What is com
monly used, therefore, is chocolate agar. Orig
inally, chocolate agar was prepared by adding 
5 to 10% defibrinated blood to sterilized blood 
agar base media and holding the mixture at 
80°C for 15 to 20 min, until the medium turned 
a dark chocolate brown. This served to release 
NAD from the red cells, as well as to inactivate 
NAD-degrading enzymes. However, NAD itself 
is heat labile, and this procedure also destroys 
some of the NAD; individual lots of chocolate 
agar must be carefully checked for their ability 
to support the growth ofNAD-requiring strains. 
More commonly used is a somewhat artificial 
"enriched" chocolate agar, prepared by adding 
"hemoglobin" and either supplement B (Difco) 
or Isovitalex (BBL) to the autoclaved base me
dium. Supplement B and Isovitalex are chem
ically defined supplements that contain NAD 
as well as other nutrients, and are added (at a 
final concentration of 1 %) after the autoclaved 
base media has cooled to 50°C. The "hemoglo
bin" is not purified hemoglobin, but rather a 
dried preparation consisting of washed and 
hemolyzed blood cells (Spray, 1930; available 
from Difco). The "hemoglobin" preparation is 
dissolved in water at a concentration of 2% and 
autoclaved separately; it is cooled to 45 to 50°C, 
and one volume is added to one volume of dou
ble-strength base media. The base medium can 
be one of several (GC agar base, brain heart 
infusion (BHI), blood agar base, etc.); the final 
agar concentration is usually 1%. Commercially 
prepared chocolate agar is available from a 
number of vendors and is also useful for cul
tivation of pathogenic Neisseria. 

Because of its transparent nature, supple
mented brain heart infusion agar (sBHI) is use
ful for distinguishing encapsulated from nonen
capsulated organisms. This medium is prepared 
by adding purified NAD and hemin to auto
claved BHI agar or by adding Fildes extract (a 
commercially available peptic digest of blood) 
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to BHI. The latter method is preferable, as the 
extra nutrients present in the Fildes extract gen
erally result in slightly larger colonies, and 
plates made with Fildes extract can usually be 
stored for longer periods than plates made with 
NAD and hemin only. Plates should be stored 
in sealed plastic bags (to prevent loss of mois
ture) and can generally be kept for about a 
month. Occasional isolates may not grow on 
sBHI, and sBHI cannot be recommended for 
H. ducreyi (see below). 

Methods for Preparation of Supplemented BHI 
(sBHI) Agar 

This medium can be made in either of the following 
ways. 
sBHI made with NAD and hemin: 
I. Prepare Difco brain heart infusion agar according to 

the manufacturer's instructions; autoclave at 121 oc 
for 15 min; cool to 45-50°C. 

2. Add 10 ml of a 1 mg/ml hemin stock solution (see 
below) per liter ofBHI (final concentration 10 llg/ml). 

3. Add 5 ml of a 2 mg/ml NAD stock solution (see 
below) per liter ofBHI (final concentration 10 ~tg/ml). 

sBHI made with Fildes extract: 
I. Prepare BHI agar as in step I above. 
2. Add Fildes extract to a final concentration of 2%. 
3. Fildes extract contains some NAD, but we recom

mend adding more (2 ml of a 2 mg/ml NAD stock 
solution per liter). 

NAD stock solution: 
I. Dissolve !3-NAD powder in water (2 mg/ml). 
2. Sterilize by filtration. 
3. Aliquot and store at - 20°C. 
Hemin stock solution: 
I. To a sterile bottle, add 100 mg hemin powder and 4 

ml triethanolamine (Kodak). 
2. Add 96 ml sterile water. 
3. Heat at 70°C for 10 min; test sterility. 
4. Store at 4°C in a dark bottle; use within one month 

(generation times will increase with increasing length 
of storage). 

Alternatively, hemin can be prepared in 0.2 M KOH in 
50% ethanol (Kilian, 1981 ). 

Other methods that have been used in the 
preparation of transparent media are based on 
the method of Levinthal ( 1918). This method 
is similar in concept to that of chocolate agar 
(i.e., a blood-containing medium is heated), but 
the medium is made transparent by removal of 
particulate material. This is done by filtration 
through sterile filter paper or by centrifugation. 
Horse blood is added to autoclaved BHI broth 
at a concentration of 35%, the mixture is boiled 
with stirring (use of a magnetic stirrer is helpful) 
until a clotted brown suspension forms. This is 
then filtered through sterile filter paper or cen
trifuged, and the clear filtrate referred to as 
"Levinthal" stock. This can be stored frozen 
and added to autoclaved (and cooled) BHI agar 
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at a 1 to 10 ratio. The original formulas did not 
add additional NAD; however, as with the orig
inal chocolate agars, the amounts can vary. We 
recommend addition of extra NAD to a final 
concentration of 10 J~.g/ml. 

BHI supplemented with Fildes extract gives 
satisfactory results and is much simpler to pre
pare than Levinthal's medium. Although use of 
sBHI as a sole medium for recovery of hae
mophili from clinical specimens is not advisa
ble, its use along with chocolate agar might 
solve many problems concerning capsule status 
and/or mixed populations. The iridescence of 
encapsulated strains can be detected very read
ily by examination of sBHI plates with a strong, 
obliquely transmitted light source. Capsule pro
duction by H. injluenzae is genetically unstable 
(Hoiseth et al., 1985, 1986) and in vitro passage 
tends to select out nonencapsulated variants. 
The ATCC reference culture of type b H. influ
enzae (strain 9795), as received from the ATCC, 
consists predominantly of capsule-deficient var
iants (S. Hoiseth, unpublished observations). 
Unless sBHI is used, most investigators will be 
unaware of this problem. 

Liquid media may be prepared as per sBHI 
agar but the agar is omitted; less NAD can be 
used for liquid media (3 J~,g/ml) than for agar 
plates (10 J~,g/ml). 

Care should be taken to avoid excessive au
toclaving; even a slight excess of time or tem
perature can affect doubling times and ability 
of the media to support growth from small in
ocula. Evans and Smith (1974) suggest that di
thionite or sodium oleate may be useful for neu
tralizing potential inhibitors; they found that 
some strains of H. parainjluenzae failed to grow 
on proteose peptone agar with NAD unless so
dium oleate was also added. Additionally, some 
strains may require more thiamine than is avail
able in certain nutrient agars (Evans and Smith, 
1972). These and other problems may occa
sionally affect the ability to determine hemin 
and NAD requirements on such media. Doern 
and Chapin (1984) compared four different base 
media (all from Scott Laboratories, Inc.) for 
their suitability in growth factor tests. They 
found that BHI agar (plus strips containing 
hemin and NAD) supported growth of 185 of 
187 strains of H. influenzae; tryptic soy agar 
(plus strips) supported growth of 181 ofthe 187 
strains. Nutrient agar (plus strips), however, 
failed to support growth of80 ofthe 187 strains, 
and Mueller-Hinton (plus strips) failed for 51 
strains. 

Tebbutt (1983) compared proteose peptone, 
Columbia agar, nutrient broth, nutrient broth 
No.2, BHI, and blood agar base No.2, all from 
Oxoid, and found that with the exception of 
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proteose peptone, all (when supplemented with 
NAD and hemin at 10 mg/1 each) supported 
growth of 93 to 99% of 438 strains of H. influ
enzae. Several of these media, however, failed 
to support the growth of a significant number 
ofNAD-dependent strains (only 75% ofNAD
dependent strains grew on BHI plus NAD, 68% 
grew on nutrient broth No. 2 plus NAD, and 
49% grew on proteose peptone plus NAD). In 
contrast, both Columbia agar plus NAD and 
blood agar base No. 2 plus NAD supported 
growth of93 to 95% of the V-dependent isolates. 
The above studies suggest that some NAD-de
pendent isolates may be more exacting in their 
growth requirements, and that base media from 
various manufacturers may not always give sim
ilar results. (See "Identification" for further dis
cussion of hemin and NAD tests, and for prob
lems with hemin contamination of the base 
media.) 

Minimal Media 

Several minimal media have been developed, 
primarily for genetic studies (see below). In ad
dition to requirements for NAD and hemin, H. 
influenzae has been shown to have a number of 
other growth factor requirements. The defined 
medium of Michalka and Goodgal ( 1969) con
tains 15 different components and that of Her
riott et al. (1970b) contains even more. Not all 
strains of H. injluenzae will grow on such media 
(according to Klein and Luginbuhl, 1979, 11 of 
43 clinical isolates failed to grow even on the 
medium of Herriott et al., 1970b ). Klein and 
Luginbuhl ( 1979) developed a somewhat less 
complicated defined medium, but even so, it 
contained a minimum of 13 compounds. Al
though not required, Tween 80, polyvinylalco
hol, and bovine serum albumin (BSA) were 
found to improve growth (probably by adsorp
tion of toxic products) and were generally in
cluded in addition to the 13 basic ingredients. 
Requirements for glutamic acid, glutathione, 
inosine, and citrulline (or arginine and uracil in 
place of citrulline) were common among the 
strains examined (Klein and Luginbuhl, 1979); 
thiamine and pantothenate are also apparently 
required (Holt, 1961; Klein and Luginbuhl, 
1979). 

Selective Media 

Isolation of haemophili from nonsterile body 
sites is enhanced by inclusion of bacitracin 
(and/or vancomycin) in the culture media. This 
is particularly important in studies attempting 
to determine the frequency of Haemophilus 
species in the normal flora of the oral, pharyn
geal, and genital mucosa, for isolation of hae-
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mophili from patients with upper respiratory 
tract infections, and for isolation of H. ducreyi 
from genital lesions. In these settings, other mi
croorganisms may be more numerous and over
grow the haemophili, or in some instances, pro
duce products that are inhibitory to haemophili. 
Haemophili are generally resistant to bacitra
cin, and Hovig and Aandahl (1969) recom
mended use of 300 ,ug/ml bacitracin to inhibit 
many of the contaminating organisms; this 
method has been used extensively by Kilian and 
coworkers in their surveys of normal oral and 
pharyngeal haemophili (Kilian and Schiott, 
1975; Kuklinska and Kilian, 1984). Chapin and 
Doern ( 1983) observed break-through growth of 
normal upper respiratory tract flora on choco
late agar containing only bacitracin, and they 
devised a selective medium containing bacitra
cin (300 ,ug/ml) plus 5 ,ug/ml vancomycin and 
1 ,ug/ml clindamycin. Although they did not 
compare their formulation to that of chocolate 
agar with bacitracin alone, they did find signif
icantly improved recovery of H. influenzae on 
their medium compared to chocolate agar with
out antibiotics or to chocolate agar containing 
only vancomycin. Tempro and Slots (1986) 
found that a number of strains of H. aphrophi
lus were inhibited by 300 ,ug/ml bacitracin, and 
they devised a medium containing 75 ,ug/ml 
bacitracin, 5 ,ug/ml vancomycin, and 50 ,ug/ml 
sodium fluoride. Although H. aphrophilus was 
inhibited by 300 ,ug/ml bacitracin, they found 
that reduction of the bacitracin concentration 
to 75 ,ug/ml also failed to inhibit many of the 
contaminants (especially streptococci) and that 
these organisms significantly inhibited recovery 
of H. aphrophilus from clinical specimens. Ad
dition of vancomycin (5 ,ug/ml) inhibited the 
streptococci and greatly improved recovery of 
H. aphrophilus. The sodium fluoride was added 
to inhibit Actinobacillus actinomycetemcomi
tans. Since this medium was designed to be se
lective for H. aphrophilus, it was deliberately 
lacking in NAD and would not have supported 
the growth of other Haemophilus species. The 
usefulness of this selective combination (par
ticularly the use of sodium fluoride) for isola
tion of other Haemophilus species is not known. 

The above studies all suggest that unless se
lective media are used, haemophili may often 
be missed. This is important in the interpre
tation of studies in which selective media were 
not used. Furthermore, some early studies of 
normal flora did not include media that would 
be capable of supporting the growth of hae
mophili. 

H. ducreyi has traditionally been difficult to 
isolate. Introduction of Isovitalex-enriched 
chocolate agar containing 5 ,ug/ml vancomycin 
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(Hammond et al., 1978) has greatly improved 
recovery of H. ducreyi from chancroidal lesions. 
Inclusion of 5 to 10% fetal bovine serum has 
been reported to further enhance recovery 
(Sottnek et al., 1980; Nsanze et al., 1984), and 
the use of two different media may also improve 
chances of recovery. For a review of the various 
formulations that have been tested, see Morse 
(1989). 

Growth Environment 

It is often stated that H. influenzae does not 
require C02, but that some strains may grow 
better with C02• The author's experience, how
ever, has been that C02 does not affect the 
growth of most strains, but occasional strains 
may not grow at all unless incubated in a candle 
jar. This includes some encapsulated strains as 
well as certain nontypables. It is not always clear 
from the literature, however, whether "C02 re
quirements" reflect a requirement for C02 per 
se, or a requirement for the increased humidity 
that is present in a candle jar or C02 incubator. 
Three "C02-requiring" strains tested in our lab
oratory grew in a closed jar with moistened pa
per towels (without a candle) but did not grow 
on parallel plates placed on the incubator shelf. 
Kraut et al. (1972) also found that moisture 
could substitute for the "C02 requirement" of 
H. aphrophilus. 

The species H. aphrophilus, H. paraphrophi
lus, and H. paraphrohaemolyticus all suppos
edly require C02• Indeed, the original species 
definitions were based on a C02 requirement 
(Khairat, 1940; Zinnemann et al., 1968, 1971 ), 
and the names are derived from "aphros," the 
term used in classical times to describe C02 

bubbles escaping from fermenting wine 
(Khairat, 1940). C02 dependence can, however, 
be lost on subculture (Zinnemann et al., 1971; 
von Essen et al., 1987). As already mentioned, 
the validity of C02 requirements for species dis
tinction has been questioned (Kilian, 1976), es
pecially as pertains to the distinction between 
H. parahaemolyticus and H. paraphrohaemo
lyticus. What is clear, however, is that many of 
these strains do require a "C02 environment" 
for optimal growth (particularly on primary iso
lation). Again, it is not clear whether it is C02 

per se or increased humidity. According to Kil
ian (1976), occasional strains of H. parainflu
enzae also need C02 for optimal growth (in
cluding certain nonhemolytic, biotype I strains 
that do not fit the classical definition of H. para
phrohaemolyticus). H. ducreyi also grows better 
under increased humidity and 5% C02 (Albrit
ton, 1989). Incubation in a moist environment 
containing 5-l 0% C02 is thus recommended for 
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all specimens potentially containing haemo
phili; this is true for the animal species as well 
(especially H. paracuniculus, H. parasuis, and 
H. paragallinarum). 

Optimal growth for most Haemophilus spe
cies occurs between 35-37°C. H. ducreyi prefers 
a slightly lower temperature (33°C was reported 
as optimal; Sturm and Zanen, 1984). 

Growth Rates 

Haemophili are fastidious organisms, but con
trary to what is often stated, they are not nec
essarily slow growing. In rich media, free of in
hibitory substances, H. injluenzae can double 
with a generation time similar to that of E. coli 
(26 min; Rubin, 1986). Not all species are rapid 
growers, however, and for H. ducreyi, it may 
take 48 h or more for colonies to appear (Morse, 
1989). Some conjunctival isolates may also be 
slow growing (''H. aegyptius"?), and H. parasuis 
is reported to grow "feebly," even after 48 h on 
chocolate agar (Kilian and Biberstein, 1984). H. 
segnis, H. p/europneumoniae, and H. paragal
linarum may also be somewhat slower growing. 

Identification 
Identification of the various Haemophilus spe
cies has been based primarily on hemin and 
NAD requirements, host origin, and a few ad
ditional biochemical tests (Kilian, 1976, 1985; 
Kilian and Biberstein, 1984). Haemophili are 
small, pleomorphic, Gram-negative rods (some
times with filamentous forms); all reduce ni
trate. 

Hemin-and NAD-Requiring 
Human Isolates 

Human isolates requiring both hemin and NAD 
are H. influenzae, H. haemolyticus, and H. ae
gyptius. H. haemolyticus is identified by its he
molytic activity, whereas H. influenzae and H. 
aegyptius are nonhemolytic. The problems in 
distinguishing H. injluenzae and H. aegyptius 
have already been discussed (see description of 
the individual species under "Habitats"). H. in
jluenzae is further identified on the basis of cap
sular antigens, with most invasive isolates being 
serotype b. The serotype b capsule is composed 
of a linear, repeating unit of ribose-ribitol-phos
phate (Crisel et al., 1975) and is considered to 
be a major virulence determinant (Turk, 1982; 
Zwahlen et al., 1989). The structures of the 
other capsule types (a, c-f) are listed in Table 
2. Serotyping reagents for both traditional slide 
agglutinations, and for latex or coagglutination 
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Table 2. Structures of the capsular polysaccharides of H. injluenzae. 

Serotype Structure Reference• 

a 
b 
c 

4)-13-o-Glc-( 1-+4)-o-ribitol-5-(Po ..... 
3)-13-o-Rib-( 1-+ 1 )-o-ribitol-5-(Po ..... 
4)-13-o-GlcNAc-( 1-+ 3)-a-o-Gal-1-(P04-> 

1 
2, 3 
4, 5 

3 
T 

OAc 

d 4)-13-o-GlcNAc-( 1-> 3)-13-o-ManANAc-( 1-> 
6 

6, 7 

T 
Rb 

e 
e' 

3)-/3-o-GlcNAc-( 1->4 )-13-o-ManANAc-( 1-> 
3)-13-o-GlcNAc-( 1->4)-13-o-ManANAc-( 1-> 

3 

8, 9 
9 

T 
2 

f 
/3-D-fructose 

3)-/3-oGalNAc-( 1->4 )-a-o-GalNAc-( 1-> PO ..... 
3 

10, ll 

T 
OAc 

•Citations are: 1, Branefors-Helander et al. (1977); 2, Crise! et al. (1975); 
3, Branefors-Helander et al. (1976); 4, Branefors-Helander et al. (1979); 5, 
Egan et al. (1980a); 6, Branefors-Helander et al. (198la); 7, Tsui et al. 
(1981a); 8, Tsui et al. (198lb); 9, Branefors-Helander et al. (198lb); 10, 
Egan et al. (l980b); ll, Branefors-Helander et al. (1980). 
bR = seronine, threonine, or alanine. 

tests are available from a number of commercial 
suppliers (Difco, Wellcome Diagnostics, Phar
macia) and have been evaluated by Himmel
reich et al. (1985). Nonencapsulated strains are 
nonagglutinable with capsular typing sera, al
though some strains are autoagglutinable, and 
saline controls should always be performed. 
Other factors may also cause occasional false 
positive reactions, and as emphasized earlier, 
iridescence on sBHI agar is an extremely useful 
aid in distinguishing encapsulated and nonen
capsulated strains. Note, however, that irides
cence begins to fade after approximately 20 to 
24 h incubation. 

Kilian (1976) introduced a biotyping scheme 
for H. influenzae based on the production of 
indole, urease, and ornithine decarboxylase (see 
Table 3). Biotyping is not mandatory for routine 
identification of H. influenzae, but has been of 
some use in surveys of normal flora versus dis
ease isolates. It has limited value as an epide
miological tool for studying transmission of 
type b strains, since most invasive isolates tend 
to be biotype I (Barenkamp et al., 1981; Kilian 
et al., 1979; Oberhofer and Back, 1979). Biowpe 
IV may be more common among genital isolates 
(Albritton et al., 1982; Wallace et al., 1983), and 
"H. aegyptius" is biotype III (though not all 
nonencapsulated, biotype III strains are "H. ae
gyptius"). 

NAD-Dependent Human Isolates 

As already mentioned (see "Habitats"), iden
tification of NAD-dependent species is often 
problematic, and in practice, often not even at
tempted. Many labs simply report NAD-depen
dent isolates as H. parainjluenzae. Although the 
original description of H. paraphrophilus was 
based on a C02 requirement, this alone is not 
a reliable criterion for species designation (see 
"Habitats" and "Isolation"). Lactose fermen
tation, however, has been reported to be useful 
for separating H. parainfluenzae (lactose neg
ative) from H. paraphrophilus (lactose positive; 
Albritton, 1988; Kilian, 1976; Kilian and Bi
berstein, 1984). Additional sugars that may be 
useful for distinguishing the NAD-dependent 
isolates are listed in Table 4. The biotyping 
scheme described above for H. influenzae has 
also been applied to H. parainfluenzae, al
though the numerical designations for a given 
combination of plus and minus test results are 
not the same for H. injluenzae and H. parain
jluenzae (Table 3). The situation is further com
plicated by the fact that two different definitions 
have been given for biotype IV H. parainflu
enzae. Oberhofer and Back ( 1979) designated 
strains that were negative for all three tests as 
biotype IV, whereas Bruun et al. (1984) desig
nated strains that were positive for all three tests 
as biotype IV. Some investigators have used the 
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Table 3. Characterization of the biotypes of H. influenzae and H. parainfluenzae. 

Biotype designation 

H. injluenzae H. parainjluenzae 

I• v• 
II• VII• 
III• III• 
IV• II• 
V• VI• 
VI• I• 
VIle VIIIf 
VIII• IV•·• 

•Kilian, 1976. 
•Oberhofer and Back, 1979. 
<Gratten, 1983. 
•Sottnek and Albritton, 1984. 
•Sturm, 1986. 
'Doern and Chapin, 1987. 

Production of 

•Bruun eta!., 1984, used a different designation for biotype IV strains of H. parainfluenzae; 
they designated strains that were positive for all three reactions as biotype IV. 

Table 4. Fermentation tests reported to be useful for distinguishing the NAD-dependent human species of 
Haemophilus. 

Acid production from 

Species Lactose Ribose Sorbose Melibiose Mannitol• Glucose Sucrose• 

H. parainfluenzae< -· -d -· -· -· +• +· 
(0/121)• (0/121)• (0/83)' (0/121)• (121/121)< (118/121)• 
(0/83)' (0/83)' (83/83)' (83/83)' 

H. paraphrophilus +· +• +• +• -· +• +· 
(11/11)• (11/11)• (11/11)< (11/11)• 

H. segnis -· -d -d -d -· Weak• Weak• 
(0/22)" (0/22)" (0/22)" (22/22 weak)" (22/22 weak)" 

•Mannitol fermentation is a characteristic of the porcine species, H. p/europneumoniae (see Table 6), and some avian 
isolates (most H. paragallinarum and some H. avium; Blackall and Reid, 1982). 
•Acid from sucrose may be useful for distinguishing NAD-dependent species from H. influenzae; Kilian (1976) found 
that none of 185 strains of H. influenzae fermented sucrose and Oberhofer and Back (1979) reported negative sucrose 
reactions for 464 of 464 isolates of H. influenzae. 
<This includes H. parahaemolyticus and H. paraphrohaemolyticus; see text for comments on these species. 
•Kilian and Biberstein, 1984 (number of isolates tested not stated;+ means> 90% positive;- means< 10% positive). 
•Kilian, 1976. 
'Oberhofer and Back, 1979. 
•Kilian and Theilade, 1978. 
Numbers in parentheses indicate the number of strains giving a positive test out of the total number of isolates tested. 

Oberhofer and Back ( 1979) designation (Sturm, 
1986; Doern and Chapin, 1987) whereas others 
have used the Bruun et al. (1984) designation 
(Kilian, 1985). Fortunately, a large percentage 
of H. parainjluenzae isolates fall into biotypes 
I-III (Oberhofer and Back, 1979), so this is only 
occasionally a problem. It becomes important, 
however, when the results of the biotyping tests 
are used as an aid in distinguishing H. para
influenzae from H. segnis and H. paraphrophi
lus, both of which are reported to be negative 
for all three tests (Kilian, 1976; Kilian and Bi
berstein, 1984; Kilian and Theilade, 1978). A 
strain that is positive for one or more of the 

biotyping tests is probably not H. segnis or H. 
paraphrophilus, but a strain that is negative for 
all three tests should be carefully evaluated if a 
definitive species identification is desired. It 
should, however, be kept in mind that the above 
statement is based on data from only a limited 
number of strains of H. segnis and H. para
phrophilus. 

The problems in distinguishing H. parahae
molyticus, H. paraphrohaemolyticus, and H. 
parainjluenzae have already been discussed (see 
.. Habitats"). H. parahaemolyticus was defined 
on the basis of NAD-dependence and hemol
ysis, while H. paraphrohaemolyticus was de-
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fined as NAD-dependent, C02-requiring, and 
hemolytic. These traits can, however, be lost on 
subculture, and/or appear in other species. H. 
parahaemolyticus and H. paraphrohaemolyti
cus are otherwise biochemically similar to H. 
parainfluenzae (Kilian, 1976), although there 
may be an inverse correlation between hemo
lysin production and mannose fermentation 
(Kilian and Biberstein, 1984; Oberhofer and 
Back, 1979). The type strain of H. parahae
molyticus (NCTC 8479) does not, however, ap
pear to be related to H. parainfluenzae when 
tested by DNA hybridization (Pohl, 1981 ). The 
type strain of H. paraphrohaemolyticus (NCTC 
10670 = ATCC 29237) also appears to be un
related to H. parainjluenzae; it does, however, 
appear to be closely related to H. aphrophilus 
and H. paraphrophilus (Pohl, 1981 ). It is thus 
not surprising that there is considerable con
fusion concerning the identification of the 
NAD-dependent haemophili. Other discrepan
cies concerning NAD-dependent strains include 
ATCC strain 7901, which was deposited as H. 
parainjluenzae, but which by DNA hybridiza
tion appears to be H. paraphrophilus (Pohl, 
1981; Potts et al., 1986). Conversely, H. para
phrophilus strain NCTC 10558 ( = ATCC 
29242) was considered to be H. parainjluenzae 
by Kilian (1976); DNA hybridization studies 
with this strain, however, have yielded conflict
ing results (Tanner et al., 1982; Potts and Berry, 
1983). The DNA hybridization studies of Rob
erts et al. ( 1986) also suggest considerable het
erogeneity among strains labeled H. parainjlu
enzae, although in this study ATCC strain 7901 
showed significant homology to a number of 
strains labeled H. parainfluenzae. Clearly, ad
ditional DNA hybridization studies are needed 
in order to clarify some of the above-mentioned 
problems, as well as to establish the appropri
ateness of the biochemical tests used for spe
ciation of the NAD-dependent haemophili. 

The DNA hybridization studies of Potts et al. 
(1986) appear to have justified Kilian's proposal 
( 1976) for creation of the species H. segnis. This 
species was proposed on the basis of a high GC 
content, and weak fermentation capacity. H. 
segnis is reportedly negative for all three bio
typing reactions (urease, indole, and ornithine 
decarboxylase), and gives weak acid reactions 
for glucose and sucrose, but is negative for lac
tose, ribose, and melibiose (Kilian and Thei
lade, 1978; see Table 4). 

Hemin-Dependent Human Isolates 
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pendence, and negative sugar reactions. Gram 
stain alone should not be used to make a defin
itive diagnosis, as other (sometimes Gram-var
iable) organisms can resemble H. ducreyi. The 
"school of fish" pattern (arrangement of organ
isms in long parallel chains) observed by early 
investigators is not always observed and is more 
commonly observed with plate-grown organ
isms than in direct smears (Morse, 1989). 
Hemin dependence cannot be demonstrated by 
the traditional disk or strip methods (see below) 
because H. ducreyi does not grow on the routine 
media used for these tests (Hammond et al., 
1978; Oberhofer and Back, 1982). Hemin de
pendence has, however, been demonstrated us
ing BBL strips on GC agar base supplemented 
with 0.1% glucose and 0.01% glutamine (Ham
mond et al., 1978), or on GC agar base supple
mented with glucose, glutamine and cysteine 
(Sottnek et al., 1980). H. ducreyi requires much 
higher hemin concentrations than do other 
hemin-dependent haemophili (Hammond et 
al., 1978), and while the hemin strips from BBL 
contain sufficient hemin to initiate growth of H. 
ducreyi (Hammond et al., 1978; Sottnek et al., 
1980), the Difco disks apparently do not (Difco 
Laboratories, personal communication). The 
recommended method for determining the 
hemin requirement is the porphyrin test (see 
below). 

Hemin- and NAD-Independent 
Human Isolates 

H. aphrophilus does not require NAD, and as 
indicated earlier, generally does not require 
hemin either (although it may on primary iso
lation); it is porphyrin positive. H. aphrophi/us 
can be distinguished from other haemophili, 
since with the exception of H. ducreyi (and the 
animal species, H. haemoglobinophilus), all 
other haemophili require NAD, or both hemin 
and NAD. The major problem, therefore, lies 
in distinguishing H. aphrophilus from other 
small, Gram-negative coccobacilli, including 
Actinobacillus actinomycetemcomitans, Car
diobacterium hominis, and Eikenella corrodens, 
all of which share a similar habitat with H. 
aphrophilus, and which like H. aphrophi/us, 
may occasionally cause endocarditis or brain 
abscesses. Like H. aphrophilus, these organisms 
also grow best with increased C02• Tests useful 
for distinguishing these organisms are shown in 
Table 5. 

NAD-Dependent Porcine Isolates 

H. ducreyi is identified partially on the basis of The porcine isolates H. p/europneumoniae and 
its clinical circumstance (i.e., from genital le- H. parasuis are distinguished from each other 
sions), combined with Gram stain, hemin de- primarily on the basis of the urease test and the 
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Table 5. Tests useful for distinguishing Haemophilus aphrophilus from other Gram-negative coccobacilli or small rods. 

Glucose Lactose Sucrose Nitrate 
Species fermentation Indole Catalase fermentation fermentation reduction 

H. aphrophilus• + + + + 
(16/16) (0/16) (1/16) (16/16) (16/16) (16/16) 

Eikenella corrodensh (+/-) + 
(0/595) (0/595) (54/595 (0/595) (0/595) (593/595) 

weakly 
positive) 

Cardiobacterium hominis' + + + 
(32/32; but (31/32) (1/32) (0/32) (32/32; but (0/32) 

some take some take 
> 3 days) > 3 days) 

Actinobacillus + + + 
act i nomycetemcomitans' (119/120; (0/120) (119/120) (0/120) (0/120) (120/120) 

but some 
take> 3 
days) 

Symbols: +, > 90% positive; -, < 10% positive; numbers in parentheses indicate number of strains giving a positive test 
out of the total number of isolates tested. 
•Based on Kilian, 1976. H. aphrophilus is resistant to 50 ILgfml sodium fluoride, whereas A. actinomycetemcomitans is 
reported to be sensitive (Tempro and Slots, 1986). 
bRubin et a!., 1985. 
'Weaver et a!., 1985. 

CAMP reaction, with H. p/europneumoniae 
positive, and H. parasuis negative for both tests 
(Table 6). The CAMP reaction detects a hem
olysin that acts synergistically with the Staph
ylococcus aureus {3- toxin; H. pleuropneumoniae 
is the only Haemophilus species to give a pos
itive CAMP reaction. Mannitol fermentation 
also serves to distinguish H. pleuropneumoniae 
from the other porcine isolates, as well as the 
human NAD-dependent species, all of which 
are negative for mannitol fermentation (See Ta
bles 4 and 6). H. parasuis grows much more 
feebly than H. pleuropneumoniae, and this is 
also a useful distinction. 

NAD-Dependent Avian Isolates 

The avian isolates H. paragallinarum and H. 
avium are distinguished from each other pri
marily on the basis of the catalase test and gal
actose fermentation, with H. avium being pos
itive for both tests and H. paragallinarum 
negative (Blackall, 1988; Blackall and Reid, 
1982). As mentioned earlier, "H. avium" iso
lates are genetically and biochemically hetero
geneous, and Mutters et al. (1985) have pro
posed that H. avium be split into three species 
in the genus Pasteurella (as Pasteurella avium, 
Pasteurella volantium, and Pasteurella species 
A). Not all isolates from chickens fit the criteria 
for these three species (Blackall, 1988), and ad
ditional studies are needed. 

Ofthe 39 catalase-positive strains studied by 
Blackall (1988), all were found to produce acid 

from glucose, galactose, fructose, and mannose; 
37 of39 strains also fermented trehalose. Ofthe 
19 catalase-positive strains studied by Mutters 
et al. (1985), all were found to ferment glucose, 
galactose, fructose, mannose, sucrose, and tre
halose. In both studies, the variable profiles for 
arabinose, maltose, mannitol, sorbitol, and xy
lose indicated considerable heterogeneity 
among strains. The nearly universal fermenta
tion of trehalose, however, helps distinguish "H. 
avium" from human isolates of H. parainflu
enzae (Oberhofer and Back, 1979, found that 
none of 83 H. parainfluenzae strains fermented 
trehalose). Readers should consult Blackall 
(1988) and Mutters et al. ( 1985) for the bio
chemical profiles of individual "H. avium" iso
lates. Biochemical profiles for 39 strains of H. 
paragallinarum can be found in Black:all and 
Reid (1982). Most H. paragallinarum isolates 
require chicken serum and C02 for growth 
(Blackall and Reid, 1982). 

The animal isolates are generally assumed to 
be relatively host-species adapted, and this is 
weighted quite heavily in most identification 
schemes. It is interesting to note, however, that 
one strain considered by Mutters et al. (1985) 
to be Pasteurella (Haemophilus) avium, was iso
lated from a calf; this calf isolate showed 88% 
homology to the type strain of Pasteurella (Hae
mophilus) avium. As already mentioned, an or
ganism highly homologous to H. avium has also 
been isolated from a human tongue (e.g., NCTC 
4101, originally considered H. parainjluenzae, 
shows 80% homology to H. avium DNA; Mut-
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Table 6. Differentiation of NAD-dependent porcine isolates. 

Acid from 

Mannitol Lactose Xylose Ribose Urease CAMP reaction 

H. pleuropneumoniae +· V• +· +· +· +• 
(43/43)• (4/43)• (43/43)• (43/43)• (43/43)• (43/43)• 

"Minor group"• + + 
(0/4) (4/4) (0/4) (0/4) (4/4) (0/4) 

H. parasuisd V• +· 
(0/9)' (0/9)' (0/9)' (9/9)' (0/9)' 

•Kilian and Biberstein, 1984 (number of isolates tested not stated; + means >90% positive; - means < 
10% positive; and V means variable). Numbers in parentheses indicate the number of strains giving a positive 
test out of the total number of isolates tested. 
•Kilian et a!., 1978. 
'Kilian, 1976. 
dSome urease-negative, CAMP-negative strains isolated by Pijoan et a!. ( 1983) were positive for xylose and/ 
or mannitol, suggesting that the situation might not be as straightforward as this table would indicate. 

ters et al., 1985; Pohl, 1981 ). In addition to these 
"H. avium" isolates from nonavian hosts, or
ganisms considered to be H. pleuropneumoniae 
have been isolated from a lamb and a steer (Bi
berstein et al., 1977). 

Laboratory Tests for the Identification of 
Haemophilus Species 

One of the most important tests for identifying 
Haemophilus species is the determination of the 
hemin and NAD requirements. While concep
tually simple, this step can cause problems un
less carefully performed. Originally, NAD re
quirements were demonstrated by satellite 
growth on blood agar plates containing a con
taminant NAD-secreting organism, or on blood 
agar plates that had been deliberately cross
streaked with an NAD-secreting strain of Staph
ylococcus aureus. The presence of satellite col
onies around such NAD-producing organisms, 
and absence of growth on sheep blood agar 
plates without a feeder culture, is suggestive evi
dence that one is dealing with an NAD-depen
dent Haemophilus species. This evidence 
should not, however, be taken as definitive 
proof, since other microorganisms can occa
sionally show satellite growth for reasons other 
than NAD-dependency. Determination of 
hemin and NAD requirements has long been 
performed by placing hemin and NAD-impreg
nated paper disks or strips on blood-free media. 
The problem with this method is that haemo
phili have nutritional requirements in addition 
to NAD and hemin (see "Isolation"), and the 
media used for testing must satisfy all the other 
requirements, but be free of NAD and hemin. 
Since NAD is destroyed by autoclaving, this is 
not a problem; hemin contamination of base 
media, however, is sometimes a problem, and 
individual lots should be carefully checked (i.e., 

should be incapable of supporting growth of 
known strains of H. injluenzae unless both fac
tors are added). Another problem concerning 
hemin testing may be carry-over of hemin from 
the original culture plate. Colonies should be 
picked carefully and resuspended in saline (to 
reduce carry-over) before swabbing to the plate 
for factor testing. Factor-containing disks or 
strips are available from a number of commer
cial suppliers (BBL, Difco, Remel); brain heart 
infusion, heart infusion, or tryptic soy agar are 
commonly used as base media (Doern and 
Chapin, 1984; Lund and Blazevic, 1977). 

Because of the problems associated with the 
above method, more definitive proof of a hemin 
requirement can be obtained by the porphyrin 
test. This test, based on the observations of Bi
berstein et al. ( 1963), and modified by Kilian 
(1974), detects intermediates in the hemin bio
synthetic pathway. When supplied with the 
hemin precursor, o-aminolevulinic acid (ALA), 
hemin-independent species can convert ALA to 
porphyrin. Because they lack the enzymes of the 
hemin pathway, hemin-dependent species are 
unable to convert ALA to porphyrin. Porphyrin 
production by hemin-independent species can 
be readily detected by the orange-red fluores
cence produced following exposure of ALA-ex
posed cultures to long-wave ultraviolet light 
(360 nm). A variety of formats have been used 
to detect porphyrin production from ALA, in
cluding a tube test (Kilian, 1974), disk tests, and 
incorporation of ALA into the agar growth me
dium (Zadik, 1982; Gadberry and Amos, 1986). 
The disk method is probably not as sensitive as 
the tube test; the tube test, however, requires a 
large inoculum and may require subculture 
from the primary isolation plate before inocu
lation. Porphyrin test agar is relatively new, and 
has not been extensively compared to the other 
methods; it may be more sensitive than the disk 
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method (Gadberry and Amos, 1986), but the 
number of isolates tested was small. 

Porphyrin Tube Test (Based on Kilian, 1974) 

1. Prepare 2 mM ALA (Sigma), 0.8 mM MgS04 in 0.1 
M phosphate buffer, pH 6.9. Distribute in 0.5-ml 
quantities in small glass tubes (solution can be frozen 
at -20°). 

2. Resuspend a heavy loopful of bacteria in the above 
solution (culture should be <24 hold and suspension 
should appear milky; Lund and Blazevic, 1977). 

3. Incubate 4 h at 37°C. 
4. Expose tube to 360-nm UV light; red fluorescence 

indicates porphyrin production (i.e., hemin not re
quired for growth). 

Other tests of importance for identifying 
Haemophilus species include sugar fermenta
tions and the production of indole, urease, and 
ornithine decarboxylase. For determination of 
sugar reactions, Kilian (1976; 1985) recom
mended use of 1% sugar in phenol red broth 
base (Difco), supplemented with 10 1-Lg/ml each 
NAD and hemin. This method generally re
quires incubation for 24 h or longer. Workers 
at the U.S. Centers for Disease Control prefer 
a rapid ( 4 h), nongrowth method, utilizing small 
volumes and heavy inocula (Hollis et al., 1980; 
Miller and Sottnek, 1987). A number of kits 
containing miniaturized, dehydrated reagents 
are available commercially, although these 
sometimes give discrepant sugar reactions. 
Doern and Chapin ( 1984) found that the RapiD 
NH System (Innovative Diagnostics Systems, 
Inc.) correctly identified only 89.8% of 187 
strains of H. injluenzae; most of the incorrect 
identifications were due to false-negative glu
cose reactions. Oberhofer and Back ( 1979), us
ing the BBL Minitek system, however, reported 
very consistent sugar reactions for a large num
ber of strains ( 461 of 464 strains of H. influ
enzae, and 83 of 83 strains of H. parainfluenzae 
gave positive glucose reactions; none of 464 H. 
influenzae fermented sucrose, whereas 83 of 83 
strains of H. parainjluenzae gave positive re
actions with sucrose). Kawakami et al. (1981) 
compared the Minitek system to that of the con
ventional phenol red broth method and found 
extremely good agreement between the two 
methods. 

Several of the commercially available kits also 
contain reagents for the detection of urease, 
tryptophanase (indole production), and orni
thine decarboxylase. Traditional methods (Kil
ian, 1976, 1985) for determination of these re
actions are presented below. All substrates are 
dispensed in 0.5-ml volumes. 
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Indole Test 

1. Prepare 0.1% tryptophan in 0.05 M phosphate buffer, 
pH 6.8. 

2. Inoculate heavily and incubate at 37°C for 4 h. 
3. Add an equal volume of Kovac's reagent and shake; 

red color in the upper layer indicates the presence of 
indole. 

Urease Test 

1. Prepare a 20% solution of urea; filter sterilize. 
2. Prepare 1:500 phenol red (0.2 g phenol red, 8 ml 

NaOH, 92 ml water). 
3. Add 0.1g KH2P04, O.lg K2HP04, 0.5g NaCl, and 0.5 

ml ofthe phenol red solution to 100 ml water. Adjust 
to pH 7.0 and autoclave. After autoclaving, add 10.4 
ml of the filter-sterilized urea. 

4. Inoculate heavily and incubate at 37°C for 4 h. Red 
color indicates urease activity. 

Ornithine Decarboxylase Test I Use Moeller's decarboxylase medium (Difco) and in
oculate heavily. Incubate at 37°C for 4-24 h; purple 
color indicates decarboxylase activity. 

Genetics 

Although H. influenzae is one of the naturally 
transformable microorganisms (Kahn and 
Smith, 1984), it has not been as amenable to 
genetic analysis as some of the more robust or
ganisms like E. coli and Salmonella. The com
plex nutritional requirements of the haemophili 
have made analysis of auxotrophic mutants dif
ficult, and only a limited number of auxotrophic 
markers and antibiotic resistance genes have 
been mapped by transformation (Michalka and 
Goodgal, 1969; Stuy, 1985). Transducing 
phages have not been described, and there is 
but a single report of a conjugal system for the 
ordered transfer of chromosomal genes (Deich 
and Green, 1987). This system utilized an F' 
from E. coli and transfer of H. injluenzae chro
mosomal genes occurred only at very low fre
quency. Until recently (see below for a discus
sion of mapping by pulse-field electrophoresis), 
transformation has been the mainstay for ge
netic analysis in this genus, with work limited 
mainly to H. injluenzae and H. parainjluenzae. 

Transformation 

During exponential growth, H. influenzae and 
H. parainfluenzae transform poorly, as only 
about one cell in ten thousand is competent for 
DNA uptake. Under conditions of slowed 
growth, however, competence can be induced in 
the entire population, and transformation of 
chromosomal markers can occur with frequen
cies of 1-5% (Herriot et al., 1970a; Kahn and 
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Smith, 1984). The protocols for induction of 
competence in H. injluenzae and H. parainflu
enzae are different. H. parainfluenzae under
goes a significant loss of viability in the protocol 
giving optimal transformability of H. influen
zae, whereas H. influenzae undergoes severe 
loss of viability in the protocol giving optimal 
transformation of H. parainjluenzae (Barany 
and Kahn, 1985). The protocol for H. injluen
zae involves an incubation period in a non
growth minimal medium (the MIV medium of 
Herriott et al., 1970a), whereas the protocol for 
H. parainjluenzae utilizes overnight incubation 
as a thin layer in a stationary petri dish 
(Gromkova and Goodgal, 1979). The latter 
method has, however, been used by Gromkova 
et al. ( 1989) for transformation of H. injluenzae, 
but the transformation frequencies were signif
icantly lower than those obtained by other in
vestigators using the MIV protocol. The sta
tionary method is easier to perform, so 
depending on the transformation frequency re
quired, this method may be sufficient (e.g., to 
move a chromosomal streptomycin-resistance 
marker into a new strain, etc.). Growth of cells 
(with aeration) to a density of 1 X 109/ml, fol
lowed by a shift to more anaerobic conditions 
(e.g., by tipping the culture into the arm of a 
side-arm flask and holding without agitation for 
90 min) has also been used with some success 
(Goodgal and Herriott, 1961) but this method 
is not as reliable as the MIV method of Herriott 
et al. (1970a). 

Transformation of both H. injluenzae and H. 
parainjluenzae involves binding of DNA (via 
specific uptake sequences-see below) to mem
branous blebs that appear on the surface of 
competent cells (Barany et al., 1983; Kahn et 
al., 1983). These membranous blebs have been 
termed "transformasomes." The mechanism 
by which DNA passes from the transforma
somes into the cell also differs between H. in
fluenzae and H. parainfluenzae (Barany and 
Kahn, 1985). 

Unlike the artificial transformation of E. coli 
with plasmid DNA (which utilizes calcium 
chloride plus a temperature shock and which 
produces a leaky membrane), transformation of 
naturally transformable organisms like Hae
mophilus occurs via a genetically determined 
system for the active uptake and integration of 
exogenous DNA. DNA is bound by specific re
ceptors that appear on the surface of competent 
cells, and for H. injluenzae and H. parainflu
enzae, these receptors recognize specific se
quences that occur on Haemophilus DNA and 
which are generally absent or rare on foreign 
DNA; transformation of Haemophilus is thus 
relatively specific for uptake of Haemophilus 
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DNA (Danner et al., 1982; Deich and Smith, 
1980; Goodgal and Mitchell, 1984; Kahn and 
Smith, 1984; Scocca et al., 197 4; Sisco and 
Smith, 1979). 

During transformation of competent H. in
jluenzae, DNA passes from the transformasome 
into the cell via a mechanism that results in 
degradation of one complete strand of DNA, as 
well as degradation of the entering strand from 
the 3' end (Barany et al., 1983). The entering 
single strand searches for its homolog in the 
chromosome and is incorporated via rec-de
pendent homologous recombination. Although 
highly efficient for introduction of chromo
somal markers, the degradative step makes this 
a poor method by which to introduce plasmid 
DNA into H. influenzae. Plasmid transforma
tion of competent H. influenzae occurs only at 
very low frequency, and is thought to occur via 
accidental escape of intact double-stranded 
plasmid DNA from the transformasome (Pifer, 
1986). The efficiency of plasmid transformation 
can be improved by adding glycerol to com
petent cells (Stuy and Walter, 1986) or by li
gating linearized plasmid DNA to form con
catamers (Pifer, 1986). 

As indicated above, H. influenzae and H. 
parainfluenzae are considered to be naturally 
transformable microorganisms, and their 
mechanisms of transformation have been ex
tensively studied. It was thus somewhat sur
prising to learn that a significant number of clin
ical isolates of H. injluenzae appear to be 
nontransformable (Cope et al., 1989; Rowji et 
al., 1989). The evolutionary significance of this 
observation is not yet understood. Transfor
mation of other Haemophilus species has not 
been well studied, but Leidy et al. (1956) and 
White et al. (1964) reported transformation of 
H. parasuis by H. parasuis DNA; the efficiency, 
however, was considerably lower than they ob
served for transformation of H. influenzae with 
H. injluenzae DNA. White et al. (1964) also 
attempted to transform H. p/europneumoniae 
but found it to be "virtually incompetent as a 
receptor in transformation studies." Additional 
studies, however, are needed. As expected (by 
virtue of its close relationship to H. influenzae), 
"H. aegyptius" is also naturally transformable 
(White et al. 1964). 

Transposon Mutagenesis 

A system for direct transposon mutagenesis of 
Haemophilus species has only recently been de
scribed (Kauc and Goodgal, 1989a). This sys
tem utilizes the 16.4-kb, tetracycline-resistance 
element, Tn916, derived originally from Strep
tococcus. Cloned Haemophilus genes can also 
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be mutagenized with transposons in E. coli and 
the insertion mutations returned to the H. in
fluenzae chromosome by transformation 
(Grundy et al., 1987; Tomb et al., 1989). The 
kanamycin-resistance gene ofTn5 is apparently 
not expressed well in Haemophilus and selec
tion on even low concentrations of kanamycin 
leads to amplifications and other chromosomal 
rearrangements (Grundy et al., 1987; S. Hoi
seth, unpublished observations). The kanamy
cin-resistance gene of Tn903, however, appears 
to function well in H. influenzae and mini-TnJ 0 
kan (which contains the kanamycin-resistance 
gene from Tn903) has been used successfully 
(Tomb et al., 1989). 

Haemophilus Cloning Vectors 

The tetracycline-resistance gene (non-TnJO) of 
the E. coli cloning vector pBR322 does not ex
press in Haemophilus, and the plasmid does not 
replicate in Haemophilus. Shuttle vectors ca
pable of replicating in both E. coli and Hae
mophilus have therefore been developed for 
cloning Haemophilus DNA in H. influenzae 
(Danner and Pifer, 1982; McCarthy et al., 1982; 
Tomb et al., 1989). A number of Haemophilus 
genes have also been cloned in E. coli (see Lee 
et al., 1989, for a partial list); at least some of 
these genes appear to be expressed in E. coli 
using their own promoters (Holmans et al., 
1985; Nelson et al., 1988). 

Chromosome Mapping by Pulse-Field 
Gel Electrophoresis 

The technique of pulse-field gel electrophoresis 
has been used to study the organization of the 
H. influenzae and H. parainfluenzae chromo
somes, and ordered restriction maps of these 
species have recently been published (Kauc and 
Goodgal, 1989b; Kauc et al., 1989; Lee et al., 
1989). By this technique, the size of the H. in
fluenzae chromosome was estimated to be 1834 
(Lee and Smith, 1988) to 1980 kb (Kauc et al., 
1989) while that for H. parainfluenzae was es
timated at 2340 kb (Kauc and Goodgal, 1989b). 
A number of cloned Haemophilus genes have 
been used as hybridization probes to localize 
known gene products to specific chromosomal 
restriction fragments (Lee et al., 1989). This 
technique should very rapidly increase our un
derstanding of the genetics of Haemophilus spe
cies and should be useful for comparing the re
lationships between isolates. 
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The Genus Pasteurella 

REGGIE Y. C. LO and PATRICIA E. SHEWEN 

The genus Pasteurella is the type genus of the 
family Pasteurellaceae which comprises the rec
ognized genera Actinobacillus, Haemophilus, 
and Pasteurella (Mannheim, 1984). The orga
nization of Actinobacillus, Haemophilus, and 
Pasteurella in a family has been established 
from phenotypic comparisons (Kilian and Fred
eriksen, 1981a, 1981b) as well as DNA-DNA 
hybridization analysis (Christian et al., 1981; 
Mannheim, 1981; Poh1, 1981) and 16S rRNA 
sequence analysis (Chuba et al., 1988). The 
members of the family Pasteurellaceae have had 
various taxonomic placements over the past 50 
years. Some of these include Parvobacteriaceae 
in 1934 (Bergey, 1934) and Brucellaceae in 
19 57. The latter family included other genera 
such as Yersinia, Francisel/a, Moraxella, Bor
detella, and Brucella in addition to Actinoba
cillus, Haemophilus, and Pasteurella (Breed et 
al., 1957). In the 1984 Bergey's Manual of Sys
tematic Bacteriology, the family Pasteurellaceae 
is listed in Section 5 under "Facultatively An
aerobic Gram-Negative Rods" (Manheim, 
1984). A detailed taxonomic analysis of the ge
nus Pasteurella is described by Mutters et al. 
( 1989). Using 16S RNA cataloging analysis, 
Woese et al. ( 1985) proposed that the family 
Pasteurellaceae be placed in the gamma 
subgroup of the purple bacteria together with 
the Enterobacteriaceae and the Vibrionaceae as 
the three families of Gram-negative facultative 
anaerobic bacteria (Woese, 1987). 

The genus Pasteurella was established by 
Trevisan in 1887 and named after Louis Pas
teur. The type species for the genus is P. mul
tocida, which was previously named variously 
as P. cholerae-gallinarum and P. gallicida. Bac
teria in the genus Pasteurella are commensal 
parasites on mucous membranes of vertebrates, 
particularly mammals and birds. Many species 
are potential pathogens, acting opportunisti
cally when the host's defenses are compro
mised. The 1984 Bergey's Manual of Systematic 
Bacteriology recognized the following species: 
P. multocida, P. pneumotropica, P. haemolytica, 

P. ureae, P. aerogenes, and P. gallinarum 
(Carter, 1984). 

The species P. anatipestifer has been placed 
under the name of Moraxella anatipestifer in 
the same edition of Bergey's Manual (Carter, 
1984) even though there is considerable doubt 
about its proper placement. Due to the exten
sive use of its name, some of the properties of 
P. anatipestifer will also be described in this ar
ticle. Although the species P. ureae has been 
proposed to be placed under the genus Acti
nobacillus (Bercovier et al., 1984; Escande et al., 
1984), this reclassification is still under debate. 

Using DNA-DNA hybridization studies un
der stringent reassociation conditions, a genus
like group P. sensu stricto was also established 
which includes a group of bacteria having a 
DNA binding level of 50% or higher with the 
rest of the genus of Pasteurella (Mutters and 
Mannheim, 1984; Mutters et al., 1985). The ge
netic relationship of the bacteria in this group 
remains to be clarified. 

Biochemical Characteristics 

The genus Pasteurella may be characterized as: 
small, Gram-negative cocci or rods of dimen
sions 0.3-1.0 by 1.0-2.0 ~m, bipolar staining, 
nonmotile, facultatively anaerobic, catalase and 
oxidase positive, fermenting glucose and other 
carbohydrates and producing acid but no gas. 
Temperature range for growth is 22-44°C, with 
the optimum at 37°C. They are negative in the 
methyl-red, Voges-Proskauer, and gelatinase 
tests. The GC content of the DNA is between 
40-45 mol%. Only P. haemolytica produces a 
zone of {3-hemolysis on blood agar plates. Most 
strains of P. haemolytica and P. multocida also 
produce a neuraminidase. 

Habitats 

Members of this genus are commonly found as 
commensals on the mucous membranes of the 
upper respiratory and digestive tracts of healthy 
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mammals and birds. P. multocida has been re
covered from many species including domes
ticated and wild, as well as healthy and diseased 
animals (Rimier and Rhoades, 1989b; Snipes et 
al., 1988a). Some of the major sources of P. mul
tocida include cattle, buffalo, swine, goats, tur
keys, chicken, ducks, geese, wild fowl, cats, and 
dogs. As an animal pathogen, P. multocida 
causes fowl cholera in chickens, turkeys, and 
other avian species (Rhoades and Rimier, 
1989b); hemorrhagic septicemia of cattle and 
buffalo (Carter and de Alwis, 1989); and 
atrophic rhinitis of pigs (Chanter and Rutter, 
1989). P. multocida is also the major cause of 
bacterial infections in humans resulting from 
animal bites (Arons et al., 1982). 

P. haemolytica has been recovered frequently 
from cattle, sheep, and goats and occasionally 
from the upper respiratory tract of chickens and 
turkeys. It is the principal microorganism in
volved in pneumonic pasteurellosis in cattle in 
North America (Frank, 1989; Yates, 1982) and 
pneumonia and septicemia in sheep in the 
United Kingdom (Gilmour and Gilmour, 
1989). It has also been reported to cause fatal 
pneumonia in bighorn sheep in the wild (Foreyt, 
1989). 

P. pneumotropica can be recovered from 
guinea pigs, hamsters, mice, rats, cats, and dogs 
(Kunstyr and Hartmann, 1983; Lesher et al., 
1985). Most reported isolations of P. pneumo
tropica have been from laboratory animals 
where it is a potential respiratory pathogen 
(Kunstyr and Hartmann, 1983). Additionally, 
P. pneumotropica has also been shown to be one 
of the dominant microorganisms in the vagina 
of healthy adult rats (Carthero and Aldred, 
1988; Ward et al., 1978; Yamada et al., 1986). 
In rare incidences, P. pneumotropica has been 
found to cause infections in humans (Gadberry 
et al., 1984; Sammarco and Leist, 1986). 

The natural host of P. ureae appears to be 
humans, the bacterium being located mainly in 
the upper respiratory tract (Bigel et al., 1988). 
Reports of P. ureae isolation from rats or mice 
may be the result of misidentification (Mutters 
et al., 1984). In the compromised host, P. ureae 
may cause peritonitis (Nobel et al., 1987), sep
ticemia and meningitis (Grewal et al., 1983; 
Marriott and Brady, 1983; Verhaegan et al., 
1988; Yagupsky et al., 1985). 

P. anatipestifer is an opportunistic pathogen 
in domestic ducks and turkeys as well as in wa
terfowl such as geese and swans in the wild 
(Donahue and Olson, 1969; Munday et al., 
1981 ). It affects primarily the respiratory tract 
and the nervous system and results in pericar
ditis and perihepatitis as well as meningitis in 
a variety of avian species (Brogden, 1989). The 
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bacterium may be transmitted among young 
avian species under favorable conditions and 
then be spread to other birds. The mode of 
transmission among waterfowl in the wild is not 
known, although the bacterium appears to be 
carried by healthy geese and swans in a sub
clinical form. Under conditions of environmen
tal stress, overcrowding and predisposing viral 
or other bacterial infections (Mo and Burgess, 
1987), P. anatipestifer can result in disease out
breaks in dense natural bird flocks. Juvenile 
birds appear to be more susceptible to infection 
than mature adults (Wobeser and Ward, 1974). 
Once an enzootic outbreak occurs, transmission 
to domestic duck and turkey populations may 
take place via contaminated drinking water. 
Mortality may reach 12% in turkey flocks. The 
route of infection is thought to be the respira
tory tract or puncture wounds. Acute clinical 
signs include lacrimation, nasal discharge, and 
diarrhea, as well as mild coughing and sneezing 
in the early stages (Chaudbury and Mahanta, 
1985). Later stages of infection result in leg 
weakness, tremors, loss of equilibrium, and 
eventually death (Heddleston, 1975). As men
tioned above, the taxonomic placement of P. 
anatipestifer is uncertain. This bacterium has 
been placed in the genus Pfei.fferella (Bergey, 
1934), and recently Moraxella (Carter, 1984). 
However, based on DNA hybridization studies 
and biochemical characterization of fatty acids, 
it has been suggested that P. anatipestifer should 
be transferred to the family Cytophagaceae to
gether with other members of Flavobacterium 
and Cytophaga (Piechulle et al., 1986). 

P. gal/inarum is usually recovered from the 
upper respiratory tract in chickens and turkeys. 
It is a weak pathogen and is often associated 
with secondary respiratory infections (Heddles
ton, 197 5). P. aero genes is found in the intes
tinal tracts of pigs and appears to be part of the 
normal flora and nonpathogenic (McAllister 
and Carter, 1974). Little is known about the 
characteristics of these two species of Pasteu
rella since they appear to be of minor impor
tance in veterinary medicine. 

Pathogenesis and Virulence 

Most of these bacteria coexist peacefully with 
the animal hosts as obligate parasites. However, 
under conditions which compromise the host 
defenses, clinical infections are manifested. 
Such conditions include environmental stress as 
well as concurrent or prior infection by other 
bacterial or viral agents. As successful patho
gens, bacteria of the Pasteurella genus possess 
and express a number of virulence factors that 
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contribute to the manifestations of disease. To 
date, ~ost of the research on the pathogenesis 
and virulence factors of these bacteria has been 
focussed on P. multocida and P. haemolytica 
due to . the significant economic loss resulting 
fr?m diseases caused by these two microorga
msms. 

Virulence Factors of Pasteurella multocida 

Based on specific antigens associated with the 
capsule, there are five serotypes of P. multocida 
(Rimier and Rhoades, 1989b). Recently, a sixth 
serotype has been proposed (Rhoades and Rim
Ier, 19~9a). In pigs, and sometimes goats, P. 
m~l~o~zda serotypes A and D cause atrophic 
rhimtis and pneumonia. Atrophic rhinitis is a 
contagious disease with clinical symptoms of 
~neezing, nasal discharge, shortening and twist
mg of the snout, pneumonia, and reduced 
growth rates. Death does not necessarily occur. 
Pathoge~ic. strains of serotypes A and D pro
duce a .similar toxin which is a major virulence 
factor m atrophic rhinitis. P. mu/tocida strains 
of serotype A have also been shown to be the 
primary cause of fowl cholera in poultry. The 
common symptoms offowl cholera include ruf
~ed feathers, fever, anorexia, and diarrhea, lead
mg to death. P. mu/tocida also infects cattle and 
water buffaloes and causes a disease called hae
morrhagic septicemia (Carter and de Alwis, 
1989). Hemorrhagic septicemia is a fatal disease 
caused by serotype B (and occasionally serotype 
E) of P. multocida, resulting in respiratory 
stress, edematous swelling of the head-throat
brisk~t region, and hemorrhage in many organs 
and tissue. 

!- .Yrfultoci4a isolates recovered from atrophic 
rhmitis of pigs produce a protein toxin which 
has been shown to be a major virulence factor 
of the b~cterium (Ch~nter and Rutter, 1989). 
C?mpan~on .of expenmental infection of pigs 
~th toxigemc and nontoxigenic P. mu/tocida 
Is<?lates.fu~ther demonstrates the importance of 
this toxm m pathogenesis (Elling and Pederson, 
1985; Rutter, 1985). Intranasal inoculation of 
cell-free culture supernatant from toxigenic P. 
multocida results in atrophy of the turbinate 
bones in rabbits and pigs (Dominick and Rim
Ier, 1986; Rutter and Mackenzie, 1984). 

The toxin is produced in stationary-phase 
cultur~s and appears to be released on cell lysis 
(Nakai et al., 1985). The purified toxin has a 
molecular weight varying from 112-160 kDa. 
The toxin contains 2-8% carbohydrate and can 
be in~ctivated by formaldehyde, heat, or pro
teolytic ~nzymes. Mi.Id treatment with trypsin 
and partial denaturatiOn with dithiotheritol dis
sociate the toxin into three fragments of mo-
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lecular weights 23 kDa, 67 kDa, and 74 kDa 
(Nakai .and Kume, 1987a). The fragments may 
reassociate to form an active protein (Nakai and 
Kume, 1987b). The primary histopathological 
feat_ures of ~urbinate atrophy produced by the 
punfied toxm were progressive degeneration of 
osteoblasts, increase in osteoclasts and osteo
clastic bone resorption (Chanter ~t al. 1986· 
Dominick and Rimier, 1986). The mod~ of ac~ 
tion of the toxin is currently unknown; no ul
tras~ructural changes are apparent in embryonic 
bovme lung cells after treatment with the toxin 
in vitro. In addition, there are no detectable 
chang~s in the levels or synthesis of protein or 
DNA m the treated cells nor any alteration in 
the intracellular concentrations of ATP and 
cAMP ~Chanter et al., 1986). The gene encoding 
the toxm has been cloned and expressed in E. 
coli (Chanter, 1989). 

P. mu/tocida capsular type A isolates from 
rabbits produce fimbriae which mediate adhe
~ion to isolated pharangeal cells (Trigo and Pi
Juan, 1988). Porcine type A isolates adhere 
m<?re r.eadily than type D isolates to porcine 
epithelial cells. However, there is no evidence 
to demonstrate adhesion of toxigenic P. mul
tocida isolates to turbinate mucosal cells in
dicating that these adhesins may only be a~ces
sory factors. 

Colonization of toxigenic P. mu/tocida is 
greatly enhanced in combined infection with 
Bordetel/a bronchiseptica (Cowart et al., 1989). 
It appears that a protein factor produced by B. 
bronchiseptica acts to facilitate colonization of 
P. mu/tocida. Similarily, toxigenic P. multocida 
also en~ance colonization of B. bronchiseptica, 
suggestmg a synergistic action of the two bac
teria in pathogenesis. 

The capsule of type A P. mu/tocida is largely 
made. of hyaluronic acid. An antiphagocytic 
protem of 50 kDa was recently purified from an 
av_ian isolate of serotype A3 (Truscott and 
HirSh, 1988). Other virulence factors of P. mu/
tocid~ may include neuraminidase and a hya
~uromdase, but there is no evidence for their role 
m patho~e~icity (Drzeniek et al., 1972). 

In additiOn, the outer-membrane proteins of 
P. multocida have also been suggested to be vir
ulence factors (Truscott and Hirsh, 1988). Some 
of the ?uter-O?-embrane proteins may be in
volved m an Iron-scavaging role to promote 
growth in vivo (Snipes et al., 1988b). 

Virulence Factors of P. haemolytica 

There are 16 serotypes of P. haemolytica based 
on a~lutination using specific typing sera (Bi
berstem et al. 1960; Frank and Wessman 1978· 
Fodor et al., 1988; Fraser et al., 1982). T~o bio~ 
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types, A and T, are also established. Serotype 
AI of P. haemolytic a is the most common isolate 
from bovine pneumonic pasteurellosis, a fibri
nous pneumonia offeedlot cattle (Wessman and 
Hilker, 1968). Other serotypes, serotype A2 in 
particular, have been shown to cause ovine 
pneumonic pasteurellosis (Gilmour and Gil
more, 1989). The bacterium produces a number 
of virulence factors which contribute to patho
genesis ofthe diseases (Adlam, 1989; Moiser et 
al., 1989). However, environmental and physi
cal stress and concurrent or prior infection with 
respiratory viruses predispose the animals to 
the bacterial infection. 

One of the major virulence factors produced 
by pathogenic isolates of P. haemolytica is a 
heat-labile toxin specific for ruminant leuko
cytes (Kaehler et al., 1980; Shewen and Wilkie, 
1982). This toxin may contribute to patho
genesis either by imparing the primary defense 
of the lungs and subsequent immune response 
or by the induction of inflammation as a con
sequence of leukocyte lysis. The genetic deter
minant for the leukotoxin has been cloned and 
its nucleotide sequence determined (Chang et 
al., 1987; Lo et al., 1985, 1987). The data were 
used to predict that the size of the active toxin 
was 102 kDa (Lo et al., 1987). In addition to a 
structural gene which encodes the toxin, an ac
tivation protein was also identified, as well as 
two secretory proteins which participate in the 
secretion of the toxin out of the cell (Strathdee 
and Lo, 1989). The leukotoxin has been found 
to share extensive homology with the E. coli 
alpha-haemolysin as well as with many other 
haemolysins in pathogenic bacteria (Strathdee 
and Lo, 1987). The leukotoxin has been sug
gested to act by the formation of a transmem
brane pore in the target cells which leads to cell 
swelling, loss of electrolytes, and eventually cell 
lysis by osmotic pressure (Clinkenbeard et al., 
1989). 

At least two types of fimbriae have been de
tected on P. haemolytica serotype one grown in 
vitro or recovered in lavage fluid from experi
mentally infected animals (Morek et al., 1987). 
Transmission electron microscopy revealed that 
fimbrial structures on P. haemolytica adhered 
to tracheal epithelium (Morek et al., 1988). Al
though role for fimbriae in pathogenesis of P. 
haemolytica pneumonia has not been demon
strated, fimbriae may be important in coloni
zation of the upper respiratory tract in the early 
stages leading to pneumonic pasteurellosis 
(Morek et al., 1989). Recently, Potter et al. 
( 1988) reported the purification of the larger 
rigid fimbriae from P. haemolytica AI, and these 
purified fimbriae does not seem to have hem
agglutinating activity. 
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A polysaccharide capsule has been observed 
on P. haemolytica cells recovered from the tra
chea or the alveoli of infected animals (Adlam 
et al., 1984; Morek et al., 1987, 1988, 1989). 
The capsule may enhance attachment of the 
bacterium to alveolar and bronchiolar surfaces, 
inhibit the phagocytic and bactericidal activi
ties of neutrophils, or impair complement
mediated serum killing of the bacteria (Brogden 
et al., 1989; Corstvet et al., 1982; Emau et al., 
1986, 1987). 

Although the lipopolysaccharide (LPS) of P. 
haemolytica was not lethal for bovine leuko
cytes in vitro, it does affect many biological ac
tivities of these cells (Confer and Simons, 1986), 
including altered migration of peripheral blood 
leukocytes as well as enhancement of phago
cytosis of polymorphonuclear leukocytes (Con
fer and Simons, 1986). However, the actual con
tribution of LPS to the pathogenesis of lung 
lesions is not known. 

Other potential virulence factors of P. hae
molytica have been identified, including a gly
coprotease and a neuraminidase (Otulakowski 
et al., 1983). These two proteins may act to 
cleave surface components off the target cells, 
rendering the cells more susceptible to attach
ment or lysis by the leukotoxin. In addition, 
many cell-surface serotype-specific antigens 
may also be important in adherence or colo
nization of the bacterium (Donachie et al., 
1984; Durham et al., 1986; Gonzalez-Rayos et 
al., 1986). 

Future Studies on the 
Genus Pasteurella 

The advent of recent techniques in molecular 
biology will continue to allow further under
standing of the bacteria in the genus Pasteurella. 
The use of nucleic acid analysis, both DNA
DNA hybridization and 16S rRNA comparison, 
has already changed the taxonomic organiza
tion of the genus, and its relationship to other 
genera within the same family. A number of 
bacteria will no doubt be reassigned to more 
appropriate placements. For example, it has 
been proposed that the biotype A species of P. 
haemolytica should more appropriately be in
cluded in the genus Actinobacillus (Pohl, 1981 ). 
Such a change from the traditional may be faced 
with resistance, although at least new isolates 
will be properly named and catagorized appro
priately. 

In addition to redefining the taxonomic place
ment of these bacteria, the use of molecular ap
proaches enable a stepwise dissection of their 
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many virulence factors. As well, the genetic de
terminants of the encoded virulence factor(s) 
could be used for detail characterization of their 
function and activities during an infection. An 
understanding of the role( s) of the various vir
ulence factors, singularly and in concert, is im
portant in the design and development of effi
cacious vaccines to protect animals against 
infection by these pathogenic bacteria (Confer 
et al., 1988; Kobish and Pennings, 1989; Mosier 
et al., 1989; Ri1uler, 1987; Shewen and Wilkie, 
1987; Sutherland et al., 1989). 
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The Genus Cardiobacterium 

SYDNEY M. HARVEY and JAMES R. GREENWOOD 

The genus Cardiobacterium consists of one spe
cies, Cardiobacterium hominis, originally des
ignated "group II D organisms" until further 
described and named by Slotnick and Dough
erty (1964). This organism is a fastidious, fa
cultatively anaerobic, nonmotile, pleomorphic 
Gram-negative rod with a fermentative type of 
metabolism. 

The first known report of these organisms was 
by Tucker et al. (1962). This paper described 
four cases of endocarditis caused by a Pasteur
ella-like organism. These isolates and two sub
sequent isolates, also from cases of endocardi
tis, were designated as "group II D" by the 
Centers for Disease Control, Atlanta, GA, until 
the name C. hominis was proposed by Slotnick 
and Daugherty (1964). The current assumption 
is that infectious endocarditis is the only disease 
caused by C. hominis in humans. This as
sumption may be valid or it may be based on 
a lack of more complete knowledge of the bi
ology of the organism. Although past isolation 
of C. hominis has been almost exclusively lim
ited to blood cultures, there have been at least 
two isolations from cerebral spinal fluid (Slot
nick, 1968; Francioli et al., 1983). 

Slotnick ( 1964, 1968), in an attempt to extend 
our knowledge of the human occurrence of this 
organism, used fluorescent antibody smears and 
culture techniques to sample other sites. He and 
his colleagues isolated C. hominis from nose 
and throat specimens of 68 of 100 persons sam
pled, from cervical and vaginal cultures of 2 
among 159 studied, and obtained positive fluo
rescent smears from stool specimens of 14 of 
20 individuals. No positive stool cultures were 
obtained because of a lack of a selective me
dium and the overgrowth of C. hominis by the 
enteric bacilli. No isolations or positive smears 
were obtained from any urine specimens col
lected (no sample size was given for the urine 
specimens). These investigators concluded that 
C. hominis is part of the indigenous commensal 
respiratory flora and supported this conclusion 
with the following observations: 1) None ofthe 
individuals harboring the organism had any 

signs or symptoms of disease. 2) Injection of 
viable suspensions of representative strains into 
laboratory animals elicited no visible sign of 
disease. 3) In relation to the high proportion of 
individuals who harbor the organism, few clin
ical cases occur. With the exception of these 
studies, there is a paucity of information con
cerning the ecology and pathogenicity of these 
organisms. All recently published information 
is limited to descriptive case reports of isolation 
of C. hominis from bacterial endocarditis, with 
the exception of one case report of C. hominis 
meningitis (Francioli et al., 1983). There appear 
to be no published reports on pathogenicity or 
virulence mechanisms. 

Even though C. hominis was originally called 
a Pasteurella-like organism (Tucker et al., 
1962), it was soon discovered that it was anti
genically unrelated to members of the genus 
Pasteurella as well as to the genera Brucella, 
Bordetella, Moraxella, Hemophilus, Streptoba
cillus, Corynebacterium, Bacteroides, Neisseria, 
Escherichia, Aerobacter (Enterobacter) and Lac
tobacillus (Slotnick et al., 1964). It was com
pared to both Gram-negative and Gram-posi
tive organisms because of the Gram-variable 
characteristics noted by early investigators. Be
cause of this anomalous Gram-stain reaction, 
the fine structure of C. hominis was studied by 
Reyn et al. ( 1971 ). These investigators found 
that the cell wall was of the Gram-negative type, 
but an unusual feature of all strains examined 
was a 20-40-nm thick polar cap. This material 
was strictly limited to the terminal portion of 
the cell, adhering to the outside of the cell wall. 
Profile sections of this cap indicated that it was 
formed by radial arrangements of tufts of ma
terial but subsequent studies employing freeze
etching and negative-staining techniques were 
unable to further elucidate the nature of this 
cap material. The other notable feature of the 
C. hominis cell wall was an unusually dense 
outer layer. This layer was composed of a re
peating structure which consisted of units ex
hibiting tetragonal or rectangular packing. The 
periodicity of these arrays measured 5.5 nm; the 
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average diameter of the units was 3.4 nm and 
the space between them was 2 nm. Surface ar
rays are more typical of Gram-positive bacteria 
than of Gram-negative bacteria but are not un
known in the latter (Reyn et al., 1971). 

Limited genetic studies have demonstrated 
that the GC content of the DNA for C. hominis 
is quite different from the other Gram-negative 
rod-shaped organisms which have similar phys
iological characteristics. C. hominis GC is 59-
60%, Haemophilus aphrophilus is 42%, Kingella 
sp. is 47.3-54.8%, Actinobacillus actinomyce
temcomitans is 42. 7%, Pasteurella sp. is 40-
45%, Eikenella corrodens is 56.2-58.2%, and 
Capnocytophaga sp. is 33-41% (Weaver, 1984). 

Isolation 

Except for the studies of Slotnick and col
leagues, all published isolation attempts have 
been from normally sterile sites, predominantly 
blood. The one recorded isolation from cerebral 
spinal fluid does not give cultural information 
(Francioli et al., 1983). C. hominis, although a 
slow-growing organism, appears to be able to 
initiate growth on a variety ofblood culture me
dia under both anaerobic and aerobic condi
tions. Only two types of basal media were re
ported not to support primary blood culture 
isolation attempts-thioglycollate and Schaed
ler broths (Bruun et al., 1983; Midgley et al., 
1970; Piot et al., 1978). Since it has been re
ported that C. hominis growth may not be noted 
until after 23 days of incubation, the failure to 
see growth in the above two media may be due 
to the fact that the cultures were discarded as 
negative after 14 days of incubation (Geraci et 
al., 1978). More typically, growth of the organ-
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ism is seen after 5 to 8 days of incubation. For 
subculture from primary cultures, 5% sheep 
blood or chocolate agar are most frequently 
used although C. hominis will grow on media 
without blood (Midgley et al., 1970). Neither 
C02 or humidity is an absolute growth :require
ment for all strains, but both supplemental C02 

and increased humidity enhance growth (Savage 
et al., 1977). 

For isolation from nonsterile sites, no selec
tive medium is presently available. Earlier stud
ies on throat and nose specimens used typticase
soy agar slants or plates enriched with 5% hu
man blood incubated at 37°C for 48-72 h (Slot
nick et al., 1964). Slotnick's subsequent screen 
of vaginal and cervical swabs for C. hominis 
employed a slightly different method. Swabs 
were placed in tubes containing 2 ml of Tryp
ticase Soy Broth (BBL) for transport to the lab
oratory where they were plated on a Casman's 
blood agar plate and a chocolate agar plate 
(BBL). Incubation was at 37°C for 4 days in a 
candle jar (Slotnick, 1968). 

Identification 

Differential characteristics of C. hominis which 
distinguish it from other similar Gram-negative 
organisms are given in Table 1. General bio
chemical characteristics of C. hominis are given 
in Table 2. 

Microscopically, cells of C. hominis are pleo
morphic Gram-negative rods which may show 
retention of crystal violet in the central portion 
or in the enlarged ends. Teardrop cells and fil
aments of varying lengths may occur. One study 
attributes this extreme pleomorphism and the 
irregular staining to growth on media without 

Table I. Biochemical differentiation of Cardiobacterium hominis and other fastidious Gram-negative rods. 

Cardiobacterium hominis 
Kingella species 
Capnocytophaga species 

(DF-1, DF-2) 
Actinobacillus 

actinomycetemcometans 
Pasteurella species 
Eikenella corrodens 
Haemophilus aphrophilus 
Streptobacillus 

moniliform is 
Brucella species 
Bordetella species 

CAT OXI IND 

D 

+ 

+ 

+ 
+ 

+ 
+ 
D 

D 

+ 
+ 
D 

+ 

+ 
D 

D 

NIT 

D 
D 

+ 

+ 
+ 
+ 

+ 
+ 

Fermentation of: 

GLU 

+ 
+ 
+ 

+ 

+ 

+ 
+ 

LAC 

+ 

D 

+ 
D 

MAL 

+ 
D 
D 

+ 

D 

+ 
+ 

MAN sue XYL 

+ + 
D 
D 

+ D 

D + D 

+ 

•CAT = catalase; OXI = oxidase; IND = indole; NIT = nitrate reduction; GLU = glucose; LAC = lactose; MAL = 
maltose; MAN = mannitol; SUC = sucrose; XYL = xylose; D = different biotypes. 
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Table 2. Biochemical characteristics of Cardiobacterium 
hominis. 

Oxidase 
Catalase 
Motility 

Characteristic 

Nitrate reduction 
Indole 
Urease 
Citrate 
Esculin hydrolysis 
Lysine decarboxylase 
Ornithine decarboxylase 
Arginine dihydrolase 
o-N itrophenyl-{J-o-galactopyranoside 
(ONPG) 
Growth on MacConkey agar 
Gelatin liquefaction 
Litmus milk acidification 
Methyl red 
Voges-Proskauer 
Tween 20 hydrolysis 
Tween 40 hydrolysis 
Acid from: 

Glucose 
Adonitol 
Arabinose 
Cellobiose 
Dulcitol 
Erythritol 
Fructose 
Galactose 
Inositol 
Lactose 
Maltose 
Mannitol 
Mannose 
Melezitose 
Melibiose 
Rhamnose 
Salicin 
Sorbitol 
Sucrose 
Trehalose 
Xylose 

•D = different biotypes. 

Reaction 

+ 

+ 

D• 
D 
D 

+ 

+ 

+ 
+ 
+ 

+ 
+ 

yeast extract. This report states that when C. 
hominis was grown on a medium containing 
yeast extract, the organisms appeared mainly as 
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uniform Gram-negative rods in contrast to the 
pleomorphism and Gram-variable characteris
tics exhibited on media without yeast (Savage 
et al., 1977). 
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The Genus Actinobacillus 

JAMES E. PHILLIPS 

Organisms of the genus Actinobacillus were first 
described by Lignieres and Spitz (1902) in ac
tinomycotic lesions in cattle in Argentina. The 
authors referred to this organism as "l'actino
bacille" based on its morphology and its asso
ciation with the pathological lesion. In 1910, 
Brumpt proposed the name of Actinobacillus 
lignieresii. 

This genus has also been used as a repository 
for "species for which no obvious home can be 
found" (Cowan, 1974). In Bergey's Manual of 
Systematic Bacteriology (Phillips, 1984) five 
species are listed as comprising the genus; Ac
tinobacillus lignieresii, A. equuli, A. suis, A. cap
sulatus, and A. actinomycetemcomitans. Each 
of these species is discussed in detail in this 
chapter. Various other organisms have been de
scribed as actinobacilli, but here they have not 
been included in (nor excluded from) the genus. 
Ross et al. ( 1972) isolated actinobacilli from 
sows that were related to, but not identical with, 
the generally accepted species of the genus. 
Hacking and Sileo (1977) have recovered a he
molytic actinobacillus from waterfowl and have 
shown it to have close similarities with A. lig
nieresii and Pasteurella ureae, an organism al
ready reported by Jones (1962) as closely re
sembling the actinobacilli and considered by 
Frederiksen (1973) to be an Actinobacillus of 
human origin. 

The close relationship of organisms of the ge
nus Actinobacillus and those of the Pasteurella 
group may give rise to difficulties in identifi
cation and has certainly presented taxonomic 
problems. Genetic studies of these two groups 
together with the genus Haemophilus by Mann
heim et al. ( 1980) have given support to the 
inclusion of the three genera within a single 
family, the Pasteurellaceae. Mniz (1969), in a 
comparative study of A. lignieresii and P. hae
molytica, has drawn attention to the close sim
ilarity between these two species (similarity in
dex, 95% on 60 characters) and has proposed 
that P. haemolytica should be renamed Acti
nobacillus haemolyticus. Mniz et al. ( 197 6) have 
also examined strains of another organism orig-

inally described by Kohlert ( 1968) under the 
name Pasteurella salpingitidis and have pro
posed that this be renamed Actinobacillus sal
pingitidis. The rearrangement of organisms 
within these three genera has also been sup
ported by genetic studies by Pohl ( 1981 ), who 
noted a close relationship between members of 
the Actinobacillus group and H aemophilus pleu
ropneumoniae. Pohl et al. ( 1983) later con
cluded that an organism recovered from cases 
of necrotizing pleuropneumonia in pigs and des
ignated Pasteurella haemolytica-like organism 
(Bertschinger and Seifert, 1978) is a biotype of 
Haemophilus pleuropneumoniae and that both 
should be transferred to the genus Actinobacil
lus under the name Actinobacillus pleuropneu
moniae. This organism will be discussed in this 
chapter. 

There are also some species that have pre
viously been included in the genus but which 
should now be excluded: A. actinoides (Smith, 
1918), a cause of pneumonia in calves, bears 
great similarities to Streptobacillus monilifor
mis and should probably be placed in the same 
genus. A. mallei has been removed to the genus 
Pseudomonas. The organism described by 
Baynes and Simmons ( 1960) from cases of ovine 
epididymitis, A. seminis, should not be included 
in the genus Actinobacillus. 

Habitats 
Members of the genus Actinobacillus are en
countered most often as pathogens causing a 
variety of conditions in animals, especially do
mesticated stock. They also occur as commen
sal organisms in the alimentary, respiratory, 
and genital tracts of normal animals. They are 
to be regarded as opportunistic pathogens, there 
usually being some factor present that assists 
entry of the organism into susceptible tissues. 
The cases of disease caused by the actinobacilli 
are usually sporadic, but where the trigger factor 
is common to a group of animals, several in
dividuals in that group may be affected. 
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Actinobacillus lignieresii 

The classical disease in cattle caused by Acti
nobacillus lignieresii is wooden tongue, a 
chronic granulomatous lesion affecting the 
tongue and other soft tissues of the head and 
upper alimentary tract together with the asso
ciated lymph nodes (Bosworth, 1923; Davies 
and Torrance, 1930; Thompson, 1933; Till and 
Palmer, 1960). Lesions have also been reported 
in the lungs and liver (Davies and Torrance, 
1930), in the pleura (Misdorp. 1963}, and in the 
heart (Thornton, 1976). Subcutaneous lesions 
affecting the skin of various areas of the body 
have been recorded (Hebeler et al., 1961; Maw
ditt and Greenham, 1962). 

In sheep, the lesions are more usually sup
purative in character, often with involvement 
of the skin or lungs (pyobacillosis). The infect
ing organism was first described by Christian
sen (1917) as Bacterium purifaciens, but the 
identity ofthis organism with A. lignieresii was 
established by Tunnicliff ( 1941) and Taylor 
(1944). The organism has been reported to 
cause epididymo-orchitis (Laws and Elder, 
1969a) and mastitis (Laws and Elder, 1969b) in 
sheep. 

Infection of animals other than cattle and 
sheep with A. lignieresii is not common, but 
lingual lesions have been reported in the dog by 
Fletcher et al. (1956) and by Kemenes and Mar
k6i (1959) and epidural abscess in a horse by 
Chladek and Ruth (1976). In ducks the organ
ism has been recovered from cases of salpingitis 
(Bisgaard, 197 5). The presence of A. lignieresii 
associated with disease in humans has also been 
reported (Dibb et al., 1981; Orda and Wiznitzer, 
1980; Pathak and Ristic, 1962; Thompson and 
Willius, 1932). 

A. lignieresii has been demonstrated as a 
commensal organism in the mouth of healthy 
cattle (Phillips, 1964), in normal bovine rumen 
(Phillips, 1961 ), and in the rumen of healthy 
sheep (Phillips, 1966). It is likely that such or
ganisms constitute the source of infection, with 
entry occurring through minor wounds pro
duced in the epithelial surfaces of the upper 
alimentary tract. The presence of agents that 
may cause mechanical damage of the epithe
lium has been found associated with multiple 
cases of actinobacillosis in herds of cattle 
(Campbell et al., 1975; Gerring, 1947; Hebeler 
et al., 1961; Nakazawa et al., 1977) and in sheep 
(Davis and Stiles, 1939; Hayston, 1948; 
Thomas, 1931). 

A. lignieresii is worldwide in distribution, and 
clinical infections have been reported from all 
continents. 
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Actinobacillus equuli 

Actinobacillus equuli is a pathogen of horses 
found in association with various clinical con
ditions, especially in young animals. The most 
usual syndrome in foals, occurring within the 
first few days of life, is an acute septicemic in
fection ("sleepy foal disease") that may become 
chronic ("joint ill") with lesions of purulent ne
phritis and purulent arthritis (Dimock et al., 
194 7). In adult horses it may be found associ
ated with septicemia (Magnusson, 1919; Mniz 
et al., 1968; Zakopal and Nesvadba, 1968), pu
rulent nephritis (Meyer, 191 0}, endocarditis 
(Innes et al., 1950; Svenkerud and Iversen, 
1949; Vallee et al., 1974), meningitis (Weidlich, 
1955}, chronic alveolar emphysema (Larsen, 
1974), and abortion (Webb et al., 1976). 

The organism is also pathogenic for swine. 
Piglets are most often affected, but older ani
mals may show lesions. The lesions that may be 
found include abortion (Werdin et al., 1976}, 
arthritis (Pedersen, 1977}, endocarditis (Ash
ford and Shirlaw, 1962; Jones and Simmons, 
1971), meningoencephalitis (Terpstra and Ak
kermans, 1955}, metritis (Edwards and Taylor, 
1941), and septicemia (Magnusson, 1931; 
Windsor, 1973). 

A. equuli has been recognized in horses as 
part of the normal bacterial flora of the intes
tinal tract (Cottew and Francis, 1954; Laudien, 
1923) and has been isolated from both the ton
sillar region (Dimock et al., 1947; Jarmai, 1929) 
and the tracheal mucus (Kim et al., 1976) of 
healthy horses. The occurrence of A. equuli in 
normal swine, however, has not been docu
mented. 

A. equuli has not been widely recognized as 
a pathogen in other animal species, but Moon 
et al. (1969) isolated it from monkeys, and du 
Plessis et al. (1967) and Osbaldiston and Walker 
( 1972) described outbreaks of enteritis in calves 
in which A. equuli predominated in the intes
tinal flora. Vallee (1959) reported A. equuli 
causing disease in rabbits and Vallee et al. 
( 1960) recorded its association with skin lesions 
in a dog. 

The opportunistic character of A. equuli as a 
pathogen is recognized, especially in the case of 
young animals, where it is often the weak in
dividual that is liable to succumb to infection. 

Actinobacillus suis 

The porcine actinobacillus, Actinobacillus suis, 
is found as a pathogen of all ages of swine; there 
is both an acute septicemic form (Mair et al., 
1974; Zimmermann, 1964), sometimes with 
pneumonia (van Dorssen and Jaartsveld, 1962) 
or nephritis (Bouley, 1966), and a more chronic 
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form with arthritis (van Dorssen and Jaarts
veld, 1962). It has also been recognized as a 
pathogen of horses (Veterinary Investigation 
Service, 1975). In a number of cases of disease 
in horses reported to be due to A. equuli, the 
infecting organism has undoubtedly been A. 
suis (Bell, 1973; Carteret al., 1971; Cottew and 
Francis, 1954), and it is likely that other uni
dentified actinobacilli from horses (Larsen, 
197 4) are also strains of this species. An organ
ism identified as A. suis was isolated from con
junctivitis in a free-living Canada goose (Mad
dux et al., 1987), and previously reported, 
unnamed actinobacilli from ducks and swans 
(Hacking and Sileo, 1977; Onderka and Kier
stead, 1979) have characteristics which indicate 
they also belong to this species. 

The presence of A. suis in normal swine has 
not been reported, but the hemolytic actino
bacilli recovered from irradiated swine by Wet
more et al. (1963) may have been commensal 
strains of A. suis that had assumed the patho
genic role in the stressed hosts. Cutlip et al. 
( 1972) isolated actinobacilli from the tonsils of 
normal pigs in a herd in which a case of septic 
embolic actinobacillosis had occurred. 

The presence of A. suis in normal horses has 
also been reported (Kim et al., 1976). 

Actinobacillus capsulatus 

For many years after its first isolation from le
sions of arthritis in laboratory rabbits (Arse
culeratne, 1961, 1962), Actinobacillus capsula
tus was not recovered from any other animal 
species; however, Zarnke and Schlater (1988) 
have recently reported the isolation of A. cap
sulatus from a generalized infection in free
ranging snowshoe hares in Alaska. In rabbits the 
lesions of arthritis show characteristic granules 
consisting of a central mass of organisms with 
radiating club-like structures similar to those 
seen in lesions in cattle. The organism has not 
been recognized in the commensal state in the 
rabbit nor any other host species. 

Actinobacillus actinomycetemcomitans 

Actinobacillus actinomycetemcomitans was first 
described by Klinger (1912) in actinomycotic 
lesions in humans. Heinrich and Pulverer 
(1959) considered that it played a distinct part 
in the pathogenesis of actinomycosis. More re
cently it has been recognized as a commensal 
organism in the human oral cavity, where it was 
present in 36% of adults cultured (Slots et al., 
1980). However, its role as a human pathogen 
has been firmly established in cases of juvenile 
periodontitis in which it is regarded as the ma
jor etiological agent (Zambon, 1985). It occurs 
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also as the sole infecting organism in other le
sions in humans, such as endocarditis and ab
scesses (Page and King, 1966; Blair et al., 1982), 
and it may give rise to chronic skin lesions in 
drug abusers arising from infection of injection 
sites (Fenichel et al., 1985). 

A. actinomycetemcomitans may also be re
sponsible for infections in animals. It is found 
associated with epididymitis in rams (DeLong 
et al., 1979; Bulgin and Anderson, 1983). 

Actinobacillus (Haemophilus) 
pleuropneumoniae 

Actinobacillus (Haemophilus) pleuropneumo
niae is a primary bacterial respiratory pathogen 
of pigs, causing porcine contagious pleuropneu
monia.lt was named by Shope (1964) but some 
early authors classified it as H. parahaemoly
ticus, along with isolates from human beings 
(Nicolet, 1968). Kilian (1976a), however, was 
strongly of the opinion that the porcine strains 
constituted a species distinct from the human 
isolates. 

The organism is often the only infective agent 
present in the lungs of affected pigs, although 
other secondary organisms may be present. In 
very young piglets the disease may be septi
cemic in form, often resulting in death, but in 
older pigs a subclinical form of the disease often 
results in high economic loss but no overt clin
ical disease. 

A. pleuropneumoniae can be detected in the 
tonsillar crypts of clinically normal pigs (Bran
dreth and Smith, 1985) and also in the nasal 
cavity (Kume et al., 1984). 

Isolation of Actinobacillus 

Representatives of the genus Actinobacillus 
grow readily on the enriched media usually em
ployed for the isolation of pathogens from an
imal tissues. In most fresh tissues they will usu
ally be found as the sole or predominant 
organism. The following procedure can be: used 
to isolate actinobacilli from lesions in the 
tongue and associated lymph nodes of cattle: 

Isolation of A. lignieresii 
To prepare Hartley's digest broth, the following ingre
dients are used: 

Ox heart (minced) 
Water 
Anhydrous sodium carbonate (0.8% 

solution) 
Pancreatin 
Concentrated hydrochloric acid 

3,000 g 
5 liters 
5 liters 

50 g 
80 ml 
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Mix the minced meat and water and heat to 80°C. 
Add the sodium carbonate and cool to 45°C. Add pan
creatin and incubate at 45°C for 4 h, stirring frequently. 
When digestion is complete, add the hydrochloric acid 
and steam at 100°C for 30 min. Cool to room temper
ature and add 1 N caustic soda to bring the pH to 8.0. 
Boil for 25 min to precipitate phosphates and filter while 
hot. Allow to cool and adjust to pH 7.5. Sterilize by 
autoclaving at 121 ac for 15 min. 

Prepare horse blood agar by adding 1% agar (Oxiod 
no.l) to the digest broth, autoclave to sterilize, cool to 
50°C and add 5% oxalated horse blood. Distribute into 
sterile petri plates. 

Preparation of diseased tissue: Incise to the center of 
the lesion using aseptic technique and withdraw samples 
of the scanty volumes of pus with an inoculating loop 
or capillary pipette. 

Inoculation of medium: Spread the inoculum so as to 
give well-isolated colonies at one side of the plate. 

Incubation: Incubate at 37°C for 18-24 h. The ad
dition of 5-10% carbon dioxide to the atmosphere usu
ally improves the growth for primary isolation, but most 
strains will grow adequately without this addition. 

The ability of most strains of actinobacilli to 
grow on MacConkey agar (Mn1.z, 197 5) suggests 
that it also might be of use for isolation, espe
cially if cultures on this medium are set up in 
parallel with those on blood or serum agar. 
When working with A. suis, the use of sheep 
blood agar has the advantage that colonies of 
this species, being hemolytic, are more easily 
selected. 

The isolation of actinobacilli from mixed 
populations (e.g., from the surface ofthe tongue 
and from the contents and the epithelial and 
mucosal surfaces of the alimentary tract) may 
prove difficult because of the overgrowth of the 
actinobacillus colonies by other more rapidly 
growing bacteria. In these situations selective 
media may be of advantage. Two selective me
dia have been described, that of Till and Palmer 
( 1960) for the isolation of A. lignieresii from the 
mouth of normal cattle and that of Phillips 
(1961, 1964) used to recover A. lignieresii from 
the rumen and mouth of normal cattle. 

Selective Medium for Actinobacillus lignieresii (Till 
and Palmer, 1960) 

Prepare Filde's peptic digest of blood according to the 
method of Cruickshank (1965) as follows: 

Sodium chloride, 0.85% aqueous 
solution 

Hydrochloric acid 
Defibrinated sheep blood 
Pepsin 
Sodium hydroxide, 20% aqueous 

solution 
Chloroform 

150 ml 

6ml 
50 ml 

I g 
about 12 ml 

0.5 ml 

Mix the saline, acid, blood, and pepsin in a stoppered 
bottle and heat at 55°C for 2-24 h. Add sodium hy-
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droxide until a sample of the mixture diluted with water 
gives a permanganate red color with cresol red indicator. 
Add pure hydrochloric acid drop by drop until a sample 
of the mixture shows almost no change of color with 
cresol red but a definite red tint with phenol red. It is 
important to avoid an acid excess. Add chloroform and 
shake the mixture vigorously. 

The complete medium consists of: 

Hartley's digest broth 
Agar 
Filde's peptic digest* 
Oleandomycin phosphate* 
Neomycin sulfate* 

900 ml 
lOg 

100 ml 
20 mg 

1.5 mg 

The medium is dispensed in petri plates. 
Swabs taken from the surface of the bovine tongue are 
inoculated on to the medium and the inoculum is 
spread. Incubate the plates overnight at 37°C and then 
select colonies of the correct morphology for further ex
amination. 

*These components are added after the basic nutrient 
agar has been sterilized and cooled to 50°C. 

Although Till and Palmer ( 1960) did not suc
ceed in isolating A. lignieresii from the surface 
of the tongues of normal cattle, they showed that 
their medium would support the growth of 
known strains of A. lignieresii while providing 
a high degree of inhibition of contaminating or
ganisms. 

Selective Medium for Actinobacillus lignieresii 
(Phillips, 1961, 1964) 

Phillips' selective medium incorporates an antifungal 
agent and is prepared as follows: 

Prepare a stock solution of oleandomycin phosphate 
(5 mgjml) in sterile distilled water, distribute it in 0.2 
ml amounts, and store it frozen at - 20°C. After thaw
ing, prepare a working solution by adding 9.8 ml sterile 
distilled water. Prepare a stock suspension of nystatin 
(200 units/ml) in sterile distilled water, distribute in 1-
m! amounts, and store frozen at - 20°C. Both these 
stocks will store satisfactorily for at least 2 months. The 
final medium is prepared by adding the antibiotics to 
horse blood agar, to give final concentrations of olean
domycin O~tgfml) and nystatin (200 unitsjml) as fol
lows: 

Hartley's digest agar 
Horse blood (oxalated) 
Oleandomycin phosphate working solution 
Nystatin stock suspension 

93 ml 
5 ml 
1 ml 
I ml 

Melt the agar base and cool to 50°C. Add the blood and 
antibiotics and pour into sterile petri plates. 

The ability to recover A. actinomycetemcom
itans from environments with mixed bacterial 
populations has become increasingly important 
with the recognition of the association of this 
organism with human periodontal disease, es
pecially as some of the normal oral organisms 
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may exert an inhibitory effect upon the acti
nobacilli (Yamamoto et al., 1981). 

Selective Medium for Actinobacillus 
actinomycetemcomitans (Slots, 1982) 

This medium is tryptic-soy-serum-bacitracin-vanco
mycin agar. Vancomycin suppresses the growth of strep
tococcal species, including Streptococcus mitis which 
has been shown (Yamamoto eta!., 1981) to produce in 
vitro a substance inhibitory to A. actinomycetemcomi
tans and to other Gram-negative organisms found in 
the mouth. 

The medium consists of: 

Tryptic soy agar (Difco) l liter 
Yeast extract (BBL) l g 

Adjust pH to 7.2 and autoclave at l2l°C for 15 min. 
Cool to 50°C and add the following (which have been 
sterilized by filtration) to give the respective final con
centrations: 

Horse serum 10% 
Bacitracin 75 ~gjml 
Vancomycin 5 ~gjml 

Pour into sterile petri plates: Inoculated plates should 
be incubated either with l 0% carbon dioxide in air, or 
under anaerobic conditions with 5% carbon dioxide 
added. 

The isolation of A. pleuropneumoniae from 
infected tissues can be done using blood agar 
prepared from Hartley's digest broth. Although 
horse blood agar will support the growth of the 
organism, the use of bovine blood or sheep 
blood has the advantage that the colonies of 
freshly isolated strains of A. pleuropneumoniae 
will lyse the red cells of these two species, thus 
making selection of colonies easier especially 
when secondary bacteria such as P. multocida 
are present. Most strains of this organism re
quire the V factor for growth and this is pro
vided by using a .. blood agar satellite plate,'' 
i.e., by inoculating a streak of a !3-toxigenic 
staphylococcus strain across the plate after the 
tissue has been inoculated (Morgan and Phil
lips, 1978). This provides an additional iden
tification character, the CAMP reaction (poten
tiation of the !3-lysin of the staphylococcus) 
shown by all strains of A. pleuropneumoniae 
(Kilian, 1976b). 

The presence of other organisms may make 
the isolation of A. pleuropneumoniae difficult, 
but selective media can be used to inhibit such 
organisms. 

Selective Medium for Actinobacillus 
pleuropneumoniae: Modification of Sims' (1970) 
Medium (Morgan and Phillips, 1978) I Sims' medium consists of chocolate agar with bacitracin 

and cloxacillin added. The medium is prepared by cool
ing Hartley's digest agar to 80°C after autoclaving, add-
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ing 5% horse blood and heating in a steamer until it is 
a rich chocolate color. This is then cooled to 56°C and 
I 0% yeast extract (Hers' method described by Marmion, 
1967) added together with bacitracin and cloxacillin so
lutions to give final concentrations of 10 units/ml and 
5~gfml respectively. Yeast extract and antibiotic solu
tions are previously sterilized by filtration. 

Best results are obtained by incubating inoculated 
plates in 10% carbon dioxide in air at 37°C for up to 
48 h. 

Heavy suspensions of actinobacilli may be 
prepared by growing the organisms on Hartley's 
digest agar in Roux flasks at 37°C for 24 hand 
washing off the growth into sterile saline or 
other suitable medium using sterile glass beads 
to dislodge the growth. An alternative method 
is to grow the organism in a flask of Hartley's 
digest broth in a shallow layer and incubate at 
37°C for 24 h in a shaking bath (120 strokes/ 
min). 

Actinobacilli rapidly lose their viability when 
stored on solid media (e.g., blood agar) for more 
than 4 days. Cultures suspended in sterile rabbit 
serum or sterile 20% peptone solution and dried 
from the frozen state will remain viable in 
sealed ampules for many years. An alternative 
method of keeping stock cultures is as heavy 
suspensions in either rabbit serum or 20% pep
tone solution, stored at -70°C in a low-tem
perature cabinet. 

Identification 
All members of the genus Actinobacillus are 
markedly pleomorphic, having short bacillary 
or coccobacillary forms interspersed with coc
cal elements lying in close association with the 
rods and having the ••Morse code" form de
scribed for A. lignieresii (Phillips, 1960). On 
media containing glucose or maltose, longer 
rods and almost filamentous forms may be seen, 
and often chains of short bacillary elements are 
present. In the case of A. equuli and A. suis, 
extracellular material staining faintly pink with 
Gram's stain is often seen. A. capsulatus and A. 
pleuropneumoniae both form capsules that can 
be demonstrated in wet india ink preparations. 

Colonies of all species are sticky, especially 
on primary isolation, but those of A. /ignieresii 
lose this characteristic on subculture. A. suis 
and A. equu/i are very sticky (A. suis less so than 
A. equulz), and colonies are firmly adherent to 
the underlying medium. In broth cultures, the 
sticky nature of these two species is also ap
parent. The colonies of A. actinomycetemcom
itans are not so sticky, but they characteristi
cally adhere firmly to the underlying medium. 
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Table 1. Characteristics of the genus Actinobacillus. 

Positive: Reduction of nitrate to nitrite 
Production of l'l-galactosidase and urease 
Fermentation (acid only) of glucose, levulose, 

mannose, galactose, xylose, and maltose 
Negative: Production of indole 

Fermentation of inulin, inositol, dulcitol, 
adonitol, rhamnose, and sorbose 

This adherence to the medium is also seen with 
the "waxy" colonies of A. p/europneumoniae, 
but not with the soft, glistening colony form. 

All members of the genus share the charac
teristics shown in Table 1. These characteristics 
would not exclude some members of the Pas
teurella group, and, indeed, differentiation be
tween the two genera may be difficult, so many 
isolates do not fall clearly into the recognized 
species of either genus. Close similarities of the 
two genera have been pointed out (Hacking and 
Sileo, 1977; Mniz, 1969, 1975; Smith, 1974). 

The differential characteristics of the species 
of Actinobacillus are set out in Table 2. There 
is evidence, however, that a degree of overlap
ping between species occurs, especially between 
A. equuli and A. suis. The occurrence of strains 
isolated from horses having characters similar 
to those of A. suis has been reported (Kim et 
al., 1976); these differ from A. equuli mainly in 
their hydrolysis of esculin, fermentation of cel
lobiose and salicin, and nonfermentation of 
mannitol, and in being hemolytic on sheep 
blood agar. However, Mniz et al. ( 1968) drew 
attention to the existence of strains that, while 
being strongly hemolytic on blood agar, are sim-

Table 2. Differential characteristics of Actinobacillus species. 
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ilar in all other respects to A. equuli, and this 
possibility should be borne in mind in identi
fication. The equine strains examined by Kim 
et al. ( 197 6) have, on further investigation (Kim, 
1976), shown one difference from those of por
cine origin: unlike the porcine strains, they do 
not produce pigment. The pigment, creamy-yel
low in color, can best be demonstrated by wash
ing centrifuged broth cultures and observing the 
color of the deposit. 

Gelatinase activity was considered by Phil
lips (197 4) to be a characteristic feature of A. 
equuli, based upon the examination of a small 
number of strains from the National Collection 
of Type Cultures, using the gelatin agar method 
of Frazier (1926). Examination of a wider se
lection of strains (Kim, 1976) has shown that 
many are gelatinase negative, although positive 
strains are encountered from time to time 
(Frederiksen, 1973; Meyer, 191 0; Vallee et al., 
1974). 

The determination of DNA base ratios does 
not give useful differentiation among species. 
Bohacek and Mraz (1967) reported GC values 
lying within the range 40.0-42.6 mol% for A. 
/ignieresii and A. equuli, while Mannheim et al. 
(1980) obtained values between 42.1 and 47.1 
mol% for the strains of actinobacilli they in
vestigated. 

Most of the organisms included in this genus 
can be separated into a number of antigenic 
types or serotypes. In A. /ignieresii, at least six 
such types have been described (Phillips, 1967), 
based upon heat-stable somatic antigens, and A. 
equu/i presents at least 28 types (Kim, 1976). 
A. actinomycetemcomitans strains can be di-

Characteristic 
A. 

lignieresii 
A. A. 

equuli suis 
A. 

capsulatus 
A. A. 

actinomycetemcomitans pleuropneumoniae 

Fermentation of 
Lactose 
Mannitol 
Salicin 
Cellobiose 
Melibiose 
Trehalose 
Sucrose 

Hydrolysis of 
Hippurate 
Esculin 

Hemolysis on sheep 
blood agar 

CAMP reaction 
Pigment production 
V factor required 

+· 
+ 

+ 

+ + 
+ 

+ 
+ 

+ + 
+ + 
+ + 

+ + 
+ 

+ 

+ 

Symbols: +, positive; -, negative; V, variable; ND, no data. 
•Response is slow. 
bSome strains are negative. 

+ 
+ 
+ 

ND 
ND 
+ 
+ 

ND 
+· 

v 

ND 

+ 

ND 
ND 

+ 

ND 

+ 
+ 
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vided into three distinct serotypes based on 
their immunodiffusion and indirect immuno
fluorescence properties (Zambon et al., 1983), 
and there is evidence that the serotype might 
be related to the pathogenicity of the organism. 
In A. p/europneumoniae the indirect haemag
glutination test, together with immunodiffu
sion, makes possible the recognition of 12 sero
types (Nielsen, 1986). 

Some minor antigenic cross relationships be
tween members ofthe genus Actinobacillus and 
those of the Pasteurella, especially P. haemo
lytica, have been noted, but in general there are 
no strong antigenic cross-reactions between 
these two genera (Mniz, 1977; Ross et al., 1972). 

Within the genus, however, antigenic cross re
lationships have been recognized. Such cross
reactions may occur between A. equuli and A. 
suis (Kim, 1976; Vallee et al., 1974), between 
A. /ignieresii and A. suis, (Ross et al., 1972; Val
lee et al., 1974) and between A. /ignieresii and 
A. equuli (Wetmore et al., 1963). 

Macinnes and Rosendal (1987), using poly
acrylamide gel electrophoresis (PAGE) and im
munoblotting to investigate the major antigens 
of A. p/europneumoniae, were able to show sim
ilarities in the protein profiles of all the acti
nobacilli and also of Pasteurella haemolytica. 
This supports the earlier work suggesting that 
PAGE could be of value in differentiation (Ross 
et al., 1972; Vallee et al., 1974). 
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Gram-Negative Mesophilic Sulfate-Reducing Bacteria 

FRIEDRICH WIDDEL and FRIEDHELM BAK 

An overview of the sulfate-reduction process is 
given in Chapter 24. Most types of dissimilatory 
sulfate-reducing bacteria that have been isolated 
from nature and described so far are meso
philic, nonsporeforming anaerobes. They are 
members of the delta subdivision of the pro
teobacteria. The earliest known representative 
of this category is Desulfovibrio (Beijerinck, 
1895). Further investigations have revealed a 
great morphological and nutritional diversity 
within this group. Various cell types have been 
described including cocci; oval or long straight 
rods; more or less curved rods or spirilla; cell 
packets; cells with gas vesicles; and gliding, mul
ticellular filaments (Figs. 7-9). Electron donors 
used for sulfate reduction include H2, alcohols, 
fatty acids, other monocarboxylic acids, dicar
boxylic acids, some amino acids, a few sugars, 
phenyl-substituted acids, and some other aro
matic compounds (Table 2). Even long-chain 
alkanes can be anaerobically oxidized by a par
ticular type of sulfate-reducing bacterium 
(Aeckersberg et al., 1991 ). The utilization of 
polysaccharides or polypeptides, such as has 
been observed with the extremely thermophilic 
sulfate-reducing archaebacterium Archaeoglo
bus (Stetter, 1988; Stetter et al., 1987), has not 
been reported for mesophilic sulfate reducers. 

All mesophilic, nonsporeforming, sulfate-re
ducing bacteria in which 16S rRNA has been 
sequenced form a phylogenetically distinct 
group of Gram-negative bacteria (Devereux et 
al., 1989, 1990; Fowler et al., 1986). The closest 
relatives are the phototrophic purple bacteria 
and their nonphototrophic relatives assigned to 
the alpha, beta, or gamma subdivision (Woese, 
1987). The mesophilic, Gram-negative, sulfate 
reducers are thus grouped with the purple pho
totrophs and are termed the delta subdivision, 
even though no phototroph has been detected 
in this subdivision until now. However, the 
delta subdivision does contain chemotrophic 
nonsulfate-reducing bacteria; these are the ob
ligately anaerobic Pelobacter species (Stacke
brandt et al., 1989), sulfur-reducing bacteria of 
the genus Desulfuromonas, and the obligately 

aerobic Bdellovibrio and Myxococcus species 
(Fowler et al., 1986; Woese, 1987). 

Habitats 

Mesophilic nonsporeforming types appear to be 
the most wide-spread sulfate reducers in nature. 
The sulfur cycle in aquatic habitats depends on 
sulfate reduction as a primary process and is 
mainly governed by members of this subdivi
sion of sulfate-reducing bacteria. The typical 
habitats of sulfate reducers are the subsurface 
parts of aquatic environments like sediments or 
bottom waters that have turned anoxic. The 
greatest variety of species has been isolated 
from marine sediments (Widdel, 1988) where 
sulfate, due to its high concentration in sea 
water (28 mM), is seldom a growth-limiting fac
tor. Sulfate reducers are also found in rice pad
dies (Jacq and Dommergues, 1971; Takai and 
Kamura, 1966; Watanabe and Furusaka, 1980) 
and in anaerobic digestors of sewage plants 
(Badziong et al., 1978; Widdel, 1980). From an
oxic sediments and sludge, these bacteria may 
spread into oil production plants (Cord-Ru
wisch et al., 1986, 1987) and occasionally other 
industrial water systems such as paper produc
tion plants (Soimajarvi et al., 1978). Dissemi
nation from anaerobic aquatic sediments may 
occur via oxic water in which sulfate reducers 
may survive for a while, probably in a meta
bolically inactive state (Cypionka et al., 1985). 
Significant activities and cell densities of sul
fate-reducing bacteria have been observed even 
in the upper oxic zones of fresh water and ma
rine sediments (Bak and Pfennig 1991a, 1991b; 
J ergensen and Bak, 1991 ); growth of sul£1te re
ducers at these sites may be explained by the 
presence of anoxic microniches (Jergensen, 
1977). Furthermore, sulfate reducers have been 
detected in the sheep rumen (Howard and Hun
gate, 1976) and in human intestines (Beerens 
and Romond, 1977; Moore et al., 1976). 

Members of the genera Desulfovibrio and De
sulfobulbus appear to be equally common in 
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fresh water and marine or other saline habitats 
(Bak and Pfennig, 1991 b; Postgate, 1984a; Wid
del, 1988), even though particular isolates are 
often adapted to a certain salt concentration. 
The growth of freshwater strains may be inhib
ited in salt media, whereas marine strains often 
require NaCI and Mg2+ ions. There are also salt
tolerant sulfate reducers such as Desulfovibrio 
desulfuricans and Desulfococcus multivorans 
that grow almost equally well in freshwater and 
saltwater medium. Desulfobacter, Desulfobac
terium, Desulfosarcina, and Desulfonema may 
be regarded as primarily marine or brackish; 
most of their strains require media with > 100 
mM NaCl and >5 mM MgC12• Some Desul
fobacter species have been isolated from fresh
water sediments far away from the sea; however, 
growth was stimulated in saline media (Widdel 
and Pfennig, 1981; Widdel, 1987). 

With H2 as electron donor, Desulfovibrio spe
cies have a high maximum growth rate (J.Lmax = 
0.23 h-1) and a low half-saturation constant (K, 
= 3.3 J.LM; for overview and literature, see Wid
del, 1988). The J.Lmax/K. value, which indicates 
the effectiveness of substrate utilization at lim
iting concentration, is higher than in the case 
of H2-consuming methanogenic bacteria. 
Therefore, Desulfovibrio species and probably 
also the physiologically similar Desulfomicro
bium species seem to be important H2 scav
engers in the anaerobic degradation of organic 
matter in sediments. High numbers of Desul
fovibrio have been also found in a methane-pro
ducing whey fermenter without added sulfate 
(Zellner et al., 1987; Zellner and Winter, 1987). 
This suggests that even in the absence of sulfate, 
Desulfovibrio is involved in anaerobic degra
dation, namely by channeling lactate into meth
anogenesis. In aquatic sediments, lactate may 
be formed after rapid high-carbohydrate input. 
Desulfobacter is probably the main utilizer of 
acetate in brackish or marine sediments, as 
shown by growth kinetic data of this sulfate re
ducer in comparison to those of the important 
acetate-utilizing methanogenic bacteria (for 
overview, see Widdel, 1988). The role of other 
more versatile sulfate reducers, e.g., Desulfo
bacterium species, may be a simultaneous uti
lization of various electron donors produced 
during the primary breakdown of dead biomass 
in sediments. 

Cultivation Techniques and Media 

Sulfate-reducing bacteria grow under anoxic, re
ducing conditions. If inoculated into oxygen
containing (air-saturated) media, only fresh cui-
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tures of a few robust species may continue to 
grow. If the size of the inoculum is not too small, 
enough sulfide is transferred to scavenge oxy
gen. However, sulfide may also increase the tox
icity of 0 2, especially if the latter is present in 
excess (Cypionka et al., 1985). Removal of 0 2, 

e.g., by sparging with N2 prior to inoculation, 
eliminates the danger of cell damage by 0 2 and 
always facilitates initiation of growth. Still, re
moval of 0 2 merely by physical means is not 
sufficient for most slowly growing or fastidious 
strains, or in case of small inocula such as in 
dilution series. For these, addition of reductants 
is usually necessary. Reductants* that have 
often been used for the cultivation of sulfate
reducing bacteria are ascorbate (dehydroascor
batejascorbate, £0' = +0.058 V); thioglycollate 
(dithioglycollate disulfide/thioglycollate, E0' = 
-0.14 V); sulfide (S0/H2S, £0' = -0.243 V; for 
1 mM H2S, E' = -0.198 V); and dithionite 
(2S032-/S20 42-, E0' = -0.29 [ -0.46] V; for 1 
mM, E' = -0.38 [ -0.55] V). Dithionite is rel
atively toxic and can be added only at low con
centrations (0.1-0.2 mM), usually in addition 
to other reductants; such low concentrations 
were clearly growth-promoting for many sulfate 
reducers (e.g., Bak and Widdel, 1986b; Widdel 
and Pfennig, 1981; Widdel et al., 1983). Sulfite, 
a rather strong reductant (S042-/SO/-, £0 ' = 
-0.516 V), is part of the commercially available 
"iron-sulfite agar" (Postgate, 1984a), but has 
otherwise not been used for many media. One 
disadvantage of sulfite is a certain toxicity; in 
serial dilutions for viable counts, as little as 0.5 
mM inhibited growth of certain sulfate reducers 
(F. Bak, unpublished observations). Also, below 
pH 7, sulfite tends to react with sulfide to yield 
thiosulfate, which by further reaction with sul
fite yields polythionates and sulfur (Heunisch, 
1976). Cysteine (cystine/cysteine, ED'= -0.325 
V), which is frequently used for the cultivation 
of methanogens (Balch et al., 1979), may be also 
useful for sulfate reducers. As an indicator of 
reducing conditions, resazurine (resorufin/dihy
droresofin, £0' = -0.03 to -0.04 V; Veldkamp, 
1970) may be added at a final concentration of 
1 mg/liter compatibility should be tested first. 

All Gram-negative mesophilic sulfate re
ducers known so far grow in defined medium 

*The redox potentials given refer to pH 7.0; values were 
taken or calculated from Dawson et al. ( 1986), Loach ( 1970), 
Thauer et al. ( 1977), and Weast ( 1989). Values for dithionite 
calculated from literature values given for alkaline solution 
(pH = 14) and for acidic solution (pH = 0) are not con
sistent. The latter yielded the values given in brackets; the 
dissociation constants of the corresponding acids (Green
wood and Earnshaw, 1984; Hollemann et al., 1985) were 
considered in these calculations. 
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without complex nutrients such as yeast extract 
or peptone. Complex nutrients, however, may 
be stimulatory for a number of species. Defined 
media are supplemented with growth factors 
only; many sulfate reducers require p-amino
benzoate, biotin, and/or some other vitamins. 

It is recommended that media be prepared in 
big batches and then dispensed into smaller cul
ture vessels. The expense of equipment for me
dia preparation and cultivation largely depends 
on how strict the demand for anaerobic con
ditions is. 

In case of robust, rapidly growing species, it 
may not be necessary to prepare media under 
anoxic conditions; it is sufficient to exclude air 
from the cultivation vessel during growth. A de
vice for preparation of media in such simple 
way is shown in Fig. 1. After addition of re
ductants, the completed medium is distributed 
to tubes or bottles via a dispenser made of a 
piece of glass tubing and a small glass hood 

sb 
c:=:=> 
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("bell," e.g., a bottle with cut bottom) for pro
tection against contamination from the air. Use
ful cultivation vessels are tubes (20 to 25 ml) 
or bottles (50 or 100 ml) with aluminum caps 
fitted with rubber disks. They are autoclaved 
with loosely attached caps or with a drop of 
water and tightly closed caps. Autoclaved tubes 
and bottles are completely filled with medium 
to exclude air. If incubated at elevated temper
ature, the tightness of the screw caps must be 
released somewhat (without loosening them) 
for about one hour because ofliquid expansion. 
A small drop will be squeezed out between rub
ber seal and orifice. Then, the screw caps are 
tightened. Before being opened again for trans
fer, the aluminum caps are briefly heated in a 
flame to minimize the danger of contamination; 
therefore plastic caps are unsatisfactory. 

For the cultivation of most sulfate-reducing 
bacteria, it is necessary to exclude air as far as 
possible, even during preparation of the me-

Fig. I. Bottle for batch preparation of sterile medium and 
dispensing to culture tubes or bottles. Components that are 
not autoclaved with the medium are added afterwards from 
separately sterilized stock solutions. (A) For the preparation 
of media for some robust strains, exclusion of air during 
preparation may not be necessary so that a cotton stopper 
(or metal cap) is sufficient. Nevertheless, the completed me
dium should be dispensed into the culture vessels soon after 
addition of the reductants. (B) For more strict exclusion of 
air, the bottle is autoclaved with a stopper (st) containing 
a protruding flanged tube (t) with a screw cap (sc); the stop
per is also connected to a cotton filter (f) for aseptic gassing. 
Before autoclaving, the screw cap is loosened and the dis
penser is wrapped in aluminum foil. After autoclaving, the 
filter is connected to a gas supply (g) of N2 or an NJ C02 

mixture which is flushed for some minutes through the head 
space to replace air while the screw cap is kept open. The 
gas pressure should be below 20 kPa (0.2 atm); this allows 
tightening of the screw cap after flushing or addition of stock 
solutions without blowing off the stopper. If insoluble iron 
compounds are formed (as in medium B of Postgate, 1984), 
the medium is gently stirred during dispensing to guarantee 
equal distribution of the precipitate. The end of the dis
penser for open culture vessels (do) is always kept below 
the meniscus of the bottled medium to minimize contact 
with air. Other abbreviations: (ft) flexible tubing; (p) pinch 
clamp; (sb) stirring bar. 
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dium. The batch is therefore prepared under an 
anoxic gas phase. Some useful devices are 
shown in Fig. 1 B and Fig. 2. The device in Fig. 
2 is made from a pressure-proof Erlenmeyer 
flask. This is advantageous especially for media 
containing sulfide as a reductant. Since the flask 
is inverted when the media is dispensed, the 
surface area of the liquid gets smaller as its level 

sb 
c:::=:=> 

do 
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decreases; this minimizes the loss of H2S to the 
gas space towards the end of dispensing. Again, 
the medium may be dispensed into open tubes 
or bottles via a piece of glass tubing with a pro
tective hood. During this procedure, the me
dium is in brief contact with air; however, ifthe 
exposure is minimized by keeping the tip of the 
dispenser below the miniscus (Fig. 2B), only 

p 

ds 

@ 

Fig. 2. Pressure-proof device for batch preparation of anoxic medium and dispensation into culture tubes or bottles. A 
suction pipe on the pressure-proof (vacuum-proof) flask is closed by means of a piece of rubber tubing with a glass rod. 
(A) Detailed view. A stopper (st) is provided with a cut and flanged tube (t) with screw cap (sc) and connected to a cotton 
filter (f) and dispenser (do, ds). The stopper is fixed by means of a ring clamp (rc) and a ring plate (rp) held together 
with long screws (s) and nuts. The ring clamp is made up of two half-circles that are fixed around the neck of the flask 
by means of short screws; the latter also hold the long screws. The upper part of the figure shows a view of the top of 
the stopper with the holes and the ring plate. Instead of the dispenser for open culture vessels (do), a different one for 
stoppered vessels (ds) may be used to allow injection. The latter is made of a cut narrow syringe barrel (or autoclavable 
needle adaptor) with a needle. For the flexible tubings (ft) outside the flask, rather gas-impermeable material (e.g., Viton, 
butyl) should be used. However, a short piece of tubing close to the dispenser should be made of silicon since this allows 
easy, rapid closing and opening with the pinch clamp (p). Since silicon is relatively gas-permeable, this piece is kept as 
short as possible. The medium with heat-stable components is autoclaved in the flask with loosened screw cap and pinched 
tubings. Dispensers are wrapped in aluminum foil before autoclaving. After autoclaving, the needle of a gassing probe 
(gp) is inserted in the stopper of the filter to gas the medium and the head space with an N,/C02 mixture. At the same 
time, the flask may be cooled in a water bath. Stock solutions are added through the open tube (t) while the escaping 
anoxic gas prevents the entry of air. Between and after the additions, the screw cap is tightened. After anoxic gassing of 
the dispenser (ds) by brief opening of the pinch clamp, the needle may be closed with a sterile rubber stopper if not 
immediately used for injection. (B) The medium is dispensed either into open or stoppered culture vessels. In the latter 
case, an overpressure of I to 1.5 atm may be applied from the gas supply. For safety, use of a plexiglas shield is rec
ommended. Other abbreviations: (sb) stirring bar; (sr) support ring. 
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traces of oxygen get into the medium, and they 
are soon scavenged by the reductant. 

For very strict exclusion of air, the dispenser 
is made of a small syringe (or autoclavable 
needle adaptor) which allows injection into 
stoppered, anoxically gassed culture vessels 
(Fig. 2). Tubes or bottles with black rubber or 
butyl stoppers are used (Balch et al., 1979). De
sorption of 0 2 from stoppers and glass should 
be allowed. This may be achieved by pregassing 
the stoppered vessels with N2> and waiting for 
one day. If available, an anoxic hood (with an 
N2/H2 mixture in the presence of a palladium 
catalyst) is preferred for desorption of02• After 
incubation in the hood for one day, a drop of 
water is placed in the culture vessels, and they 
are sealed inside the chamber with stoppers that 
are fixed with crimps or open-top screw caps. 
Tubes and bottles pregassed with N2 or taken 
from the chamber are repeatedly evacuated and 
flushed with an N2/C02 mixture. A device for 
evacuation and gassing is shown in Fig. 3. For 
the described medium with 30 mM NaHC03 

and a pH of 7.0-7.4, the C02 content in the 
mixture should be 5-10%. For buffering at lower 
pH, the C02 content is increased, e.g., to 20% 
for a pH of around 6.8. At the end of the gassing 
procedure, tubes or bottles are brought to am
bient pressure. Before dispensing the medium, 
the gas space of the dispenser with the needle 
is briefly flushed with the gas from the head 
space of the pressure-proof flask. The medium 
is injected by pressure (1 01 kPa, 1 atm) from 
the inverted flask into the anoxic tubes or bot
tles so as to fill approximately 113 to 1/z of the 
volume. Anoxic gas bubbles inside the dispen
sor can be removed by inverting it during dis
pensing. The overpressure created in the culture 
vessels by addition of the medium is favorable 
for maintaining anoxic conditions. All further 
additions or withdrawals are carried out 
through the stoppers by means of syringes. Sy
ringes are gassed immediately before use by re
peated suction and release of sterile N 2• This is 
done by inserting the needle into another needle 
(oflarger diameter) attached to a sterile gassing 
syringe, such as the one shown in Fig. 5. Stopper 
surfaces are sterilized with ethanol (that may be 
burned) before injection. Sterile stoppers 
should be covered with flamed aluminum foil 
or caps. 

Culture Media 

Many different types of media have been used 
for the cultivation of sulfate-reducing bacteria; 
however, no one medium is well suited for all 
species. In the following, two media frequently 
employed are described. 
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Fig. 3. Gassing manifold, modified from Balch et al. ( 1979). 
A glass tube with side arms and gassing probes (gp) can be 
alternately connected via stopcocks (stc) to a gas supply (g) 
or a vacuum line (v). A separate line branches off to a sterile 
gassing syringe (gs) as shown in Fig. 5. Gassing probes (gp) 
not inserted into culture vessels are closed with stoppers or 
stopcocks. Culture tubes (one shown on the left gassing 
probe) or bottles are gassed by alternate opening and closing 
of the vacuum line and gas supply. The process is controlled 
by means of the vacuum-pressure gauge (vpg). The applied 
overpressure may be 100 to 200 kPa (1 to 2 atm), depending 
on the thickness of the glass wall. In any case, for safety, 
the use of a plexiglas shield is recommended. Culture vessels 
to be filled as described in Fig. 2B are finally brought to 
ambient pressure by briefly opening a free gassing probe or 
the vacuum line. If cultures rich in sulfide have to be evac
uated and gassed, the connection to the gauge via the stop
cock is closed to avoid corrosion of metal parts by H2S. 

A lactate medium that can be prepared rather 
simply has been used successfully for decades 
for cultivation of the "classical" sulfate reducers 
Desulfovibrio and Desulfotomaculum. The me
dium has not been used so far for other sulfate 
reducers. Lactate (or pyruvate) serves as both 
the electron donor and carbon source. The me
dium is buffered with phosphate and contains 
iron. Further trace elements or vitamins are not 
added; they may be present in the yeast extract 
or as impurities in chemicals or water. 

Lactate Medium for Desulfovibrio 

I Preparation of stock solutions: 

I. Feso. solution 
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Distilled water 
FeS0.-7H,O 

10 ml 
0.5 g 

It is advantageous to autoclave the solution under a 
head space ofN, in tubes with fixed stoppers to pre
vent oxidation. Also acidification, e.g., with I ml of 
I M H2S04, counteracts oxidation. 

2. Reductants solution 
Distilled water 1 0 ml 
Sodium thioglycollate* 0.1 g 
Ascorbic acid 0.1 g 
Autoclaving under N, as described for the FeS04 so
lution is recommended. 

*Stocks of sodium thioglycollate should not be old since 
the compound easily undergoes oxidation even as a dry 
salt. Its reducing capacity may be checked by iodometric 
titration. 

Preparation of media: 
Of several reported versions oflactate medium, two are 
given here using the designations of Postgate (1984a, 
1984b ); suggestions by Lapage et a!. ( 1971) are included. 
The simple device depicted in Fig. I may be used for 
preparing and dispensing these media. 

Medium B Medium C 

Distilled or tap I liter I liter 
water 

Sodium lactate 7.0 g (5.5 ml) 12.0 g (9.5 ml) 
(50% solution) 

Na,so. 4.5 g 
caso. 1.0 g 
CaC1, ·2H20 0.06 g 
Sodium citrate 0.3 g 
NH4CI 1.0 g 1.0 g 
KH,P04 0.5 g 0.5 g 
MgS0.-7H,O 2.0 g 2.0 g 
NaCJ (only for (2.5 g) (2.5 g) 

marine strains) 
Yeast ex tract 1.0 g 1.0 g 

To avoid formation of precipitates, dry salts should not 
be mixed together before dissolution. They are added 
successively to the water during stirring. The pH is ad
justed to approx. 7.2 and the solution is autoclaved. 
Further components are added from the sterile stock 
solutions after autoclaving: 

Feso. solution 
Reductants 

solution 

10 ml 
10 ml 

0.08 ml 
10 ml 

In several cases, the FeSO. and reductants solutions were 
added to the medium before autoclaving. However, it is 
better to autoclave the solutions separately. Since the 
additions are somewhat acidic, the pH may be controlled 
and readjusted using aseptic techniques. The completed 
medium is aseptically distributed into bottles or tubes 
as described. For storage of medium B or C in batches, 
the FeS04 and reductants are omitted; they are added 
only directly before use, after the medium has been boiled 
again. Alternatively, the complete medium with FeSO. 
and reductants may be stored as batch under N,. 

For plates, media B and C are prepared with I 0 g agar 
per liter. Before autoclaving, the agar should be dis-
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Fig. 4. Tube (t) with side arm and cotton filter (f) connected 
by flexible tubing (ft) for preparation or maintenance of a 
dithionite solution. Sterile distilled H,O in the tube is deaer
ated by evacuation and repressurized with N, via the gassing 
probe (gp) inserted in the stopper (st). Na,S20 4 weighed on 
a flamed, dry piece of aluminum foil is added while a slow 
stream of the anoxic gas prevents access of air. The tube is 
closed with the screw cap (sc). After dissolution by gentle 
shaking, samples are taken by means of pipettes via the 
upper opening under a stream of the anoxic gas. Alterna
tively, samples may be taken by means of N,-flushed sy
ringes via the bottom stopper (st) that is fixed with an open
top screw cap. For refrigeration of the dithionite solution, 
the gassing probe is disconnected. 

Fig. 5. Anoxic gassing of an agar tube with a gassing syringe 
according to the Hungate technique (Bryant et al., 1972). 
A syringe barrel (sb) filled with cotton and a bent needle 
(n) is connected to a gas supply (g) via a stopcock (stc). 
Before gassing, the needle is sterilized in a flame; the needle 
fixture should therefore be of metal. Tubes or bottles with 
liquid medium or stock solutions may be gassed in the same 
way. 

solved and distributed in the medium by stirring in a 
boiling water bath. 

Medium B turns black upon bacterial sulfide produc
tion (precipitation of FeS) and can thus be used for di
agnostic purposes, e.g., for detection of sulfate reducers 
in counting series. Also for maintenance of stock cul
tures, the medium is useful since the abundant precip-
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itate apparently provides a favorable microenvironment 
for the preservation of viable cells. Medium Cis almost 
clear; it is suitable for mass culture of Desulfovibrio. 

For cultivation of Desulfovibrio with H2, media Band 
C are supplemented with about 0.2 to 0.4 g sodium 
acetate per liter; the H2 gas phase should contain some 
C02• Acetate and C02 are the main carbon sources re
quired for lithotrophic growth (Badziong et a!., 1979; 
Brandis and Thauer, 1981 ). The added yeast extract usu
ally contains only limited amounts of ac..:tate. Acidifi
cation by C02 can be counteracted by addition of 
NaHCO, (see the next recipe). 

A second major type of medium is a defined 
one that contains all the minerals, trace ele
ments, and vitamins that may be required by 
sulfate-reducing bacteria. The medium has been 
developed for sulfate reducers of the newer gen
era (Widdel, 1980; Pfennig et al., 1981; Widdel 
et al., 1983; Widdel and Pfennig, 1984) but may 
be used for the classical Desulfovibrio species as 
well. The main buffer is HC03- /C02, which may 
also serve for carboxylation reactions. Sulfide is 
added as a reductant. The phosphate concen
tration is low to allow addition of high Ca2+ con
centrations if necessary (Widdel et al., 1983). 
Precipitates other than very small amounts of 
dark metal sulfides (mainly FeS) are not formed. 
Compounds that are volatilized, precipitated, or 
destroyed by heat are sterilized separately and 
added to the autoclaved, cold medium. The me
dium is first prepared as batch without organic 
electron donors and carbon sources and dis
pensed into tubes or bottles. Electron donors, 
carbon sources, and eventually other supple
ments are added to each culture vessel from ster
ile concentrated stock solutions as required for 
individual species and growth experiments. 

Defined Multipurpose Medium 
Preparation of basal stock solutions: 

I. Nonchelated trace element mixture (Widdel et a!., 
1983) 
Distilled water 987 ml 
HCI (25% = 7.7 M) 12.5 ml (100 mM) 
FeS0.-7H20* 2100 mg (7.5 mM) 
H,BO, 30 mg (0.5 mM) 
MnC12·4H20 100 mg (0.5 mM) 
CoC12·6H20 190 mg (0.8 mM) 
NiC12·6H20 24 mg (0.1 mM) 
CuC12·2H20 2 mg (0.01 mM) 
ZnS0.-7H20* 144 mg (0.5 mM) 
Na2Mo0.-2H20 36 mg (0.15 mM) 
The trace element mixture is autoclaved in bottles 
tightly closed with rubber-fitted screw caps or fixed 
stoppers; a head space of approx. 113 of the volllme 
must be left (air for common use; N2 for strictly anoxic 
procedures). 

*Sulfates of ferrous iron and zinc are easier to handle 
than the corresponding chlorides, which, in air, undergo 
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weathering or deliquesce, respectively; chlorides are 
only used if strictly sulfate-free media are required for 
special experiments. 

2. Trace element mixture with EDTA (modilied from 
Pfennig and Triiper, 1981) 
The solution has the same composition as trace ele
ment mixture 1 except that HCl is replaced by 5.2 g 
(15.5 mM) sodium EDTA; the pH is adjusted to 6.0 
with NaOH. The solution is autoclaved as described 
for solution 1. 

3. Trace element mixture with NTA (Badziong et a!., 
1978) 
Distilled water 800 ml 
Nitrilotriacetic acid (NTA) 12.8 g (190 mM) 
The pH is adjusted to 6.5 with dilute NaOH. 
FeS0.-7H20 420 mg (1.5 mM) 
H,BO, 10 mg (0.1.6 mM) 
MnC12·4H20 100 mg (0.5 mM) 
CoC12·6H,O 170 mg (0.7 mM) 
CuC12·2H20 20 mg (0.12 mM) 
ZnS0.-7H20 210 mg (0.73 mM) 
Na2Mo0.-2H20 10 mg (0.04 mM) 
Add distilled water to a final volume of 1000 mi. The 
solution is autoclaved as described for solution I. 

4. Selenite-tungstate solution 
Distilled water I liter 
NaOH 0.4 g (10 mM) 
Na2Se0,-5H20 6 mg (0.02 mM) 
Na2W0.-2H20 8 mg (0.02 mM) 
The solution is autoclaved as described for solution 
I. A slight turbidity and floes may be formed by re
action of the alkaline solution with the glass surface, 
but the solution is still useful. 

5. Bicarbonate solution (1.0 M) 
84 g NaHCO, are dissolved in distilled water to a 
final volume of 1 liter. The solution is dispe:nsed in 
the required portions (30 ml for I liter of medium) 
into bottles, leaving approx. 113 as head space. Gassing 
of the head space with C02 and saturation of the so
lution by repeated flushing and shaking is recom
mended. Bottles are tightly closed with rubber stop
pers and autoclaved. Stoppers must be fixed before 
autoclaving with aluminum crimps or screw caps. Al
ternatively, bottles may be mounted between two 
parallel metal sheets that are held together by 
screws. 

6. Vitamin mixture 
Sodium phosphate buffer 

(10 mM; pH 7.1) 100 ml 
4-Aminobenzoic acid 4 mg 
o( +)-Biotin 1 mg 
Nicotinic acid 10 mg 
Calcium o( +)-pantothenate 5 mg 
Pyridoxine dihydrochloride 15 mg 
The solution is filter-sterilized (pore size, 0.2 ~-tm). The 
solution is kept at 4 oc in the dark, preferentially in 
bottles of brown glass. For strictly anoxic procedures, 
the solution may be kept under N2 as described later 
for phenol solution (solution 17). 

7. Thiamine solution 
10 mg thiamine chloride dihydrochloride are dis
solved in 100 ml of25 mM sodium phosphate buffer, 
pH 3.4. The solution is filter-sterilized and stored as 
described for solution 5. 
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8. Vitamin B,2 solution 
5 mg cyanocobalamine are dissolved in I 00 ml dis
tilled water. The solution is filter-sterilized and stored 
as described for solution 5. 

9. Sulfide solution, 0.20 M 
Clear, colorless, large crystals of Na2S·9H20 from a 
fresh and not deliquesced stock* are weighed and dis
solved in dist. H20 so as to yield a solution of 48 
gfliter. Crystals from old stocks, which usually con
tain oxidation products on the surface, should be 
washed on a plastic sieve by briefly rinsing with dis
tilled water. Crystals are dissolved in distilled water 
under N2 • The solution is dispensed in the required 
portions (7.5 ml for I liter of medium) into tubes that 
are stoppered under N2; stoppers are fixed with screw 
caps or aluminum crimps. The tubes are autoclaved. 
Formed precipitates from etched glass do not affect 
usability (see solution 4). 

*Sodium sulfide is autooxidizable and hygroscopic. The 
chemical should be refrigerated or, preferably, be kept 
under N2 • 

10. Acid or carbonate solution 
1 M H2S04 , 2 M HCI (for sulfate-free media), or 1 
M Na2C03 solution are autoclaved as described for 
solution I. Autoclaving in closed bottles is necessary, 
especially for the heat-volatile HCl solution. 

Preparation of basal media: 

Freshwater Brackish Saltwater 
medium medium medium 

Distilled water 1.0 liter 1.0 liter 1.0 liter 
NaCl 1.0 g 7.0 g 20.0 g 
MgC12·6H20 0.4 g 1.2 g 3.0 g 
CaCI2·2HzO 0.1 g 0.1 g 0.15 g 
Na2SO.* 4.0 g 4.0 g 4.0 g 
NH4CI 0.25 g 0.25 g 0.25 g 
KH2P04 0.2 g 0.2 g 0.2 g 
KCI 0.5 g 0.5 g 0.5 g 

*Iffermentative growth or syntrophic growth with meth
anogens is tested, sulfate is omitted. 

To avoid formation of precipitates, dry salts should not 
be mixed before dissolution. They are added succes
sively to the stirred water. The solution is autoclaved in 
one of the devices shown in Figs. I B or 2. After auto
claving, redissolution of oxygen is prevented by cooling 
under N2/C02 • Then, the aforementioned stock solu
tions or aliquots therefrom are aseptically added 
(amounts per liter of medium): 

Trace element mixture I* 
Selenite-tungstate solution 
NaHC03 solution 
Vitamin mixture 
Thiamin solution 
Vitamin B, 2 solution 
Na2S solution 

1.0 ml 
1.0 ml 

30.0 ml 
1.0 ml 
1.0 ml 
1.0 ml 
7.5 ml 

*Alternatively, ml of trace element mixture 2 or 10 
ml of trace element mixture 3 are added. Trace element 
mixture without chelator is tolerated by all sulfate-re
ducing bacteria and is therefore used for enrichment of 
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new types and most pure cultures. The possibility of 
growth stimulation by one of the chelated trace element 
mixtures has to be tested for each species; chelators can 
also impede growth. 

The pH is controlled in aliquots aseptically withdrawn 
by means of a sterile pipettes; aliquots are collected in 
small test tubes. To avoid loss of C02 from these samples 
and increase of the pH, the tip of the pipette is kept 
below the meniscus of the added sample. A pH value 
of 7.0 to 7.3 (or other pH desired) is obtained using 
sterile 1 M H2S04 (for sulfate-free medium, with 2 M 
HCl) or Na2C03 solution (see below). Ordinary pH 
probes may gradually deteriorate if exposed to sulfide. 
Therefore, sulfide-resistant probes with bridged refer
ence electrodes (e.g., Ross'M, Orion) are recommended. 
Electrode damage may be also avoided by adjusting the 
pH before the addition ofNa2S to the medium (i.e., after 
addition of vitamin B12). Then, an additional, calculated 
amount of acid is added that exactly compensates the 
increase in pH caused by the following addition of the 
alkaline Na2S. Per ml of Na2S solution (0.2 M) to be 
added, approx. 0.13 ml of 1.0 M H2S04 or 2M HCl are 
added in advance. Thereafter, the sulfide solution is 
added, and the medium is dispensed into sterile bottles 
or tubes (Fig. 2) that are stored in the dark. 

Organic substrates and further additions: 
Depending on the type of sulfate reducer to be enriched 
or cultivated, aliquots from the following stock solutions 
are added to tubes or bottles with basal media. 
11. Acetate solution, 2.0 M 

27.2 g CH,COONa·3H20 are dissolved in distilled 
water to a final volume of 100 ml and autoclaved in 
a closed bottle as described for solution 1. 
Application: 5 to 10 ml per liter of medium. 

12. Propionate solution, 2.0 M 
Unlike acetate, propionate (and also salts of most 
other acids) is prepared from the free acid, which is 
usually of higher purity than the commercially avail
able sodium salt. 
Distilled water 20 ml 
Propionic acid 14.9 ml (14.8 g) 
NaOH (4.0 M) 48 ml 
The NaOH is added slowly with stirring. The pH is 
then adjusted between 8 and 9 by dropwise addition 
of further NaOH (preferentially more dilute). Tore
move propionic acid ester that is often present, the 
slightly alkaline solution is gently boiled until the 
ester smell has disappeared. Distilled water is added 
to a final volume of 100 mi. The solution is auto
claved in a closed bottle as described for solution 1. 
Application: 5 to I 0 ml per liter of medium. 

13. Butyrate or isobutyrate solution, 1.0 M 
Distilled water 40 ml 
Butyric or isobutyric acid 9.20 ml (8.81 g) 
NaOH (4.0 M) 24 ml 
Adjustment of pH between 8 and 9 and removal of 
ester is carried out as described for solution II. Dis
tilled water is added to a final volume of 100 mi. 
The solution is autoclaved as described for solution 
I. 
Application: 5 to 15 ml per liter of medium. 

14. Palmitate or stearate solution, 0.10 M 
Water 80 ml 
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Palmitic acid 2.54 g 
NaOH (4.0 M) 2.50 ml 
Stearate solution is prepared with 2.85 g of stearic 
acid. The suspension is heated in a closed bottle 
(with head space) in a boiling water bath. The bottle 
is vigorously shaken until the solution has become 
clear and all particles and droplets have disappeared. 
Distilled water is added to a final volume of 100 mi. 
The solution is autoclaved as described for solution 
I. The solution solidifies when cooled and has to be 
remelted in a boiling water bath before use. Grad
ually formed precipitates from glass do not affect the 
usability (see solution 4). 
Application: 8 to 15 ml per liter of medium. 

15. Ethanol solution, 2.0 M 
11.6 ml (9.21 g) ethanol are dissolved in water to a 
final volume of 100 ml and autoclaved in a tightly 
closed bottle as described for solution I. 
Application: 5 to 20 ml per liter of medium. 

16. Lactate solution 
The commercially available 50% (5. 7 M) sodium lac
tate solution is autoclaved as described for solution 
I. More dilute solutions, e.g., 2.0 M, may be also 
used. 
Application: 2 to 7 ml (50%) per liter of medium. 

17. Benzoate or nicotinate solution, 0.5 M 
Distilled water 40 ml 
Benzoic acid 6.11 g 
NaOH (4.0 M) 24 ml 
Nicotinate solution is prepared with 6.16 g of nic
otinic acid. The NaOH is added under stirring. The 
poorly soluble acids dissolve gradually. Heating in 
a water bath and breaking up the clumps that form 
using a flat-ended glass rod facilitates dissolution. 
The pH is adjusted to 7 to 8 with further NaOH. 
Distilled water is added to a final volume of 100 ml. 
The solution is autoclaved as described for solution 
I. 
Application: 4 to I 0 ml per liter of medium. 

18. Phenol, catechol, or aniline solution, 0.25 M 
2.4 g phenol, 2.75 g catechol, or 2.3 ml (2.3 g) ani
line* are dissolved in distilled water in a final volume 
of I 00 ml. Anoxic storage is important especially for 
catechol and aniline. Solutions are filter-sterilized 
(pore size, 0.2 !Lm) into autoclaved bottles with 
crimped rubber stoppers; the filter holder is con
nected with a needle to pierce through the stopper. 
The bottles are repeatedly evacuated and aseptically 
gassed with N2 via a cotton-filled syringe according 
to Balch et al. ( 1979). The solutions are kept in the 
dark. Aliquots are withdrawn by means of syringes. 
Application: 2 to 4 ml per liter of medium. 

*Caution: aniline is highly toxic. 

19. Indole solution, 0.025 M 
0.29 g indole are added either to 100 ml distilled 
water or, in case of marine strains, to 100 ml of an 
aqueous solution containing 2 g NaCI and 0.3 g 
MgC12·6H20. The suspension is heated in a closed 
bottle (with head space) in a boiling water bath. The 
hot bottle is vigorously shaken until droplets of in
dole have disappeared. The solution is autoclaved 
and kept in the dark. Indole recrystallizes after cool-
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ing. Before use, the indole is redissolved as de
scribed. 
Application: 10 to 20 ml per liter of medium. 

20. Sulfite solution, 1.0 M 
An aqueous solution of 12.6 g Na2SO, per 100 ml 
is filter-sterilized and stored under N2 at 4°C as de
scribed for solution I 7. 
Application: 0.5 to 3 ml per liter of medium. 

21. Thiosulfate solution, 1.0 M 
An aqueous solutions of24.8 g Na2S20 3• 5H20 in 100 
ml is filter-sterilized and stored at 4°C. For main
tenance over many months, storage under N2 is rec
ommended. 
Application: 5 to 15 ml per liter of medium. 

22. Salt concentrate 
NaCI 286.4 g 
MgC12·6H,O 44.7 g 
CaCI2·2H20 2.2 g 
The salts are dissolved in water to a final volume of 
I liter and is autoclaved as described for solution I. 
Applications are described in the section on "Special 
Procedures and Modifications." 

23. Dithionite solution 
Stocks of solid Na2S20 4 are stored in dry, sterile glass 
bottles closed with screw caps. A tube with a side 
arm connected to a sterile cotton filter as shown in 
Fig. 4 is recommended for preparation of solutions. 
I 0 ml of autoclaved distilled water is deaerated by 
evacuation and repressurization with N2• 0.2 g of dry 
Na2S20 4 are weighed on a sterile (flamed) piece of 
aluminium foil placed in a petri dish; the amount 
is poured into the deaerated water while a slow 
stream of N2 is flushed through the tube to avoid 
entrance of air. Dithionite is dissolved by gentle 
shaking. The tube is wrapped against light. If dithi
onite samples have to be taken with syringes, a more 
dilute solution may be prepared to facilitate with
drawal. If refrigerated, the solution is stable for about 
5 days. 
Solid Na2S20 4 is usually sterile, as can be demon
strated by adding aliquots into complex test media 
(e.g., AC medium, Difco). If doubts exist about ste
rility, a solution prepared under N2 is suck<~d into 
an anoxic syringe and filter-sterilized into the storage 
tube shown in Fig. 4. 
Applications are described in the section on "Special 
Procedures and Modifications." 

24. Yeast extract or peptone solution 
An aqueous solution of 10 g yeast extract or 10 g 
peptone in a final volume of 100 ml is autoclaved 
as described for solution I, or, preferably, under an
oxic conditions as described for solution 17. 
Application: 5 to 10 ml per liter of medium. 

25. Fermented peptone broth 
2 g peptone, 0.2 ml trace element solution 1, 0.1 g 
KH2P04 , and 0.05 g MgS0.-7H20 are added to 100 
ml water, adjusted to pH 7.0, and deaerated by shak
ing under N2 in a stoppered bottle. As a source of 
fermentative bacteria, approximately 1 ml of anoxic 
dark mud from a ditch, pond, or sewage digestor is 
added. The enrichment is incubated at 30°C. The 
pH is measured from time to time and readjusted 
to 7.0. After 10 days, insoluble matter is removed 
by centrifugation (40,000X g). The supernatant is 
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filter-sterilized and stored under N, as described for 
solution 17. 
Application: 25 to 50 ml per liter of medium. 

Inoculation procedures: 
For inoculation of completely filled bottles or tubes, a 
certain amount of medium is withdrawn by means of 
a sterile pipette. Required organic or inorganic sub
strates (see Table 2, later) are added from one of the 
stock solutions I 0 to 20 or other solutions of choice not 
listed here. Furthermore, approximately I ml dithionite 
solution (solution 22) is added per liter of medium, 
which significantly favors initiation of growth of many 
sulfate reducers. The tip of the pipette is dipped into 
the medium to avoid direct contact of dithionite with 
air. Instead of the dithionite solution, an estimated 
amount of dry Na,S,04 may be added by means of a 
microspatula, e.g., a flattened platinum wire. Finally, the 
inoculum is added by means of a pipette so as to fill 
the bottle completely, and it is immediately sealed with 
the screw cap. 

If strictly anoxic procedures are employed throughout, 
additions are made via the stoppers of the rubber-sealed 
bottles or tubes by means of N,-flushed syringes. 

Special Procedures and Modifications 

CuLTIVATION ON H2• For cultivation with H2 as 
the electron donor, a mixture ofHJC02 (90/10 
to 80/20, vjv) in a head space of 2/3 to 3/4 of 
the culture volume is provided. A slight over
pressure of 50 kPa (0.5 atm) may be applied; 
higher overpressures (200 kPa) may be applied 
after growth has started. Nonautotrophic sulfate 
reducers require acetate ( 1-4 mM) as a carbon 
source in addition to C02 if growing with H2• 

Vessels are incubated horizontally or shaken to 
facilitate dissolution of gas. 

CULTIVATION ON LONG-CHAIN FA TTY ACIDS IN 
SALTWATER MEDIA. Addition of melted sodium 
palmitate or sodium stearate to saltwater media 
yields compact clumps of insoluble magnesium 
and calcium alkanoates that are poorly utilized 
by bacteria. To avoid this, the melted palmitate 
or stearate stock solution is first added to fresh
water medium. Thereafter, 22 or 67 ml of salt 
concentrate (solution 21) are added per liter 
which yields brackish or saltwater medium, re
spectively; the alkanoates will precipitate as 
loose floes. 

CuLTIVATION oN LIQUID ALKANES. If sulfate
reducing bacteria are grown with liquid alkanes 
(e.g., hexadecane), tubes or bottles with me
dium and a head space (approximately 1/5 of 
the volume) are used. After inoculation, 5-10 
ml of autoclaved or filter-sterilized deaerated 
alkane is added per liter while the head space 
is gassed with an N2/C02 mixture. After sealing 
with stoppers, tubes or bottles are inverted and 
intensely shaken for some seconds to remove 
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alkane droplets adhering to the stopper. In
verted bottles are incubated at a slightly in
clined angle to avoid permanent contact of the 
water-insoluble, buoyant alkanes with the stop
per. More detailed information about anoxic 
cultivation on alkanes is given in the original 
literature (Aeckersberg et al., 1991 ). 

ARTIFICIAL SEDIMENT FOR GLIDING SPECIES. Fil
amentous sulfate reducers of the genus Desul
fonema require an insoluble substratum for 
optimal gliding movement and growth. Precip
itated aluminum phosphate and sloppy agar 
(0.2%, wjv) have both been used as substrata 
(Widdel 1983). The former is precipitated by 
adding per liter of medium, 5 ml from an au
toclaved solution of 48 g A1Cl3·6H20 per liter; 
the pH is readjusted with 1.6 ml from a solution 
of 106 g Na2C03 per liter. 

GROWTH-STIMULATING ADDITIONS. Complex 
nutrients such as yeast extract or peptone may 
stimulate growth of Desulfovibrio and some 
other species (Postgate, 1984a) or promote their 
development after transfer from old cultures. 
Several sulfate reducers degrading fatty acids or 
aromatic compounds are not stimulated by 
complex nutrients; for a few, yeast extract may 
be even inhibitory (see e.g., Aeckersberg et al., 
1991; Bak and Widdel, 1986b). 

For a number of sulfate reducers, fermented 
peptone (solution 24) is a better stimulant than 
yeast extract or fresh peptone. 

Growth of Desulfonema species on acetate is 
stimulated by low concentrations of additional, 
defined electron donors and carbon sources. For 
instance, succinate at a final concentration of 
0.5 mM and a mixture of straight- and 
branched-chain volatile fatty acids at final con
centrations between 0.02 and 0.05 mM have 
been used (Widde1 et al., 1983; Widdel, 1989). 

MEDIA WITH MODIFIED MINERAL COMPOSITION. 
During isolation and cultivation of sulfate-re
ducing bacteria from lake sediment, best growth 
was observed in a low-salt version of the mul
tipurpose freshwater medium given earlier (Bak 
and Pfennig, 1991b). The amounts per liter 
were: 0.25 g NaCl, 0.2 g MgCl2·2H20, 0.1 g 
CaC12·2H20, 0.1 g NH4Cl, 0.1 g KH2P04, and 
0.1 g KCI. Concentrations of the other com
pounds were unchanged. 

Desulfonema magnum requires high concen
trations ofCa2+ ions. Good growth was observed 
in saltwater medium with 5 g MgC12·6H20 and 
1.4 g CaC12 • 2H20 per liter. Other additions were 
as described. 

If a medium with the same concentrations of 
major salts as in natural seawater has to be pre-
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pared, Na2S04 in the given saltwater medium 
is replaced by 6.8 g MgS04·7H20 per liter, and 
26 g NaCl, 5.6 g MgC12·6H20, 0.72 g KCl, and 
1.4 g CaC12·2H20 are added per liter instead of 
the indicated amounts. Concentrations of other 
minerals in this artificial seawater medium are 
as described. 

Further media with somewhat different con
tent of major salts, trace elements, and organic 
substrates have been described by Gibson et al. 
(1987) and Tanner (1989). 

Enrichment, Isolation, and 
Maintenance 

Selective Enrichment 

Many species ofthe Gram-negative mesophilic 
sulfate reducers can be selectively enriched by 
adding a particular electron donor (Table 1 ). 
Other important selective factors may be the 
salt concentration and the incubation temper
ature. 

Most new types of sulfate-reducing bacteria 
have been enriched in batch cultures. Such cul
tures enrich for bacteria with the highest max
imum growth rate under the given conditions. 
However, such species are not necessarily the 
most important degraders of the respective sub
strate in the natural habitat. Types growing 
more slowly in batch enrichments may occur in 
higher numbers in the natural habitat, due to a 
better adaptation to the in situ conditions. Of 
the many factors that are decisive for adaptation 
to the habitat, two important ones are effective 
competition at limiting substrate concentration 
(high J.lmax/K. value) and an advantage as a result 
of mixed substrate utilization. Enrichment of 
sulfate reducers at low, limiting substrate con
centrations may be attempted in chemostat cul
tures. So far, however, chemostat enrichments 
have only yielded known types of sulfate re
ducers. Still, an interesting result from che
mostat cultures was that Desulfobulbus pro
pionicus can be selectively enriched not only 
with propionate and sulfate, but also in sulfate
free medium with ethanol as the limiting sub
strate; ethanol and C02 were fermented to pro
pionate and acetate (Laanbroek et al., 1982). A 
simple method to isolate sulfate reducers that 
may be outcompeted in batch enrichments is 
the direct dilution of natural samples in agar or 
liquid media, without preceding enrichment. 
Bacteria predominating in the habitat will also 
be the most abundant in such dilution series, 
provided the artificial media are compatible. 

Natural samples such as mud for enrichment 
and isolation of sulfate reducers should be kept 
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under anoxic conditions. This can best be 
achieved by filling the vessels completely or by 
gassing the head space with nitrogen and sealing 
with a stopper. If not used immediately, sam
ples are refrigerated but not frozen. The size of 
the inoculum should be based on the type of 
sulfate reducers to be enriched. For widespread, 
rapidly growing ones using common fermen
tation products (e.g., H2, acetate, ethanol, lac
tate), an inoculum of < 1% (v/v) is usually 
enough for fast enrichment. For enrichment of 
slowly growing species, especially on less com
mon electron donors (e.g., some aromatic 
compounds, alkanes), inocula of 5 to 10% are 
recommended. During incubation, the {~nrich
ments are briefly shaken once a day. 

Enrichments should be transferred two to five 
times into new medium before pure culture iso
lation is attempted. In this way, sludge particles 
and the bulk of indigeneous non-sulfate-reduc
ing bacteria are gradually diluted away. The 
transferred volume should be 1 to 10% of the 
culture volume. Many sulfate reducers, espe
cially those from marine and brackish habitats, 
tend to form clumps or to stick to the sediment. 
Enrichments are therefore shaken immediately 
before inoculation of new medium to guarantee 
a transfer of some sediment also. More and 
more free bacteria will appear in the medium 
as the particulate fraction disappears. Enrich
ments are kept in the dark to prevent the ap
pearance of photosynthetic, especially green 
sulfur, bacteria; by oxidation of sulfide to ele
mental sulfur, such phototrophs alter the redox 
conditions to the disadvantage of many sulfate 
reducers. Also, certain sulfate reducers are sen
sitive to light (Widdel, 1980). 

The time for growth of sulfate-reducing bac
teria in the first enrichment depends on the type 
of electron donor. For instance, enrichments on 
H2 may grow within a few days, whereas sulfate 
reducers using phenolic compounds or alkanes 
may appear only after 1 to 4 months. The best 
proof of the positive growth of sulfate reducers 
is the production of H2S. This can be detected 
by a simple chemical test. From the enrichment, 
0.2 ml (or anotherdefined amount) is added by 
means of a pipette or syringe to 1.0 ml of a 
reagent containing 5 mM CuS04 and 50 mM 
HCl in distilled water. The tip of the pipette or 
syringe should dip into the re.agent to avoid loss 
of volatile H2S. The reagent is gently shaken 
while the sample is added. The intensity of the 
brown color of the (initially) colloidal CuS gives 
a good estimate of sulfide production*; an en
richment without electron donor serves as 

*Thiosulfate interferes with the test. 
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Table l. Substrates and conditions for selective enrichment of representatives of Gram-negative sulfate reducers. 

Electron donor and carbon source 
Species (mM) 

Desulfovibrio species H2 plus C02 and acetate (2); lactate 
(20); ethanol ( 15) 

su/fodismutans Thiosulfate ( 10) or sulfite (5) plus 
acetate (2) 

Desulfomicrobium species H2 plus C02 and acetate (2); lactate 
(20) 

Desulfobulbus species Propionate (I 0); ethanol ( 10) without 
sulfate in a chemostat 

Desulfobacter 
Oval type Acetate (10-20) 

Curved type Acetate (I 0-20) 

Desulfobacterium 
autotrophicum H2 plus C02 

anilini Aniline (0.5) 

indo/icum Indole (0.5-1) 

phenolicum Phenol (0.5-1) 

niacini Nicotinate ( 4) 
vacuolatum Isobutyrate ( 10) 

Desulfococcus 
biacutus Acetone (10) 
multivorans Benzoate (4), cyclohexanecarboxylate 

(3), acetone (10), 2-propanol (10) 
Desu/fosarcina 

variabilis Benzoate (4) 
Desulfomoni/e 

tiedjei No selective substrate reported 

Desulfonema 
limico/a Acetate (10) plus small amounts of 

additional substratesd; isobutyrate 
(5) 

magnum Benzoate ( 4) 

Desuljobotulus 
sapovorans Palmitate (1.5), caproate (3), 

caprylate (2) 

Desulfoarculus 
baarsii Stearate (I) 

•F, freshwater medium; B, brackish medium; S, saltwater medium. 
bUnless indicated otherwise, the incubation temperature is 28-30°C. 

Medium 
used• Commentsb 

F, B, S 

F Growth by sulfite or thiosulfate 
dismutation 

F No special selection versus 
Desulfovibrio known 

F, B, S 

B,S D. hydrogenophilus and D. latus 
isolated as acetate scavengers from 
a marine isovalerate enrichment 

B,S May be promoted in NH;-free 
medium under N2; some strains 
obtained from naphthenic acid' 
enrichments, or by enrichment 
around l0°C 

s 25°C; selective enrichment unlikely; 
direct dilution of marine mud in 
agar medium recommended 

F, B Lag phase of some months; portions 
of 0.5 mM aniline may be 
repeatedly added 

s Portions of 0.5 mM indole may be 
repeatedly added 

s Portions of 0.5 mM phenol may be 
repeatedly added 

s 
s May also yield other complete 

oxidizers 

F May also yield D. multivorans 
F, B 35°C; acetone may also yield D. 

biacutus 

s 

F Isolated from a methanogenic 3-Cl-
benzoate enrichment; I ,4-
naphthoquinone required as special 
growth factor 

s Not very selective; other sulfate 
reducers may become dominant 

s ~5 mM Ca2• to be added; 
enrichment may also yield other 
complete oxidizers 

F May yield other vibrioid or rod-
shaped complete oxidizers. Further 
types obtained in saline medium 

F 36°C 

'Organic acid fraction from oil (petroleum); is usually growth inhibitory, but some species seem to be resistant. 
"Fermented peptone broth (20 ml/1) may be used (see text). 
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blank. If the substrates are relatively toxic, e.g., 
indole or phenol, only rather low concentrations 
can be used, which do not permit much growth 
or H2S production (Bak and Widdel, I986a, 
I986b ). In such cases, small portions of the sub
strate may be added a number of times during 
growth. An analytical test (UV absorption, gas 
chromatography, liquid chromatography, etc.) 
to prove substrate consumption can be useful. 
Sometimes, enrichments suffer from grazing by 
protozoa. They may be controlled by adding cy
cloheximide at a concentration of I 0 to 50 
!lg/ml, which inhibits eukaryotic protein syn
thesis. Also, early transfer at the end ofbacterial 
growth is recommended in such case. 

Addition of complex nutrients such as yeast 
extract or peptone is not recommended for en
richments. These nutrients cause rapid devel
opment of various fermentative bacteria. 

Isolation 

ISOLATION USING AN AGAR DILUTION SERIES. 

The most frequently used method for the iso
lation of sulfate-reducing bacteria is serial di
lution in anoxic agar medium. 

Agar powder is first washed to remove soluble 
substances that may be inhibitory or favor fer
mentative bacteria. 3.3 g agar is suspended in 
approximately 300 ml distilled water in a cali
brated flask or beaker and stirred for I 0 min. 
The agar is then allowed to settle. After removal 
of the supernatant by slow decanting or suction 
with an aspirator, fresh water is added. The 
washing procedure is repeated four times. At 
the end, water is added to a final volume of I 00 
ml. The suspension is melted to homogeneity 
by stirring in a boiling water bath. The melted 
agar is dispensed in portions of 3 ml to test 
tubes that are sealed, e.g., with aluminum foil. 
The tubes are autoclaved and stored in plastic 
bags or sealed cans at 4 oc to avoid drying. 

For preparation of a dilution series, 6 to 8 
agar tubes are heated in a boiling water bath to 
remelt the agar, which is then kept liquid in a 
bath at about 60°C. The aluminum seals are 
replaced by rubber stoppers using flamed tweez
ers; the stoppers are not fixed too tightly. Me
dium with substrate is prewarmed in another 
water bath at 4I oc. From the prewarmed me
dium, 6 ml are added by means of a pipette to 
each tube to yield a I% agar medium; to min
imize contact with air during addition, the tip 
of the pipette is inserted into the agar. The mix
ture of agar and medium is kept liquid at 4I oc. 
To each agar tube (liquid volume, 9 ml), I2 to 
I8 llliter of dithionite solution are added by 
means of a pipette which is used at the same 
time for gentle mixing. A sample of about O.I 
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ml from the enrichment culture is added to the 
first tube; for mixing, the tube is slowly turned 
once or gently stirred with a pipette. A small, 
estimated amount of about 0.5 ml is transferred 
to the next tube by direct pouring or by means 
of a pipette and mixed again. The dilution is 
continued to the last tube. After each transfer, 
the previous tube is placed in a cold water bath. 
Immediately after solidification of the agar, the 
tubes are aseptically gassed with an NjC02 

mixture, as shown in Fig. 5. 
For isolation of brackish or marine sulfate 

reducers, the concentration of NaCl and other 
salts may become critical due to addition to the 
aqueous agar. This dilution can be compensated 
by addition of I3 or 35 ml of salt concentrate 
(solution 2I) per liter of brackish or saltwater 
medium, respectively. After addition to the 
agar, the medium will regain its normal salt con
centration. Addition of the salts to the agar be
fore autoclaving is not recommended since hy
drolysis may be promoted. 

The method described allows slight contact 
with oxygen during dilution. However, this is 
not critical for most species of sulfate reducers; 
the exposure to air is brief and its dissolution 
is slowed down by the viscosity of the agar. 
However, for a completely anoxic procedure, 
the 3-ml portions of the concentrated agar are 
dispensed into tubes that have been provided 
with a 9 ml mark; the agar is allowed to solidify 
in an almost horizontal position. Tubes are then 
incubated under N2 (in stoppered tubes or an 
anaerobic chamber) to allow desorption of 0 2• 

Thereafter, stoppers are fixed with crimps or 
screw caps and tubes are autoclaved. The fur
ther procedure is in principal analogous to the 
aforementioned method. Medium is added to 
the melted agar by injection from the dispensing 
device shown in Fig. 2; the medium should be 
prewarmed in the device to avoid early solidi
fication of the agar. Anoxically gassed syringes 
are used for addition of dithionite from the tube 
shown in Fig. 5 and also for transfers. For iso
lation of H2-utilizing bacteria, an H2/C02 mix
ture is used for gassing. In such case, the agar 
is allowed to solidify in an almost horizontal 
position. 

Strictly anoxic dilution series may be also car
ried out with open tubes inside an anoxic cham
ber. 

All tubes are inverted during incubation so 
that water exudate from the agar accumulates 
on the stopper; this water is removed when 
tubes are opened for isolation of colonies. 

Colonies of sulfate-reducing bacteria are usu
ally recognized by a yellowish, reddish, or 
brownish pigmentation. For isolation, the end 
of a Pasteur pipette is softened in a small flame, 
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taken out, and immediately drawn to a fine cap
illary by means of tweezers. The end is broken 
off and the capillary is filled with some medium. 
For isolation of colonies from tubes with hor
izontally solidified agar, the drawn Pasteur pi
pette should have a bent tip. Single, separated 
colonies are sucked into the medium-containing 
pipette by using a flexible tube connected to a 
mouth piece. The isolated bacteria usually need 
further purification via a second dilution series 
from which pure cultures may be picked and 
transferred into liquid medium. Part of the col
onies may be used for microscopic control. 

IsoLATION oN AGAR PLATES. Sulfate reducers 
may be also purified by streaking on agar plates 
that are incubated in anoxic jars containing 
some H2 and a palladium catalyst. Preparation 
of plates, streaking, and transfer to jars is best 
carried out inside an anoxic chamber. If plates 
are handled in air, the reductant may be oxi
dized due to the large surface, and oxygen-sen
sitive cells may die off. If C02 is required as a 
carbon source, this is added to the atmosphere 
of the jar; the agar plates in such case should 
contain NaHC03• 

Instead of plates and jars, anoxic flat bottles 
(100 ml) with an agar layer (10 ml) may be used 
("bottle plates"). Problems caused by water ex
udate from the agar were solved with improved 
bottle plates (Hermann et al., 1986). Enrich
ments are streaked on the agar while the bottle 
is anoxically gassed. Some H2S (approx. 1%, vj 
v) should be injected into the stoppered bottle. 
H2S may be provided from a small steel bottle 
with a pressure regulator and a septum for with
drawal of gas samples by means of a syringe. 
The device has to be installed inside a fume 
hood with vigorous ventilation. Use of a gas 
mask is recommended. 

IsoLA noN IN LIQUID MEDIA. Instead of agar 
media, liquid media may be used for purifica
tion of sulfate-reducing bacteria via serial di
lutions. The method is analogous to the dilution 
technique for determination of most probable 
numbers (MPN technique). 

An alkane-utilizing sulfate-reducing isolate 
was purified in liquid medium under insoluble 
hexadecane by transfer of samples from both 
phases. In this way, alkane degraders attached 
to the hydrocarbon phase were gradually sep
arated from free commensals (Aeckersberg et 
al., 1991). 

ISOLATION OF FILAMENTOUS SULFATE-REDUCING 
BACTERIA. Isolation of the long, filamentous 
Desulfonema species by dilution or streaking is 
difficult since the numbers of the unicellular 
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commensals or competitors are usually higher. 
For purification of D. limicola and D. magnum, 
the bulk of unicellular bacteria was removed by 
anoxic washing ofthe filaments (Widdel, 1983). 
This was achieved in a piece of glass tubing 
containing a fine-mesh copper grid (as used in 
electron microscopy); the latter acted as a sieve 
that allowed unicellular bacteria to pass through 
whereas filaments were retained. Washed fila
ments of D. limicola were further purified via 
dilution series in soft (0.8%, wjv) agar. For D. 
magnum, a pure culture was finally obtained 
from the washed filaments by transferring one 
ofthe relatively thick, visible filaments through 
a series of small portions of sterile anoxic me
dium (Widdel, 1983). 

Maintenance 

For short-term preservation, stock cultures are 
usually kept at 2-6°C. Since fully grown cul
tures easily die off or lyse if further incubated 
at optimal growth temperature, strains should 
be refrigerated before or right at the end of 
growth. However, Desulfonema magnum is very 
sensitive to refrigeration and is maintained at 
around 20°C. Also, sulfate reducers grown on 
alkanes may die off rapidly if refrigerated. 

The interval for transfer depends on the ten
dency of stored cells to undergo lysis. Lysis is 
usually indicated by the presence of slime and 
a decrease in turbidity. For most species, trans
fer every 6 to 12 weeks is recommended. 

For long-term preservation, cultures contain
ing 5-10% (v/v) dimethylsulfoxide (DMSO) are 
kept in liquid N 2• 

Taxonomy and Identification 
Ribosomal 16S RNA sequences are generally 
accepted as decisive criteria for the definition 
of taxa at all levels and for the affiliation of new 
isolates to these taxa (Woese, 1987). This 
method has been applied to many mesophilic 
nonsporeforming sulfate-reducing bacteria. De
rived relationships among the bacteria known 
as the delta subdivision of the proteobacteria 
are illustrated by the unrooted tree of Fig. 6. 
Wide-range sequencing of 16S rRNA of Desul
fonema species has not yet been carried out. The 
older method of oligonucleotide cataloging in
dicated that Desulfonema limicola is closely re
lated to Desulfosarcina, and thus it also is a 
member of the delta subdivision. Based on 16S 
rRNA analyses, Desulfomonas (Moore et al., 
1976) groups with the genus Desulfovibrio (Dev
ereux et al., 1989) and is therefore assigned to 
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Escherichia coli 

D'tomaculum 

O'tomaculum orientis 
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D'bacterium autotrophicum 

-~-~- D'bacterium niacini 
O'bacterium vacuolatum 

D'coccus multivorans 
... D'sarcina variabil is 

D'botulus sapovorans 

D'arculus baarsii 
L...-.....J 

0.02 Myxococcus xanthus 

Fig. 6. Relationships of mesophilic nonsporeforming sulfate-reducing bacteria (delta-group) among themselves and to 
some other bacteria, as derived from 16S rRNA sequences. The unrooted tree of Devereux et al. ( 1990) and more recent, 
revised data (R. Devereux, personal communication) were combined into one figure. The scale bar is in units of fixed 
nucleotide substitutions per sequence position. Species with new names are: Desulfobulbus marinus, first described as 
Desu/fobulbus strain 3pr I 0 (Widdel and Pfennig, 1982); Desulfobacterium niacini, formerly Desulfococcus (Imhoff-Stuckle 
and Pfennig, 1983); Desu/fobotulus sapovorans, formerly Desulfovibrio (Widdel, 1980); Desulfoarculus baarsii, formerly 
Desulfovibrio (Widdel, 1980). The combining form Desulfo- is abbreviated D' -. 

this genus.* The former "Desu/fovibrio" sapo
vorans and "Desulfovibrio" baarsii are now 
listed as Desu/fobotulus sapovorans and Desu/
foarculus baarsii, respectively; establishment of 
these new genera appears appropiate because 
they resemble Desulfovibrio species only mor
phologically but not by other properties. By 
these rearrangements, genera of sulfate reducers 
become not only phylogenetically homogene
ous, but also physiologically. A genus consists 
either of incompletely or completely oxidizing 
sulfate reducers. Morphology is not necessarily 
a good criterion for taxonomic assignments and 
it may not always agree with the 16S RNA 
groupings. 

In view of the genealogy it seems justified to 
also define taxa above the genus level to the 
family level. The obvious separation of Desu/
fovibrio and Desu/fomicrobium from the other 
members of the delta subdivision suggests the 
establishment of two families (Devereux et al., 
1990); the designations Desulfovibrionaceae 
and Desulfobacteriaceae are proposed. 

*This reclassification is done with permission from 
W. E. C. Moore (personal communication). 

For determination of relationships at the spe
cies and genus level, other simpler methods 
based on nucleic acids may be useful. Compet
itive hybridization was measured between 
DNA from Desu/fovibrio vulgaris and rRNAs 
from a number of other bacteria. The results 
confirmed that Desu/fovibrio species were most 
closely related to each other, but less closely to 
Desu/fotomaculum and non-sulfate-reducing 
Gram-positive and Gram-negative bacteria 
(Pace and Campbell, 1971). DNA-DNA hy
bridization revealed genotypic differences be
tween Desu/fovibrio species and nutritionally 
similar, but rod-shaped mesophilic or thermo
philic sulfate reducers assigned with the genus. 
This led to the removal of D. bacu/atus and D. 
thermophilus from the genus Desulfovibrio (Na
zina et al., 1987). The new genus Desu/fomicro
bium (Rozanova et al., 1988) was established 
for the mesophile, whereas the thermophile was 
affiliated with the formerly established genus 
Thermodesulfobacterium (Rozanova and Pivo
varova, 1988; Zeikus et al., 1983). The exact 
relationship of Thermodesu/fobacterium is not 
known. Preliminary sequencing indicated 
branching near the root of the eubacterial tree, 
at a point remote from the delta group (C.R. 
Woese, personal communication). 
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Since phylogenetic groupings were in good 
agreement with nutritional and biochemical 
traits (Fowler et al., 1986; Devereux et al., 1989), 
such characteristics are often useful for the 
identification and affiliation of sulfate-reducing 
bacteria to genera. Phenotypic properties of the 
classified mesophilic nonsporeforming sulfate 
reducers are listed in Table 2. The cell mor
phology of a number of strains is shown in Fig. 
7 to 9 and the ultrastructure of some isolates is 
shown in Fig. 10. Besides nutritional and mor
phological characteristics, biochemical markers 
can be useful for the identification or affiliation 
of isolates to genera. Such markers are mena
quinones (Collins and Widdel, 1986), lipid fatty 
acids (Boon et al., 1977; Dowling et al., 1986; 
Taylor and Parkes, 1983; Ueki and Suto, 1979), 
and pigments such as desulfoviridin. Most gen
era possess menaquinones MK-7 or MK-7(H2); 

other different, characteristic menaquinones 
were found in Desu/fovibrio species, Desulfo
bulbus species, and Desu/fonema magnum. 
Since the presence or absence of biochemical 
markers may not always coincide with genera, 
they can only provide complementary criteria 
in addition to other characteristics. 

The genera Desulfovibrio, Desu/fobulbus, and 
Desu/fobacter are phenotypically rather homo
geneous, well-defined groups of Gram-negative 
sulfate-reducing bacteria. Affiliation to these 
solely by phenotypic characteristics is rather un
problematic. In the case of Desulfonema, the 
striking morphology allows easy identification. 

The following brief description may help to 
identify sulfate-reducers of the delta group. 

Descriptions of Genera 
and Families 
Desulfovibrionaceae 

DEsULFOVIBRIO. Cells of Desu/fovibrio are more 
or less curved and often motile. Desulfovibrio 
piger (formerly Desu/fomonas pigra) has non
motile, somewhat irregular, rod-shaped cells. 
The most commonly utilized organic substrates 
are lactate, pyruvate, ethanol, and in many cases 
also malate and fumarate. Electron donors are 
incompletely oxidized to acetate. The use of H2 

as electron donor is common; lithotrophic 
growth requires acetate as a carbon source in 
addition to C02• Oxidation of long-chain fatty 
acids is generally not observed. Growth in the 
absence of an external electron acceptor is pos
sible by fermentation of pyruvate and in several 
cases also of malate or fumarate. Metabolism 
of lactate with concomitant formation of H2 in 
the absence of sulfate has been observed (Pank-
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hania et al., 1988). However, growth due to this 
reaction apparently does not take place unless 
hydrogen is kept at very low partial pressure, 
e.g., in co-cultures with methanogenic bacteria 
(Bryant et al., 1977). Such syntrophic growth is 
also possible with ethanol (Bryant et al., 1977) 
and choline (Fiebig and Gottschalk, 1983). Syn
trophic growth has been observed so far only 
with Desu/fovibrio species; Desu/fobacterium, 
Desulfosarcina and Desulfomaculum species 
did not form active co-cultures with methano
gens even though hydrogenase was present in 
these sulfate reducers (F. Widdel, unpublished 
observations). All species presently affiliated 
with the genus contain the bisulfite reductase 
desulfoviridin. Sulfate reducers that possess de
sulfoviridin but do not belong to the genus De
sulfovibrio are the coccoid Desulfococcus spe
cies, Desu/fomonile, and the filamentous 
Desu/fonema limico/a. The predominant me
naquinone in Desulfovibrio species is MK-6; the 
isoprenoid side chain of the molecule is some
times saturated in the terminal position (Collins 
and Widdel, 1986). Lipid fatty acids with an 
odd number of C atoms (mainly C15 and C17) 

and iso- or a:nteiso branching* are characteristic 
for many Desulfovibrio species (Boon et al., 
1977; Taylor and Parkes, 1983; Ueki and Suto, 
1979). 

DESULFOMICROBIUM. This genus is nutritionally 
very similar to Desulfovibrio. However, cells are 
rod-shaped and desulfoviridin is lacking. The 
bisulfite reductase desulforubidin (Lee et al., 
1973) and MK-6 (Collins and Widdel, 1986) 
have both been detected in a strain that prob
ably belongs to Desulfomicrobium baculatum. 

Desulfobacteriaceae 

DESULFOBULBUS. Most species have oval to 
lemon-shaped or onion-shaped (i.e., with 
pointed ends) motile or nonmotile cells. Some 
types form slender rods. A characteristic sub
strate is propionate, which is incompletely ox
idized to acetate. Other commonly used elec
tron donors are lactate, ethanol, or H2; growth 
on dicarboxylic acids has not been observed. In 
contrast to Desulfovibrio, Desu/fobulbus can 
grow by fermentation of lactate or ethanol and 
C02 in a sulfate-free medium. As in Pelobacter 
(Schink, 1984; Schink et al.; 1987), propionate 
and acetate are formed in a ratio of 2: 1 (Laan
broek et al., 1982; Widdel, 1980; Widdel and 
Pfennig, 1982) via a randomizing pathway 
(Starns et al., 1984). Fermentative growth of D. 

*Methyl-branched, one or two C atoms, respectively, from 
the w-end. 
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Fig. 7. Light micrographs of viable cells of some sulfate-reducing bacteria. (A) Desulfovibrio desulfuricans. (B) Desulfovibrio 

gigas. (C) Desulfovibrio piger (formerly Desulfomonas pigra). (D) Desulfovibrio salexigens. (E) Strain "Norway 4," probably 

a Desulfomicrobium species (formerly a Desulfovibrio species). (F) Desulfobulbus propionicus. (G) Desulfobulbus marinus. 

(H) Desulfobacter postgatei. (I) Desulfobacter hydrogenophilus. (J) Desulfobacter latus, with unidentified inclusions. (K) 

Desulfobacter curvatus. (L) Desulfobacterium autotrophicum. (M) Desulfobacterium (formerly Desulfococcus) niacini. (N) 

Desulfobacterium vacuolatum. (0) Desu!fobacterium vacuolatum, after application of pressure which caused the collapse 

of gas vesicles. All photographs were taken by phase contrast. Bar in (A) = I 0 !lm ; applicable to all photographs. 
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marinus is poor. Syntrophic growth with meth
anogens does not occur. The sulfite reductase 
desulforubidin has been detected in D. elon
gatus (Samain et al., 1984). The predominant, 
characteristic menaquinone is MK-5(V-H2). 

Lipid fatty acids with straight, unbranched C 
chains are common (Taylor and Parkes, 1983). 

DESULFOBACTER. Most species have oval, mo
tile, or nonmotile cells. Motility may be lost 
after isolation. A few species with curved cells 
are known which morphologically resemble De
sulfovibrio (Widdel, 1987). The most common 
and characteristic electron donor is acetate, 
which appears to be utilized by Desulfobacter 
species more effectively than by any other me
sophilic, completely oxidizing sulfate reducer. 
The Desulfobacter species so far investigated are 
the only completely oxidizing sulfate reducers 
that possess an operative citric acid cycle 
(Chapter 24). The enzyme 2-ketoglutar
ate:ferredoxin (2-ketoglutarate:methyl violo
gen) oxidoreductase may be regarded as a key 
enzyme and indicator of the cycle. This enzyme 
has not been observed in completely oxidizing 
sulfate reducers of other genera, which cleave 
acetyl-CoA by means of carbon monoxide de
hydrogenase; the latter is absent in Desulfo
bacter. Desulfobacter species seem to be typical 
brackish or marine organisms; they require 
NaCI (at > 100 mM) and MgC12 (at > 5 mM) 
for optimal growth. However, isolation of D. 
postgatei and some vibrio-shaped species was 
also possible from fresh water habitats; these 
isolates also required NaCl and MgC12 for op
timal growth (Widdel and Pfennig, 1981; Wid
del, 1987). Detection of desulforubidin has been 
reported (Odom and Peck, 1984). Lipids con
tain palmitic acid, 1 0-methylpalmitic acid, and 
cyclopropyl fatty acids as major characteristic 
components (Dowling et al., 1986; Taylor and 
Parkes, 1983). 

DESULFOBACTERIUM. A number of completely 
oxidizing sulfate reducers that are nutritionally 
rather versatile and/or exhibit special degra
dative capacities, e.g., the oxidation of aromatic 
compounds) have been combined in the genus 
Desulfobacterium. Sequencing of 16S rRNA 
from D. autotrophicum, D. vacuolatum, and D. 
niacini (formerly Desulfococcus) indeed re
vealed close relationships among these three 
species and separate clustering from other gen
era. 16S rRNA analyses of other sulfate re
ducers described as Desulfobacterium species 
have not been carried out so far. Desulfobacte
rium species have rod-shaped to oval or almost 
spherical cells. Fatty acids, dicarboxylic acids, 
alcohols, or H2 serve as electron donors for 
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many species. Some may use lactate or aromatic 
compounds, e.g., benzoate, phenol, or indole. 
D. indolicum isolated on indole is less versatile 
than other species classified with the genus (Ta
ble 2). Autotrophic growth of H2-utilizing De
sulfobacterium species is common (Brysch et 
al., 1987). Like Desulfobacter, Desulfobacterium 
species are mainly brackish or marine organ
isms that require elevated NaCl (> 150 mM) 
and MgC12 (> 5 mM) concentrations. 

DESULFOCOCCUS AND DESULFOSARCINA. Species 
of these two completely oxidizing genera are not 
only phylogenetically but also nutritionally re
lated to each other. There are also striking nu
tritional and morphological similarities to 
many Desulfobacterium species. Obviously, 
neither phenotypic characteristics nor the GC 
content of the DNA permit clear distinctions 
among these three genera; hence, affiliation of 
sulfate reducers with these genera requires 16S 
rRNA sequencing. Desulfosarcina sometimes 
grows in dense cell packets; free cells are oval 
to rod-shaped. Desulfococcus contains desulfo
viridin. Desulfococcus has been isolated from 
freshwater mud, but it will grow just as well or 
even slightly better in brackish or marine me
dium. Desulfosarcina is a marine organism. 

DESULFOMONILE. A rod-shaped sulfate reducer 
that had originally been isolated as a pyruvate
utilizing organism capable of reductive dechlor
ination of 3-chlorobenzoate (Shelton and 
Tiedje, 1984) was later classified as Desulfomo
nile tiedjei (DeWeerd et al., 1990). According to 
16S rRNA sequences compared so far, its clos
est relative is the sulfur reducer Desulfuro
monas acetoxidans, followed by Desulfosarcina 
variabilis. Desulfomonile contains desulfoviri
din, but otherwise it differs from Desulfovibrio. 
Experiments with defined mixed cultures sug
gested that dehalogenation is associated with 
energy conservation (Dolfing and Tiedje, 1987). 
The ability for the utilization of acetate and its 
complete oxidation has been demonstrated so 
far only with thiosulfate as electron acceptor, 
but not with sulfate. Desulfomonile was re
ported to utilize benzoate, which has been ob
served before only in case of completely oxi
dizing sulfate reducers. A special nutritional 
feature is the demand for 1 ,4-naphthoquinone 
as growth factor. 

DESVLFONEMA. Filamentous, gliding sulfate re
ducers have been classified in the genus Desul
fonema. Their striking morphology rather than 
their other properties has been decisive for clas
sification of these sulfate reducers. The rela
tionship between Desulfonema limicola and D. 



Table 2. Properties of the classified species of Gram-negative sulfate-reducing bacteria.• 

GC Sulfite Opt. 
Width X length content reductase" Major temp. 

Species• Morphology (pm) Motility< (mol%) DV 0 menaquinone" (•q Oxid' 

Desulfovibrionaceae 
Desul[ovibrio 

rifricanus Vibrio 0.5-0.6X2-3 + (lo) 65 + nr MK-6(H,) 30-36 
carbionolicus Rod 0.6-1.1 X 1.5-5 65 + nr nr 37-38 

desul[uricansT Vibrio 0.5-0.SX 1.5-4 + (sp) 59 + nr MK-6 30-36 
fructosovorans Vibrio 0.5-0.7X2-4 + (sp) 64 + nr nr 35 

jUrjUralis Vibrio 0.3-1.2X0.8-3 + (sp) 61 + nr nr 38 
giganteus Vibrio or rod IX5-IO + (sp) 56 + nr nr 35 

gigas Large vibrio 0.8-1X6-11 + (lo) 65 + nr MK-6 30-36 
piger' Rod 0.8-1.3X 1.2-5 66 + nr MK-6 37 
salexigens Vibrio 0.5-0.SX 1.3-2.5 + (sp) 49 + nr MK-6(H,) 30-36 
simplex Vibrio 0.5-1 X 1.5-3 + (sp) 48 + nr nr 37 
su/fodismutans Vibrio 0.5-1X3-5 + 64 + nr nr 30-35 
vulgaris Vibrio 0.5-0.SX 1.5-4 + (sp) 65 + 2 MK-6 30-36 

Desu/fomicrobium 
apsheronum Rod 0.7-0.9X 1.4-2.9 + (sp) 52 nr nr 25-30 
baculatumT Rod 0.6Xl.3 + (sp) 57 nr nr 28-37 

Desulfobacteriaceae 
Desul[obulbus 

elongatus Rod 0.6-0.7X 1.5-2.5 + (sp) 59 DR MK-S(H,) 35 
marinusn Oval l-1.3X 1.8-2.5 + (sp) nd nr MK-5(H2) 29 
propionicus T Oval or lemon l-1.3Xl.8-2 60 DR MK-5(H2) 28-39 

shape 
Desu/fobacter 

curvatus Vibrio 0.5-1 X 1.7-3.5 + 46 nr MK-7(H2) 28-30 c 
hydrogenophi/us Rod l-1.3X2-3 45 nr MK-7(H,) 28-30 c 
latus Large oval 1.6-2.4X5-7 +t-• 44 nr MK-7 28-32 c 
postgateiT Oval 1-I.SX 1.7-2.5 +t-• (sp) 46 DR MK-7 28-32 )"_ 

Desu/fobacterium 
anilini Oval 1.3X1.5-3 59 P582 nr 35 c 
autotrophicumT Oval 0.9-1.3X 1.5-3 + (sp) 48 nr MK-7(H2) 20-26 c 
catecho/icum Lemon shape 1.3-1.8X2.2-2.8 52 nr nr 28 c 
indolicum Oval 0.7-1.5X2-2.5 + (sp) 47 nr MK-7(H,) 28 c 
macestii Rod 0.7Xl.9-2 + (sp) 58 nr nr 35 nr 

niacinir Irregular sphere 1.5-3 + (sp) 46 nr MK-7 29 c 

phenolicum Oval to curved rod 1-1.5X2-3 + (sp) 41 nr MK-7(H2) 28 c 

vacuo/alum Oval or sphere 1.5-2X2-2.5 45 nr MK-7(H,) 25-30 c 
Desulfococcus 

biacutus Lemon shape 1.4X2.3 57 + nr nr 28-30 c 
multivorans T Sphere 1.5-2.2 57 + nr MK-7 35 c 

Desulfosarcina 
variabi/is T Oval rod, packages 1-I.SX 1.5-2.5 +!- (sp) 51 nr MK-7 33 c 

Desulfomonile 
tiedjeiT Rod 0.8-IX5-10 49 + nr nr 37 nr 

Desulfonema 
limicofaT Multicellular 2.5-3X2.5-3; Gliding 35 + nr MK-7 30 c 

filament 10-400 cells 
magnum Multicellular 6-8X9-13; Gliding 42 P582 MK-9 32 c 

filament 10-200 cells 
Desu/fobotulus 

sapovorans Tv Vibrio 1.5X3-5.5 + (sp) 53 P582 MK-7 34 
Desul[oarcu/us 

baarsiiTv Vibrio 0.5-0. 7 X 1.5-4 + (sp) 66 nr MK-7(H2) 35-39 c 
•or, Not reported or not determined. 
• A T following the species name indicates this is the type species. 
'Flagellation type is given in parentheses: lo, lophotrichous; sp, single, polar. 
'DV, desulfoviridin; 0, other; 2, two further are known; DR, desulforubidin. The compound P582 is proposed from absorption spectra data. 
'Terminal saturation in the isoprenoid side chain is indicated by (H2). 

'Oxid., extent of oxidation of organic substrates; I, incomplete; C, complete. 
•Symbols: +,utilized;+*, autotrophic growth; (),poorly utilized; -,not utilized 
•This is not a complete list; for further substrates, see references. 
iSymbols: bi, biotin; ni, nicotinate; nq, 1,4-naphthoquinone; pa, p.aminobenzoate; pt, pantothenate; th, thiamine. 
iA!so utilized by several other species of sulfate reducers (Folkerts et al., 1989). 
'Formerly Desul[omonas pigra; reclassified with permission of W. E. C. Moore, Blacksburg, Virginia. 
'Grows by dismutation of sulfite or thiosulfate. 
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(Lee et al., 1973). 
"Suggested new name of a marine isolate (Widdel and pfennig, 1982). 
"In addition, 1.2 to 3 g of MgCI,·6H20 per liter of medium required or routinely added. 
"Type strain is nonmotile; other strains may be motile (single, polar flagellum). 
'Motility may disappear after isolation. 
'Formerly Desulfococcus. 
'Addition is stimulatory, but not absolutely required. 
'May be used with thiosulfate as electron acceptor. 
•In addition, 5 g of MgC12·6H,O and 1.3 g of CaCI,·2H20 per liter of medium are required. 
'Formerly Desulfovibrio. 
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Fig. 8. Light micrographs of viable cells of some sulfate-reducing bacteria. (A) Desulfococcus multivorans. with granules 

of poly-/3-hydroxyalkanoic acid. (B) Desulfosarcina variabilis, cell packets from an agar colony. (C) Desulfosarcina variabilis, 

single cells from liquid medium. (D) Desulfonema limicola, with granules ofpoly-/3-hydroxyalkanoic acid. (E) Desulfonema 

magnum, layers of filaments at the wall of a culture bottle. (F) Desulfonema magnum, with granules of poly-/3-hydroxy

alkanoic acid; filaments glide in a synthetic sediment of aluminum phosphate which makes slime trails visible. (G) 

Desulfonema magnum, with granules of poly-f3-hydroxyalkanoic acid. (H) Desulfobotulus (formerly Desulfovibrio) sapo

vorans, with granules ofpoly-/3-hydroxyalkanoic acid. (I) Desulfoarculus (formerly Desulfovibrio) baarsii. (J) through (M) 

are unnamed isolates: (J) Long, thin cells nutritionally resembling Desulfovibrio species; the strain was isolated from an 

oil tank with H,. (K) Cells with gas vesicles of a sulfate reducer nutritionally resembling Desulfovibrio species; the strain 

was isolated from marine sediment with H2• (L) Cells of a species that preferentially grows by sulfite or thiosulfate 

dismutation. (M) Isolate nutritionally similar to Desu/fobulbus species; the strain was isolated from freshwater sediment 

with 2-methylbutyrate. Photographs were taken by phase contrast, except for (B), (E), and (G). (B) Interference contrast; 

(E) dark field; (G) bright field. Bar in (A) = 10 I'm; applicable to all photographs except for (E) and (F). Bar in (E) = I 

mm; bar in (F) = I 0 !liD. 
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, 

•• 
Fig. 9. Light micrographs of viable cells of some unnamed sulfate-reducing isolates. (A) Spirilloid, markedly screwed cells 
of an isolate nutritionally resembling Desu/fobacter species; the species was isolated with acetate from marine sediment. 
(B) Hexadecane-degrading sulfate reducer, tentative name Desu/fobacterium oleovorans. (C) through (F) are sulfate reducers 
nutritionally resembling Desu/fobotulus sapovorans. (C) Vibrioid cells from marine sediment. (D) Rod-shaped to slightly 
curved cells from marine sediment. (E) Oval to slightly curved cells from marine sediment; inclusions are probably poly
{j-hydroxyalkanoic acid. (F) Oval cells from freshwater sediment, with granules of poly-{j-hydroxyalkanoic acid. All pho
tographs were taken by phase contrast. Bar in (A) = 10 JLID; applicable to all photographs. 

magnum has not been confirmed yet by 16S 
rRNA analyses. Based on oligonucleotide cat
alogs, the closest relative of the former is De
sulfosarcina (Fowler et al., 1986). Both Desul
fonema species are versatile complete oxidizers; 
D. magnum is able to grow on benzoate. The 
mechanism of terminal oxidation has not been 
examined. D. limicola contains desulfoviridin. 
Desulfonema magnum contains MK-9, the me
naquinone with the longest side chain found in 
sulfate reducers. 

DESULFOBOTULUS. An incompletely oxidizing 
species originally named Desulfovibrio sapovor
ans (Widdel, 1980) branches off among com
pletely oxidizing sulfate reducers, according to 
16S rRNA sequences (see Fig. 6). The new genus 
Desu!fobotulus is proposed. Desulfobotulus sa
povorans utilizes lactate like Desulfovibrio spe
cies, but differs from them by the ability to use 
fatty acids from butyrate through palmitate, the 
inability to use H2 or ethanol, and the absence 
of desulfoviridin. The curved cells of D. sapo
vorans are thicker than those of Desulfovibrio 
and usually contain granules ofpoly-J3-hydroxy
alkanoic acid. 

DESULFOARCULUS. A completely oxidizing sul
fate reducer originally named Desulfovibrio 
baarsii (Widdel, 1980) appears to represent a 

separate line within the delta group (Devereux 
et al., 1989), for which the new genus Desul
foarculus is suggested. Morphologically, D. 
baarsii is almost indistinguishable from the nu
tritionally completely different Desulfovibrio 
desu!furicans and other species of this genus. 
Desulfoarculus baarsii oxidizes monocarboxylic 
acids from C1 to C18, but no other compounds 
and thus differs nutritionally from the more ver
satile Desulfobacterium, Desulfococcus, and De
sulfosarcina species. 

Unclassified Types 

A variety of nonsporeforming sulfate-reducing 
bacteria have been isolated and characterized 
but not definitely classified. Only a number of 
representatives can be briefly described in the 
following. 

Two striking cell types physiologically resem
bled Desulfovibrio species, but were morpho
logically completely different. One of these 
types had long, thin cells (Cord-Ruwisch et al., 
1986; Jones, 1971; Fig. 81). The other type that 
was the predominant H2-consuming sulfate re
ducer in a marine sediment consisted of ovals 
with gas vesicles (F. Bak, unpublished obser
vations; Fig. 8K). 
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Fig. I 0. Electron micrographs of some sulfate-reducing bacteria. (A) Desulfomicrobium apsheronum; ultrathin section. (B) 
Fimbria of Desulfobulbus propionicus; negative staining. (C) Sheathed flagellum of Desulfobotulus sapovorans; negative 
staining. (D) Polar bundle of flagella of an unnamed vibrio-shaped isolate that oxidized fatty acids incompletely; negative 
staining. (E) Desulfonema magnum, with waved outer membrane. Large arrowhead, cytoplasmic membrane; small ar
rowhead, peptidoglycan layer; large arrow, outer membrane; small arrows, outer wall layers. All bars = 0.1 !Lm. Photographs 
were kindly provided by the following authors: (A) T. N. Nazina and T. A. Pivovarova, Moscow; (B) and (C) F. Mayer, 
Gottingen; (D) E. Spiess, Heidelberg; (E) G.-W. Kohring and F. Mayer, Gottingen. 
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A great variety of incompletely oxidizing sul
fate reducers have been isolated with palmitate 
or fatty acids of shorter chain lengths (Widdel, 
1980). All of these vibrioid to rod-shaped iso
lates, except for one type, utilized fatty acids 
from C4 through C16, but not H2, and did not 
contain desulfoviridin. Most motile species had 
single, polar flagella; a bundle of polar flagella 
in one species in shown in Fig. 1 OC. Due to their 
similarity to Desulfobotulus sapovorans, all 
these isolates were tentatively comprised as the 
"sapovorans group" (Pfennig et al., 1981 ). An 
exception was one type isolated on butyrate or 
2-methylbutyrate that did not use fatty acids 
with chain lengths longer than C5, but grew on 
H2 and contained desulfoviridin (Widdel, 1980, 
1988). 

A rod-shaped sulfate reducer growing pref
erentially by dismutation of thiosulfate and sul
fite was isolated from marine sediment (Bak 
and Pfennig, 1987; Fig. 8L). 

An incompletely oxidizing sulfate-reducing 
bacterium with oval cells (Fig. 8M) that was 
enriched with 2-methylbutyrate from freshwa
ter sediment also grew on H2, ethanol, propion
ate, butyrate, and lactate and thus shared a 
number of nutritional properties with Desulfo
bulbus species (F. Widdel, unpublished obser
vations). 

A number of sulfate-reducing bacteria iso
lated ~ith acetate nutritionally resembled de
scribed Desulfobacter species but were morpho
logically different (Widdel, 1987). A striking cell 
type with pronounced, narrow, spiral turns (Fig. 
9A) was isolated from sediment from the Kat
tegat, Denmark (F. Bak, unpublished observa
tions). 

Completely oxidizing sulfate reducers differ
ing morphologically and nutritionally from de
scribed species have also been isolated on H2 

(Brysch et al., 1987), benzoate (Cord-Ruwisch 
et al., 1986), catechol, and resorcinol (Schnell 
et al., 1989). 

From an enrichment with hexadecane, a sul
fate reducer with vey tiny cells (Fig. 9B) has 
been isolated (Aeckersberg et al., 1991 ). Com
plete oxidation of hexadecane was demon
strated by growth experiments in sealed (fused) 
glass ampules. The isolate grew on long-chain 
alkanes, hexadecane, long-chain alcohols, and 
fatty acids, but not on H2, ethanol, or lactate. 
Its tentative name is Desulfobacterium oleovor
ans. 
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CHAPTER 184 

The Genus Desulfuromonas and Other Gram-Negative 
Sulfur-Reducing Eubacteria 

FRIEDRICH WIDDEL and NORBERT PFENNIG 

The ability to gain energy for growth by dissi
milatory reduction of elemental sulfur in a res
piratory type of metabolism (with the forma
tion of sulfide) is found in several genera of 
eubacteria and archaebacteria. H2 or organic 
substrates, mainly simple organic acids, serve 
as electron donors. There are, however, other 
organisms, including some eukaryotes, that re
duce sulfur in a nonrespiratory manner; in this 
case, sulfur acts merely as a hydrogen sink in a 
"facilitated fermentation," or is reduced in a 
by-reaction without obvious bioenergetic sig
nificance. An overview and details of physiol
ogy and biochemistry of sulfur reduction are 
given in Chapter 24. 

The concept of the sulfur-reducing bacteria 
as a physiological group was first advanced with 
the description of Desu/furomonas acetoxidans, 
an obligately anaerobic mesophile which grows 
by sulfur respiration (Pfennig and Biebl, 1976). 
Further well-characterized, sulfur-reducing eu
bacteria besides Desulfuromonas species in
clude the obligately anaerobic moderate ther
mophile Desulfure/la acetivorans (Bonch
Osmolovskaya et al., 1990), as well as faculta
tively microaerobic, spirilloid mesophiles such 
as the "spirillum 5175" of Wolfe and Pfennig 
( 1977), the "free-living Campy/obacter species" 
of Laanbroek et al. ( 1978), a similar strain of 
Zinder and Brock (1978), and Wolinella (form
erly Vibrio) succinogenes (Macy et al., 1986; 
Wolin et al., 1961 ). Dissimilatory sulfur reduc
tion has been observed even in bacteria that 
otherwise grow aerobically at normal 0 2 ten
sion, namely in a Pseudomonas mendonica sub
species (Balashova, 1985) and in Alteromonas 
putrefaciens (Loveley et al., 1989; Myers and 
Nealson, 1988). The latter two organisms have 
been studied mainly because of their ability to 
reduce ferric iron or manganese (IV). All of the 
above-mentioned sulfur reducers cannot reduce 
sulfate. In addition, there are a few sulfate-re
ducing bacteria that are able to use sulfur as 
alternative electron acceptor. These are Desul
fovibrio gigas, another Desulfovibrio strain (ten
tatively named Desulfovibrio multispirans; He 

et al., 1986), and rod-shaped species most likely 
belonging to the genus Desu/fomicrobium (Biebl 
and Pfennig, 1977; Rozanova et al., 1988), 
which is physiologically similar to Desulfovi
brio. In the following, these will be briefly re
ferred to as thiophilic sulfate reducers. The 
extremely thermophilic sulfur-reducing archae
bacteria that can use H2, most of which are ob
ligate lithoautotrophs, are described in Chapter 
24 and 28. 

Analyses of 16S rRNA revealed that Desul
furomonas and the fermentative Pelobacter 
form a branch among the sulfate-reducing bac
teria and are thus members of the delta sub
division and distant relatives of the purple bac
teria (Fowler et al., 1986; Stackebrandt et al., 
1989). Wo/ine/la and the closely related Cam
pylobacter species form their own branch, 
which on a deep level is also related to the pur
ple bacteria (Lau et al., 1987; Romaniuk et al., 
1987). Alteromonas putrefaciens is a member of 
the gamma subdivision of the purple bacteria 
(Schleifer and Ludwig, 1989). Genealogical re
lationships of Desulfure/la and the facultatively 
sulfur-reducing bacterium assigned to Pseudo
monas mendonica have not been elucidated. A 
summary of the eubacteria able to grow by sul
fur respiration is given in Table 1. (For more 
details see "Taxonomy and Identification," this 
chapter). 

Habitats and Cocultures 

Desu/furomonas species are abundant and 
widespread in anoxic marine or brackish water 
sediments but occur less frequently in sedi
ments of freshwater habitats (Pfennig and Biebl, 
1981 ). Marine species usually require certain 
minimum concentrations of NaCl and Mg2+ 

ions. The predominance in marine or brackish 
habitats is understood in view of the intense 
sulfide production by sulfate-reducing bacteria, 
due to the high sulfate concentration (28 mM) 
in seawater (Chapter 183). Close to the sedi
ment surface, sulfide is oxidized with 0 2 (in a 
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Table I. Eubacteria able to grow by respiratory sulfur reduction. 

GC content 
Widtb Length of DNA Major 

Species Morphology (I'm) (I'm) MotilitY" (mol%) menaquinone" 

Desu/filromonas 
acetexigens' 

acetoxidans• 

succinoxidans' 

thiophila' 

Desulfurella 
acetivorans 

Desulfovibrio 
gigas 

Desulfomicrobium 
species 

Spirillum 5175 
and other 
strains 

Wolinella 
succinogenes 

Pseudomonas 
mendonica-like 
isolate 

Alteromonas 
putrefaciens 

Rod 

Rod 

Rod; some 
strains 
curved 

Oval or rod 

Oval 

Large 
vibrio 

Oval or rod 

Vibrio or 
spirillum 

Vibrio or 
spirillum 

Oval or rod 

Straight or 
curved 
rod 

0.8-1.2 

0.4-0.7 

0.5 

0.8-1 

0.5-0.7 

0.8-1 

0.6-0.9 

0.5 

0.5 

0.7-0.8' 

ND 

1-2 + (sp) 61-63 MK-8 

1-3 + (sl) 50-52 MK-8 

1-2 + (sl) 44-46 MK-8 

1-2 + (sl) 59-61 ND 

1-2 + (sp) 31 ND 

6-11 + (sp) 66 MK-6 

1.3-2.9 + (sp) 52-57 MK-6 

1.5-4.5 + (sp) 38-42 MK-6 + 
TPQ' 

1.5-4.5 + (sp) 42-48 MK-6 + 
TPQ' 

1.4-2.8' + (sp) 63-64' ND 

ND + (sp)' 45-55• ND 

•flagellation pattern is shown in parentheses; sl, single, lateral; sp, single and polar. 
•See Collins and Widdel (1986); ND, not determined or not reported. 
'Tentative names (R. Bache and N. Pfennig, unpublished observations). 
•Type species. 
•Thermoplasmaquinone-6 (2,[5 or 8]-dimethyl-3-hexaprenyl-1 ,4-napthoquinone). 
'From Palleroni, 1984. 
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Anaerobic 
Temperature oxidation 

optimum of organic 
("C) substrates 

30 Complete 

30 Complete 

30 Complete 

30 Complete 

52-57 Complete 

30-36 Incomplete 

25-:-37 Incomplc;te 

30-37 Incomplete 

35 Incomplete 

35-36 ND 

35 Incomplete 
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Electron donors for sulfur reduction" Electron acceptors" 

" ~ e 
.... 

~ 0 
.g ~ Growth NaCI 

~ ~ 0 
~ .... ] .E ~ e ~ factor require-

e ~ 
t: <2 .g "' .~ "' .5:1 e require- ment .... -5 "3 .<:: "3 "3 ~ :i If '-' j z 0 Others (gjl) References <( "" Others r/J !-< r/J r/J ment 

+ + + Biotin Pfennig and 
Biebl, 1981 

+ + Pyruvate, + + Biotin 201 Pfennig and 
propanol Biebl, 1976 

+ ± Succinate, + + + Biotin Some: N. Pfennig, 
gluta- 201 unpublished 
mate observations 

+ Pyruvate + Biotin Some: N. Pfennig, 
201 unpublished 

observations 

+ + Bonch-Osmo-
lovskaya et 
a!., 1990 

+i +i + + Pyruvate + + + + Biotin Postgate, 
1984a, 
1984b; 
Biebl and 
Pfennig, 
1977 

+• +j + + Pyruvate + + + + Unknown - Biebl and 
Pfennig, 
1977 

+ + ± Pyruvate + + + + + +· DMSO' Laanbroek et 
a!., 1978; 
Wolfe and 
Pfennig, 
1977; Zin-
der and 
Brock, 1978 

+ + ND - + + + + + +• N,O Macy eta!., 
1986; Wolin 
eta!., 1961; 
Yoshinari, 
1980 

+ ND ND ND ND Propion- + + + ND + + Fe(OH), Balashova, 
ate, sue- 1985 
cinate, 
malate, 
gluta-
mate 

+i +i + Pyruvate + + + ND + + Fe(OH),, Unknown - Loveley et a!., 
Mn02 1989; Myers 

and Neal-
son, 1988 

•From Baumann et a!., 1984. 
hSymbols: +, utilized; ±, utilized by some strains; -, not utilized; ND, not determined. 
'In addition, 1.2 to 3 g of MgC12·6H20 per liter of medium required or routinely added. 
iHas not been tested with sulfur, but appears likely due to utilization with other electron acceptors. 
•Microaerobic growth with 1 to 5 kPa (0.01 to 0.05 atm) 0 2• 

'Dimethylsulfoxide. 
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chemical reaction or by thiobacilli) to yield free 
sulfur and more oxidized products. If light is 
available, phototrophic green sulfur bacteria in 
the upper zone of sediments excrete elemental 
sulfur as the primary oxidation product of H2S. 
In fact, Desulfuromonas species do form well
growing, robust cocultures with green sulfur 
bacteria in the presence of acetate or another 
organic electron donor. Green sulfur bacteria of 
marine origin that tend to oxidize H2S primarily 
to the level of sulfur (forming very little sulfate) 
have been shown to be ideal partners for De
sulfuromonas. Green sulfur bacteria can only 
assimilate organic compounds (usually acetate) 
in the presence of an inorganic electron donor 
and C02 and therefore depend on H2S formed 
by the sulfur reducer; and vice versa, the sulfur 
excreted by the green bacterium is immediately 
reduced back to sulfide by Desulfuromonas at 
the expense of the organic substrate, which is 
oxidized to C02• In such a syntrophism, the 
sulfur serves as an electron-carrying catalyst be
tween both types of bacteria (Pfennig and Biebl, 
1976; Fig. 1 ). As little as 0.25 mmol sulfide or 
sulfur per liter is sufficient to maintain optimal 
growth of both partners (Biebl and Pfennig, 
1978). 

The moderately thermophilic species Desul
furella acetivorans has been isolated from a cy
anobacterial mat of a hot water pool in a sol
fataric field (Bonch-Osmolovskaya et al., 1990). 

Thiophilic sulfate reducers occur in the same 
habitats as other sulfate reducers that cannot 
grow with sulfur (see Chapter 183). Thiophilic 
sulfate reducers have been enriched together 
with Desulfuromonas species in cocultures with 
green sulfur bacteria on ethanol. Syntrophism 
between such sulfate reducers and green sulfur 
bacteria has been verified with defined binary 

so~-

Acetat~S 

Desulfuromonas 

Cell material 

C 02 H2S 

Cell material 

Fig. I. The H,S/sulfur cycle in a syntrophic coculture of 
acetate-oxidizing Desulfuromonas and a green sulfur bac
terium that assimilates acetate only together with H,S and 
CO, in the light. Desulfuromonas acting as a chemotroph 
forms less cell material in the coculture than the phototroph. 
If sulfur is also converted to sulfate, this cannot be recycled 
by the binary coculture; in sediments, however, sulfate is 
reduced by sulfate-reducing bacteria. 
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cocultures growing on ethanol, that was incom
pletely oxidized to acetate (Biebl and Pfennig, 
1978). Lactate may function as well in these 
cocultures. 

The spirilloid, facultatively microaerobic, 
sulfur-reducing bacteria are found in virtually 
all small or large accumulations of dirty fresh 
or brackish water (N. Pfennig, unpublished ob
servations). So far, unnamed strains have been 
isolated from freshwater sediment (Wolfe and 
Pfennig, 1977; Zinder and Brock, 1978) and 
from an anaerobic digester fed with potato re
fuse (Laanbroek et al., 1977). Wolinella (origi
nally Vibrio) succinogenes was obtained from 
bovine rumen (Wolin et al., 1961). The ubiq
uitous occurrence of spirilloid sulfur reducers 
may be due to their versatile respiratory me
tabolism (Table 1). In addition to Desulfuro
monas, spirilloidsulfur reducers have also been 
shown to form robust cocultures with photo
trophic green sulfur bacteria; formate was used 
as electron donor since these sulfur reducers 
cannot oxidize acetate. 

A facultative sulfur-reducing subspecies of 
Pseudomonas mendonica was isolated from ac
tivated sludge, from an anaerobic sewage diges
ter, and from river and swamp sediments with 
H2 as electron donor and ferric hydroxide as 
electron acceptor (Balashova, 1985; Balashova 
and Zavarzin, 1979). Another facultative sulfur 
reducer, Alteromonas putrefaciens, was isolated 
as a manganese (IV)-reducing bacterium from 
lake sediment (Myers and Nealson, 1988). 

Cultivation Techniques and Media 
For cultivation of sulfur-reducing bacteria, the 
same anoxic media, cultivation vessels, equip
ment, and techniques may be applied as de
scribed in detail for sulfate-reducing bacteria 
(see Chapter 183). Occasional diffusion of some 
air into media during their preparation may be 
less critical than in case of sulfate-reducing bac
teria, as long as sulfide is present as reducing 
agent. Polysulfide and sulfur formed by reaction 
of sulfide with oxygen may inhibit sulfate re
ducers, but are readily reduced by sulfur re
ducers. Spirilloid sulfur reducers may even be 
grown in nonreduced media; since they are able 
to grow microaerobically, growth may be started 
in media from which only ·the bulk of oxygen 
has been removed by sparging or flushing with 
anoxic gas. 

For growth on H2, sulfur-reducing eubacteria 
require C02 in addition to acetate (1 to 2 mM) 
as carbon source for cell synthesis. For growth 
of complete oxidizers on acetate or ethanol as 
electron donors, C02 should also be present, 
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even though it is formed during growth. Media 
are therefore prepared with NaHC03• If H2 or 
another gas is used in the head space, this 
should contain 5 to 10% C02, depending on the 
required pH (see Chapter 183). With C4-dicar
boxylic acids or lactate as substrates, bicarbon
ate and C02 may be omitted. 

Concentrations ofNaCl and MgC12 should be 
varied, depending on whether the inoculum is 
of freshwater or marine origin. 

Desulfuromonas, Desulfurella, thiophilic sul
fate reducers, and spirilloid sulfur reducers grow 
in defined media without complex substrates 
such as yeast extract. Desulfurella may be stim
ulated by low concentrations of yeast extract 
(0.1 g/liter Schmitz et al., 1990). Pseudomonas 
mendonica exhibited significant reduction of 
sulfur with H2 only in the presence of yeast ex
tract (0.2 gjliter Balashova, 1985). For Altero
monas putrefaciens, a requirement for arginine, 
glutamine, and serine was reported (Loveley et 
al., 1989). 

For preparation of media, NaCl, MgC12, 

CaC12, NH4Cl, KH2P04, and KCl are dissolved 
and autoclaved at concentrations indicated in 
Chapter 183 (see "Defined Multipurpose Me
dium"). Sulfate is omitted. Trace elements, 
NaHC03, vitamins, and Na2S are added from 
separately sterilized stock solutions to the cold 
medium as described. Trace elements chelated 
with EDTA (ethylenediaminetetraacetic acid, 
used as the sodium salt) have been used most 
frequently for cultivation of sulfur reducers. Of 
the vitamins, isolated strains of sulfur reducers 
require, if at all, only biotin and B12• In addition 
to the medium given in Chapter 183, two mod
ifications have been used (Pfennig and Biehl, 
1976, 1981). In the modified media, the con
centration of KH2P04 was 1 g/liter the concen
tration of NaHC03 was 2 or 4 gjliter for fresh
water or marine species, respectively 
(corresponding to 24 and 48 ml, respectively, 
of the given 1 M NaHC03 solution per liter). 
Growth of completely oxidizing sulfur reducers 
with sulfur and acetate, ethanol, or other or
ganic compounds causes a significant decrease 
of the pH. Media for growth on these substrates 
should therefore be adjusted to a pH between 
7.6 and 7.8. Medium for the moderately ther
mophilic Desulfurella, which has a rather low 
pH optimum (6.8 to 7.0), is adjusted to a pH 
between 7.2 and 7.4. For growth of sulfate re
ducers on formate as electron donor when sul
fur, fumarate, or malate is used as the electrgn 
acceptor, or for growth in cocultures with green 
sulfur bacteria, the pH is adjusted between 7.0 
and 7.2. The medium is dispensed into 20-ml 
tubes or into 50- or 1 00-ml bottles, which are 
completely filled and sealed with screw caps fit-
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ted with soft rubber discs. Alternatively, culture 
vessels are filled so as to leave a head space 
which is gassed with an N 2/C02 mixture and 
sealed with rubber stoppers according to the 
Hungate technique (see Chapter 183, Fig. 5). 

Depending on the type of sulfur reducer to 
be enriched and cultivated, organic substrates 
are added individually to tubes or bottles from 
the following, separately autoclaved stock so-
lutions. · 

Medium Supplements for Sulfur Reducers 
1. Stock solutions of acetate, ethanol, lactate, or other 

substrates of interest are prepared as described in 
Chapter 183 ("Defined Multipurpose Medium"). 

2. Formate solution, 2.0 M: 
13.6 g HCOONa are dissolved in distilled water to a 
final volume of 100 ml and autoclaved in a closed 
bottle with head space. Application: 10 ml per liter 
of medium. 

3. Succinate, fumarate, or malate solution, 1.0 M: 
Sodium salts of the dicarboxylic acids are prepared 
from the free acids which are usually of higher purity 
than the commercial salts. 

Distilled water 20 ml 
Succinic acid (or fumaric acid, 11.6 g; 11.8 g 

or malic acid, 13.4 g) 
NaOH (4.0 M) 48 ml 

The NaOH solution is added slowly under stirring. 
The pH is then adjusted to between 7 and 8 by drop
wise addition of 1 M NaOH. 
Distilled water is added to a final volume of 100 mi. 
The solution is autoclaved in a closed bottle with head 
space. 
Application: 10 to 20 ml per liter of medium. 

The electron acceptor, sulfur, is either added as a sulfur 
slurry or as polysulfide from the separately autoclaved 
stocks described in the following. 
4. Sulfur slurry: 

Only highly pure (e.g., sublimized) flowers of sulfur 
should be used. This hydrophobic sulfur, which can
not readily be suspended in water, should be mois
tened by thoroughly grinding in a mortar with dis
tilled water to give a slurry. 
Alternatively, flowers of sulfur can be moistened by 
stirring with water in a bottle that is repeatedly evac
uated and reflushed with air or N2 • The resulting 
slurry is distributed in approximately 30- or 60-ml 
amounts into 50- or 100-ml screw-capped bottles, re
spectively, and excess water is decanted. Sulfur melts 
at 119.6°C, yielding an unusable compact clump, so 
the slurry should be autoclaved for 30 min at only 
112 to 115°C. 
Application: Samples are taken with a flamed, cooled 
spatula and added individually to each culture tube 
or bottle. A pea-sized amount of sulfur in a very small 
volume of water is added per 50-ml bottle. A sterile 
glass bead should be also added to the culture bottle. 
If the culture is then incubated on a shaker, the bead 
keeps the sulfur partially in suspension. 

5. Polysulfide solution: 
24 g Na2S·9H20 and 7.2 g flowers of sulfur are added 
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to water to yield a final volume of 100 ml. The mix
ture and a magnetic stirring bar are kept in a bottle 
under N2 gas, with a tight rubber seal (see Chapter 
183) to avoid autoxidation. The suspension is heated 
in a boiling water bath and stirred until the sulfur has 
dissolved (yielding an intensely yellowish-brown so
lution). In this way, a polysulfide solution with the 
average composition of Na2S3_25 at a concentration of 
I M is obtained. The solution is autoclaved under N2 

in the closed bottle. 
Application: 6 ml per liter of medium. 
Adding polysulfide increases the pH of the medium. 
If this is critical, medium with a relatively low pH 
(7.0 to 7.2) may be used. Alternatively, the pH is 
readjusted by addition of about 4 ml of sterile 2 M 
HCI or I M H2S04 per liter of medium (see Chapter 
183, "Defined Multipurpose Medium"). 

Enrichment, Isolation, 
and Maintenance 

Selective Enrichment 

Sulfur-reducing eubacteria can be selectively 
enriched in sulfate-free batch cultures with sul
fur and a particular electron donor. Other im
portant selective factors may be the salt con
centration and the incubation temperature. 

Samples from sediments or other types of 
sludge are kept under anoxic conditions (see 
Chapter 183). If not used immediately, samples 
should be refrigerated but not frozen. The size 
of the inoculum should be 1 to 2% of the culture 
volume. 

There are essentially two methods for selec
tive enrichment of sulfur-reducing bacteria: 

1. The first and most direct method is the use 
of a sulfate-free, sulfide-reduced mineral me
dium with the electron donor of choice and 
an excess amount of moistened flowers of sul
fur. An unequivocal proof of positive enrich
ment is H 2S production. This can be detected 
by testing with acidic CuS04 solution as de
scribed in Chapter 183 ("Selective Enrich
ment"). 

2. For the second method, the same culture me
dium and electron donor is used, but no sul
fur is added. Instead, the medium is inocu
lated with the sediment sample and a pure 
culture of a green sulfur bacterium, e.g., Pro
thecochloris aestuarii, and incubated in dim 
light. Under these conditions, the Prosthe
cochloris forms elemental sulfur from sulfide; 
the sulfur is used directly by the sulfur re
ducers to be enriched. The successful enrich
ment culture is readily recognized by the 
abundant growth of the green sulfur bacte
rium as compared with a parallel culture that 
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has not received the sediment sample as in
oculum. 

Enrichments should be subcultured two to 
five times before isolation is attempted. For in
oculation, I to 2% of the culture volume is 
transferred from the previous positive enrich
ment. 

ENRICHMENT OF DESULFUROMONAS. A generally 
suitable electron donor for enrichment of De
sulfuromonas with sulfur is acetate, added at a 
concentration of 5 to 10 mM. Alternatively, 5 
to 10 mM ethanol may be used. Enrichment of 
Desulfuromonas succinoxidans may be at
tempted with 5 to 10 mM succinate as sole elec
tron donor. The concentration of NaCI and 
MgC12·6H20 in the enrichment medium for 
freshwater types is 1 and 0.4 g, respectively, and 
for marine types 20 and 3.0 g, respectively. In
termediate salt concentrations have not been 
used so far. The incubation temperature is 
30°C. 

ENRICHMENT OF DESULFURELLA. Desu/furella is 
enriched on sulfur and acetate in freshwater me
dium at a temperature of 55°C. Thermophilic 
lithotrophic green sulfur bacteria that obligately 
depend on H 2S are not known and can therefore 
not be used to establish cocultures at this tem
perature. 

ENRICHMENT OF SULFATE-REDUCING BACTERIA 
UTILIZING ELEMENTAL SuLFUR. In addition to 
non-sulfate-reducing sulfur reducers, thiophilic 
sulfate reducers may appear in enrichments 
with lactate or ethanol and sulfur. The concen
tration ofthe organic substrate should be about 
10 mM. Cultures are incubated at 28 to 35°C. 

ENRICHMENT OF SPIRILLOID SuLFUR-REDUCING 
BACTERIA. Successful enrichment of the spiril
loid, facultatively microaerobic, sulfur-reducing 
bacteria is achieved with sulfur in the presence 
of 20 mM formate or under an atmosphere of 
H2/C02 (90/10, volfvol); acetate at a concen
tration of 1 to 2 mM has to be added as a carbon 
source. The incubation temperature may be 
around 30°C. Freshwater medium has been 
used most frequently. Tiny, highly motile vi
brioid-to-spirilloid cells of the desired sulfur re
ducers usually appear within a few days. En
richments may also be attempted with 10 mM 
dimethylsulfoxide (DMSO) as electron acceptor 
and formate, H 2/C02, or 10 mM lactate as elec
tron donors (Zinder and Brock, 1978); with the 
former two electron donors, 1 to 2 mM acetate 
has to be added as the carbon source. Spirilloid 
sulfur reducers have also been enriched in ache-
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mostat with aspartate as sole, growth-limiting 
carbon and energy source (Laanbroek et al., 
1977). 

Isolation 

A simple, ideally suited method for the isolation 
of sulfur-reducing bacteria from enrichments is 
a serial dilution in agar deeps as described for 
sulfate-reducing bacteria (see Chapter 183). The 
agar dilutions with sulfide-reduced media may 
be carried out in open tubes. The brief contact 
with air does not affect the sulfur-reducing bac
teria. Since flowers of sulfur are too coarse and 
inhomogeneous for agar dilutions, 0.15 ml po
lysulfide solution (see above) is added to a 50-
ml bottle containing medium with the same 
electron donor as has been used for enrichment. 
Before the gradually precipitating sulfur forms 
floes, the medium is distributed in 6-ml por
tions to tubes with the 3-ml portions of melted 
agar, as described in Chapter 183. Dithionite is 
not added. After serial dilution of an inoculum 
from the enrichment and gelling of the agar, 
tubes are anoxically sealed under NJC02 and 
incubated at the same temperature as the en
richment culture. 

In case of obligate sulfur-reducing bacteria 
such as Desulfuromonas thiophila or Desulfur
el/a acetivorans, elemental sulfur cannot be re
placed by soluble electron acceptors. Isolation 
of facultative sulfur-reducing bacteria, however, 
may be attempted alternatively in agar dilution 
series with 10 to 20 mM fumarate or malate. 
Preferably, both electron acceptors are used in 
a parallel series. Acetate or ethanol is added as 
the electron donor in the case of Desulfuro
monas species, and formate in the case of the 
spirilloid sulfur reducers. In this way, the tur
bidity caused by elemental sulfur is avoided, 
and the recognition of colonies at high dilution 
is facilitated. 

Isolation ofthiophilic sulfate reducers should 
be carried out in an agar dilution series with 10 
to 20 mM sulfate instead of sulfur, while the 
electron donors are the same as in the enrich
ment. Such a counter-selection eliminates non
sulfate-reducing bacteria enriched together with 
the sulfate-reducing bacteria. After isolation, 
the pure cultures are tested for their capacity to 
use elemental sulfur in the sulfate-free culture 
medium. 

In dilution series with sulfur precipitated 
from polysulfide, positive development is in
dicated by the disappearance of turbidity. At 
higher dilution, sulfur may only disappear 
around the colonies. Sulfur-grown colonies are 
usually rather small. Agar tubes are inspected 
under a dissecting microscope. In a dilution se-
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ries with a soluble electron acceptor, colonies 
are bigger and easier to recognize. Desu/furo
monas colonies are pink or intensely yellowish
brown (Pfennig and Biebl, 1976). Desu/furella 
does not possess cytochromes and forms whit
ish colonies (Bonch-Osmolovskaya et al., 1990; 
Schmitz et al., 1990). Colonies of sulfate re
ducers are brownish. Spirilloid sulfur reducers 
form yellowish-to-ochre colonies. With malate 
or fumarate as electron acceptor, these colonies 
appear chalky since they are interspersed with 
and surrounded by tiny whitish crystals of sul
fur; this is produced by the oxidation of sulfide 
added as reductant, with fumarate or malate 
acting as electron acceptor (Macy et al., 1986; 
Wolfe and Pfennig, 1977). 

Maintenance 

For short-term preservation, stock cultures are 
kept at 2 to 6°C. Since grown cultures easily die 
off or lyse if further incubated at optimal growth 
temperature, strains should be refrigerated dur
ing or right after the end of active growth. 

The interval of transfer depends on the ten
dency of stored cells to undergo lysis, which 
may be indicated by the presence of slimy layers 
or threads and a decrease in turbidity. For most 
species, a transfer every 6 to 10 weeks is rec
ommended. 

For long-term preservation, cultures contain
ing 5 to 10% (v/v) DMSO are kept in liquid N2• 

Taxonomy and Identification 

Relationships of a number of sulfur-reducing 
eubacteria among themselves and to other bac
teria have been examined by oligonucleotide 
cataloging and by sequencing of 16S rRNA. As 
far as they have been analyzed, the phylogenetic 
groups coincide with those originally based on 
nutritional and morphological characteristics. 
Sulfur reducers assigned to the genus Desu/fu
romonas, mainly because of their ability to ox
idize acetate, are also phylogenetically closely 
related to each other (Fig. 2; Fowler et al., 1986). 
However, there is the same degree of relatedness 
to fermentative, non-sulfur-reducing bacteria 
assigned to the genus Pe/obacter (Stackebrandt 
et al., 1989). This interweaving of physiologi
cally rather different groups at the genus and 
species level is difficult to interprete in terms of 
a biochemical evolution. Nevertheless, the ge
nus designations Desu/furomonas and Pelobac
ter should be kept since they are in agreement 
with the physiological properties. The next rel
atives of this group are the completely oxidizing 
sulfate-reducing bacteria, Desu/fonema limi-
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Oesulfuromonas acetoxidans 

Oesulfuromonas thiophila 

Oesulfuromonas acefexigens 

Pelobacter carbinolicus 

Pelobacter acidigallici 

Oesulfuromonas succinoxidans 

0.2 0.3 0.4 0.5 0.6 0.7 
s.s 

Fig. 2. Relationships of Desulfuromonas species among themselves and to other bacteria as revealed by 16S rRNA 
oligonucleotide cataloging. D. acetexigens and D. thiophila are tentative names. (Based on Fowler et al. , 1986; Stackebrandt 
et al., 1989, and E. Stackebrandt, personal communication.) 

cola, Desulfosarcina variabilis, and Desulfobac
terium niacini. Desulfuromonas, Pelobacter, 
and the mesophilic sulfate-reducing bacteria to
gether with Myxococcus and Bdellovibrio form 
the delta subdivision. 

Nothing is known about the phylogenetic po
sition of Desulfurella acetivorans. Its rather low 
GC content of 31.4 mol% distinguishes it from 
that of Desulfuromonas species ( 44 to 63 mol%). 

Thiophilic sulfate reducers belong to the De
sulfovibrio and Desulfomicrobium branch (ten
tatively comprised as Desulfovibrionaceae; see 
Chapter 183). 

Spirilloid sulfur-reducing bacteria-originally 
isolated with formate and sulfur (Wolfe and 
Pfennig, 1977), aspartate (Laanbroek et al., 
1977, 1978), or DMSO and lactate (Zinder and 
Brock, 1978)-and Wolinella succinogenes 
(Macy et al., 1986; Myers and Nealson, 1988) 
are physiologically very similar. Besides the lat
ter, only the strain obtained with aspartate had 
been tentatively classified as a "free-living 
Campylobacter species." A genealogical rela
tionship of this and the unnamed spirilloid iso
lates to authenticated Campylobacter species 
has not been demonstrated thus far. However, 
sequencing of 16S rRNA from Wolinella re
vealed that this species is closely related to the 
pathogenic Campylobacter pylori, which has a 
somewhat exceptional position in the genus. On 
a deeper level, a specific relationship exists to 
other pathogenic Campylobacter species (Fig. 3; 

Lau et al., 1987; Romaniuk et al., 1987). It is 
unknown whether any of the pathogenic Cam
pylobacter species can grow by dissimilatory 
sulfur reduction, but it appears likely that the 
Campylobacter branch not only includes Wol
inella but also some other hitherto-unnamed 
spirilloid sulfur reducers. The Campylobacter 
branch, with its presently known species, is re
lated to the purple bacteria, but does not show 
any specific relationship to a particular member 
of the alpha, beta, gamma, or delta subdivisions 
(Lau et al., 1987; Romaniuk et al., 1987). Cam
pylobacter and the spirilloid sulfur reducers 
probably form a fifth subdivision besides the 
ones mentioned (K. H. Schleifer, personal com
munication). The sulfur reducers await proper 
naming and classification. 

Identification of sulfur-reducing bacteria by 
physiological characteristics, given in the fol
lowing and in Table 1, is rather straightforward. 
Morphological features are shown in Fig. 4 and 
5. 

Dissimilatory Sulfur-Reducing Eubacteria 
(Physiological Group) 

To be considered as a sulfur-reducing bacte
rium, an isolate must be able to grow with sulfur 
and produce sulfide over an indefinite number 
of subcultures. An unequivocal proof of a res
piratory sulfur reduction is growth with H2 or 
formate as sole electron donor, since neither of 
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Campylobacter 

pylori Campylobacter 
sputorum 

coli Thiovulum 
sp. 

Fig. 3. Relationships of the sulfur-reducing bacterium Wolinella succinogenes to the pathogenic Campylobacter species 
as revealed by 16S rRNA sequencing. The scale bar represents the evolutionary distance measured as fixed nucleotide 
changes per sequence position. (Based on Romaniuk et a!., 1987.) 

these energy sources allows substrate level phos
phorylation (see Chapter 24). Growth on H 2 or 
formate may require the addition of 1 to 2 mM 
acetate as carbon source for cell synthesis. Ac
cording to present biochemical knowledge, ox
idation of acetate with sulfur is also only pos
sible in a respiratory metabolism (see Chapter 
24). Sulfur reduction with sugars or lactate is 
not necessarily a respiration but may be only a 
facilitated fermentation or by-reaction. 

DESCRIPTION OF DESULFUROMONAS. Cells are 
ovals or straight to slightly curved rods (Fig. 4A 
and B). Motility is common. Most species pos
sess a single lateral (Fig. 5) or subpolar flagellum 
that cause a propellerlike movement. A few spe
cies have a single polar flagellum. Colonies and 
cell pellets are pink or yellowish-brown to red
dish, due to a high content of cytochromes and 
other pigments (Bache et al., 1983; Pfennig and 
Biebl, 1976; Probst et al., 1977). Desulfuro
monas species are obligately anaerobic, meso
philic bacteria. Acetate is the common electron 
donor and carbon source. Oxidation occurs via 
the citric acid cycle (see Chapter 24). Some spe
cies use, in addition, ethanol, 1-propanol, py
ruvate, succinate, or some other simple organic 
acids. H 2 or formate are not oxidized. In the 
absence of sulfur, several species can grow with 
acetate as electron donor and malate or fumar
ate as electron acceptor, which are converted to 
succinate. After a certain adaptation period, es
pecially in media with low bicarbonate and C02 

concentrations, growth may occur on malate or 
fumarate alone. A few species obligately depend 
on elemental sulfur as electron acceptor. Sulfate, 

sulfite, or thiosulfate are never reduced. Nitrate 
is reduced in a few instances, nitrite being an 
intermediate and ammonia the end product. 
Growth with sulfur is usually rather rapid: De
sulfuromonas acetoxidans has a doubling time 
of about 2.5 h on acetate and sulfur, while the 
doubling time on acetate and malate is around 
7 h (Pfennig and Biebl, 1976, 1981 ). 

DESCRIPTION OF DESULFURELLA. Cells are short 
rods that are motile by a single polar flagellum. 
Colonies and cell pellets are whitish, due to the 
absence of cytochromes (Bonch-Osmolovskaya 
et al., 1990; Schmitz et al., 1990). Desulfurella 
is an obligately anaerobic, moderately ther
mophilic bacterium. The optimum temperature 
for growth is 52 to 57°C. Growth occurs only 
on acetate and sulfur, the former being oxidized 
via the citric acid cycle. Growth of Desulfurella 
acetivorans can be rather rapid, with a doubling 
time of about 2 h (Bonch-Osmolovskaya et al., 
1990). 

DESCRIPTION OF SULFATE-REDUCING BACTERIA 
THAT REDUCE SuLFUR. Cells are rod-shaped or 
vibrioid and are motile by polar flagella. Col
onies or cell pellets are brownish. Growth occurs 
on lactate and in many cases also on ethanol in 
the presence of elemental sulfur. The capacity 
for indefinite growth on H 2 and sulfur has not 
been demonstrated, but is very likely, since H 2 

is an excellent electron donor for growth on sul
fate. Organic substrates are incompletely oxi
dized to acetate. Rod-shaped types usually do 
not contain desulfoviridin, but desulforubidin. 
They are considered as members of the genus 
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Fig. 4. Phase contrast micrographs of viable cells of sulfur
reducing bacteria. Bar = 10 ~tm. (A) Desulfuromonas acet
oxidans. (B) Desulfuromonas thiophila (tentative name). (C) 
Spirilloid, facultatively microaerobic sulfur-reducing bac
terium strain "spirillum 5175" (Wolfe and Pfennig, 1977). 

Desu/fomicrobium. Vibrioid types contain de
sulfoviridin and belong to the genus Desu/fov
ibrio. Further descriptions are given in Chapter 
183. 

DESCRIPTION OF SPIRILLOID SULFUR REDUCERS 
INCLUDING WOLINELLA. Cells are vibrioid to 
spirilloid (Fig. 4C) and highly motile by a single 
polar flagellum. Colonies are yellowish to ochre. 
Growth occurs anaerobically or microaerobi
cally (02 partial pressure, 1 to 5 kPa). The op
timum temperature is between 30 and 37°C, 
depending on the type of isolate. Anaerobic 
growth occurs by oxidation of H 2 or formate 
with sulfur in the presence of 1 to 2 mM acetate 
as carbon source. Further electron acceptors are 
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Fig. 5. Electron micrograph of negatively stained cells of 
Desulfuromonas acetoxidans, showing lateral flagella. Bar 
= 0.1 ~tm. (Courtesy of F. Mayer.) 

listed in Table 1. Dimethylsulfoxide is reduced 
to dimethylsulfide, nitrate is reduced to am
monia with nitrite as an intermediate. Reduc
tion by Wolinella of N 20 to N 2 has been re
ported (Yoshinari, 1980). In the absence of an 
electron donor, spirilloid sulfur reducers, with 
the exception of Wolinella, are able to grow by 
fermentation of malate or fumarate; some spe
cies may ferment aspartate (Laanbroek et al., 
1977). 

OTHER SULFUR-REDUCING EUBACTERIA. A 
Pseudomonas mendonica subspecies and 
strains of Alteromonas putrefaciens were origi
nally enriched as ferric iron- or manganese (IV)
reducing bacteria, respectively. Such types have 
never been enriched directly with sulfur as elec
tron acceptor, probably because they utilize this 
electron acceptor more slowly and less effec
tively than the aforementioned sulfur reducers. 
For further descriptive information, the original 
literature should be consulted (Balashova, 1985; 
Loveley et al., 1989; Myers and Nealson, 1988). 
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CHAPTER 185 

The Genus Thermodesulfobacterium 

FRIEDRICH WIDDEL 

The genus Thermodesu/fobacterium was estab
lished for a thermophilic sulfate-reducing eu
bacterium that grew optimally at 70°C (Zeikus 
et al., 1983) and possessed unusual nonisopren
oid ether-linked lipids (Langworthy et al., 
1983). Later a sulfate reducer originally de
scribed as Desu!fovibrio thermophi/us (Roza
nova and Khudyakova, 1974) was transferred to 
the same genus as Thermodesu!fobacterium mo
bile (Rozanova and Pivovarova, 1988). The two 
Thermodesu!fobacterium species are nutrition
ally relatively restricted, incomplete oxidizers 
using Hz, formate, lactate, or pyruvate as elec
tron donors for sulfate reduction to H2S. The 
morphology of T. mobile is shown in Fig. 1. 

Preliminary sequencing of 16S rRNA of T. 
commune and T. mobile indicated that both 
species are related to each other and branch 
near the root of the eubacterial tree (C. R. 
Woese, personal communication; Chapter 24, 
Fig. 1 ). The genus is therefore phylogenetically 
entirely separate from other eubacteria and 
hence also from the delta group of Gram-neg
ative sulfate reducers or from the genus Desul
fotomaculum. 

Habitats 
T. commune was isolated from sediment of a 
hot spring (70°C) in Yellowstone National Park, 
USA. Morphologically identical thermophilic 

Fig. I. Phase contrast photomicrograph of viable cells of 
Thermodesulfobacterium mobile (formerly Desu/fovibrio 
thermophilus). Bar = 10 ~tm . 

sulfate reducers were enriched from other hot 
pools or springs of this area (Zeikus et al., 1983). 
T. mobile (Rozanova and Khudyakova, 1974) 
and a similar isolate that could only use H2 

(Cord-Ruwisch et al. , 1986) were isolated from 
warm-oil-field water. 

In their natural habitat, Thermodesu!fobac
terium species probably grow with H2 derived 
from thermophilic fermentation processes or 
from geothermal reactions. Habitats of Ther
modesulfobacterium probably also contain 
some acetate, since this organic compound is 
required for cell synthesis during growth on H2 

(Rozanova and Pivovarova, 1988; F. Widdel, 
unpublished observations). 

Even though Thermodesulfobacterium strains 
were isolated from saline oil-field water, they do 
not appear to have a pronounced salt require
ment or a significant salt tolerance. 

Cultivation Techniques and Media 

Thermodesulfobacterium species are grown un
der anoxic, reducing conditions in the lactate 
medium or the defined multipurpose medium 
described in Chapter 183; the latter is provided 
with lactate. Instead of lactate, pyruvate may 
be used for both media, the latter yielding less 
inhibitory H2S than lactate and therefore allow
ing higher final cell densities. A pyruvate stock 
solution is prepared and applied as described 
in Chapter 80. For growth on H2, the multi
purpose medium is supplemented with 2 mM 
sodium acetate as carbon source for cell syn
thesis, and the culture is incubated under a head 
space of H2/C02 (80/20, vfv). 

The trace elements used (see Chapter 183, 
"Defined Multipurpose Medium") were either 
unchelated according to solution I, with a three
fold-increased FeS04 content (F. Widdel, un
published observations), or they were chelated 
with NTA (nitrilotriacetic acid, neutralized), ac
cording to solution 3 (Zeikus et al., 1983). 
Growth occurs in a defined medium; however, 
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yeast extract (0.5 to 1 gj1iter) is stimulatory, 
especially for T. mobile. 

Enrichment, Isolation, 
and Maintenance 

Selective Enrichment 

For enrichment of Thermodesulfobacterium 
species, media with lactate are inoculated with 
sediment or mud samples from hot springs or 
oil production plants and incubated at 60 to 
70°C. Parallel enrichments are carried out un
der a head space of H2/C02 in the presence of 
2 mM acetate; for this, the bicarbonate-buffered 
multipurpose medium should be used. Enrich
ments under H2/C02 are carried out in tubes 
that are horizontally incubated, or in bottles 
that are gently shaken. Successful enrichment 
is recognized by sulfide formation (for test, see 
Chapter 183), the appearance of relatively small 
rod-shaped cells and, in the case of H2 as elec
tron donor, by the underpressure which devel
ops. The underpressure is detected by piercing 
the stopper with a glass syringe lubricated with 
water and filled with H2/C02 and observing re
traction of the syringe barrel. Before isolation 
is attempted, two to five subcultures should be 
made. 

Isolation 

Thermodesulfobacterium species are isolated by 
the dilution techniques described in Chapter 
183. Media with agar at the concentration used 
for mesophiles may be too soft at the relatively 
high incubation temperature, and the agar con
centration should therefore be increased to 2% 
(this can be achieved by adding 3 ml of medium 
to tubes with 6 ml of 3% melted agar). The con
centration of salts, reductants, and organic sub
strates in the medium to be added are increased 
by a factor of 3 to account for the dilution by 
the melted agar. Also, yeast extract (final con
centration, 0.5 to 1 gjliter) is added to promote 
development of colonies. The dilution is carried 
out with tubes placed in a water bath at about 
50°C. Before incubation at 60 to 70°C, the an
aerobically sealed tubes are incubated for 30 
min in a cold water bath to guarantee complete 
gelling of the agar. 

Isolation is also possible via serial dilutions 
in liquid medium (see Chapter 183). 

Maintenance 

For short-term preservation, stock cultures are 
refrigerated or kept at room temperature. Since 
fully grown cultures easily die off or lyse if fur-
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ther incubated at 60 to 70°C, they should be 
cooled near to or at the end of active growth. 

For most species, transfer every 3 to 5 weeks 
is recommended. 

For long-term preservation, cultures with an 
addition of 5 to 10% (v/v) dimethylsulfoxide 
(DMSO) are kept in liquid N2• 

Taxonomy and Identification 

Detailed studies on genealogical relationships 
among Thermodesulfobacterium species and of 
these species to other sulfate-reducing bacteria 
are lacking. Sequencing of 16S rRNA via re
verse transcriptase could not be completed, 
probably due to modified bases, but the partial 
sequences obtained indicated a deep branching 
near the eubacterial tree, somewhere next to the 
branching point of Thermotoga (C.R. Woese, 
personal communication). Apart from these in
vestigations, DNA-DNA hybridization studies 
were carried out with T. mobile and other sul
fate reducers (Nazina et al., 1987). As might be 
expected, there was no hybridization with DNA 
from Desulfovibrio or Desulfomicrobium. 

Thermodesulfobacterium species only resem
ble Desulfovibrio species nutritionally. 

Thermodesulfobacterium species are identi
fied by their high temperature optimum (65 to 
70°C), rod-shaped cells that do not form spores, 
and the utilization of H2, formate, lactate, or 
pyruvate as electron donors for sulfate reduc
tion. However, some strains may use only H2• 

Utilization of alcohols or fatty acids, as in case 
of thermophilic Desulfotomaculum species, has 
not been observed. 

Thermodesulfobacterium species do not con
tain desulfoviridin. A new bisulfite reductase 
has been detected in T. commune (Hatchikian 
and Zeikus, 1983) and T. mobile (Fauque et al., 
1986); the enzyme is named desulfofuscidin. 
Furthermore, cytochrome c3 has been identified 
in this genus (Fauque et al., 1991; Hatchikian 
et al., 1984). The major menaquinone is MK-7 
(Collins and Widdel, 1986). 

A special biochemical feature of Thermode
sulfobacterium species is the presence of ether
linked lipids, mainly phospholipids (Fig. 2). 
These were found in T. commune (Langworthy 
et al., 1983) and T. mobile (T.A. Langworthy, 
personal communication). However, in contrast 
to the isoprenoid lipids of archae bacteria, lipids 
of Thermodesulfobacterium contain alkyl 
chains with one subterminal methyl branch (an
teiso branching). The lipid fraction also con
tains a certain portion of fatty acids and hy
drocarbons (for details, see Langworthy et al., 
1983). 
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Fig. 2. Structure ofthe most frequently occurring lipophilic 
moiety ( 1 ,2-di-O-anteisoheptadecy1-sn-glycerol) in lipids of 
Thermodesulfobacterium commune (Langworthy et a!., 
1983). R, hydrophilic residue. 

Thermodesulfobacterium commune, the type 
strain, has nonmotile cells, which are 0.3 ~m in 
diameter and 0.9 ~min length. The optimum 
temperature is 70°C, the maximum 82°C. The 
GC content of the DNA is 34 mol%. 

Thermodesulfobacterium mobile has motile 
cells with polar flagella. The cell diameter is 0.3 
~m, the length 0.9 ~m. The optimum temper
ature is 65°C, the maximum 82°C. The GC con
tent of the DNA is 38 mol%. 
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The Genus Pelobacter 

BERNHARD SCHINK 

The genus Pelobacter was proposed as a taxo
nomic entity consisting of strictly anaerobic, 
Gram-negative, nonsporeforming, rod-shaped 
bacteria that use only a very limited number of 
substrates. The members of the genus are all 
unable to ferment sugars and therefore cannot 
be grouped with any other genus in the family 
Bacteroidaceae (Krieg and Holt, 1984). The ge
nus comprises five different species, P. acidi
gallici (Schink and Pfennig, 1982), P. venetianus 
(Schink and Stieb, 1983), P. carbinolicus 
(Schink, 1984), P. propionicus (Schink, 1984), 
and P. acetylenicus (Schink, 1985), which all are 
based on 3-5 described strains. 

Comparisons of the various Pelobacter spe
cies by DNA-DNA hybridization experiments 
revealed that the genus is rather inhomogenous; 
therefore, a reorganization may perhaps be nec
essary in the future (J.P. Touzel and B. Schink, 
unpublished observations). Whereas the species 
P. venetianus, P. carbinolicus, and P. acetyleni
cus form a homogenous cluster, P. acidigal/ici 
and P. propionicus appear to be only distantly 
related to the others. These findings are con
sistent to some extent with the fermentation 
patterns of these species (see below). Compar
ison of three Pelobacter species with other an
aerobes on the basis of 16S rRNA structure 
analysis supports this view. Whereas P. veneti
anus and P. carbinolicus exhibit a rather high 
similarity, with an SAa of 0. 70, P. acidigallici is 
related to both at an SAa of only 0.53 (Stacke
brandt et al., 1989). It is interesting to note that 
these three Pelobacter strains did not show any 
resemblance to other fermenting Gram-nega
tive strict anaerobes; instead, they appeared to 
be highly related to several strains of sulfur-re
ducing anaerobes, namely, Desu/furomonas suc
cinoxidans, D. acetexigens, and D. acetoxidans, 
to which they are even more closely related than 
P. acidigal/ici is to the other two Pe/obacter spe
cies. Since Pelobacter species and the obligately 
sulfur-respiring bacteria are quite diverse met
abolically and the latter are supposed to have 
derived directly from phototrophic ancestors, it 

has been suggested that the genus Pelobacter 
represents a group of fermenting bacteria that 
developed a fermentative metabolism as a "sec
ondary" evolutionary event, and that they are 
separate from the first fermentative bacteria 
(Stackebrandt et al., 1989). 

Habitat 

All Pelobacter strains have been isolated so far 
from marine or freshwater sediments. The 
name Pelobacter was based on this origin 
(Greek pelos meaning mud, sediment). Enrich
ments from sewage sludges led to similar iso
lates as well. Viable counts using the charac
teristic substrates gallic acid, acetoin, 
polyethylene glycol, and acetylene showed that 
there were approximately 100 cells/ml of each 
of the Pelobacter species in sediment and up to 
2,500 cells/ml in sewage sludge. Since their sub
strate ranges are comparably small, their eco
logical niche in such sediments can be under
stood rather well in most cases. P. acidigal/ici 
is restricted to the utilization of trihydroxyben
zenoids, which are probably their only energy 
source in their natural habitat. P. venetianus, P. 
carbinolicus, P. propionicus, and P. acetylenicus 
were enriched and isolated with polyethylene 
glycol, 2,3-butanediol, and acetylene, respec
tively, but the ecological importance of these 
substrates in the respective environments is 
questionable. Since all these species can also 
ferment ethanol, either in syntrophic coopera
tion with hydrogen scavengers or in pure cul
ture, it appears more probable that degradation 
of this important fermentation intermediate is 
their predominant function in these environ
ments. P. carbinolicus has been identified as the 
dominant ethanol-degrading bacterium in di
gesting industrial sewage sludge (Dubourguier 
et al., 1986), and high numbers ( 106 - 107 cells/ 
ml) of syntrophically ethanol-oxidizing anaer
obes were detected also in other sewage sludges 
(Schink et al., 1985) and in freshwater creek 
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sediments (Eichler and Schink, 1985). Pelobac
ter has to compete for ethanol with certain hom
oacetogenic bacteria, e.g., Clostridium aceticum 
(Wieringa, 1940) or Acetobacterium carbinoli
cum (Eichler and Schink, 1984), which appear 
to be at least as successful in freshwater sedi
ments (Schink et al., 1985), especially if the sed
iment is slightly acidic (Schink et al., 1985) or 
the temperature is low (Conrad et al., 1989). 
The ecological importance of ethanol fermen
tation to propionate by P. propionicus has been 
elucidated by enumerations and by tracer ex
periments (Schink et al., 1985). These studies 
revealed that up to 20% of the total ethanol 
turnover can go through propionate, and that 
bacteria forming propionate from ethanol con
tribute significantly to the total ethanol-metab
olizing microbial community. 

It has to be concluded that bacteria of the 
metabolic types represented by the various Pe
lobacter species make up a significant part of 
the anaerobic microbial population in sedi
ments and sewage sludge. No Pelobacter-like 
bacteria have so far been isolated from the ru
men. The numerically predominant, syntroph
ically ethanol-oxidizing Pelobacter species rep
resent new isolates of the metabolic type of the 
S-strain in the mixed culture "Methanobacillus 
omelianskii" (Bryant et al., 1967). These Pe
lobocter species have become accessible to pure 
culture growth in our laboratory by the use of 
unusual substrates that all can be converted eas
ily into acetaldehyde, the key intermediate in 
the energy metabolism of these bacteria (see 
next section). 

Isolation 

Growth Media 

All Pelobacter strains have been enriched and 
isolated in a carbonate-buffered, sulfide-re
duced mineral medium that contained only one 
organic energy and carbon source. Since they 
grow with substrates that yield 2-carbon inter
mediates exclusively, they have to form pyru
vate and sugars via reductive carboxylation of 
acetyl coenzyme A and need carbon dioxide for 
this reaction. Use of a bicarbonate-buffered me
dium is therefore recommended for enrich
ment, isolation, and maintenance. Three dif
ferent versions of this medium are described 
below for the isolation of Pelobacter from fresh
water, estuarine, and marine sediment, respec
tively (after Widdel and Pfennig, 1981; Schink 
and Pfennig, 1982): 

Pelobacter Growth Media 
1 Dissolve in I liter of distilled water: 
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Freshwater Estuarine Marine 

KH,P04 0.2 g 0.2 g 0.2 g 
NH4Cl 0.5 g 0.5 g 0.5 g 
NaCI 1.0 g 8.0 g 20.0 g 
MgCI2·6H20 0.4 g 1.2 g 3.0 g 
KCI 0.5 g 0.5 g 0.5 g 
CaCI2·2H20 0.15 g 0.15 g 0.15 g 

Autoclave the complete mineral medium in a vessel 
equipped with I) a filter inlet to allow flushing of the 
headspace with sterile oxygen-free gas; 2) screw-cap in
lets for addition of thermally unstable additives after 
autoclaving; 3) a silicon tubing connection from the bot
tom of the vessel out to a dispensing tap (if possible 
with a protecting bell) for sterile dispensing of the me
dium (do not use latex tubing; it releases compounds 
which are highly toxic to many anaerobes); and 4) a 
stirring bar. 

After autoclaving, connect the vessel with the still-hot 
medium to a line of oxygen-free nitrogen/carbon dioxide 
mixture (90%: 10%) at low pressure ( < 100 mbar), flush 
the headspace and cool it under this atmosphere to room 
temperature, perhaps with the help of a cooling water 
bath. 

The mineral medium is amended with the following 
additions from stock solutions that have been sterilized 
separately (amounts/! of medium): a) 30 ml of I M 
NaHCO, solution (autoclaved in a tightly closed screw
cap bottle with about 30% headspace; the bottle should 
be autoclaved inside another protective vessel, e.g., a 
polypropylene beaker, to avoid spills of carbonates if the 
bottle breaks in the autoclave); b) 2 ml of 0.5 M 
Na2S9H,O solution (autoclaved separately under oxy
gen-free gas atmosphere as above); c) I ml of trace ele
ment solution, e. g., SL 10 (Widdel et al., 1983); d) 0.5 
ml of 10-fold concentrated, filter-sterilized vitamin so
lution (Pfennig, 1978); and e) adequate amounts of ster
ile I M HCI or I M Na2 CO, to adjust the pH to 7.1-
7.3. 

The complete medium is dispensed into either screw
cap bottles or screw-cap tubes which are filled com
pletely to the top, leaving a lentil-sized air bubble for 
pressure equilibration. Enrichment cultures usually pro
duce gas in the first enrichment stages and are better 
cultivated in half-filled serum bottles (50-100 ml vol
ume) under a headspace of nitrogen: carbon dioxide 
mixture (90%: 10%). 

This mineral medium is amended with the respective 
organic substrates for enrichment and cultivation of 
pure cultures. The vitamin mixture is not really needed 
by all strains. 

Selective Enrichment 

All enrichment cultures were set up in our lab
oratory at 27-30°C in 50-ml fluid cultures in
oculated with about 5 ml of sediment or sludge. 
Smaller inocula may also lead to isolation of 
the same bacteria, but this has not been eval
uated in our lab. P. acidigallici can be selectively 
enriched with either one of its growth substrates 
(see Table 1) at 5-10 mM concentration .. For 
enrichment of P. venetianus, either polyethylene 
glycol mol wt 106-20,000; 0.1% wjv) or meth-
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oxyethanol ( 10 mM; Tanaka and Pfennig, 1988) 
is recommended. In this medium, 10 mM 2,3-
butanediol enriches for P. carbinolicus from ma
rine sediments, and for P. propionicus from 
freshwater sediments. P. acetylenicus is suc
cessfully enriched with mineral medium under 
the above-mentioned nitrogen: carbon dioxide 
atmosphere containing 5-10% acetylene in ad
dition. 

Isolation 

After 3-4 transfers in liquid medium, a ho
mogeneous microbial population should have 
become established in liquid enrichment cul
tures. Purification of Pelobacter species is most 
easily done by serial dilution in agar deep cul
tures ("agar shakes"; Pfennig, 1978). Roll tubes 
have not been used and are not necessary since 
these bacteria neither consume nor produce in
soluble gaseous compounds. P. acetylenicus can 
be easily purified with 10 mM acetoin as sub
strate. Other procedures (streaking on agar 
plates in an anoxic glove box or on agar surfaces 
in flat agar bottles) have not been tried yet, but 
there is no reason why such methods would not 
be successful as well, if the solid media are in
cubated under a nitrogen/carbon dioxide at
mosphere. 

Preservation 

Liquid cultures were maintained in our labo
ratory in 50-ml bottles at 4°C for 4-12 weeks 
between transfers. Longer storage intervals may 
be possible as well. Long-term preservation is 
easily accomplished by storage of dense cell sus
pensions in glass capillaries kept in liquid ni
trogen. 

Identification 

Morphological and Cytological Properties 

Cells of all Pelobacter species are Gram-nega
tive, short rods that do not form spores (Fig. 
1 ). The cell ends are usually rounded; however, 
P. acetylenicus cells can be slightly pointed (Fig. 
1e). The cell sizes vary from 0.5 to 1.0 J.Lm in 
width and from 1.2 to 6.0 J.Lm in length. More 
exact cell sizes of the different type strains are 
listed in Table 1. The temperature optima for 
growth are in the range of 28-35°C; the pH op
tima are 6.5-7.5. On the basis of the GC content 
of the DNA, two clusters can be defined; the 
one (P. acidigallici, P. venetianus, P. carbinoli
cus) has a GC value at S0-53 mol%, the other 
one (P acetylenicus, P. propionicus) at 57-58 
mol%. It should be noted that this clustering 
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does not agree with the subgroupings based on 
DNA and RNA homologies (see "Introduc
tion," this chapter) or with physiological sim
ilarities. 

Cytochromes have been found only in P. pro
pionicus. A b-type cytochrome was detected at 
a very low level (Schink et al., 1987), but there 
is no evidence that this cytochrome plays any 
role in ATP-generating electron transport (see 
below). 

Physiological Properties and Biochemistry 

Table 1 presents a listing of all substrates used 
by the various Pelobacter species described so 
far. It is obvious from this table that Pelobacter 
acidigallici differs in its substrate spectrum 
from all other Pelobacter species. It utilizes only 
trihydroxybenzenoids for growth, and ferments 
them to acetate as sole fermentation product. 
With this, it resembles Eubacterium oxidored
ucens (Krumholz and Bryant, 1986) to some 
extent, but does not depend on formate as an 
external co-substrate for degradation of these 
compounds. Growth experiments with in
creased substrate concentrations have revealed 
that the pathway of gallic acid fermentation 
leads via pyrogallol and phloroglucinol (Sam_?.in 
et al., 1986), and has nothing in common with 
the pathway of anaerobic benzoate degradation 
(Evans, 1977). Obviously, three hydroxyl 
groups in alternating position at the ring polar
ize the 1r-electron system sufficiently to permit 
selective reduction to dihydrophloroglucinol 
and ring opening by a thiolytic or hydrolytic 
mechanism. The isomerization of pyrogallol to 
phloroglucinol has recently been characterized 
as a unique transhydroxylase reaction involving 
a tetrahydroxybenzene as co-substrate (Brune 
and Schink, 1990). The third trihydroxybenzene 
isomer, hydroxyhydroquinone, is not metabo
lized by these bacteria, but it is fermented by 
other new anaerobic bacteria, also via phloro
glucinol (A. Brune, S. Schnell and B. Schink, 
unpublished observations). 

P. venetianus, P. carbinolicus, and P. acety
lenicus have been enriched and isolated with 
polyethylene glycol, 2,3-butanediol, or acety
lene, respectively. They can all grow with ace
toin, some also with ethylene glycol or etha
nolamine. All these substrates are converted to 
acetaldehyde, which is further dismutated to 
acetate and ethanol as final products. ATP is 
formed exclusively by substrate level phospho
rylation via the acetate kinase reaction. The 
higher homo logs of ethylene glycol, 1 ,2-propa
nediol, and 1 ,2-butanediol, are dismutated to 
propanol and propionate or butanol and butyr
ate, respectively, provided that the medium 



3396 B. Schink 

(d) 

contains some acetate (2-3 mM) for synthesis 
of cell material. Glycerol undergoes a similar 
dismutation to 3-hydroxypropionate and 1 ,3-
propanediol. It is interesting to note that glyc
erol fermentation also requires the presence of 
acetate, and that this substrate cannot itself be 
assimilated. 

In the presence of hydrogen-scavenging an
aerobes, e.g., homoacetogens or methanogens, 
Pelobacter oxidizes primary aliphatic alcohols 
to the corresponding acids; with propanol and 
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Fig. I. Phase contrast photomicrographs of cells of Pelo
bacter species. Bar = 5 ~tm for all figures. (a) P acidigallici; 
(b) P venetianus; (c) P carbinolicus; (d) P acetylenicus; (e) 
P propionicus. 

butanol, acetate is again required for cell matter 
synthesis. This syntrophic oxidation of ethanol 
via "interspecies hydrogen transfer" was first 
observed with the S-strain isolated from the 
syntrophic mixed culture "Methanobacillus 
omelianskii" (Bryant et al., 1967), which was 
lost many years ago. Pelobacter strains are the 
only representatives of this type of metabolism 
that are available today in pure cultures. Pure 
and mixed culture experiments have been car
ried out recently to understand the energetics 
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Table l. Properties of the five Pelobacter species. 

P. acidigallici P. venetianus P. carbinolicus P. acetylenicus P. propionicus 

Width (!Lm) 0.5-0.8 0.5-1.0 0.5-0.7 0.6-0.8 0.5-0.7 
Length (!Lm) 1.5-3.5 2.5 1.2-3.0 1.5-4.0 1.2-6.0 
GC content (mol%) 51.8 52.2 52.3 57.1 57.4 
Substrate metabolized 

Gallic acid + 
Pyrogallol + 
Phloroglucinol + 
Phloroglucinolcarboxylate + 
Acetoin + + + + 
2,3-Butanediol + + + + 
Ethylene glycol +· + 
Polyethylene glycols + 
Ethanol +b +b +b + 
n-Propanol +b.< +b.< +b,< +' 
n-Butanol +b,< +b,c +b,c +' 
1,2-Propanediol +' +' 
Acetylene + 
Lactate + 
Pyruvate + 
Glycerol +' +' 

Typical Products Acetate Acetate, Acetate, Acetate, Acetate, 
(CO,) ethanol ethanol ethanol propionate 

Symbols: +, growth; -, no growth. 
•Growth is possible only at very low concentration (<I mM) or in continuous culture. 
bGrowth is possible only in the presence of a hydrogen-scavenging anaerobe, e.g., a methanogenic bacterium. 
'Growth is possible only in the presence of small amounts of acetate for cell carbon synthesis. 

and kinetics of interspecies hydrogen transfer 
in model cultures of P. acetylenicus and hydro
gen-scavenging homoacetogenic and methano
genic partners (Seitz et al., 1988; Seitz et al., in 
preparation). 

The biochemistry of polyethylene glycol deg
radation is not yet understood, neither in P. ve
netianus nor in other polyethylene glycol-de
grading anaerobes (Dwyer and Tiedje, 1986; 
Wagener and Schink, 1988). P. venetianus de
grades all polymers from the dimer up to a mo
lecular weight of 40,000. Growth experiments 
in batch and continuous culture have shown 
that ethylene glycol can also support growth if 
it is provided at limiting amounts, and that ace
taldehyde is the first free intermediate in both 
polymer and monomer degradation (Strass and 
Schink, 1986). Perhaps the polymer is attacked 
by a diol dehydratase-like reaction that trans
forms the terminal ether linkage into an unsta
ble half-acetal linkage yielding acetaldehyde as 
product. Unfortunately, the cleavage reaction is 
very difficult to demonstrate in cell-free ex
tracts, and a B12 compound of atypical structure 
appears to be involved (E. Schramm and B. 
Schink, unpublished observations). This cleav
age reaction occurs inside the cells, and it is not 
clear how high-molecular-weight polyethylene 
glycols are able to cross the cytoplasmic mem
brane at sufficiently high transport rates. 

Anaerobic degradation of polyethylene gly
cols is of major ecological concern because 
many industrially produced nonionic surfac
tants contain polyethylene glycols as hydro
philic moieties that maybe subject to anaerobic 
degradation in anoxic sediments and sludge 
(Wagener and Schink, 1987, 1988). 

P. carbinolicus is related to P. venetianus and 
has basically the same biochemistry and phys
iology. It degrades ethylene glycol rather than 
polyethylene glycols, and it was originally en
riched and isolated with acetoin or 2,3-buta
nediol as substrate. 2,3-Butanediol is oxidized 
to acetoin, which undergoes oxidative cleavage 
to acetyl CoA and acetaldehyde by a dichlo
rophenol indophenol-dependent enzyme anal
ogous to pyruvate dehydrogenase (Oppermann 
et al., 1988). The physiological electron acceptor 
of this enzyme is not yet known. Acetaldehyde 
is either oxidized by a benzyl viologen-depen
dent enzyme to acetyl CoA or, depending on 
the electron balance, reduced to ethanol. 

P. acetylenicus is the first strict anaerobe 
known to ferment an unsaturated hydrocarbon 
in pure culture. Again, the first intermediate of 
acetylene fermentation is acetaldehyde, which 
is further dismutated to acetate and ethanol. 
The enzyme that hydrates acetylene to acetal
dehyde could not be demonstrated in a cell-free 
assay system; perhaps unusual cofactors are also 
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involved in this reaction. A report on an acet
ylene-hydratase enzyme in cell-free extracts of 
an aerobic Rhodococcus species ( deBont and 
Peck, 1980) could not be reproduced in our 
hands either. The function of such an acetylene
hydrating enzyme in an anoxic environment is 
hard to understand since acetylene is probably 
not an important substrate in such environ
ments. Perhaps its main role is hydration of 
other possibly toxic compounds, such as nitriles 
or cyanides, but there is no experimental evi
dence so far for such activities. 

P. propionicus differs from the other Pelobac
ter species by producing propionate as one of 
its main fermentation products. Degradation of 
acetoin, 2,3-butanediol, and ethanol probably 
follows the same routes via acetaldehyde and 
acetyl CoA, as outlined above for the other spe
cies. The biochemistry of propionate formation 
from these C-2 compounds has been studied in 
detail (Schink et al., 1987). The key reaction is 
catalyzed by pyruvate synthase (pyruvate fer
redoxin oxidoreductase), which operates here in 
the opposite direction to that predicted by its 
chemical equilibrium. The equilibrium is 
shifted by the exergonic propionate-forming re
action chain via methylmalonyl CoA; this chain 
is not coupled to ATP-yielding electron trans
port phosphorylation in these bacteria. This re
action in P. propionicus and other bacteria with 
similar biochemical capacities (Starns et al., 
1984; Samain et al., 1982) is probably respon
sible for the formation of C-3 compounds from 
C-2 compounds in significant amounts in an
oxic sediments and sludges (Goldberg and Coo
ney, 1981; Schink et al., 1985). 

Applications 

All Pelobacter strains discussed in this chapter 
may act as important syntrophic oxidants of 
primary aliphatic alcohols in sediments and 
sludges, where they have been found to be pre
dominant (Dubourgier et al., 1986). Of tech
nological interest may be the capacity of P. ve
netianus and similar isolates to degrade 
polyethylene glycols and to attack nonionic sur
factants based on these compounds. These sur
factants are of growing interest in the industrial 
manufacture of detergents, soaps, emulsifiers, 
etc. Aerobic degradation of polyethylene glycol
containing surfactant wastes creates enormous 
problems of foam formation in conventional ac
tivated-sludge sewage treatment and in natUral 
waters. Anaerobic degradation of most of these 
compounds to methane can easily be achieved 
in packed column reactors, in which P. veneti
anus-like anaerobes ferment the polyethylene 
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glycol moieties to substrates for the methano
genic microbial community (Wagener and 
Schink, 1987). 

P. propionicus produces acetate and propion
ate from the substrates listed in Table 1. Pro
panol is fermented together with acetate exclu
sively to propionate. This fermentation may be 
of interest for biological production of propion
ate at high purity. 
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The Genus Bdellovibrio 

EDWARD G. RUBY 

Fewer than 30 years ago Stolp isolated the first 
representative of a group of bacteria that form 
plaques on lawns of other Gram-negative bac
teria (Stolp and Petzold, 1962). Subsequently, 
this group of bacteriolytic microorganisms was 
described as a new genus, Bdellovibrio (Stolp 
and Starr, 1963). Since that time there has been 
a rapid increase in our understanding of the 
ecology, physiology, and biochemistry of the 
bdellovibrios, as well as the beginning of an un
derstanding of their phylogeny and genetics. 

The most significant characteristic that uni
fies bacteria defined in the genus Bdellovibrio is 
the presence of a distinctive growth phase 
within the peri plasmic space of any of a variety 
of Gram-negative bacteria. This adaptation to 
growth in the interior of another bacterium has 
been accompanied by the evolution of a devel-
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opmentallife cycle that alternates between two 
(and sometimes three [Burger et al., 1968]) mor
phologically and physiologically differentiated 
cell types (Fig. 1 ). Thus far, all bdellovibrios 
isolated from nature require the presence of an
other bacterium to provide an intracellular 
growth environment, although it is possible to 
grow at least some bdellovibrios in the presence 
of extracts of other bacteria (Friedberg, 1978; 
Gray and Ruby, 1989). Also, as described below, 
variant strains can be selected that grow on sim
ple nutrient media (Diedrich et al., 1970; Seidler 
and Starr, 1969b ). 

The distinctive life style of the bdellovibrios 
has led to a variety of somewhat confusing ter
minologies. They have been described both as 
"parasites" associating with "host" bacteria and 
as "predators" feeding upon "prey" bacteria. 

( 
INTRACELLULAR 

GROWTH 
~ AXENIC 

GROWTH 

~~ 
) \ 

(NUTRIENT 
MEDIUM) 

Fig. I. The two growth patterns of Bdellovibrio bacteriovorus 1091. Left: wild-type bdellovibrios can grow only within 
another bacterium, alternating between an extracellular, attack-phase developmental form and an intracellular, growth
phase developmental form. Right: variant strains can be isolated that can grow axenically when inoculated into a complex 
nutrient medium. Many of these variants are facultative, i.e., able to grow either intracellularly or axenically. 
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This apparent controversy exists because the 
bdellovibrios express traits that fall within the 
definitions of both parasites and predators 
(Starr, 1975). The important point, however, is 
not what we call them, but that we realize that 
the success of the bdellovibrios derives from 
their unique combination of both "predatory" 
and "parasitic" traits. Our goal is to discover 
how those traits function together, without 
being prejudiced by restrictive labels. Accord
ingly, in this chapter the term "invaded cell" 
will generally be used, although occasionally 
"substrate cell" will appear. The latter term is 
used to emphasize that the invaded cell is used 
only as a source of organic substrates, and that 
its viability or metabolism is apparently un
important to the successful growth and devel
opment of the bdellovibrios (Rittenberg, 1983; 
Varon and Shilo, 1969a). 

Other terms that may need clarification, are 
the "attack-phase" and the "growth-phase," 
which are differentiated cell stages of the bdel
lovibrio life cycle. Attack-phase cells are flag
ellated, single-unit curved rods that do not ex
hibit chromosome replication or cell 
proliferation. Growth-phase (or "multiplica
tion-phase" [Shilo, 1984]) cells have no external 
appendages, can initiate chromosome replica
tion, and increase in size as single, elongating, 
spiral cells with unseptated cytoplasms. After a 
bdellovibrio enters a substrate cell it performs 
a number of degradative and biosynthetic mod
ifications on the outer membrane and peptid
oglycan ofthe invaded bacterium (Ruby, 1989). 
The resulting spherical structure, consisting of 
the inactive invaded cell and the developing 
bdellovibrio, is termed the "bdelloplast." Al
though the bdellovibrio remains within what 
was the periplasmic space of the invaded cell, 
the types and amounts of macromolecular com
ponents characteristic of the peri plasm change, 
some being lost to the exterior, and others that 
are normally found in the cytoplasm becoming 
available to the bdellovibrio. Thus, the peri
plasmic compartment appears no longer to be 
distinctly separated from either the cytoplasm 
(Cover et al., 1984) or the extracellular envi
ronment (Crothers and Robinson, 1971; Ruby 
and McCabe, 1988). For this reason, the more 
generic term "intracellular," rather than "intra
cytoplasmic" or "intraperiplasmic," will be 
used in this chapter. 

Since the publication of the first edition of 
The Prokaryotes (Stolp, 1981 ), there have been 
several general reviews of the bdellovibrio life 
style (Rittenberg, 1979; Thomashow and Rit
tenberg, 1979; Rittenberg, 1983), as well as 
more specific reviews dealing with ecology (Va
ron and Shilo, 1978; Rittenberg, 1979; Shilo, 
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1984), experimental methods (Rittenberg, 
1982), and the cell envelope (Ruby, 1989). This 
present review treats the subjects of ecophys
iology, isolation, identification, and application 
of the bacteria in the genus Bdellovibrio, and in 
particular reviews the (approximately) 60 pa
pers published on the biology of the bdellovi
brios since 1981. 

Identification 

The genus Bdellovibrio is defined in large part 
on the basis of a life style that includes the use 
of another Gram-negative cell as the sole source 
of nutrition (Burnham and Robinson, 1974). 
There are a number of other bacterial genera 
whose members prey upon or parasitize other 
microorganisms for their growth. Isolating bdel
lovibrios from, or studying them in, the natural 
environment requires an awareness both of the 
presence and characterisics of these other mi
crobial bacteriovores, and of how they can be 
distinguished from the bdellovibrios. Such an 
awareness is of value not only for the valid iden
tification of bdellovibrios in ecological studies 
(Enzinger and Cooper, 1976; Varon and Shilo, 
1978, Germida and Casida, 1983; Mitchell et 
al., 1967), but also in providing a sense of the 
diversity of the organisms that should be con
sidered in a comparative study of intracellular 
adaptations (Moulder, 1985; Ruby, 1989). 

Table 1 lists seven genera ofbacteria that have 
been reported to grow on unicellular organisms. 
With the exception of Vampirococcus, isolates 
have been maintained in laboratory culture, al
though often with some difficulty (I. Esteve, per
sonal communication). Major metabolic and 
cellular characteristics by which they differ from 
each other and from bdellovibrios are noted 
(Table 1 ). While Micavibrio, Vampirovibrio, 
and Vampirococcus have been reported to be 
able to grow upon microorganisms of only a 
single genus, bdellovibrios as a group can utilize 
any of a wide variety of Gram-negative bacteria 
as a substrate cell. Any given strain of bdello
vibrio usually has the ability to grow on bacteria 
of several different genera (Stolp and Starr, 
1963; Taylor et al., 1974); for example, Bdel
lovibrio bacteriovorus 1 09J can be grown on cer
tain strains of Escherichia, Pseudomonas, Rhi
zobium, Chromatium, Spirillum, as well as 
other genera. The basis for the specificity that 
is expressed within a strain ofbdellovibrio and 
for the differences between bdellovibrio strains 
is still unknown, although the working assump
tion is that this specificity involves specific rec
ognition of surface components of the attacked 
bacterium (Schelling and Conti, 1986). 
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Table I. The characteristics of the major genera of bacteria that feed upon other microorganisms. 

-:-;-_G_e_n_u_s ___ M=ot~il..:...it:.:.Y ___ .::M:.:e:::ta::b.:::ol::is:::m::_ ___ A~ss~oc~i~at~io~n:...._ ___ ~D::!ep~e~n~de~n~c!:.y•~--~R~eferenceb 

Myxococcus Gliding Obligate aerobe Unattached Axenic 1 
Ensifer flagellar Obligate aerobe Attached Axenic 2 
Daptobacter flagellar Facultative anaerobe Cytoplasmic Axenic 3 
Micavibrio flagellar Aerobe Attached Obligate (Pseudomonas) 4 
Vampirovibrio flagellar Aerobe Attached Obligate (Chiarella) 5 
Bdellovibrio flagellar Obligate aerobe Periplasmic Obligate (Gram-negative) 6 

~V£=am_p~l~·ro_c~oc~c~us __ N_o_n~e ___ A_n_ae_r_ob_e ______ A_t_ta_c_he_d ___ u~nc~u~1t~ur~e~d~(C~h~r~o~m=at~iu=m~)~--- 7 

•The kind of host organism to which the parasite is restricted is given in parentheses. 
bReferences: I: Burnham et a!., 1981; 2, Casida, 1982; 3, Alguero et a!., 1987; 4, Lambina et a!., 1982; 5, Mamkaeva et 
a!., 1988; 6, R1ttenberg, 1983; 7, Guerrero et a!., 1986. 

Morphology and Ultrastructure 

Bdellovibrios do not have any intrinsically dis
tinctive morphological characteristics them
selves and thus are usually recognized during 
microscopic examination of natural samples 
only by their association with the bacteria they 
have invaded (Caiola and Pellegrini, 1984; 
Wilkinson, 1979). Several excellent electron mi
croscopic studies of the processes of penetration 
and growth by intracellular bdellovibrios have 
been reported using laboratory cultures (Abram 
and Davis, 1970; Abram et al., 1974; Snellen 
and Starr, 1974; Starr and Baigent, 1966) and 
have led to a better understanding of the top
ographical characteristics of this process (Rit
tenberg, 1983; Rittenberg and Thomashow, 
1979). 

The bdellovibrios exhibit two (or sometimes 
three [see below]) distinct cell morphologies 
that reflect their specific adaptations to either 
the attack phase or the growth phase of its life 
cycle. The attack-phase cell is a small (0.25 to 
0.40 ~m in width, 1 to 2 ~m in length) vibrioid 
to rod-shaped bacterium. It possesses one polar 
flagellum of 28 nm diameter (Seidler and Starr, 
1968) that is ensheathed by a continuous ex
tension of the outer membrane of the cell (Tho
mashow and Rittenberg, 1985b). However, the 
flagellar sheath has been shown to be biochem
ically distinct from the rest of the outer mem
brane (Thomashow and Rittenberg, 1985a). The 
entire flagellum is lost from the attacking bdel
lovibrio after the bacterium attaches to a sus
ceptible cell and before it enters that cell. The 
outer membrane of the bdellovibrio appears to 
be a strong structure that can maintain the os
motic integrity of the cell even when its peptid
oglycan layer is experimentally removed (Tho
mashow and Rittenberg, 1978a). 

The growth-phase bdellovibrio has the pe
culiar morphological characteristic of indeter
minate growth. The extent of the length of an 
elongating cell is directly dependent upon the 
quality of the surrounding environment: intra-

cellular bdellovibrios grow to lengths propor
tional to the volumes of the invaded cells (Kes
sel and Shilo, 1976), and the elongation of either 
axenic or prematurely released bdellovibrios 
depends upon the concentration of extrace:llular 
signals (Eksztejn and Varon, 1977; Gray and 
Ruby, 1989) that control bdellovibrio differen
tiation and growth. Cell elongation always oc
curs with the formation of a spiraling cell of 
strain specific compactness, and septa and fla
gella are elaborated only as the growth-phase 
cell differentiates into a number of attack-phase 
progeny (Fig. 1 ). 

Bdellocysts 

Almost all bdellovibrio strains that have been 
examined exhibit the simple, dimorphic life cy
cle illustrated in Fig. 1. However, the bdello
vibrios of the Bdellovibrio sp. strain W not only 
are capable of the typical alternation between 
an attack and growth phase, but also can form 
a third, resting stage termed the bdellocyst 
(Burger et al., 1968; Hoeniger et al., 1972). Un
der unfavorable environmental conditions (Tu
dor and Conti, 1977a), strain W forms a re
sistant, multi-layered cyst inside the invaded 
cell and will eventually differentiate into an at
tack-phase cell upon the return of favorable con
ditions (Tudor and Conti, 1977b; 1978). A series 
of papers dealing with the synthesis and com
position of the bdellocyst envelope has ap
peared (Tudor, 1980; Tudor and Bende, 1986· 
Tudor and DiGiuseppe, 1988). The signifieanc~ 
of this encystment to the environmental biology 
ofbdellovibrios has not been experimentaHy ex
amined, but it would appear to offer a selective 
advantage to cells that frequently encounter 
harsh or changing conditions. 

Bacteriophages of Bdellovibrios 

There are presently three areas of interest con
cerning the characteristics of bacteriophages 
that parasitize bdellovibrios ("bdellophages"): 
1) their abundance in the natural environment 



CHAPTER 187 

may have some, as yet unknown, effect on the 
density and distribution of bdellovibrios in soil, 
water, and sewage (Varon, 1974); 2) they have 
been used in some taxonomic studies to group 
bdellovibrios with similar bacteriophage spec
ificities (Althauser et al., 1972; Varon, 1974); 
and 3) their DNA has been used in studies of 
bdellovibrio transfection (Roberts et al., 1987; 
Roberts and Ranu, 1987). 

Several laboratories have reported the isola
tion of bdellophages (Althauser et al., 1972; 
Hashimoto et al., 1970; Sagi and Levisohn, 
1976; Varon and Levisohn, 1972), which are 
most easily obtained by their ability to form 
plaques on lawns of axenically growing bdel
lovibrios. Such bdellophages generally are able 
to attack and propagate within wild-type bdel
lovibrios provided that the bdellovibrios are 
grown together with cells that they can invade 
(so that they may initiate replication), and that 
the bdellophage attaches to the bdellovibrio just 
before the bdellovibrio invades another cell (Va
ron, 1974). 

Taxonomy and Phylogeny 

The difficulty of developing and applying a tra
ditional taxonomic methodology to a group of 
bacteria that must be grown in a mixed culture 
has been responsible for the incomplete state of 
this area of bdellovibrio research. There are 
three described species of Bdellovibrio-B. bac
teriovorus (Stolp and Starr, 1963), B. stolpii, and 
B. starrii (Seidler et al., 1972), as well as at least 
two unspeciated groups: the encysting forms 
represented by Bdellovibrio sp. strain W (Hoen
iger et al., 1972), and the marine bdellovibrios 
(Marbach et al., 1976; Taylor et al., 1974). The 
three described species have been compared by 
DNA analysis (GC content, genome size, and 
DNA hybridization), as well as by cytochrome 
spectra and host range (Seidler et al., 1969; Tor
rena et al., 1978), and have been separated on 
the basis of three criteria that are variable and 
difficult to determine (Stolp, 1981 ). 

The inadequacy of the methodology has re
sulted in very few attempts to identify large 
numbers of environmental isolates. Thus, no 
ecophysiological significance has been assigned 
to the various species of Bdellovibrio, and newly 
isolated strains are rarely taxonomically de
scribed. At present the nomenclatural type cul
ture of B. bacteriovorus is strain 100 (ATCC 
15356, DSM 5070); the type culture of B. stblpii 
is strain UK.i2 (ATCC 27052, DSM 50722); and 
the type culture of B. starrii is strain A3.12 
(ATCC 15145, DSM 50712) as described by 
Stolp (1981 ). 

Further attempts have been made to elucidate 
the intrageneric arrangement of bdellovibrio 
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strains by emphasizing passive, extracellularly 
located traits such as phage susceptibility (Va
ron, 1974), extracellular proteases (Gloor et al., 
1974), antigenicity (Kramer and Westergaard, 
1977), membrane proteins (Severin et al., 1981 ), 
and penicillin-binding proteins (Park and Ma
hadevan, 1988). Falkner et al. (1989) suggested 
that the marine and the terrestrial bdellovibrios 
have different surface antigens, and that this ob
servation, as well as the relatively low GC con
tent characteristic of the marine strains (Tor
rena et al., 1978), further supports the general 
consensus that they comprise two widely di
vergent groups (Stolp, 1981 ). 

While there has been little recent progress in 
developing the taxonomy of the bdellovibrios, 
comparisons of sequence similarities of the 16S 
ribosomal RNAs of representatives ofthe three 
described species of Bdellovibrio and of the one 
marine isolate have allowed some speculation 
upon the phylogenetic relationship ofthe genus 
Bdellovibrio to other genera of bacteria (Respell 
et al., 1984). The analyses ofthese data support 
two conclusions: 1) that the bdellovibrios prob
ably form a single, ancient phylogenetic group 
that has experienced considerable divergence; 
and 2) that the closest existing relatives of the 
bdellovibrios are the myxobacteria and the sul
fate-reducing bacteria. Further exploration of 
the molecular phylogeny of the bdellovibrios 
should provide thought-provoking information 
about their evolutionary relationships and may 
produce taxonomically useful probes for eco
logical studies. 

Habitats 

Distribution in the Natural Environment 

The widespread distribution of bdellovibrios is 
evidenced by their ready isolation from samples 
of soil (Keya and Alexander, 1975; Klein and 
Casida, 1967; Mishustin and Nikitina, 1974; 
Parker and Grove, 1970), sewage (Dias and 
Bhat, 1965; Staples and Fry, 1973), freshwater 
(Fry and Staples, 1974; Guelin and Cabioch, 
1970), and sea water (Marbach et al., 1976; 
Mitchell et al., 1967; Miyamoto and Kuroda, 
1975; Taylor et al., 1974). Unfortunately, be
yond the documentation of the presence and 
abundance of bdellovibrios in various natural 
samples, there have been few ecological inves
tigations specifically designed to identify their 
normal habitats (Rittenberg, 1979). Rather little 
information is available to document experi
mentally what environmental factors may be 
important in the ecology of this group, except 
that oxic conditions and an abundance of 
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Gram-negative bacteria are positive correlating 
factors in many (Fry and Staples, 1976; Varon 
and Shilo, 1978), but not all (Williams and 
Falkner, 1984), studies. 

The most complete studies of the ecology of 
the bdellovibrios are those reported by Wil
liams and his co-workers, who examined the 
temporal and spatial distribution of these bac
teria in estuarine waters. For most of this work, 
Vibrio parahaemolyticus was the prey species 
used to enumerate bdellovibrios; thus, the re
sults may reflect the ecology of only a subset of 
all the bdellovibrios present in that environ
ment i.e., those capable of growth on this spe
cies. The results of these studies indicated that 
bdellovibrios are more abundant in estuaries 
than in open ocean water (Williams et al., 
1980). Bdellovibrios lytic to V. parahaemolyti
cus were found to occur at higher concentra
tions in the warmer, summer months than in 
the winter (Williams et al., 1980), and to be 
relatively uniformly distributed within the 
depth of the water column (Williams and Falk
ner, 1984). Most recently, a study of the abun
dance and distribution of bdellovibrios in es
tuarine sediments has suggested that they 
maintain their abundance and even appear to 
proliferate in this environment (Williams, 
1988); warm water temperatures, low salinity, 
and a high concentration of other culturable 
Gram-negative bacteria are the environmental 
conditions that correlate positively with bdel
lovibrio abundance. 

Because of the importance of the presence of 
substrate cells to bdellovibrio survival (Respell 
et al., 1974), the biological (and not just the 
physical and chemical) characteristics of the 
microbial ecology of the bdellovibrios must be 
addressed. Several studies have attempted to de
termine experimentally the minimum concen
tration of substrate cells that is necessary to sup
port a population of bdellovibrios (Fry and 
Staples, 1974; Respell et al., 1974; Keya and 
Alexander, 1975; Varon, 1981; Varon et al., 
1984; Varon and Zeigler, 1978). Of particular 
importance to this process are the kinetics of 
successful attachment of the bdellovibrio to a 
potential substrate cell (Varon and Shilo, 1968), 
a process in which the surface characteristics of 
that cell are of demonstrated importance (Varon 
and Shilo, 1969b ). Applications of chemostat 
methods (Varon, 1979) and theoretical model
ing (Dulos and Marchand, 1984; Marchand and 
Gabignon, 1981) to such questions have also 
been made. 

An additional factor affecting the distribution 
and success of bdellovibrios in the natural en
vironment is any potential for directed move
ment that would result in an increased likeli-
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hood of encountering a potential substrate cell 
(Rittenberg, 1979; Shilo, 1984). While bdello
vibrios do not seem to express a measurable 
chemotactic response toward concentrations of 
suitable substrate cells (Straley and Conti, 
1977), they have been reported to accumulate 
in the vicinity of high concentrations of organic 
solutes (LaMarre, et al., 1977; Straley and 
Conti, 197 4; Straley et al., 1977). It has yet to 
be demonstrated whether or not this latter ca
pability would itself direct the bdellovibrios to 
environments that attract or contain concentra
tions of actively metabolizing substrate cells. 

The Intracellular Environment 

A consideration of the natural environment of 
the bdellovibrios must be concerned both with 
the habitats and ecological distribution of the 
attack-phase cell and with the special intracel
lular environment of the growth-phase bdello
vibrio. It has been observed that the intracel
lular environment may serve not only as a 
compact and complete nutrient source, but also 
as a protected environment (Rittenberg and 
Thomashow, 1979; Shilo, 1984). Thus, the bdel
loplast is a relatively safe haven against lethal 
irradiation (Friedberg, 1977), phages (Varon 
and Levisohn, 1984), and environmental pol
lutants (Varon and Shilo, 1981 ). It seems clear, 
therefore, that their ability to produce an intra
cellular growth chamber exerts positive (and 
perhaps significant) effects on the ecology of the 
bdellovibrios. 

The obligate nature of the intracellular life 
style of the bdellovibrios has another ecological 
consequence: it clearly limits the number of en
vironments in which the bdellovibrio can re
produce. The question of why bdellovibrios 
normally proliferate only when they are within 
substrate cells has yet to be answered; however, 
two approaches to this problem are being ac
tively pursued. The first approach is to define 
the genetic character of the mutation (or mu
tations) of the variant bdellovibrios that can 
proliferate in the absence of a substrat1~ cell 
(Seidler and Starr, 1969b). The introduction of 
molecular genetics to the study of the bdellov
ibrios has made this goal feasible (Cotter and 
Thomashow, 1989). The second approach in
volves the identification of specific compounds 
in extracts of substrate cells that can promote 
axenic growth by these bdellovibrios that other
wise grow only within the intracellular environ
ment of the substrate cell (Crothers et al., 1972; 
Horowitz et al., 1973; Gray and Ruby, 1989; 
Reiner and Shilo, 1969). 
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Isolation 

The basic approach to the isolation of bdello
vibrios from natural samples bears a resem
blance to that used to obtain bacteriophages: 
dilutions of water, sewage, or soil are mixed 
with a susceptible bacterial suspension in soft 
agar and are plated and incubated at an envi
ronmentally appropriate temperature; the pres
ence of a growing bdellovibrio clone is indicated 
by a plaque in the bacterial lawn (Ritte~berg, 
1982). In principle, two important consi~era
tions must be addressed for a successful Isola
tion: 1) an appropriate choice of the lawn-form
ing prey bacterium must be made; ~nd_ 2) some 
physical separation of the bdellov1bnos from 
other plaque-forming microorganisms must be 
employed to facilitate screening and selection 
(Varon and Shilo, 1970). 

Bdellovibrios, like bacteriophages, express 
some specificity for the species of their prey 
(Shilo and Bruff, 1965; Taylor et al., 1974), al
though the basis for such specificity is not yet 
well described (Chemeris et al., 1984; Schelling 
and Conti, 1986). In addition, the choice of a 
lawn-forming organism must take into account 
the physiological attributes desired in the iso
lated bdellovibrios (marine, psychrophilic, etc.). 
Schoeffield and Williams (1990) suggest that the 
selection of Vibrio parahaemolyticus as the 
lawn-forming bacterium will reproducibly max
imize the efficiency of detection ofbdellovibrios 
in some estuarine water samples. In contrast, 
the apparent usefulness of Aquaspirillum (Spi
rillum) serpens MW5 as a "universal host" (Tor
rena et al., 1978) has been recently disputed 
(S.F. Koval, pers oral communication). ~hile 
these observations can be of great value m de
signing experiments, their interpretation in 
terms of the ecology of bdellovibrios must be 
approached cautiously (see below). . 

Because bdellovibrios usually are found m 
nature in rather low abundance (Klein and Cas
ada, 1967; Fry and Staple, 1974; Williams, 
1988) and often are mixed with bacteriophages, 
myxobacteria, protozoa, and other plaque
forming bacteriovores, a selective filtration step 
is used to eliminate large bacterial predators 
and protozoa, thereby enriching the sample in 
bdellovibrios (Starr and Stolp, 1976; Varon and 
Shilo, 1978). The relatively slow rate of for
mation of bdellovibrio plaques differentiates 
them from plaques formed by bacteriophages. 

Enrichment and Direct Isolation of Bdellovibrio 
(Modified from Stolp, 1981) I An appropriate volume of water sample or a 50-g soil 

sample suspended in 500 ml of sterile buffer is shaken 
vigorously for at least I hand centrifuged briefly at 2,000 

The Genus Bdellovibrio 3405 

X g to remove large particles or soil. The resulting low
speed supernatant suspension is passed through a series 
of decreasing pore-sized membrane filters (3.0, 1.2, 0.65, 
and 0.45 ~tm). Samples of 100 ~tl serial dilutions of the 
final filtrate are combined with 200 ~tl of a suspension 
of potential substrate bacteria (1010 cells per ml) in 2.5 
ml of 0.6% agar at 42°C. The mixture is well agitated 
and quickly overlaid on a room-temperature, dilute nu
trient agar plate, allowed to solidify, and incubated at 
an appropriate temperature. 

Within 24 h, the presence of any viable bacteriophages 
in the dilutions will be indicated by the appearance of 
plaques. Because none of these early plaques will be the 
result of bdellovibrio growth, they can be marked and 
disregarded. When the plates are viewed again after 2 
to 4 days at 30°C, the additional plaques noted are pre
sumptive bdellovibrio clones. Addition of a stain to the 
medium has been reported to aid in distinguishing bdel
lovibrio plaques (Williams et a!., 1980) 

After crushing a small bit of the plaque-containing 
agar between a cover slip and slide, it should be possible 
to discern small, rapidly motile bdellovibrio cells among 
the remains of the lawn bacteria. It should be noted that 
these numerous manipulations and fractionations of the 
sample may lead to the loss of an indeterminable por
tion of the total bdellovibrio population in the sample 
(Staples and Fry, 1973). Thus, this approach is not ap
propriate for the quantitative determination of the 
abundance of bdellovibrios in the sample. 

When samples of the natural environment are 
not being used to estimate the abundance of 
bdellovibrios (Germida, 1987; Keya and Alex
ander 1975· Parker and Grove, 1970; Sullivan 
and Casida, '1968}, but instead to obtain an iso
late of bdellovibrios that is lytic towards a par
ticular strain or species of bacterium, the 
method of"specific enrichment" is most useful. 
In this approach the sample of water, soil, or 
sewage is added to a suspension of the desired 
substrate bacterium in a buffer solution. A pe
riod of incubation is chosen during which it is 
presumed that only those bdellovibrios that can 
grow upon the enriching bacterium will become 
enriched in the sample. Because of the lack of 
added nutrients, the growth ofheterotrophic mi
croorganisms in general is discouraged. Bacte
riophage development is minimal because the 
growth of all of the bacteria in the enrichment 
(except for the bdellovibrios) is minimal. 

Specific Enrichment Procedure for Obtaining 
Bdellovibrio Cultures (Modified from Stolp, 1981) 

A culture of the desired substrate bacterium is sus
pended in DNB medium (0.08% Difco Nutrient Broth, 
0.05% Difco Casamino Acid, and 0.01% Difco Yeast 
Extract in deionized water, adjusted to pH 7.6 with 
NaOH, supplemented with I mM CaCI, and 0.1 mM 
MgCI, after sterilization) or HM buffer (10 mM N-2-
hydroxyethyl piperizine-N'-2-ethanesulfonic acid ad
justed to pH 7.6 with NaOH, and supplemented with 
I mM CaCI, and 0.1 mM MgCl,) to a density of 1010 
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cells per mi. To I 00 ml of this suspension is added the 
natural sample that is to be checked for the presence of 
bdellovibrios (e.g., 100 mg of soil, 0.5 ml of sewage, or 
I ml of river water). The enrichments are incubated with 
rapid shaking and checked daily by phase-contrast mi
croscopy for the presence of either bdelloplasts or pre
sumptive bdellovibrio cells. When bdellovibrios are ap
parent, the enrichment is centrifuged at low speed (2,000 
X g) for 5 min to remove particles, and filtered through 
a 0.45 ~m pore-sized membrane. The filtrate is diluted 
and plated onto lawns of the enriching substrate bac
terium as described above, and the resulting plaques are 
checked for the presence of bdellovibrio cells. 

There are two special considerations that 
must be addressed when attempting to isolate 
bdellovibrios from the marine environment. 
First, the media and buffers used should contain 
at least 25% sea water or an appropriate marine 
salts mixture (Bell and Latham, 1975; Marbach 
and Shilo, 1978; Taylor et al., 1974) to provide 
the specific ionic and osmotic requirements of 
marine bacteria. Second, the sometimes ex
tremely low abundances of bdellovibrio cells in 
seawater samples require that large volumes of 
water be processed. 

Procedure for Obtaining Marine Bdellovibrio 
Cultures (Varon and Shilo, 1976) 

Either the direct or specific procedures for bdellovibrio 
isolation can be adapted to marine samples. Both should 
begin with the concentration of up to I I of sea water 
either by sedimentation in a centrifuge at high speed 
{10,000 X g for 30 min), or by collection on a 0.1-~m
pore-sized membrane filter. The concentrated material 
can be used to inoculate soft-agar overlay plates con
taining cultures of an appropriate prey organism, such 
as a strain of one of the luminous marine bacteria (Varon 
and Shilo, 1981 ). 

Preparation of Pure Cultures 

The plaques developing from an initial isolation 
must be purified of contaminating microorga
nisms by serial transfer. The result of such a 
process should be a mixed culture containing 
only the single clone of bdellovibrio, and the 
strain of bacterium upon which it was isolated 
and will be maintained. This approach is for
mally analogous to that applied to the purifi
cation of bacteriophage from plaques. 

Procedure for Purifying Bdellovibrio Cultures 
(Modified from Stolp, 1981) 

A sample of the bdellovibrios within a developing 
plaque is removed by inserting a sterile Pasteur pipette 
tip into the center of the plaque. The agar plug is re
moved and transfered to 2 ml of HM buffer or a dilute 
medium solution, and the cells are suspended by vor
texing. The liquid suspension is passed through a sterile 
0.45-~m-pore-sized membrane filter, and the filtrate col
lected. Serial dilutions of the filtrate are made in HM 
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buffer and plated for the visualization of individual 
plaques. Plating is performed by combining I 00 ~I of 
bdellovibrio suspension, 200 ~I of prey cell suspension 
{1010 cells per ml), and 2.5 ml of0.6% agar at 42°C, and 
quickly pouring the mixture onto the top of a DNB agar 
plate. After incubating the plate for 4 to 7 days, a single 
plaque is reisolated from this plate, and the process is 
repeated three times, or until the culture shows no signs 
of contamination. If difficulties arise from the growth of 
contaminating heterotrophic bacteria, platings and di
lutions can be made on an HM-buffer agar plate to dis
courage the growth of extraneous bacteria. With this 
method, substrate cells must be provided at a high tur
bidity in the soft-agar overlay in order to allow plaque 
development and visualization in the absence of signif
icant lawn growth. 

Manipulation 

Cultivation 

The success of many experiments using bdel
lovibrios relies upon the preparation of a 
healthy, predictably active suspension of attack
phase cells that can be either analyzed directly 
or combined with a suspension of substrate cells 
to initiate an intracellular growth cycle. The fol
lowing procedures have been found to produce 
attack-phase cells in optimal condition. 

Two consequences resulting from the hiigh en
dogenous respiratory rate (Respell et al., 1973) 
characteristic of bdellovibrios, should be re
membered: 1) Suspensions of bdellovibrios 
should be incubated with vigorous agitation, 
preferably on a rotary shaker, to assure a ready 
supply of oxygen. Efficient aeration can also be 
encouraged if the nominal volume of the flask 
used is at least two to three times that of the 
cell suspension it contains. 2) Their high res
piratory demand causes suspensions of attack
phase cells to lose viability rapidly when main
tained in the absence of a source of cells upon 
which to grow (Respell et al., 1974; Respell and 
Mertens, 1978). Both the addition of a respir
able substrate, such as 1 mM glutamate, and 
the reduction oftemperature to ooc, can amel
iorate the effects of the requirements for high 
endogenous respiratory activity, and prolong 
both culture viability and synchrony of attack 
(see below). 

The attack efficiency of bdellovibrios is en
hanced both by keeping the concentration of 
organic nutrients (like nutrient broth or yeast 
extract) in the suspending medium below 0.1% 
(wt/vol), and by using washed suspensions of 
both bdellovibrios and substrate cells. Other vi
ability-enhancing conditions for at least some 
strains include using substrate cell culture:s with 
a low proportion of dividing cells (Rittenberg, 
1982), maintaining high concentrations of Ca2+ 
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and Mg2+ ions in the suspending medium 
(Huang and Starr, 1973), the addition of os
moprotectants to cultures at low densities (Va
ron et al., 1983 and 1984), and the absence of 
strong irradiation (Friedberg, 1977). The follow
ing procedure is recommended for work with 
bdellovibrios: 

Routine Cultivation of Bdellovibrio Bacteriovorus 
1 09J (Modified from Thomashow and Rittenberg, 
1978b) 

Stock Culture. To a 125-ml flask containing 40 ml of 
HM buffer are added 1 0 ml of a culture of Escherichia 
coli ML35 (4 X 1010 cells) grown to stationary phase in 
NB medium (0.8% Difco Nutrient Broth, 0.5% Difco 
Yeast Extract in deionized water, adjusted to pH 7.6 
with NaOH), and 50 to 100 JLl of a 7 to 10-day-old stock 
culture of Bdellovibrio bacteriovorus 109J. The flask is 
shaken overnight at 30°C and, when the culture contains 
essentially only attack-phase bdellovibrios, it is stored 
at 4°C. 

Large-scale Culture. To a 500-ml flask containing 200 
ml of DNB medium is added 40 ml of a culture of 
Escherichia coli ML35 (total addition = 1.6 X 101' 

cells) grown to stationary phase in NB medium, and 50 
to 100 JLl of a fresh Bdellovibrio bacteriovorus 1 09J stock 
culture. The flask is shaken at 30°C overnight, and the 
culture observed by phase-contrast microscopy until all 
of the bdelloplasts have lysed. The culture is cooled on 
ice, centrifuged at low speed (700 X g for 15 min), and 
the pellet discarded. The supernatant suspension, con
taining most of the attack-phase bdellovibrios, is cen
trifuged at high speed (10,000 X g for 15 min) and the 
resulting supernatant suspension discarded. The pellet 
is gently resuspended in HM buffer and harvested by 
recentrifugation at high speed. Resuspension ofthe pel
let in HM buffer should yield about 6 X 1011 washed 
bdellovibrio cells. 

Enumeration 

There are three methods commonly used for 
enumerating laboratory cultures of bdellovi
brios in liquid suspensions. Each method pro
vides a different combination of degrees of ac
curacy, convenience, speed, and sensitivity. 
Direct microscopy, either of unstained (Snellen 
et al., 1978), or fluorescently labeled (Hobbie et 
al., 1977) cells can be performed on suspensions 
ofbdellovibrios. Microscopy is effective even in 
the presence of substrate cells because there is 
usually a significant size difference between the 
substrate cells and the bdellovibrios. Electronic 
particle counting has also been used both to 
count and to size bdellovibrio cells in pure cul
ture (Patinkin, 1975). 

To determine the number of viable cells in a 
suspension, dilutions can either be mixed with 
a suspension of substrate cells in soft agar and 
pour plated, or spread on the surface of a nu
trient agar medium if the cells are capable of 
axenic growth (see below). Bdellovibrios will 
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form visible plaques in the lawn after 3 to 4 
days and will continue to grow in diameter for 
a week or more. In the case of axenic strains, 
small, often yellow, colonies will be apparent 
within 4 days of incubation at 30°C. 

The most convenient and routine method of 
estimating the concentration of bdellovibrio 
cells in a relatively dense suspension is by op
tical density. Both turbidimetric and spectro
photometric approaches have been useful in 
general laboratory procedures (Varon and Shilo, 
1969a). Calibrating such measurements against 
microscopic counts or viable counts results in 
a reliable standard curve, especially if the bdel
lovibrios are cleaned of prey cell debris by wash
ing with HM buffer before their optical density 
is determined. 

Single-Cycle Growth Technique 

One of the most intensely studied areas ofbdel
lovibrio biology is concerned with the specific 
temporal events that make up their develop
mental cycle (Fig. 1 ). These events can best be 
investigated by using a method that produces a 
large number of bdellovibrios developing in a 
synchronous manner (Rittenberg, 1982). This is 
most easily achieved by mixing active, attack
phase bdellovibrios with susceptible substrate 
cells in a ratio of 2: 1, which assures the attack 
and entry of all the substrate cells within a few 
minutes. The bdelloplasts formed can then be 
easily separated from the supernumerary, ex
tracellular bdellovibrios by differential centrif
ugation, producing a suspension of bdelloplasts 
within which reside bdellovibrios that have be
gun, essentially simultaneously, a single, syn
chronized cycle of growth and development. 
Analyses of such developing populations at spe
cific times between the initial attack and the 
final release from the spent bdelloplast can re
veal the relative timing of stage-specific devel
opmental events and activities (Matin and Rit
tenberg, 1972; Rosson and Rittenberg, 1979). 

Procedure for Producing Developmentally 
Synchronized, Intracellularly Growing 
Bdellovibrios (Thomashow and Rittenberg, 1978b) 

An overnight culture of bdellovibrios that have very re
cently been released from bdelloplasts is cooled to ooc 
and harvested by centrifugation at 10,000 X g for 15 
min. The resulting pellet of bdellovibrio cells is washed 
once with cold HM buffer to remove spent bdelloplast 
debris. A fresh overnight culture of substrate cells (such 
as Escherichia coli ML35) is similarly harvested and 
washed. Separate suspensions of the bdellovibrios (I 010 

per ml) and the E. coli cells (5 X 109 per ml) are main
tained on ice until use. A synchronous developmental 
cycle is begun by mixing equal volumes of the two sus
pensions and shaking the mixture rapidly at 30°C. 
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Within I 0 to 15 min, all of the E. coli cells should be 
visible as spherical bdelloplasts when viewed under 
phase-contrast microscopy. At this point the suspension 
is cooled in an ice bath, and the bdelloplasts are sepa
rated from any excess bdellovibrios by centrifugation at 
1,000 X g for 5 min. The resulting pellet is resuspended 
and recentrifuged two more times or until the final pellet 
contains less than 5% of the excess bdellovibrio cells. 
The bdelloplast pellet is resuspended in one-half the 
original culture volume of HM buffer at ooc. The in
tracellular bdellovibrios will resume their synchronous 
development when they are again shaken at 30°C. 

Isolation of Axenic Variants 

All the strains of wild-type bdellovibrios ex
amined can spontaneously produce variants or 
mutants that have the ability to grow in the ab
sence of substrate bacteria (Burnham et al., 
1970; Stolp, 1981 ). Such variants arise at a fre
quency of approximately 10-6 to 1 o-s (Seidler 
and Starr, 1969b) and can grow on a variety of 
nutrient media that contain at least a small 
amount ofyeast extract (lshiguro, 1974). While 
the frequency of generation suggests that only 
a single mutational event is required for the loss 
of substrate cell dependency, the pleiotropic na
ture of these strains suggests that lesions in any 
one of several regulatory genes may give rise to 
this phenotype. It is significant that these var
iants continue to express the morphological dif
ferentiation of the wild-type bdellovibrio, even 
in the absence of an intracellular life style (Fig. 
1 ). These axenic growth-phase cells have been 
used to examine characteristics of bdellovibrio 
growth in the absence of any confounding in
fluences of the invaded cell (Ishigura, 1973; Ros
son and Rittenberg, 1981; Rayner et al., 1985; 
Ruby et al., 1985; Talley et al., 1987). 

It has been noted (Diedrich et al., 1970; Varon 
and Seijffers, 1975) that most axenic variants 
are facultative and can grow in either of the two 
modes (axenic or intracellular) shown in Figure 
1; however, maintenance ofthese variants in the 
absence of substrate cells for numerous transfers 
often results in the loss of the ability to grow 
intracellularly. This effect is probably related to 
the observation that obligately axenic strains 
have a selective advantage over facultatively 
axenic strains in chemostat culture (Varon and 
Seijffers, 197 5). 

Procedure for Isolating Axenic Bdellovibrio Strains 
(Modified from Seidler and Starr, l969b) 

The only significant difficulty that must be overcome to 
isolate axenic variants is that of separatingiliem from 
the strain of substrate cell on which they have been 
maintained. Therefore, to obtain a selectable marker, an 
antibiotic (e.g., streptomycin) is added to a wild-type 
bdellovibrio culture, which is then propagated on sub
strate cells for several days until a spontaneously arising 
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streptomycin-resistant bdellovibrio mutant completes 
lysis of the culture. The antibiotic-resistant bdellovi
brios are concentrated by centrifugation and resuspen
sion in HM buffer, and 10' to 1 o• cells are spread on 
NB agar medium containing streptomycin. Under these 
conditions, the only colonies that form are axenically 
growing bdellovibrios, which can be further purified by 
conventional streaking. An improvement in the growth 
rate of these axenic variants has been reported to occur 
in the presence. of additional osmolytes (Varon and 
Seijffers, 1977), and the use of freshly poured agar me
dium and a humidified incubation chamber can enhance 
colony yields and growth. 

Premature Release of Intracellular 
Bdellovibrios 

Because of the unknown genetic nature of the 
axenic variants and their pleiotropic character
istics (Seidler and Starr, 1969b ), these strains 
are not always appropriate subjects for exam
ining the activities of wild-type, growth-phase 
bdellovibrios (Ruby et al., 1985). For this rea
son, a technique has been developed that allows 
one to obtain viable, wild-type growth-phase 
cells from the bdelloplast at any time during the 
intracellular portion of their life cycle (Ruby 
and Rittenberg, 1983). 

Procedure for Premature Releasing Growth-Phase 
Bdellovibrio bacteriovorus l 09J (Ruby and 
Rittenberg, 1983) 

Bdelloplasts from a synchronously growing suspension 
of Bdellovibrio bacteriovorus 109J are produced! as de
scribed above. At the desired stage of development these 
bdelloplasts are cooled in an ice bath and harvested by 
centrifugation (5,000 X g for 15 min). The resulting 
pellet is warmed to room temperature, rapidly resus
pended in twice its volume of 10 mM ethylenedia
minetetraacetic acid (EDTA) in 120 mM Tris buffer (pH 
7.6), and incubated at 30°C for 3 min to permeabilize 
the bdelloplast's outer membrane. A crude enzyme 
preparation containing concentrated bdellovibrio lytic 
enzyme activity (obtained from lysed suspension of 
bdellovibrios) is added, and, within a few minutes, the 
growth-phase cells are released from their bdelloplasts. 
After washing in cold buffer, these cells are metabolically 
intact and are capable of either differenting into viable 
attack-phase cells, or responding to isolated substrate
cell signal compounds (Gray and Ruby, 1989). There
lease process can be enhanced if the bdelloplasts are 
formed from substrate cells that have a weakened cell 
envelope (for example, diaminopimelic acid [DAP]-re
quiring mutants grown for a generation in the absence 
of added DAP). 

Genetic Manipulation 

Recent efforts to find methods for transferring 
DNA into bdellovibrio cells have resulted in 
two promising approaches: conjugation and 
transfection. Cotter and Thomashow ( 1989) 
have reported a simple method by which anti-
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biotic-resistance markers on plasmids in Esch
erichia coli have been mobilized into and ex
pressed by Bdellovibrio bacteriovorus. This 
method is based on a procedure developed by 
Puhler and his colleagues (Simon et al., 1982) 
and has been successfully repeated and con
firmed by this author (E.G. Ruby, unpublished 
observations). The advent of the capability to 
apply molecular cloning techniques to the bdel
lovibrios, coupled with the limited genetic tech
niques now in use (Dunn et al., 1974; Lania et 
al., 1976; Meier and Brownstein, 1976), is cer
tain to be followed by a rapid advance in our 
understanding of the genetic mechanisms con
trolling bdellovibrio developmental biology. 

The transfection of Bdellovibrio bacteriovorus 
with DNA isolated from the bdellovibrio-at
tacking bacteriophage MAC-1 (Roberts et al., 
1987) has also been reported by one group (Rob
erts and Ranu, 1987). This procedure may be 
applicable to certain specialized gene-transfer 
problems with bdellovibrios, but has not yet 
been shown to allow transfer of DNA from 
sources other than MAC-1. 

Storage Gf Cultures 

The remarkably high endogenous metabolic 
rate of bdellovibrios can lead to a relatively 
rapid loss of culture viability at room temper
ature (Respell et al., 1973, 1974). Storage of cul
tures in the cold ( 4 oq prolongs viability for 
weeks to months, and cell survival can be fur
ther enhanced by maintaining the bdellovibrios 
as bdelloplasts. Longer term storage is best 
achieved at temperatures well below - 20°C, 
and with the addition of a cryoprotectant such 
as glycerol. It is important to note that although 
many laboratories maintain bdellovibrio cul
tures by transfer at weekly intervals, such a pro
cedure may lead to the fixation of unknown var
iations in the activities or characteristics of the 
strain over time (Talley et al., 1987). Thus, it is 
best to prepare a large store of stock cultures in 
multiple vials, and to open a new vial for sub
sequent transfer of cultures at least once every 
few months. 

Procedure for Long-Term Storage of Bdellovibrio 
Cultures ( Gherna, 1981) 

A freshly lysed culture of bdellovibrio cells is combined 
with an equal number of substrate cells, and incubated 
for 30 min at room temperature. One milliliter of the 
resulting bdelloplast suspension (about 109 bdelloplasts) 
is mixed with either 0.5 ml of sterile 50% glycerol or 
with I ml of a 10% solution of dimethyl sulfoxide in 
sterile DNB medium. The suspension is placed in a 
cryo-resistant plastic vial, and precooled by placing it 
at - 20°C for I to 2 h. Vials can then be stored either 
in liquid nitrogen or in a deep freezer ( -70°C) for pe-
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riods of at least I 0 years. The frozen specimen can be 
revived by diluting it at least 50-fold into a suspension 
of substrate cells and incubating the mixture until the 
resulting bdelloplasts lyse. 

Metabolic Characteristics of 
Intracellular Growth 

An important area of bdellovibrio biology con
cerns their metabolic adaptions to life in an in
tracellular environment (Rittenberg, 1983). 
There are several reasons behind an interest in 
such adaptions: 1) such adaptions help define 
the differentiated cell states of the attack-phase 
and the growth-phase bdellovibrios; 2) they 
have given us new insight into the range of bac
terial metabolic versatility (Rittenberg and 
Langley, 1975); and, 3) there is evidence for con
siderable convergence among microorganisms 
that have chosen to exploit and become depen
dent upon the intracellular environment 
(Moulder, 1985; Ruby, 1989). Two classes of 
characteristic adaptations are among the most 
striking aspects ofbdellovibrio intracellular me
tabolism: 1) a remarkably high efficiency of 
growth; and 2) an ability to modify the cellular 
structures that surround them in the bdello
plast. 

All bdellovibrios examined to date are obli
gate aerobes. There is no obvious metabolic rea
son why the bdellovibrio life style should re
quire such a restricted metabolism, and many 
bdellovibrios are able to use both facultative 
and obligate anaerobes as their substrate cells. 
Examination of axenically grown Bdellovibrio 
stolpii has revealed the presence of catalase, per
oxidase, and an inducible superoxide dismutase 
activity (von Stein et al., 1982). With the ex
ception of one study (Afinogenova et al., 1979), 
all indications are that the energy metabolism 
of most, if not all, bdellovibrios is nonfermen
tative (Respell, 1976; Schoeffield and Williams, 
1989; Simpson and Robinson, 1968) and is dri
ven by a membrane-associated activity (Gad
kari and Stolp, 1975; Friedberg and Friedberg, 
1976) that maintains a high energy charge under 
aerobic conditions (Gadkari and Stolp, 1976). 
Preferred respiratory substrates include amino 
acids (Respell et al., 1973) and the ribose moie
ties of transported phosphorylated nucleosides 
(Respell and Odelson, 1978; Ruby et al., 1985), 
but not carbohydrates. The presence of glycoly
tic and tricarboxylic acid (TCA) cycle enzyme 
activities in bdellovibrio cell extracts (Respell, 
1976) suggests that the inability of these organ
isms to utilize sugars as a significant respiratory 
substrate may be due to the lack of an effective 
sugar transport capability (Ruby, 1989). 
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The efficiency with which respiration-~e~ved 
energy is used to convert prey cell matenal mto 
new bdellovibrio cell material has been calcu
lated to be about twice as high as that typical 
of all other heterotrophic bacteria tested (Rit
tenberg and Respell, 1975). It is clear, however, 
that the invaded cell rapidly and irreversibly 
loses its energy-generating and biosynthetic ca
pabilities (Rittenberg and Shilo, .1970), and 
heat-killed cells are equally effective at sup
porting bdellovibrio growth and proliferation 
(Respell, 1978; Ross et al., 1974). Therefor~, the 
bdellovibrio achieves its high growth efficiency 
without the energy or biosynthetic parasiti~m 
characteristic both of viruses and of other m
tracellular bacteria (Moulder, 1985). Neither 
the physiological nor the bioenergetic basis ~or 
this phenomenon is known. However, the high 
growth effeciency may be due in part to the ef
ficient coupling of energy generatiOn and energy 
utilization (Rittenberg and Respell, 1975), the 
unusual ability to transport and incorporate in
tact phosphorylated nucleosides (including 
ATP) from the prey (Rittenberg and Langley, 
1975; Ruby et al., 1985; Ruby and McCabe, 
1986), and the ability to incorporat~ rather 
complex portions of the structure of the mvaded 
cell as anabolic precursors (Ruby, 1989). 

One of the most striking features of bdello
vibrio intracellular metabolism is their ability 
to modify the components ofthe prey cell struc
ture. The results of some of these activities are 
new functional structures, such as modified cell 
wall~ (Thomashow and Rittenb~rg, 1978d; 
Ruby and Rittenberg, 1984; Ara~ ~nd RuJ:>y, 
1988). Alternatively, the bdellovibno can m
corporate various substances into its ~wn grow
ing cells: fatty acids (Kuenen and Ritte_nberg, 
1975· Rittenberg and Langley, 1975); hpopo
lysac~harides (Nelson and Rittenberg, 1981a 
and 1981b): and possibly even intact and func
tional outer membrane proteins (Guerrini et al., 
1982· Diedrich et al., 1983; Talley et al., 1987) 
deriv'ed from the invaded cell, although this last 
capability has been disputed (Rayner et al., 
1985). 

These modifications are believed to be per
formed by bdellovibrio-produced enzymatic ac
tivities (Engelking and Seidler, 1974; Respell ~t 
al., 197 5) that function in what was the pen
plasmic space of the invaded cell, .al~ering the 
permeability and surface charactenstics of the 
outer membrane (Odelson et al., 1982; Cover 
and Rittenberg, 1984; Ruby and McCa~e, 
1988), the peptidoglycan (Thomashow and R~t
tenberg, 1978b, 1978c, 1978d; ~uby and Rit
tenberg, 1984), and cytoplasmic membra.ne 
(Cover et al., 1984) of the invaded cell. BIO
chemical characterizations of some of these 
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bdellovibrio activities have been reported re
cently (Araki and Ruby, 1988; M. Saier, per
sonal communication). 

Applications 

There are three general classes of applications 
for which the bdellovibrios have either potential 
or actual use. The first of these has been de
scribed by Varon and Shilo (1981), who use the 
decrease in the bdellovibrio's ability to function 
as an attack-phase cell as an indication of the 
presence of certain pollutants, to which the 
bdellovibrios show a high sensitivity. This assay 
procedure is simple because ~he rate of .bdel
lovibrio attack on a suspensiOn of lummous 
bacteria is proportional to the loss oflight emis
sion by the cell suspension. 

A second practical use, for which there a~
pears to be some application for the bdellovi
brios, is in the area of water quality. It has been 
suggested (Daniel, 1969; Fry and Staples, 1976; 
Guelin and Cabioch, 1970; Lambina et al., 
1981) that the bdellovibrios may play a signif
icant natural role in the self-purification of nat
ural water systems. To date there has been no 
report of any successful efforts to supplem~nt 
this natural level of activity by artificially m
creasing the abundance of bdellovibrios in a 
natural environment. 

The area of application that has seen the most 
actual activity has been the use of members of 
the genus Bdellovibrio for the discovery of novel 
biochemical and physiological capabilities (e.g. 
transport, biosynthesis, differentiation control) 
that are adaptations to life in an intracellular 
environment (Moulder, 1985; Ruby, 1989). Re
cent studies both of the biochemistry of signals 
involved in' the control of bdellovibrio cellular 
differentiation (Gray, 1989) and of methods of 
molecular genetics (Cotter and Thomashow, 
1989), have firmly established the bdellc~ibrio 
life cycle as an important model system for the 
study of prokaryotic developmental biology. 
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The Myxobacteria 

HANS REICHENBACH and MARTIN DWORKIN 

The myxobacteria are Gram-negative, unicel
lular, gliding bacteria with rod-shaped vegeta
tive cells (Fig. 1). Because of their gliding move
ment, colonies develop as thin, film-like, 
spreading swarms, particularly on media low in 
organic constituents (lean media) (Fig. 2). Un
der starvation conditions, the myxobacteria 

undergo an impressive process of cooperative 
morphogenesis: the vegetative cells aggregate 
and pile up, and the resulting cell mass differ
entiates into a fruiting body (Fig. 3). Myxobac
terial fruiting bodies show various degrees of 
complexity, both morphologically and structur
ally. They typically measure between 50 and 

Fig. 1. Various types of myxobacterial cells. (a to d) Vegetative cells. (a and b) The Cystobacterineae type: (a) Cystobacter 
ferrugineus, cells from a liquid culture. (b) Stigmatella aurantiaca, cells in situ on agar surface in a chamber culture. (c 
and d) The Sorangineae type. (c) Chondromyces crocatus in a chamber culture. (d) Sorangium compositum in a chamber 
culture. (e to h) Myxospores of members of the Cystobacterineae. (e) Myxospores of Cystobacter ferrugineus, from a 
crushed, degenerated, Archangium-like, fruiting body; under oil immersion, the high optical refractility of the myxospores 
is not apparent. (f) Myxospores of Cystobacter velatus from a crushed fruiting body sporangiole; oil immersion. (g) 
Experimentally induced myxospores of Stigmatella aurantiaca on the agar surface in a chamber culture; under the 40X 
dry objective, the high optical refractility of the myxospores becomes very conspicuous. (h) Myxospores from a Myxococcus 
xanthus fruiting body; the optical refractility of these spherical myxospores is so high that it is recognizable even under 
oil immersion. All photographs are in phase contrast. Bars = 10 !Lm. 
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500 !LID, and they can thus be easily seen with 
the naked eye. Within the maturing fruiting 
body, a cellular differentiation takes place dur
ing which the vegetative cells convert into short, 
fat, optically refractile myxospores (Figs. 1 and 
3). The myxospores are desiccation resistant 
and allow the organism to survive unfavorable 
environmental conditions. 

The phylogenetic position of the myxobac
teria has been elucidated by a comparison of 
16S rRNA sequences (Ludwig et al., 1983; 
Oyaizu and Woese, 1985). According to these 
data, the myxobacteria belong to the delta 
branch of the large assembly that has been 
called the purple bacteria, or the pro teo bacteria. 
The delta branch also contains the remotely re
lated genus Bdellovibrio and certain sulfate re
ducers such as the genera Desulfovibrio and De
sulfonema (Stackebrandt et al., 1988). The 
myxobacteria are currently assigned to twelve 
different genera (see "Taxonomy of Myxobac
teria," this chapter). 

Many myxobacterial fruiting bodies are large 
enough to be seen with the unaided eye and had 
already been observed by botanists early in the 
19th century. However, they continued to be 
mistaken for fungi for almost a century. The 
first report in the scientific literature appears to 
be by Heinrich Friedrich Link (1809), who de
scribed a little "gasteromycete," Polyangium vi
tel/inurn, a taxon that is still valid. The descrip
tion was accompanied by an exact and beautiful 
illustration (see Fig. 15) (Link, 1809; Ditmar, 
1814). Two more species, Stigmatella auran
tiaca and Chondromyces crocatus, were defined 
by the British mycologist, M.J. Berkeley (1857), 
who classified them as hyphomycetes (fungi im
perfecti). Again, both taxa are still valid. Stig
matella aurantiaca was described two more 
times as a new fungus under different names 
and with different systematic positions before 
it was finally recognized as a myxobacterium by 
the U.S. botanist Roland Thaxter ( 1892); for the 
tortuous history of Stigmatella, see Reichen
bach and Dworkin ( 1969). Thaxter was the first 
to elucidate the astonishing and unexpected life 
cycle of the myxobacteria, which he published, 
together with a substantial number of new spe
cies, in a series of brilliant articles (Thaxter, 
1892, 1893, 1897, 1904). However, the reception 
by the scientific community was somewhat less 
than enthusiastic, and it took at least 20 years 
before Thaxter's work became widely accepted. 
In the first decade of the 20th century, however, 
four rather voluminous studies on myxobac
teria were published (Baur, 1905; Quehl, 1906; 
Vahle, 191 0; Kofler, 1913). Those articles are 
full of interesting observations and methods for 
the isolation and study of myxobacteria, and 
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deal with many problems that later became im
portant topics of research. It may be mentioned 
in passing that two of those four authors were 
later to become very influential scientists, one 
as a geneticist deeply involved in breeding re
search (Erwin Baur), the other as one of the 
founders of microchemistry (Ludwig Kofler). In 
the following decades, research was confined 
mainly to taxonomic, ecological, and morpho
logical questions (J ahn, 1911, 1924; Krzemien
iewska and Krzemieniewski, 1926, 1927a, 
1927b, 1930). During that period, new species 
were discovered and the wide distribution of 
myxobacteria was recognized. Furthermore, it 
was recognized that there were two large 
subgroups that could be distinguished by the 
shape of their vegetative cells (Krzemieniewska 
and Krzemieniewski, 1928), and that some 
myxobacteria degrade cellulose and could be 
cultivated on a medium containing only cellu
lose and a few mineral salts (Imshenetski and 
Solntseva, 1936; Krzemieniewska and Krzem
ieniewski, 1937a, 1937b). For some time, cel
lulose decomposition by myxobacteria was a 
principal focus of interest, mainly in Russia, 
where it was studied mainly in the laboratory 
of A.A. Imshenetski (for a review, see Imsche
nezki, 1959). 

Studies utilizing pure cultures of myxobac
teria did not become common practice until the 
middle of the century. Also, until around 1960, 
it was generally believed that myxobacteria 
could not grow suspended in liquid media. Be
cause of the difficulty of growing myxobacteria 
suspended in liquid media, their popularity 
with microbiologists was not high. Physiologi
cal studies were extremely tedious and only 
moderately conclusive, because the myxobac
teria grew only as a film along the glass wall of 
the container and the surface of the liquid. Still, 
even under those experimental restrictions, 
some insights were gained into the nutritional 
requirements of myxobacteria (Noren, 1955). 
Loebeck and Klein ( 1956) and Mason and Pow
elson (1958) reported that at least some strains 
of Myxococcus grew well as suspension cultures. 
Subsequently, many more examples of myxo
bacteria growing in a dispersed manner have 
been described, so that most strains can now be 
handled as ordinary bacteria. Ironically, it later 
turned out (Dworkin, 1984) that dispersed 
growth of Myxococcus (Mx. *) xanthus strains 

*In the remainder of this chapter the following abbrevia
tions sometimes are used for the genera of myxobacteria: 
An., Angiococcus; Ar., Archangium; Cb., Cystobacter; Cc., 
Corallococcus; Cm., Chondromyces; Ha., Haploangium; 
Me., Melittangium; Mx., Myxococcus; Na., Nannocystis; Pl., 
Polyangium; Sg., Stigmatella; So., Sorangium. 
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had been observed as early as 1948, but this 
information had never been published (Woods, 
1948). 

Beginning in the 1950s, the emphasis of 
myxobacterial research shifted more and more 
to problems in developmental biology, with 
Mx. xanthus as the preferred object. A major 
breakthrough was the discovery by Dworkin 
and Gibson (1964) that vegetative cells of Mx. 
xanthus in suspension cultures could be in
duced to convert into myxospores by the ad
dition of certain chemicals, such as 0.5 M glyc
erol. This was the first clearly defined 
experimental system for the investigation of a 
morphogenetic process in a myxobacterium, 
and it led to a long series of studies on the mor
phological, physiological, and biochemical 
events that take place during induced myxo
spore formation. 

Another major achievement of the past 15 
years was the development in the laboratory of 
Dale Kaiser of an experimental system for the 
transfer of plasmids, transposons, and genes into 
and between strains of Mx. xanthus, based on 
the use of coli phage P 1 and myxobacterial 
phages. This set the stage for the development 
in that organism of methods for the genetic 
analysis of various processes, including gliding 
motility and developmental programs, (for re
views, see Kaiser et al., 1979; Kaiser, 1984a, 
1986, 1989). The availability of genetic tech
niques finally made the full potential of M x. xan
thus accessible as a model system for the study 
of morphogenetic processes on the prokaryotic 
level. While these methods are not easily adapt
able to other myxobacteria, a more versatile sys
tem is under study that uses conjugation with 
Escherichia coli for the transfer of plasmids and 
transposons (Breton et al., 1985). This system 
has already been successfully applied to myxo
bacteria other than Mx. xanthus. 

After this solid methodological basis was laid, 
progress in myxobacterial research gained con-
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siderable momentum. Completely unt:xpected 
findings have been made in the molecular bi
ology of myxobacteria, e.g., the discovery of a 
multicopy single-stranded RNA-linked DNA 
(Dhundale et al., 1987), and the presence of two 
reverse transcriptases in Mx. xanthus (Inouye et 
al., 1990). Also, the discovery that many myxo
bacterial strains produce secondary metabolites, 
most of which are novel compounds, which may 
have practical applications, will most likely stim
ulate an even broader interest, in myxobacterial 
biochemistry, physiology, and taxonomy (for re
views, see Reichenbach et al., 1984, 1988; Rei
chenbach and Hofle, 1989). 

Our knowledge of the myxobacteria has been 
summarized repeatedly in recent years. Apart 
from the articles mentioned above, the following 
reviews should be consulted for further details: 
1) for general surveys and taxonomy-Rosen
berg, 1984; Reichenbach, 1986; McCurdy, 1989; 
2) for molecular biology-Sumiko Inouye et al., 
1987; 3) for developmental biology-White, 
1975, 1981; Zusman, 1980, 1984, 1990; Kaiser, 
1984b; Dworkin, 1985, 1990; Dworkin and Kai
ser, 1985; Shimkets, 1987, 1990b; and 4) for bio
technology-Reichenbach, 1988. In addition, 
several movies are available from the Institut fur 
den wissenschaftlichen Film, Gottingen, Ger
many, that illustrate cell behavior, colony for
mation, and developmental processes in various 
species of myxobacteria (Reichenbach et al., 
1965a, 1965b, 1965c, 1965d, 1980; Grimm et al., 
1971; Kiihlwein et al., 1971a, 1971b). 

Habitats 
The principal habitats of myxobacteria are soil, 
dung, decaying plant material, and the bark of 
living and dead trees. In addition, they are 
sometimes found in places where they most 
probably cannot live, but where their resting 
stages can survive for some time. Thus, several 

-----------------------------------------------------------------------------+ 
Fig. 2. Swarm colonies of various myxobacteria. (a, b, d, f, and h). Swarms of members of the Cystobacterineae. (c, e, g, 
and i). Swarms of members of the Sorangineae. (a) Stigmatella erecta on CY agar; dissecting microscope, oblique illu
mination. Bar = 1 mm. (b) Myxococcus xanthus, very young colony on Casitone agar; dissecting microscope, oblique 
illumination. Bar = 0.5 mm. (c) Polyangium sp. on water agar, swarm edge; the spreading colony falls apart into cell 
clumps, which separate, thereby etching trenches into the agar surface; dissecting microscope, oblique illumination. Bar 
= 1 mm. (d) Cystobacter violaceus (formerly Archangium violaceum) on VY/2 agar; from the inoculum in the center, 
the swarm has spread over the whole agar plate. Bar = 30 mm. (e) Nannocystis exedens on Casitone agar; the swarm 
developed from the ridge in the center, and the agar plate has become deeply corroded; Leitz Aristophot. Bar = 5 mm. 
(f) Corallococcus coral/aides on Casitone agar; the central part of the swarm is covered with rudimentary fruiting bodies; 
Leitz Aristophot; Bar = 5 mm. (g) Polyangium sJY.on a streak of E. coli (which is still recognizable at the left) on water 
agar; the swarm edge is a compact, ridge-shaped mass of vegetative cells, behind which the agar surface is deeply corroded; 
dissecting microscope, oblique illumination. Bar = I mm. (h) Stigmatella erecta on Casitone agar, swarm edgt~ with 
flamelike protrusions; dissecting microscope, oblique illumination. Bar = I mm. (i) Nannocystis exedens on a streak of 
Micrococcus luteus on water agar; the entire swarm has sunk into the agar, which is deeply corroded; dissecting microscope, 
oblique illumination. Bar = 2 mm. 
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Vegetative 

Cell Cycle 

Fig. 3. Cellular morphogenesis in myxobacteria, shown with Stigmatella aurantiaca as an example. Fruiting body and 
cells are not drawn to scale. (From Gerth and Reichenbach, 1978.) 

species ofmyxobacteria have been isolated from 
seashore sediments (Brockman, 1967; Ruckert, 
1975b), although no myxobacterium is known 
that is able to grow at the concentration of salt 
found in seawater. Typically, in samples with a 
high salt content, such as salt marshes or certain 
desert soils, myxobacteria can only be demon
strated when the sample is first desalted before 
being cultured on a low salt medium (Ruckert, 
1983). The occurrence of myxobacteria in the 
peat of sphagnum bogs at a pH of 3. 7 and at 
the low oxygen content of 2.6 mg/liter is also 
remarkable (Dawid, 1984), because, in cultures, 
myxobacteria are strict aerobes and without ex
ception do not grow at a pH below 5.5. Of 
course, in complex habitats the existence of in
homogeneities among the microniches is always 
conceivable and could explain the presence of 
myxobacteria under seemingly unacceptable 
conditions. Another peculiar habitat is the leaf 
surface, or phyllosphere, of plants (Ruckert, 
1981 ). No leaf was sampled higher than 2 m 
above ground, but all 14 plant species investi
gated and 52% of the specimens were positive, 
mostly for Myxococcus species. Again, there is 
no proof that the myxobacteria can really grow 
on plant leaves, although this may not be totally 
inconceivable. The presence of myxobacteria 

deep within caves (Menne and Ruckert, 1988) 
may seem less astonishing because the organ
isms could easily be washed in and then grow 
or remain dormant, depending on the local con
ditions. 

A survey of common sources for different 
myxobacteria is given in Table 1. Most myxo
bacteria appear to be primarily soil organisms. 
However, almost all are "micropredators" 
(Singh, 1947) and are attracted by habitats with 
rich microbial communities, which they may 
colonize as secondary substrates. Even if certain 
myxobacteria can be isolated more easily from 
sources other than soil, their presence in the soil 
of the same environment can often be demon
strated. The preferred substrate of a particular 
species may vary under different climatic and 
edaphic conditions. Thus, in the central USA, 
Chrondromyces species are common inhabi
tants of bark and rotting wood, but are rare in 
soil (Nellis and Garner, 1964; H. Reichenbach, 
unpublished observations). In India, they are 
found regularly in soil, in the rhizosphere of 
plants, on rotting wood, bark, and dung (Ag
nihothrudu et al., 1959; Singh and Singh, 1971). 
In Europe, in spite of apparently similar cli
matic conditions to those found in the USA, 
they appear to be extremely rare organisms and 
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Table I. Convenient and preferential sources for the isolation of different myxobacteria.• 

Substrate Myxobacterial species typically found" 

Soil Nannocystis exedens, 5 Sorangium cellulosum, 4 Archangium serpens,' Corallococcus 
coral/aides,' Polyangium spp., 3 Cystobacter spp.,3 Melittangium spp., 3 Myxococcus fulvus,' 
Mx. virescens.' Mx. stipitatus' 

Dung of herbivores Myxococcus fulvus, 5 Corallococcus coral/aides, 5 Mx. virescens, 4 Cystobacter fuscus, 4 Cb. 
ferrugineus,' Archangium serpens,' Nannocystis exedens, 3 Cb. violaceus, 3 Polyangium 
spp.,3 Stigmatella erecta,' Mx. xanthus, 2 Melittangium spp.,2 Cb. velatus' 

Bark and rotting wood Stigmatella aurantiaca, 4 Chondromyces apiculatus, 4 Sorangium cellulosum, 4 Cora!lococcus 
coral/aides, 4 Myxococcus fulvus, 3 Cm. pediculatus, 2 Haploangium spp. 2 

•As pointed out in the section on "Habitats," the frequency ofmyxobacteria on a specific substrate may vary substantially 
in different environments. Also, some species may be underrepresented from a certain source because the isolation 
technique usually applied may not result in the isolation of the particular organism. 
"frequency of the encountered species: 5, ubiquitous; 4 , very frequent; 3, moderately frequent; 2, relatively rare; ', rare. 

have been found almost exclusively on dung, 
rotting wood, and bark (Zukal, 1896; Quehl, 
1906; Jahn, 1924; Krzemieniewska and Krzem
ieniewski, 1946). Dawid ( 1979) tested several 
thousand samples from the Siebengebirge, a 
mountain ridge near Bonn, Germany, and ob
tained only one isolate of Chondromyces, a 
strain of Cm. apiculatus, from a piece of rotting 
wood. Similar results have been obtained by 
Krezemieniewska and Krzemieniewski ( 1946) 
and by one of us (H. Reichenbach) who isolated 
myxobacteria over decades from all kinds of 
samples collected at many different sites in Eu
rope. 

Myxobacteria are very common in soils of 
neutral or slightly alkaline pH (Brockman, 
1976; Brockman and Boyd, 1963; Dawid, 1978, 
1979; Hook, 1977; Kuhlwein, 1960; Krzemien
iewska and Krzemieniewski, 1927b; McCurdy, 
1969a; Michoustine, 1968; Noren, 1950, 1952; 
Peterson, 1965; Peterson and Noren, 1967; 
Ruckert, 1975a, 197~ 1979; Ruckert and 
Heym, 1977; Sabados-Saric, 1957). They have 
been isolated from samples collected in tropical 
rain forests and in the arctic tundra, in steppes, 
deserts, and in bogs, at sea level as well as at 
high altitudes. Warm and dry areas, such as the 
southwestern United States, Mexico, northern 
India, the Mediterranean countries, and theCa
nary Islands, have been found to be especially 
rich in different myxobacteria. The same is true 
for areas with underground limestone in tem
perate climates. Still, a myxobacterial species 
may show an unequal distribution even within 
the same climatic zone. The case of Chondro
myces has just been mentioned. Another ex
ample is Stigmatella aurantiaca, which is com
mon in the middle of the North American 
continent (Nellis and Garner, 1964; Reichen
bach and Dworkin, 1969; McCurdy, 1969a), but 
very rare in Europe (Krzemieniewska and 
Krzemieniewski, 1946, isolated myxobacteria 
in Europe for 15 years before they found their 

first strain of Sg. aurantiaca) The decisive factor 
that controls the distribution may be the warm, 
humid American summers which are clearly 
contrasted in that respect with those in Europe. 
For unknown reasons, Sg. aurantiaca seems to 
be restricted to rotting wood and bark on both 
continents. Locations with acid soils and raw 
humus underground, such as the Rhododendron 
forests of West Virginia (H. Reichenbach, un
published observations), can be totally devoid 
of myxobacteria. But under otherwise favorable 
conditions such as sufficiently high humidity 
and temperature, myxobacteria have also been 
isolated from soils with a bulk pH of below 5 
(Ruckert, 197 5a, 1979). In cool, humid envi
ronments, such as in Finland, northern Min
nesota, and mountain ranges, myxobacteria 
may be abundant, albeit limited to a few species. 
Tropical rain forests are not necessarily rich in 
myxobacteria, perhaps due to the nature of the 
underground material. Myxobacteria have also 
been isolated from Antarctic soil samples but 
at least in one case, the organisms had a tem
perature optimum around 30°C, which raises 
some doubts as to whether they were really in
digenous (Ruckert, 1985). In another instance, 
however, the isolated bacteria were true psy
chrophiles that developed, very slowly indeed, 
at temperatures between 4 and 9°C but did not 
grow at 18 oc (Dawid et al., 1988). While the 
vegetative stages of the latter organisms closely 
resembled myxobacteria of the Polyangium and 
Nannocystis type, their identify could not be 
established with certainty since they did not 
produce fruiting bodies. No mesophilic myxo
bacteria were found in the Antarctic samples 
examined by Dawid et al. ( 1988). 

Dung of various animals, especially of her
bivores such as rabbit, hare, deer, moose, sheep, 
and goat, is an excellent substrate for myxo
bacteria. Rabbit dung in particular was the pre
ferred source of myxobacteria for the early in
vestigators, and in fact appears to serve as a 
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kind of natural bait. It seems, however, that 
myxobacteria can also pass unscathed through 
the digestive tract of animals (Kiihlwein, 1950). 
Also, the observation of myxobacteria on dung 
pellets collected on the surface of deep snow 
layers suggests that, occasionally, they are de
posited with the dung (Ruckert, 1975a; H. Rei
chenbach, unpublished observations). However, 
the organisms primarily appear to arise in the 
surrounding soil after the dung has been 
dropped. This conclusion is based on the fact 
that aged dung is a better source of myxobac
teria than is fresh dung, that dung collected on 
soil rich in myxobacteria results in a greater 
yield of strains than one from poor soil, and 
that the same species found on dung can also 
be found in the surrounding soil. A number of 
myxobacteria are regularly found on dung, such 
as Myxococcus fulvus, Mx. virescens, Coral/a
coccus coral/aides, Cystobacter fuscus, or Stig
matel/a erecta, but there is no myxobacterium 
that depends on dung-derived growth factors, 
as was thought for some time, and all strains 
isolated from dung can be cultivated on rela
tively simple media. Of course, occasional stim
ulation by substances such as vitamins found 
in dung extracts is conceivable. 

Bark and rotting wood are good sources of 
certain myxobacteria. This includes the cellu
lose degraders ofthe genus Sorangium, but sev
eral noncellulolytic species are also regularly 
found in those habitats. Results vary with dif
ferent species of trees: In Europe, relatively 
good yields have been reported with bark from 
living elder (Sambus racemosa), beech (Fagus 
silvatia), and black locust (Robinia pseudaca
cia) (Dawid, 1979). In Minnesota and other lo
cations in the USA, bark and rotting wood are 
reliable sources for Stigmatella aurantiaca and 
Chondromyces apiculatus. The latter has also 
been found regularly on wood samples from 
southeast Asia, and on dry, rotten "leaves" of 
Opuntia cacti from the Canary Islands (H. Rei
chenbach, unpublished observations). The dif
ference between the situation in Europe has al
ready been pointed out. Clearly, there are other, 
less obvious, factors, perhaps climatic ones, that 
also play a role in the distribution of myxobac
teria. However, there are no myxobacteria with 
an absolute dependence on bark and wood. The 
cellulose degraders are also common in soil and 
dung, and because the other species are bacter
iolytic, they often grow well on dung, and, in 
culture, on media that contain peptone or pro
tein. In fact, it is not understood why in nature 
they grow preferentially on wood and bark. 
Even when they are found on dung, they may 
be there mainly because the dung of herbivores 
is always abundant in plant residues. However, 
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Hap/oangium has only been found on bark and 
wood so far. It has never been cultivated, so its 
nutritional requirements are unknown. 

Although myxobacteria have repeatedly been 
isolated from freshwater habitats (Brauss et al., 
1967, 1968; Geitler, 1925; Gnlf, 1975; Hook, 
1977; Jeffers, 1964; Trfilova et al., 1980, 1981), 
it seems probable that they are merely washed 
in from the soil. Myxobacteria have been used 
to classify rivers for the type of pollution pres
ent (Graf, 1975; Trfilova et al., 1980, 1981 ). 
While myxobacteria appear not to be typical 
aquatic organisms, our experience with culti
vated strains gives no reason to believe that they 
cannot survive and thrive in suitable nkhes in 
aquatic environments. A clear indication of this 
is the case of parasitism of a myxobacterium 
on the green alga Cladophora, with fruiting 
body formation inside the emptied-out algal 
cells (Geitler, 1925). Another example may be 
the occurrence of structures resembling myxo
bacterial fruiting bodies on eggs of the water 
beetle Dytiscus margina/is (Jackson, 1959). 

Isolation 

Although myxobacteria are common in many 
types of soil (a teaspoonful of soil is usually 
sufficient to isolate four or five species) they are 
rarely mentioned in articles on soil microbiol
ogy. The reason is that the usual dilution and 
plating techniques used for the isolation of soil 
microorganisms are unlikely to reveal the pres
ence of myxobacteria. Due to the slime matrix 
they produce, myxobacterial cells do not dis
perse easily when the soil sample is shaken in 
water, so that the organisms are highly under
represented in number when the suspension is 
plated. Even when other, more suitable methods 
are used, the estimated numbers probably are 
only approximate ones; depending on the type 
of soil, they are in the range of 103 to 4 .. 5 X 
105/g, and thus under favorable conditions seem 
to be a rather substantial component (Mc
Curdy, 1969a; Sabados-Saric, 1957; Singh, 
1947). Another problem is that, on lean media, 
the myxobacterial colonies develop as delicate, 
spreading swarms that are easily overlooked, 
while on rich media they remain compact and 
are not recognized as myxobacteria. In addition, 
they grow relatively slowly so they are often 
overgrown by other soil microorganisms, par
ticularly fungi. The fruiting bodies, however, are 
conspicuous and have probably been frequently 
observed by soil biologists and myxologists. 

The isolation of myxobacteria can start from 
fruiting bodies that have developed on natural 
substrates, or from swarms growing in agar cul-
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tur~s. These isolati<;>~s can also be preceded by 
ennchment and baitmg techniques. The meth
ods have frequently been reviewed (Kiihlwein 
and Reichenbach, 1965; McCurdy, 1969a; Pe
terson, 1969). 

Collection and Treatment of Samples 

Soil to be used for the isolation ofmyxobacteria 
should be taken from the upper few centimeters 
of the soil profile. Soils rich in higher organisms, 
and samples collected from between plant roots 
and near the base of stems, give the best yields. 
If the material cannot be processed soon after 
colle~tion, it should be air-dried as quickly as 
possible because otherwise the sample may be
COJ?e moldy, creating problems later during iso
latiOn. A few cubic centimeters of soil are suf
ficient for most isolation techniques. In general 
it is better to have several small samples fro~ 
d_ifferent localities than one large batch from a 
smgle spot. Dry material can be stored for long 
periods at room temperature. It appears that, 
m the natural substrate, myxobacteria are much 
m<;>re stable than, for example, fruiting bodies 
dned on filter paper. Thus, we have found es
sentially the same species over a 12-year period 
of sampling of stored soil samples, and we are 
regularly able to isolate myxobacteria from 
samples stored for 10 to 15 years (H. Reichen
bach and M. Dworkin, unpublished observa
tions). 
. With dung, better results are usually obtained 
If the samples are neither very fresh nor very 
old, but are completely free of low-molecular 
weight components. It is very important to dry 
the samples if they have to be stored for more 
than one day, and such dry dung will yield 
myxobacteria. even after months and years of 
storage. Rabbit dung to be used for baiting (see 
below) should be taken from wild animals; pel
lets from laboratory or domestic rabbits are usu
ally unsuitable, perhaps because they become 
soaked with urine in the cage. 
~ark and wood for the isolation of myxobac

tena must be taken from tree species that are 
~ow in resins and tannin compounds, and spec
Imens have to be quickly dried if they are not 
t? be processed immediately. Successful isola
tiOns are often obtained with wood that has al
ready been decomposed to a rather soft state 
and with bark from the base of the tree and fro~ 
fallen trees. 

Direct Isolation from Natural Substrates 

Isolation can often be achieved directly from the 
nat':lral substrate. Bark of living or dead trees, 
rotti_ng _wood,. or dung pellets are kept in large 
petn dishes hned with two to three layers of 

The Myxobacteria 3423 

filter paper. The samples are soaked in distilled 
water containing cycloheximide (up to 0.08 mg/ 
ml) for a few hours to suppress the growth of 
m<;>lds. The water is then decanted and appro
pnate amounts of water are added at intervals 
~uring cultivation. If the culture is kept too dry, 
It may soon be covered with molds· if the sub
stra~es ar~ inundated, no myxobact~rial fruiting 
bodies will develop. The air in the incubator 
should be kept sufficiently humid, so that the 
?~?e cultures do not dry out too quickly. The 
mitlally saturated system is allowed to dry out 
grad~ally over a period of 14 to 21 days; in this 
way It will eventually pass through the optimum 
for !he development of myxobacterial fruiting 
bodi~s. Such crude cultures are likely to contain 
a vanety of fungi, mites, springtails, nematodes, 
and other organisms that may contaminate 
other cultures. The danger of a contamination 
wit~ mites is especially serious and can quickly 
spml a culture collection. The cultures should 
therefore be kept in tightly closed plastic bags 
or, more conveniently, in a separate incubator 
which should frequently be sterilized. ' 

The cultures can be incubated at room tem
perature (around 20°C) or at 30°C. We have 
never observed unequivocal differences in the 
yield of myxobacteria when parallel crude cul
tures were kept at different temperatures, but 
we have found that at room temperature, the 
development of myxobacteria proceeds more 
slowly and molds tend to spread more vigor
ously. Thus, ~e ~eep such cultures at 30°C (see 
also Krzemiemewska and Krzemieniewski 
1927b). However, samples from mountains at 
high altitudes or from arctic environments may 
contain myxobacteria that are adapted to lower 
temp~ratures (se_e "_Habitats," this chapter), and 
even m forest soils m Central Europe strains are 
occasionally found that grow reasonably well at 
3ooc but produce fruiting bodies only at lower 
temperatures. 

Initially, the crude cultures should be in
s~ected for _fruiting bodies every day, beginning 
with the third or fourth day of incubation be
cau~e fruiting bodies often spring up and then 
rapidly collapse and become very inconspi
cuous. Also, the fruiting bodies may soon be
co~~ overg~own . by other organisms. Most 
fruitm~ bodies will appear during the first 10 
days, either on the substrate itself or on the filter 
paper lining; only rarely will anything of interest 
develop later than 18 to 20 days. Sometimes 
fruiting ~o?ies appear very early on the sub~ 
~trate, withm ho~rs after moistening; probably, 
m such cases, desiccated structures have simply 
b~en rehyd~ated and ~h_us have become recog
mzable, while the frmtmg bodies that appear 
later are produced de novo. In the later phases 
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of culture development, spherical or ridge
shaped masses of vegetative cells, which are 
usually bright yellow, orange, or red, can often 
be observed on the filter paper and can be used 
for isolation; in this way one may obtain species 
whose fruiting bodies are too small and incon
spicuous to be recognized directly on the sub
strate. These organisms are almost always 
members of the Sorangineae, usually Polyan
gium and Nannocystis strains, which produce 
swarms with a massive ridge at the edge. Some
times, cellulose decomposers may develop on 
the filter paper lining itself. 

Isolation from Soil by Baiting 

A baiting technique can be used to isolate 
myxobacteria from soil (Krzemieniewska and 
Krzemieniewski, 1926). A large petri dish is 
filled with soil which is moistened with distilled 
water up to its water-holding capacity. Auto
claved dung pellets from wild rabbits are partly 
buried in the soil. The culture is then incubated 
and examined as described above. Vegetative 
cells will migrate to the dung pellets, colonize 
them, and in time develop the characteristic 
fruiting bodies. Here, as with the technique de
scribed above, the discovery of the myxobac
terial fruiting bodies is greatly facilitated by the 
fact that they tend to appear locally in large 
numbers and in addition often are brightly col
ored and glistening. With some experience, it 
is possible to locate them quickly with the un
aided eye, despite their relatively small size (50 
to 500 ~m). For a more careful examination of 
the culture, a dissecting microscope with inci
dent illumination and a magnification between 
10 and 40 X is perfectly adequate (see Fig. 2). 

Isolation from Swarms 

The bacteriolytic properties of myxobacteria 
can be used for their enrichment from their nat
ural substrates, particularly from soil and plant 
debris. Streaks of living food organisms on 
water agar (WAT agar, see below), either in the 
form of a cross-streak, three parallel streaks, or 
a number of circular patches, are inoculated 
with a small quantity (approximately the size 
of a lentil) of the material to be analyzed (Singh, 
194 7). The cross and the patches are inoculated 
in the center, the parallel streaks at the ends. 
Care should be taken not to scatter the inocu
lum over the plate. To facilitate application of 
the sample, the soil may first be moistened with 
sterile water and then applied with sterile 
swabs. 

To restrict the development of fungi, the ad
dition of the antibiotic cycloheximide (25-1 00 
JLg/ml) to the enrichment medium has been rec-
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ommended (WCX agar, see below; Brockman 
and Boyd, 1963). Results are indeed superior 
when cycloheximide is included, and the cul
tures can be maintained for a longer period of 
time. The antibiotic does not control the growth 
of amoebae, a major nuisance with this isolation 
technique. Also, it does not result in the selec
tion of particular myxobacteria or in the 
suppression of any other gliding bacteria, such 
as Cytophaga-like bacteria, flexibacters, Tax
eobacter, or Herpetosiphon, that can also be iso
lated with this method. 

WAT Agar and WCX Agar 
CaCI2·2H20 0.1% 
Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 
After autoclaving, 25 f.L8 cycloheximide may be added 
per ml from a filter-sterilized stock solution, yielding 
WCX Agar. 

Many bacteria and yeasts can be used as food 
organisms by the myxobacteria. Food organ
isms that are readily recognized and can be eas
ily eliminated later are, of course, preferred. Se
lection for myxobacteria works better if the prey 
microbes used are alive rather than dead. In the 
first study, an Aerobacter strain was used as the 
food organism (Singh, 194 7). We have found the 
following bacteria to be useful: 1) Micrococcus 
luteus is easy to distinguish, is nonmotile, and 
is relatively large, so that it is not readily spread 
around; while it is not well utilized by soil ame
bae, neither will all strains of myxobacteria, spe
cifically Nannocystis strains, grow on it. 2) Esch
erichia coli is a favorable substrate for 
myxobacteria, including Nannocystis, which 
can be subcultured indefinitely on it; but soil 
amebae also use it well, and this sometimes 
makes E. coli inconvenient. 3) Autoclaved 
yeast, Saccharomyces cerevisiae, can be cheaply 
prepared from commercial bakers' yeast; the 
pH of the suspension must be adjusted to 7.0, 
since the yeast cake is usually acidic; unfortu
nately, the autoclaved yeast is also a good sub
strate for many contaminants. Generally, living 
E. coli is our preferred food organism. 

The cultures are incubated at 30°C and 
checked under a dissecting microscope for the 
appearance of myxobacterial swarms and fruit
ing bodies, at first daily, beginning at the second 
or third day, and later at longer intervals (See 
Fig. 2). After about 3 weeks, no additional 
myxobacteria are likely to appear, and the cul
tures can be discarded. Most myxobacteria ap
pear within 8 to 14 days. The myxobacteria 
grow first on the lawn of the food organism, but 
later often spread over the agar surface between 
the smears. A fast-spreading organism such as 
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Cystobacter may reach the end of a streak 
within 1 to 2 days. If two streaks are made in 
a crossed pattern, different myxobacteria may 
develop on each of the four arms. Different or
ganisms also may follow one another on the 
same streak. As a rule, species of the Cysto
bacterineae are seen first, while the Sorangineae 
develop later. Between two and five different 
myxobacteria can be expected on one plate. 
Three parallel plates are usually sufficient to se
cure most of the myxobacterial types that are 
readily isolated from a sample, with the excep
tion of the cellulose degraders. Fruiting bodies 
are often produced within the swarms after a 
couple of days. Fruiting bodies may also appear 
on the soil crumbs or other particles of the in
oculum. To be able to detect the delicate, film
like, swarms of myxobacteria, one has to use a 
dissecting microscope with a tiltable mirror so 
that light can be applied at a shallow angle to 
the surface of the plate. 

The sooner a swarm is recognized, the more 
easily a myxobacterium can be isolated, as at 
the beginning, the contaminants may still be 
confined to the site of the inoculum. Transfers 
are then made from the swarm edge, which is 
usually the purest part of the colony. 

A disadvantage of isolating myxobacteria 
from the swarm stage is that most species can
not be identified by their swarm morphology. 
With some experience, however, at least certain 
genera or types can be differentiated (see Fig. 
2). The ubiquitous Nannocystis, for example, 
produces a network of trails outside the streak 
of the food organism. These trails are deeply 
etched into the agar and end with a small cluster 
of cells. On the streak, there is often a heavy, 
meandering ridge. Polyangium shows a similar 
pattern, but with coarser structures. Swarms 
with an edge that consists of a massive, often 
brightly colored ridge are in general typical for 
the suborder Sorangineae. Cystobacter and Ar
changium swarms are usually tough slime 
sheets with a pattern of delicate, but conspic
uous, branched, radiating veins. The swarms of 
the Myxococcaceae tend to be smooth, soft
slimy sheets, often with dense fields of tiny 
waves or ripples. If there are radial veins, they 
typically are wavy and meandering. Swarms of 
Mx. stipitatus show a bright yellow fluorescence 
in ultraviolet (UV) light of 366-nm wavelength 
(Lampky and Brockman, 1977). The shape of 
the vegetative cells under the microscope may 
also provide a clue to the identification of the 
swarm observed. 

Isolation of Cellulose Decomposers 

For the isolation of cellulose-degrading myxo
bacteria of the genus Sorangium, a mineral agar 
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with cellulose as the only carbon source is used. 
While NH/ is an excellent nitrogen source for 
Sorangium, much better results are obtained 
when N03- is used in the isolation medium, as 
in ST21 agar. The cellulose is applied in the 
form of sterile filter paper which is placed on 
top of the agar surface. Since the cultures have 
to be incubated for a longer time before the 
cellulose decomposers can be recognized, it is 
essential to include cycloheximide in the me
dium. 

ST21 Agar and ST21 CX Agar 
Solution A: 
K2HP04 0.1% 
Yeast extract (Difco) 0.002% 
Agar 1% 
Make up in about two-thirds of the water volume. 

Solution B: 
KN03 0.1% 
MgS0.-7H20 0.1% 
CaCI2·2H20 0.1% 
FeCI, 0.02% 
MnS0.-7H20 0.01% 
Make up in the remaining water volume. 

After autoclaving separately, solutions A and Bare com
bined and I ml of trace element solution (see below) is 
added per liter of medium. 
For crude and enrichment cultures, 25 J.!g of cyclohex
imide is added per ml from a filter-sterilized stock so
lution yielding ST21CX agar. 

Trace Element Solution (Drews, 1974) 
The following formulation is concentrated 10-fold over 
the original one given in Drews (1974). 

MnC12·4H20 
CoCI2 

cuso. 
Na2Mo0.-2H20 
ZnC12 

LiCl 
SnC12·2H20 
H,BO, 
KBr 
Kl 
EDTA, Na-Fe3• salt (trihydrate) 

100 mg 
20 mg 
10 mg 
10 mg 
20 mg 
5 mg 
5 mg 

10 mg 
20 mg 
20 mg 
8 g 

When dissolved in I liter of water and filter sterilized, 
this solution is stable for months at room temperature. 
The mixture is used at I mljliter medium. 

The filter paper is inoculated in the center 
with a pea-sized amount of soil or plant debris, 
either in one spot or in the form of a streak. 
The cultures are incubated at 30°C. Unequi
vocal cellulose decomposition cannot be ex
pected before 8 to 10 days of incubation, and 
most Sorangium strains are seen only after 10 
to 20 days. They are recognized as bright, more 
or less translucent patches, which are yellow, 
orange, brown, or even black, often several em 
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across, and consisting of macerated cellulose, 
slime, and usually masses of densely packed 
fruiting bodies. The latter are responsible for 
most of the color, but also the vegetative parts 
of the swarms may be tinged yellow and orange, 
and at the edges, dense, orange ridges often de
velop. Besides the sorangia, other cellulolytic 
bacteria may also appear. The lysed areas al
ways contain complex mixtures of a variety of 
bacteria, protozoa, and nematodes. In such cul
tures, particularly at later stages, often noncel
lulolytic myxobacteria also develop which ob
viously live off the cellulose degraders 
(Brockman and Boyd, 1963). They appear in the 
form of long, heavy, orange ridges, which are 
the edges of expanding swarms, and are usually 
strains of Nannocystis, Polyangium, or Chon
dromyces. Often fruiting bodies are also pro
duced, not only in the macerated areas, but also 
on the edges of the intact filter paper, on the 
inoculum, and on the agar just beyond. Of 
course, these latter myxobacteria, not being cel
lulolytic, have to be subcultured on streaks of 
food bacteria and not again on filter paper. As 
the fruiting bodies observed in the lysis zones 
are not necessarily those of the cellulose de
graders, in case of doubt, subcultures are best 
started both from fruiting bodies and from the 
swarm edge, using both types of substrates. 

Isolation from Fresh Water 

Sediments and plant and animal debris col
lected in lakes, ponds, rivers, etc., may be pro
cessed in the same way as described above. If 
free-floating myxobacteria are to be isolated, be
tween 10 and 1000 ml of water is passed through 
a sterile membrane filter of small pore size (0.15 
to 0.45 ~tm). The filter is then placed right-side 
up on the surface of rabbit dung agar (another 
lean medium, e.g., VY/2 agar with a reduced 
yeast content or CY agar with a lowered peptone 
concentration would also do). The cultures are 
incubated at a suitable temperature, e.g., 34 oc. 
After 4 to 5 days, myxobacterial swarms and 
fruiting bodies may be observed (Graf, 1975). 

Rabbit Dung Agar I 20 g of dry rabbit dung (wild rabbits) is boiled in I liter 
of distilled water for 20 min. The filtrate is made up to 
I liter again, and 1.5% agar is added. The pH is adjusted 
to 7.2, and the medium is autoclaved. 

In summary, the various direct isolation tech
niques all have certain limitations, and each 
may be more or less appropriate for the isolation 
of a specific organism. For the cellulose de
graders there is little choice. However, with 
some experience, they may also occasionally be 

CHAPTER 188 

found on dung pellets. Conversely, the cellulose 
plates are also useful for the isolation of Chon
dromyces, Stigmatella, Polyangium, and Nan
nocystis. While Myxococcus is most easily ob
tained on dung pellets, Cystobacter fuscus, 
Stigmatella erecta, Archangium, Corallococcus, 
Chondromyces, and Melittangium are also 
often found with this technique. The most gen
erally effective technique is the use ofbacterial 
smears; under these conditions, myxobacteria 
with small and inconspicuous fruiting bodies as 
well as strains that do not form fruiting bodies 
at all under the culture conditions, are reliably 
isolated. Bark and rotting wood incubated in a 
moist chamber are in some cases excellent 
sources for fast and reliable isolation of Stig
matella aurantiaca and Chondromyces species. 

Purification Methods 

In the simplest case, pure cultures of myxobac
teria can be obtained in one step from fruiting 
bodies, which usually contain an uncontami
nated population of myxospores, at least as long 
as they are young. By carefully transferring ma
terial from fruiting bodies to a suitable agar me
dium, such as CY or VY/2 agar (see below), 
pure swarms can be obtained. An excellent tool 
for such delicate work is a glass rod drawn out 
into a fine tip. More convenient for a swift op
eration is the sharp point of a disposable, 1-ml, 
injection syringe. Direct isolation from fruiting 
bodies is possible with Myxococcus species, be
cause they produce soft-slimy fruiting bodies, 
and enough myxospores to start a culture can 
be obtained just by touching the fruiting body 
at the top. The fruiting bodies of Chondromyces 
and Stigmatella consist of sporangioles which 
are borne on a relatively long stalk that lifts 
them above the heavily contaminated substrate 
surface. The sporangioles can be plucked off and 
used as an inoculum. With all other myxobac
teria, the chance of a selective transfer from 
fruiting bodies are low because they are too in
timately interwoven with the substrate and the 
slime layer of the swarm. 

VY/2 Agar 
Bakers' yeast 0.5% (by weight of commercial 

yeast cake) 
CaCI2 2H20 0.1% 
Cyanocobalamin 0.5 !Lg/ml 
Agar 1.5% 

The pH is adjusted to 7.2. The medium is autodaved. 
The yeast may be stored as an autoclaved stock sus
pension for several weeks. In order to obtain a uniform 
suspension of the yeast cells in the agar medium, the 
yeast must be added to the molten medium. 
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CY Agar 
Casitone (Difco) 0.3% 
Yeast extract (Difco) 0.1% 
CaC12·2H20 0.1% 
Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 

ENRICHMENT TECHNIQUES. If direct isolation is 
not possible, enrichment techniques have to be 
applied. Fruiting bodies or vegetative cells are 
transferred to streaks of a food organism on 
WCX agar. three parallel streaks can be made 
on one plate, and each streak can be inoculated 
at both ends. As the swarm is often firmly at
tached to the substrate or forms a very tough 
slime sheet, from which tiny bits cannot easily 
be removed, or because the myxobacteria mi
grate within the agar, the inoculum often must 
be cut out with a small piece of agar using the 
tools mentioned above. An inoculation loop 
would be much too coarse, and would risk car
rying over too many contaminants. The bac
terial smears are best inoculated at their edge 
so that the developing swarm also has a chance 
to spread over the free agar surface, which 
sometimes gives a better separation from the 
contaminants. New transfers can be made from 
the purest-looking sections of the developing 
swarms, preferentially from the swarm edge, 
until swarms are obtained that seem pure 
enough to justify a transfer to VY/2 or CY agar. 
A transfer to smears of autoclaved E. coli on 
WCX agar may be necessary as an intermediary 
step, particularly if the myxobacterium grows 
only within the streaks of the living E. coli. 
Much time can be saved later if the cultures are 
initially transferred within short intervals (1 to 
2 days), before the contaminants have multi
plied and spread. While it is advisable to make 
several transfers from the crude culture-by in
oculating all three streaks of the enrichment 
plate, if possible from different sites-in order 
to enrich for the organism and to have a choice 
of contaminants to deal with, transfers can also 
be made one at a time, so that the three streaks 
of a plate can be used consecutively. 

It may be mentioned that sometimes trans
ferred fruiting bodies do not germinate. This 
may happen, for example, if fruiting bodies 
found on a dung pellet have erroneously been 
identified as a bacteriolytic species (which is in
deed the case with almost all dung organisms) 
and therefore were transferred to a bacterial 
smear, while in reality the fruiting bodies had 
been produced by a cellulose degrader. The lat
ter will readily develop if inoculated to filter 
paper on ST21 agar (see "Isolation of Cellulose 
Decomposers," this chapter). However, there 
are also bacteriolytic myxobacteria that do not 
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always germinate on bacterial streaks, e.g., Cys
tobacter fuscus. With these strains it sometimes 
helps to transfer fruiting bodies directly to VY/ 
2 agar. After germination, the swarms should 
be inoculated as soon as possible on bacterial 
streaks, because many contaminants can grow 
vigorously on VY/2 agar. If a sufficient quantity 
of fruiting bodies can be obtained from the 
crude culture, some of them should first be 
heated in water (see "Purification by Heating," 
this chapter) before they are inoculated to the 
growth medium. It should also be kept in mind 
that there is at least one myxobacterium (Hap
loangium) that will not germinate on any known 
medium and has not been cultivated so far. 

If the myxobacteria are left growing on the 
streaks for a longer time, they usually will pro
duce fruiting bodies. Fruiting bodies can be 
very useful as starting material for further, more 
sophisticated purification steps. Also, fruiting 
bodies are important for the identification of 
the isolated strains. 

The main contaminants in the enrichment 
cultures are other bacteria. Occasionally, other 
gliding organisms, more often small Gram-neg
ative rods, become trapped in the slime of the 
swarm and be carried around by the moving 
myxobacteria. These two types of contaminants 
are often difficult to eliminate. Nematodes, 
fungi, and especially soil amebae may also be
come a serious problem. 

The first step in purification is to eliminate 
all animals from the culture because they move 
very actively and thus quickly spread bacterial 
contaminants over the plate. The transfer of 
nematodes can usually be avoided if some cau
tion is observed, because they are large enough 
to be easily recognized and eliminated. Occa
sionally, however, a culture is heavily infested 
with nematodes; or the worms cannot be seen 
because an opaque substrate is used, e.g., cel
lulose plates. In these cases, the plate can be 
frozen by simply storing it in a - 80°C deep
freeze for one or two days, which seems to kill 
all nematodes. After thawing the plate, it is im
portant to make a transfer to a fresh plate im
mediately after the surface of the plate has soft
ened sufficiently, because the thawed agar will 
be very runny and soft (Reichenbach, 1983). 
The amebae, which sometimes· multiply ex
tremely fast, can also be killed by exposing the 
plate to ammonia vapors (M. Aschner, personal 
communication). We use a 5% ammonia solu
tion in a petri dish and place the culture plate 
upside down over the ammonia dish for 1 to 2 
min. The plate is then left with a closed lid for 
another 2 to 5 min, and then the myxobacteria 
are transferred to a fresh plate because the old 
one is now strongly alkaline. The myxobacteria 
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usually survive the treatment very well, even 
when no fruiting bodies are present. A further 
transfer should be made as soon as possible 
from the fresh culture because a few amebae, 
probably encysted stages, sometimes survive. 
Soil amebae do not seem to be inhibited by 
cycloheximide, nystatin, or freezing. 

Occasionally, cycloheximide-resistant fungi 
are present, but they can almost always be in
hibited by dusting the inoculum with nystatin 
powder. The myxobacteria grow between the 
nystatin particles and can then be transferred 
to another plate. 

The remaining contaminants are bacteria. By 
transferring pieces from the fast-spreading 
swarm edge, most of the larger and less motile 
organisms are quickly eliminated, in particular 
Bacillus species and their spores, but the slime 
matrix of the swarm may still shelter many 
small, mainly Gram-negative bacteria. Apart 
from the slime, the relatively slow growth of 
myxobacteria compared with that of typical 
contaminants is a major factor that makes pu
rification time-consuming and difficult. Usually 
it takes 3 to 6 weeks before an isolated strain 
is pure; only rarely can it be accomplished in 
one to two days (by direct transfer of fruiting 
bodies). Fortunately, those isolations that may 
take one to two years (e.g., a cellulose degrader) 
are equally rare. 

Often spreading growth under selective nu
tritional conditions is either not sufficient to 
shake off contaminants, or the procedure be
comes too time-consuming. In such cases, a 
number of more specific purification steps may 
be tried. 

PURIFICATION BY PLATING. Plating of diluted 
cell suspensions, the technique of choice for the 
isolation of most soil bacteria, is only partly 
useful with myxobacteria. The first difficulty is 
that the slime makes it difficult to suspend the 
cells homogeneously in water. We have some
times had success using a small (1 ml) sterilized 
tissue homogenizer to overcome this problem. 
If fruiting bodies are available, treatment with 
ultrasound for 1 to 2 min may result in a sus
pension of myxospores. (The use of ultrasound 
to kill contaminants selectively, as suggested by 
Sutherland, 1976a, has not appeared very prom
ising in our hands.) Cell suspensions can also 
be produced in a mixer with or without glass 
beads (McCurdy, 1963). The cell suspensions 
can be diluted without problems in sterile dis
tilled water, although a special dilution medium 
(DM) has also been used. 

Dilution Medium (DM; McCurdy, 1963) 
I Soluble starch 0.5% 
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MgS047H20 0.05% 
K2HP04 0.025% 

The second difficulty is that quite a few myxo
bacteria, particularly members of the suborder 
Sorangineae, do not readily produce swarms 
from single cells. Often a long and tedious op
timization and adaptation procedure is required 
before single-cell colonies are obtained, even 
from pure strains~ Nevertheless, with many 
myxobacteria, a reasonably high proportion of 
the cell population will grow to form colonies, 
so that plating may be successful. However, in 
our experience, plating has a chance only if the 
myxobacterium is already nearly pure. This 
may have to do with their relatively low plating 
efficiency and relatively slow growth rate. CY 
agar is often an appropriate medium for plating; 
sometimes the yield is improved if the peptone 
concentration is increased to 0.8 to 1.21Yo or if 
0.5% glucose is added. ECM agar and SP agar 
have also been recommended. While VY/2 agar 
is a good growth medium, its turbidity reduces 
its utility and, in addition, myxospores some
times do not germinate on this medium. 

ECM Agar (McCurdy, 1963) 
Washed cells of Escherichia coli (I 00 mg dry mass per 
I 00 ml) are suspended in a medium containing: 
MgS02·7H20, 0.05%; NaCI, 0.6%; agar 1.5%. The pH is 
adjusted to 7.2, and the medium is autoclaved. On this 
medium, myxobacterial colonies are surrounded by lysis 
zones. 

SP Agar (McCurdy, 1963; McDonald and Peterson, 
1962) 

Raffinose 
Sucrose 
Galactose 
Soluble starch 
Casitone (Difco) 
MgS047H,O 
K2HP04 

Agar 
Vitamin solution (see below) 

0.1% 
0.1% 
0.1% 
0.5% 
0.25% 
0.05% 
0.025% 
1.5% 
2.5 ml/liter 

Vitamin Solution (McDonald and Peterson, 1962) 
Thiamine I 00 mg 
Riboflavin 75 mg 
Pyridoxine 75 mg 
Ca pantothenate 200 mg 
p-Aminobenzoic acid 5 mg 
Nicotinamide 75 mg 
Choline HCl 200 mg 
Folic acid I mg 
Inositol I ,000 mg 
Biotin 0.05 mg 
Cyanocobalamin 0.05 mg 

These ingredients are dissolved in I liter of ethanol. Add 
2.5 ml per liter of medium. 
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It seems not to make much difference whether 
the diluted cell suspensions are spread on the 
agar surface or included in pour plates. In the 
latter case, the agar content of the medium 
should be reduced to about 1% and tempera
tures above 40°C of the molten agar should be 
avoided. Myxobacterial colonies may be rec
ognized by their swarming behavior, which they 
also tend to show when embedded in agar. On 
rich media, swarming may be considerably re
duced, and the colonies may become compact 
and look like those of ordinary bacteria. If they 
are dense enough, however, they may be brightly 
colored in shades of yellow, orange, red, or pur
ple. 

PURIFICATION BY HEATING. This procedure can 
be used if fruiting bodies with mature myxo
spores are present. The fruiting bodies are sus
pended in 1 ml of sterile water and incubated 
in a water bath. After 10, 20, and 40 min, sam
ples are transferred to CY or VY/2 agar and 
carefully spread all over the plate. The useful 
temperature-too high for the contaminant, but 
still withstood by the myxobacterium-has to 
be found by trial and error. We usually work at 
58 oc, a temperature which is survived by most 
myxospores for at least 10 min. This temper
ature is often sufficient to kill contaminating 
bacteria, fungi, and amoebae. Only rarely do 
myxobacteria tolerate higher temperatures, and 
some do not withstand 58°C, in which case 
56°C or less may still lead to success. It is, how
ever, important to try this method in the later 
part of the purification process, because then 
the chances are higher that thermoresistant con
taminants, e.g., Bacillus spores, will no longer 
be present. It may take a week or longer at 30°C, 
before swarms can be seen on the plates, as a 
substantial part of the myxospore population 
may also have been killed. However, often 
swarms are visible within 1 to 2 days. 

PURIFICATION WITH ANTIBIOTICS. This proce
dure may also be useful if mature myxospores 
are present. Fruiting bodies are suspended in 1 
ml of a rich growth medium, e.g., EBS medium 
(see below). To this is added 0.1 ml of a con
centrated mixture of potent antibiotics, and the 
suspension is shaken overnight at 30°C (Rei
chenbach, 1983). The myxospores do not ger
minate in the rich medium, but the contami
nants will grow and be killed. If a contaminant 
is resistant to the inhibitors, the culture will be 
turbid the next morning, and the procedure 
must be repeated with a different mixture of 
antibiotics. (Occasionally the liquid becomes 
turbid due to suspended dead cells. In this case, 
the culture fluid can be replaced by fresh me-

The Myxobacteria 3429 

dium and the culture incubated a few hours 
more.) We use three increasingly aggressive 
combinations of antibiotics, AB-1, -2, and -3 
solutions, (see below) which we apply consec
utively when necessary. If the supernatant is 
still clear on the next morning, it is replaced by 
sterile distilled water, and the fruiting bodies 
are washed by shaking them for 4 to 6 hr more. 
They are then transferred to VY/2 or CY agar, 
or to streaks of autoclaved E. coli on WCX agar. 
Usually swarms develop after 1 to 5 days. Some
times an individual swarm is still contami
nated, although no foreign colonies can be seen 
on the plate. Therefore, several swarms should 
always be isolated and tested separately for pu
rity. Again, the procedure is less effective during 
the early stages of purification, before the ma
jority of the contaminants have been removed. 
It should be emphasized that the vegetative 
growth of myxobacteria is, in general, as sen
sitive to inhibition by antibiotics as is the case 
with other Gram-negative bacteria. However, 
the metabolically quiescent myxospores within 
the fruiting bodies are resistant, and it is their 
germination that is prevented by the antibiotics. 

EBS Medium 
Peptone from casein (tryptic digest); Merck, 0.5% 

Darmstadt, Germany) 
Proteose peptone (Difco) 0.5% 
Peptone from meat (Merck) 0.1% 
Yeast extract (Difco) 0.1% 

The pH is adjusted to 7.0. The medium is autoclaved. 

AB-1 Solution 
Chloramphenicol 
Streptomycin sulfate 
Tetracycline HCl 
Na cephalotin 

20 mg 
30 mg 
25 mg 
20 mg 

The above ingredients are dissolved in 50 ml water and 
filter sterilized. The solution remains stable for several 
weeks at 4 a c. 

AB-2 Solution 
Chloramphenicol 
Streptomycin sulfate 
Tetracycline HCl 
Kanamycin sulfate 
Erythromycin 
Polymyxin B sulfate 

20 mg 
30 mg 
25 mg 
35 mg 
25 mg 
20 mg 

The above are dissolved in 50 ml water and filter ster
ilized. The solution remains stable for several weeks at 
4°C. It is often inhibitory to myxobacteria and should 
only be used as a last resort. 

AB-3 Solution I Chloramphenicol 
Tetracycline HCl 
Neomycin sulfate 
Gentamycin sulfate 

20 mg 
30 mg 
20 mg 
30 mg 
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Collistin methanesulfonate 30 mg 

The above are dissolved in 50 ml water and filter ster
ilized. The solution remains stable for several weeks at 
4 oc. This mixture is specifically designed to eliminate 
pseudomonads. It usually serves that purpose but is less 
well tolerated by the myxobacteria than AB-1 solution. 

It has also been suggested that inhibitors, e.g., 
neomycin and sulfanilamide, be included di
rectly in the isolation medium (McDonald, 
1967; McCurdy, 1969a). However, while some 
myxobacteria can be isolated in this way, we do 
not recommend this approach. (Cyclohexamide 
is, of course, an exception, as it does not inhibit 
prokaryotes. It is remarkable how many soil 
bacteria can grow in the presence of high doses 
of powerful antibiotics, and there is always the 
danger of a counterselection of some myxobac
teria. Addition of antibiotics to purification me
dia is a different story, however, as some groups 
of myxobacteria are naturally resistant to cer
tain potent antibiotics (see later). 

PURIFICATION OF CELLULOSE DECOMPOSERS. 
The purification of Sorangium strains is espe
cially tedious and time-consuming because the 
organisms only grow slowly on the selective sub
strate, giving the contaminants ample time to 
multiply. Furthermore, within the water-soaked 
filter pad, many contaminants spread rapidly 
over the whole area, complicating the problem 
of separating the myxobacteria from the other 
organisms. 

The first transfer from the crude culture 
should be made again to filter paper on ST21 CX 
agar (see "Isolation of Cellulose Decomposers") 
to retain the selective conditions. For the prep
aration of subcultures, filter paper is cut into 
small rectangles, about 1.5 X 3 em, three or 
four of which are placed at some distance from 
each other on the agar surface. The filter pads 
are inoculated from different parts of the orig
inal swarm. In this way, an initial reduction of 
the contaminants may be achieved. The next 
step is to remove nematodes and amebae, using 
the techniques recommended above. To elimi
nate bacterial contaminants, transfers can be 
made to streaks of autoclaved E. coli on WCX 
agar to which 250 mg kanamycin sulfate has 
been added per liter medium (after autoclaving, 
from a filter-sterilized stock solution: KAN4 
agar). All Sorangium strains tested so far are 
completely resistant to kanamycin as well as to 
neomycin and gentamicin (H. Reichenbach, un
published observations). Most sorangia grow 
reasonably well on autoclaved (but not on liv
ing) E. coli, often forming large, delicate 
swarms, another advantage of this purification 
step. Pieces from the swarm edge that appear 
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to be uncontaminated can be transferred to 
VY /2 agar. The pure strain is reinoculated to 
filter paper to make sure that the desired or
ganism has been isolated. We have never ob
served a Sorangium strain to have lost its ability 
to degrade cellulose during isolation. Addition 
of kanamycin initially to the crude culture 
would prevent the appearance of many other 
myxobacteria and at the outset, select for kan
amycin-resistant contaminants. 

If the method just described fails, heating of 
the fruiting bodies or treatment with the anti
biotic solution may lead to success. If the Sor
angium isolate is already relatively pure, it may 
also be transferred to chitin agar (CT7 agar; see 
Chapter 176) or to cellulose overlay agar (CEL3 
agar, see below). Most but not all sorangia also 
decompose chitin and grow relatively quickly, 
producing large swarms on chitin agar with chi
tin as the only carbon, nitrogen, and energy 
source. Large swarms also arise on cellulose ov
erlay agar, but development is delayed so that 
the contaminants have a better chance to pre
dominate. On both media, the sorangia pene
trate the agar, so that sometimes a pure inoc
ulum can still be obtained from the deeper 
layers of the plate even though the surface is 
contaminated. 

CEL3 Agar 
Cellulose powder 0.5% 
KNO, (autoclaved separately) 0.1% 
Agar 1.0% 

Cellulose powder MN 300 from Macherey & Nagel 
(Diiren, Germany) works well. The pH is adjusted to 
7.2. The medium is autoclaved and poured as a thin 
layer on top of ST21 agar plates. 

Another strategy often helpful in the purifi
cation of sorangia is incubation at 38°C, e.g., 
on KAN4 agar + autoclaved E. coli. Most but 
not all strains are able to grow at this temper
ature, sometimes vigorously so, while growth of 
the contaminants is often prevented. 

TESTING FOR PURITY. The final task in pun~ cul
ture isolation is to check for purity of the cul
ture. Some swarm material may be streaked on 
nutrient agar, on which myxobacteria, in con
trast to most contaminants grow only slowly or 
not at all. Other media useful for purity control 
are CY and MYX agar. Although most myxo
bacteria grow on those media, they are usually 
easily distinguished from nonmyxobacterial 
colonies. 

MYX Agar 

I Glutamate Na 
Yeast extract (Difco) 

0.5% 
0.1% 
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MgS0.-7H20 0.1% 
Glucose (autoclaved separately 0.2% 
Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 

In addition, some material may be inoculated 
into a liquid medium, e.g., nutrient broth or 
CAS medium and incubated with shaking for 
one day at 30°C. Under such conditions, myxo
bacteria usually grow in clumps, flakes, or as a 
ring around the glass wall, if at all. Dispersed 
growth at that stage is almost always an indi
cation of contamination. 

Myxobacteria can often be differentiated eas
ily from other bacteria by their size, cell shape, 
and their inability to swim actively. Thus mi
croscopic examination will also often quickly 
reveal contaminants, although this is not always 
reliable and requires some experience. 

Counting Myxobacteria in Soil 

The quantitative determination of myxobac
teria in soil is not likely to give accurate results, 
because, in the swarm and in the fruiting bod
ies, the cells are always linked together by slime, 
and in the fruiting bodies cells are often sur
rounded by the tough walls of the sporangioles. 
Still, estimates are possible and have been per
formed in the following way: Small disks (about 
2 em in diameter) impregnated with a food or
ganism are placed on a water agar or a silica gel 
plate, and each circle is inoculated with a small 
quantity of soil which has been carefully ho
mogenized and weighed (Singh, 1947). Alter
natively, the weighed and homogenized soil is 
made into a paste with sterile water, and small 
drops are applied to the ends and centers of 
cross-streaks of a food organism on water agar, 
or, for counting cellulose decomposers, to filter 
paper disks on mineral agar (Brockman, 1976). 
After incubation, the number of myxobacteria 
is calculated from the number of swarms and 
fields of fruiting bodies that have developed. 
Another approach is to add soil dilutions to 
ACE agar (McCurdy, 1969a). This method has 
severe limitations because the medium allows 
a rapid development of contaminants, and only 
Myxococcus and Corallococcus cells can be 
counted. Nevertheless, the numbers that have 
been obtained are sometimes quite impressive. 

ACE Agar (Antibiotic Cell Extract Agar; McCurdy, 
1969a) 

SP medium (see "Purification by Plating," this chapter) 
is supplemented with: 

Yeast extract 
Yeast (or E. coli) cells 
Neomycin 

0.1% 
0.5% (dry weight) 

10 ~-tg/ml 

Sulfanilamide 
Cycloheximide 
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The myxobacteria are detected by their 
swarm morphology and surrounding lysis 
zones. 

Cultivation 

Contrary to a belief that still seems widely held, 
myxobacteria are not particularly fastidious or
ganisms. With the exception of Haploangium, 
all species have been cultivated, and all can be 
grown in axenic, pure culture. Of course, as with 
all other organisms, myxobacteria have their pe
culiarities, but no unusual requirements, and 
not even particularly complex ones, have been 
discovered to date. Exotic substrates such as the 
rabbit dung media that were so popular for a 
long time are not necessary. Although it is not 
always easy, fully defined, synthetic media have 
been developed for some myxobacteria. In con
nection with possible commercial antibiotic 
production, quite a few myxobacteria have been 
cultivated in large-scale fermentors (5 m3 and 
greater), often on technical media, such as corn 
steep powder and soy meal. 

Plate Cultures 

Myxobacterial cultures are often incubated for 
extended periods, (1 to 4 weeks), where dehy
dration may occur, so that plates must be 
poured thicker than for the usual bacterial 
work. Also, a high humidity in the incubator is 
helpful. 

All myxobacteria, including the cellulose de
graders, seem to grow well on yeast agar (VY /2 
agar). The yeast cells are usually decomposed, 
but not always completely, and sometimes not 
at all. Vitamin B12 is occasionally required (e.g., 
by many Polyangium strains) so cyanocobala
min is included in this standard medium. Typ
ically, on VY/2 agar gliding motility is consid
erably stimulated, and the swarm colonies tend 
to become very large. Fruiting bodies are often 
formed even after several transfers on VY/2 
agar, although sooner or later most strains cease 
fruiting on this medium as well as on most other 
growth media. Cultures on VY/2 agar are usu
ally rather stable, and most strains need not be 
transferred more often than every 2 to 3 weeks 
(30°C). The reason is probably that VY/2 agar 
is relatively lean, nutrients are only gradually 
solubilized, and the pH does not change very 
much. The medium therefore is also well suited 
for stock cultures. 
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. An~ther useful medium is CY agar (see "Pu
n_ficatwn Methods," this chapter). On this me
dmm growth often is more vigorous, but the 
swarms do not spread so much, may become 
somewhat slimy, and often the cells die earlier 
(after 1 to 2 weeks) due to copious ammonia 
production. The choice of the peptone for media 
of this type is critical. In general, the most suit
a~le products app_ear to be pancreatic and tryp
tic d1ge~ts of casem, e.g., casitone (Difco), tryp
tone (D1fco ), or peptic digests (Marcor, Merck). 
But other peptones such soybean peptones can 
also be used. Meat peptones, on the other hand, 
are usually not useful, perhaps because their 
ph?SP~~te content is too high. In any case, the 
smtab1hty of a peptone for the myxobacterial 
strain to be cultivated must first be tested. How 
critical the quality of the peptone can be is seen 
from the fact that even the specific batch of a 
particular peptone brand may make a differ
ence. Thus, for example, not every batch of 
Difco casitone supported successful induction 
of myxospore formation with Stigmatella au
:antiaca (Gerth and Reichenbach, 1978); sim
llar observations have also been made with glyc
erol induction of myxospores of Mx. xanthus. 
Replacement of peptone by a total protein hy
drolysate, e.g., casamino acids (Difco), is often 
not possible. But casamino acids are a perfect 
N ~ource for Cystobacter and Sorangium 
strams. 

Watson and Dworkin ( 1968) showed that Mx. 
xanthus lacked hexokinase and was unable to 
take up, metabolize, or grow on sugars. This, 
however, cannot be generalized for the myxo
bacteria, despite earlier impressions that this 
might be the case. Many myxobacteria are 
kn?wn that efficiently metabolize sugars, e.g., 
Stzgmatella and Cystobacter. In fact, it seems 
that only the Myxococcus species and perhaps 
some Corallococcus strains are unable to use 
carbohydrates. In some cases, e.g., certain Cor
allococcus strains, polysaccharides such as 
starch can be utilized, although no mono- and 
disacch_arides can be used. Apparently the 
starch 1s degraded to the trisaccharide which 
can be metabolized (Irschik and Reich~nbach 
1985). Thus, it may sometimes be useful to sup~ 
plement a peptone medium with starch or glu
cose. Another beneficial effect of this may be 
that the pH rises more slowly, so that the culture 
can be maintained for a longer time. We have 
found the following formulations useful for 
plate cultivation: 

CYG2 Agar I Casitone (Difco) 0.3% 
Yeast extract (Difco) 0.1% 
CaCJ,·2H,O 0.1% 
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MgS047H20 0.1% 
Agar 1.5% 

The pH is adjusted to 7.2. After autoclaving, 0.3% glu
cose is added from an autoclaved stock solution. 

STK2 Agar 
Base agar: 
Casitone (Difco) 0.1% 
Yeast extract (Difco) 0.05% 
MgS047H20 0.1% 
Agar 1.2% 

The pH is adjusted to 7.2. The medium is autoclaved 
and poured into petri dishes. After the agar has solid
ified, the following top agar is added: 

Top agar: As base agar, but the agar concentration is 
increased to 1.5%, and the medium is prepared in about 
85% of the final total water volume. In the remaining 
water is dissolved, as a percentage of the total volume 
of the top agar: 

Soluble starch (see below) 0.2% 
K,HP04 0.02% 

The starch solution is heated on a water bath under 
stirring before autoclaving in order to prevent clumping 
of the starch. The two solutions are combined after au
toclaving. 
In the form just described, STK2 agar can be used for 
checking starch degradation. If it is only to be used for 
cultivation, just the top agar (but with 1.2% agar) is 
required. 

The cellulose decomposers utilize NO - or 
NH/ as the only N source and can be culti~ated 
on simple synthetic media like CK6 and CA2 
aga~ (see below). They respond favorably to the 
addition of an organic N source, such as pep
~one (0.1 to 0.2% ), but usually they will not grow 
m the absence of a suitable carbohydrate, like 
glucose or starch. Sorangium strains thus can 
also be grown on VY/2, CEL3, and STK21 agar 
and many strains will grow as well on CT7 agar: 
but for the reasons just mentioned relatively 
few will grow on CY agar. ' 

CK6 Agar (Modified from Couke and Voets, 1967) 
Solution A: 
MgS047H20 0.15% 
Fe'• citrate 0.002% 
Agar 1.5% 
Prepare this solution in 80% of the final water volume. 

Solution B: 
KNO, 0.2% 
K,HP04 0.025% 
Prepare this solution in 10% of the final water volume. 

Solution C: 
Glucose 0.5% 
CaCl,-2H,O 0.15% 
Prepare this solution in I 0% of the final water volume. 

After autoclaving, the three solutions are combined. 
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CA2 Agar (Mullings and Parish, 1984) 
Base agar: 
Agar 1.5% 

Stock solution A: 
KN03 7.5 g 
K,HP04 7.5 g 
These ingredients are dissolved to give 100 ml. 

Stock solution B: 
MgS0.-7H,O 1.5 g 
This is dissolved to give 100 ml. 

Stock solution C: 
CaCI,-2H20 0.27 g 
FeCI, 0.15 g 
These are dissolved to give 100 ml. 

After autoclaving, the base agar is supplemented with 
1% (v/v) of each ofthe three stock solutions, 1% (w/v) 
of glucose (from an autoclaved 20% stock solution) and 
trace elements. 

Since myxobacterial swarms tend to spread 
quickly, cultures are more conveniently kept in 
petri dishes than on agar slants in tubes. In the 
latter, the swarm edge soon reaches the glass 
surface and the cells dry out and die; also trans
fer of sticky, tenacious swarms is easier from 
plates. The plates are inoculated best at one spot 
at the side to give the swarm as much space as 
possible. In large swarms, living cells are often 
found only in a rather narrow band along the 
edge. Therefore, the inoculum should always be 
taken from the edge, at least as long as there are 
no fruiting bodies in the interior zone. Many 
myxobacteria of the suborder Sorangineae tend 
to penetrate deeply into the agar, in which case 
an agar strip has to be cut out and used as an 
inoculum. 

Viable Counting 

Accurate viable counts are possible only with 
strains that grow in a dispersed fashion in liquid 
media. Plating efficiency has to be tested for 
every strain. Given below are some media that 
allow plating efficiencies close to 100%: CT and 
CTT agar for Mx. xanthus FB; PT agar for Mx. 
fulvus Mx f2; and SG agar for Sg. aurantiaca 
Sg al. CF (clone-fruiting) agar supports the for
mation of colonies from single cells of Mx. xan
thus, with the subsequent production of fruiting 
bodies (Bretscher and Kaiser, 1978). If a plating 
medium is not satisfactory for a specific strain, 
usually a modification of the peptone and ion 
concentrations or the addition of some yeast 
extract will make it suitable. 

CT Agar (Dworkin, 1962) I Casitone (Difco) 2% 
MgS0.-7H20 (autoclaved separately) 8 mM 
Potassium phosphate buffer, pH 7.2 0.01 M 
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Agar 2% 

A variation of the pH sometimes improves the results; 
it has been found that a pH of 7.6 is closer to the op
timum than 7.2 (H. Reichenbach, unpublished obser
vations). 

CTT Agar (Bretscher and Kaiser, 1978) 
Casitone (Difco) I% 
MgS0.-7H20 8 mM 
Potassium phosphate buffer, pH 7.6 I mM 
Tris buffer, pH 7.6 10 mM 
Agar 1.5% 

For semisolid media, agar is at 0.6%. The medium is 
autoclaved. 

PT Agar (for Mx. fulvus Mx f2) 
Casitone (Difco) 0.4% 
Yeast extract (Difco) 0.4% 
MgS0.-7H20 0.2% 
CaCl,-2H,O 0.1% 
Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 

SG Agar (Gerth, 1975) 
Casitone (Difco) 1.5% 
MgS0.-7H20 0.1% 
CaCl,-2H,O 0.2% 
Agar 1.5% 

The pH is adjusted to 7.0. The medium is autoclaved. 

CG Agar (Hagen et al., 1978) 
Casitone (Difco) 
Na pyruvate 
Na citrate 
(NH4) 2S04 

MgS0.-7H20 
Potassium phosphate buffer, pH 7.6 
Tris buffer, pH 7.6 
Agar 

The medium is autoclaved. 

0.015% 
0.1% 
0.2% 
0.02% 
8mM 
1mM 

10mM 
1.5% 

Excellent viable counts, e.g., for survival 
curves after treatment with mutagens, have 
been obtained by us with Mx. fulvus Mx f2 and 
Sg. aurantiaca Sg al by adapting a miniaturized 
counting technique recommended by Sharpe 
and Kilsby ( 1971 ). One of the plating media 
mentioned above is prepared with a reduced 
agar concentration of0.6%. The bacteria are di
luted directly in this soft agar at 40°C, and 0.1 
ml drops of appropriate dilutions are put into 
petri dishes, covered with a drop of sterile agar 
of the same composition, and incubated at 
30°C. It should be noted that vegetative cells of 
Mx. xanthus, and perhaps other myxobacteria 
as well, are sensitive to temperatures higher 
than 43°C. Microcolonies are counted under a 
dissecting microscope. Up to 150 colonies per 
drop can easily be counted (H. Reichenbach 
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and M. Dworkin, unpublished observations). 
The method has several advantages. Without 
difficulty, 40 drops can be placed into one petri 
dish, using the bottom and the lid. Besides enor
mous economy in materials and incubator 
space, results are obtained earlier (after 3 to 4 
days instead of 5 to 8 days) and with superior 
accuracy (more replicates, e.g., 5 instead of 3; 
less divergence between replicates; and a better 
chance to hit the optimum dilution step, be
cause a wide interval of dilution steps can con
veniently be plated. Plating efficiency can be 
100%. The peripheral drops often show a re
duced colony count, probably because they dry 
more easily. Therefore a ring of sterile agar 
drops should be placed around the edge of the 
plate. 

Production of Fruiting Bodies in Culture 

Usually, fruiting bodies are not produced on 
media that allow good growth. High nutrient 
concentrations seem to repress the fruiting pro
cess. As already mentioned, on VY/2 agar, fruit
ing bodies are often produced during several 
transfers, but a vegetatively propagated strain 
normally stops fruiting soon after isolation and 
often cannot be made to fruit again. The reason 
for this is not really understood; perhaps there 
is a selection for nonfruiting variants. In several 
cases, induction conditions for fruiting have 
been found for certain individual strains. Such 
strains reliably form fruiting bodies even after 
many transfers of purely vegetative growth, but 
other strains of the same species usually do not 
respond to the same conditions. With freshly 
isolated strains, fruiting can often be induced 
by transferring swarm material from a lean 
growth medium, like VY/2 agar, to plain water 
agar (WAT agar) or to sterile filter paper pads 
on water agar. Also, fruiting may continue for 
some time on streaks of living E. coli cells on 
water agar. The nutrients carried over from the 
growth medium, and the low nutrient level pro
vided by the lysing E. coli cells, respectively, 
allow reasonable growth for some time, leading 
to sufficiently high cell densities; the subsequent 
more-or-less-abrupt depletion of nutrients then 
somehow triggers development. The need for a 
high population density for fruiting has been 
established for several myxobacteria, e.g., Mx. 
xanthus (Wireman and Dworkin, 1975) and 
Cm. apiculatus (H. Reichenbach, unpublished 
observations). 

Using some simple tricks, myxobacterial 
strains can sometimes be maintained in the 
fruiting state for a long period. We were able to 
do so with Sg. aurantiaca over a period of years 
by storing the strain in the form offruiting bod-
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ies on WAT agar at room temperature (20°C}. 
After 2 to 3 months, when the culture began to 
dry out, the fruiting bodies were inoculated to 
VY/2 agar and incubated to 30°C. The resulting 
swarms were immediately reinoculated to Wat 
agar, incubated for a few days at 30°C during 
which time the organism began to fruit again, 
and then stored at room temperature as before. 
One or two more transfers to VY/2 agar were 
possible, but after that the strain failed to pro
duce fruiting bodies any longer. This procedure 
of cycling the culture between rich media that 
support growth and lean media that induce 
fruiting body formation will probably work with 
many different myxobacteria. 

With several Chondromyces species ( Cm. ap
iculatus, Cm. crocatus, Cm. pediculatus, Cm. 
lanuginosus) we have obtained fruiting bodies 
when the organism was kept in a mixed culture 
with cellulose degraders (not myxobacteria) on 
filter pads placed on ST21 agar plates. The cul
tures are incubated in the light (on the bench 
top in the laboratory) at room temperature (20-
24 °C}. Transfers are made every 3 to 4 weeks 
by inoculating macerated cellulose and Chon
dromyces fruiting bodies together to fresh filter 
pads on ST21 agar. within 4 to 5 days, new 
fruiting bodies appear. Using this procedure, 
several of our strains have continued to produce 
dense populations of fruiting bodies over a pe
riod of years (H. Reichenbach, unpublished ob
servations). The method can also be used with 
pure cultures of Chondromyces. The swarm ma
terial is simply inoculated into a developing cul
ture of a cellulose degrader. While Polyangium 
strains often form fruiting bodies with this pro
cedure, myxobacteria of the suborder Cysto
bacterineae rarely do so. In general, it seems 
that a slightly reduced temperature (24-28°C} 
is favorable for fruiting. Also, in two cases, a 
requirement of light for fruiting body differ
entiation has been demonstrated-with On. ap
iculatus (Reichenbach, 197 4a, 197 4b) and with 
Sg. aurantiaca (Qualls et al., 1978). 

Chamber Cultures 

For the study of the social behavior of myxo
bacteria and of morphogenetic events, chamber 
cultures that can be observed and followed un
der the microscope are extremely useful. Fig. 4 
illustrates one procedure for making such cul
tures. 

Liquid Cultures 

If a freshly isolated myxobacterial strain is cul
tured for the first time in a liquid medium in 
a shake flask, the bacteria almost always grow 
in the form of flakes and nodules and as a film 
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Fig. 4. Method for making a chamber culture: (a) Coat a sterile cover slip (e.g., 40 X 22 mm) with a thin agar layer. The 
molten agar is applied with a Pasteur pipette; the hotter the agar, the thinner the resulting layer. (b) Using a sterile scalpel, 
remove the agar layer along the edges of the cover glass. (c) Inoculate the agar film. (d) Mount the cover slip with the 
agar layer downwards on a sterile slide; tiny pieces of glass from a broken microscopic slide are used as supports. (e) Seal 
the chamber carefully with a molten mixture of paraffin and vaseline (2: I) and incubate at a suitable temperature. (From 
Heunert, 1973.) 

along the glass wall. In static cultures, they grow 
as a sheet on the glass in the upper parts of the 
vessel and as a pellicle along the surface of the 
liquid. However, if repeated transfers are made 
from shake cultures, preferentially using the su
pernatant as an inoculum, strains that grow in 
a dispersed fashion may be obtained. While 
with many strains only a few such transfers are 
required, other strains may resist dispersed 
growth completely. Thus, for example, while 
most strains of Myxococcus can be grown in 
dispersed culture, we once transferred a strain 
of Mx. fulvus for months in a variety of liquid 
media without ever observing the slightest in
clination to dispersed growth (H. Reichenbach, 
unpublished observations). Cells of most mem
bers of the suborder Sorangineae show a strong 
tendency to stick together, and in spite of many 
attempts, we have never been able to get Chon
dromyces, Polyangium, and Nannocystis to 
grow homogeneously in liquid cultures. The 
best that could be achieved was growth as tiny 
flakes with Nannocystis and Polyangium. With 
Sorangium, however, we have been able to select 

many completely dispersed strains. The list of 
myxobacteria that have been grown in a dis
persed fashion is very long by now, and, with 
the exception of the last-mentioned organisms, 
comprises virtually all taxa. However, even the 
recalcitrant species which do not grow in a com
pletely dispersed fashion, can at least be culti
vated in suspension in liquid medium. 

There is still no explanation for the factors 
which determine dispersed growth. One possi
bility is that the chemical structure and physi
cochemical properties of the excreted slime play 
an essential role. This hypothesis is consistent 
with several observations: 1) strains growing in 
a dispersed fashion often show a different 
swarm structure when returned to agar plates 
(soft-slimy swarms with rudimentary surface 
texture and reduced tendency to spread); 2) they 
usually have lost the ability to form fruiting 
bodies; and 3) the Sorangineae, which persist
ently fail to grow in a dispersed state, produce 
a slime that is chemically different from that of 
the Cystobacterineae (as shown by the fact that 
in contrast to the slime of the latter, the slime 
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of the former does not adsorb Congo red; 
McCurdy, 1969a). 

An alternative possibility is suggested by the 
work of Kaiser's group. A large number of 
Myxococcus strains representing several differ
ent species were all found to possess pili when 
freshly isolated, and all of them failed to grow 
in a dispersed fashion in liquid media. This was 
examined in further detail in Mx. xanthus FB, 
where it was shown that a particular class of 
motility-deficient mutants had lost the ability 
to produce pili and now exhibited dispersed 
growth (Kaiser, 1979; D. Kaiser, personal com
munication). Of course, both slime and pili may 
be involved in dispersed growth, the pili react
ing with a receptor in the slime at the cell sur
face. Also, not all myxobacteria may behave in 
the same way. 

Work by Arnold and Shimkets (1988b) and 
in one of our laboratories (M. Dworkin, un
published observations) indicates that the fibrils 
characteristically formed by Mx. xanthus (Dob
son and McCurdy, 1979) play an important role 
in the cohesion and swarming behavior of the 
organism. These fibrils differ from the pili de
scribed by Kaiser ( 1979). 

A homogeneously growing strain may start to 
clump again if growth conditions are changed, 
e.g., in a medium of different composition. 
Thus, cells of Sg. aurantiaca Sg al, a strain 
which grows in a dispersed fashion, form tiny 
nodules if CaC12 is added to the medium. 
Freshly isolated Cystobacter fuscus cultures 
grow homogeneously almost immediately when 
inoculated into a casamino acids medium, but 
produces nodules and flakes for many transfers 
in casitone medium. Cells of Sorangium cel
lulosum strain So ce 14 yield a homogeneous 
suspension when shaken overnight in casitone 
medium (in which they cannot grow, however); 
when reinoculated into AMB growth medium, 
they produce nodules again. It may also be men
tioned in this connection that although the 
myxobacteria are the classical "slime bacteria" 
(myxo is a combining form meaning "slime"), 
they do not produce copious amounts of slime, 
either on plates or in liquid media, which rarely 
become recognizably viscous. Only on certain 
agar media is a larger quantity of slime some
times seen, e.g., So. cellulosum on CA2 agar. 

To facilitate the transition to dispersed 
growth, the addition of 0.1% agar to the liquid 
medium has been suggested (Schurmann, 
1967). The agar forms tiny flakes that float in 
the liquid and are colonized by the myxobac
teria. However, the selection of truly dispersed 
strains is not noticeably speeded up by this pro
cedure. Sometimes it is helpful to replace the 
usual rotary shaker with a reciprocating shaker, 
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since the slime sheets are broken up more ef
ficiently on the latter, and the transition to dis
persed growth may be faster, although patience 
is still required (K. Gerth, personal communi
cation). 

Liquid media used for cultivation of myxo
bacteria are of the same general composition as 
the agar media mentioned above (see "Direct 
Isolation" and "Purification," this chapter), but 
the nutrient requirements stand out more 
clearly in liquid media, and the organisms re
spond almost immediately to inadequacies of 
the medium. The prototype for the bacteriolytic 
myxobacteria is CT liquid medium, which was 
designed to provide the most rapid growth (3.5-
h doubling time), maximum cell yield (4-5 X 
109 cells/ml), and uniform cell suspension of 
Mx. xanthus FB (Dworkin, 1962; the medium 
has the same composition as the CT agar de
scribed in "Viable Counts," this chapter, only 
without the agar). However, most other myxo
bacteria grow better when the peptone concen
tration is reduced, as in CAS medium and in 
MDI medium (see below). The latter medium 
was originally developed for Nannocystis but it 
is also often useful for Archangium, Melittan
gium, and Cystobacter. Also, in many cases it 
is superior for starting liquid cultures with 
newly isolated strains. 

CAS Medium 
Casitone (Difco) 1% 
MgS0.-7H20 0.1% 

The pH is 6.8 and needs no adjustment ifDifco casitone 
is used. The medium is autoclaved. 

MD 1 Medium (Behrens et al., 1976) 
Casitone (Difco) 0.3% 
CaCI,-2H20 0.07% 
MgS0.-7H20 0.2% 
Cyanocobalamin 0.5 !Lg/ml 
Trace elements (see "Isolation of Cellulose Decompos
ers") 

The vitamin solution is not needed for most strains. 
The medium is autoclaved. 

What has been said about the choice of pep
tone in agar media holds also for liquid media. 
For many myxobacteria the addition of glucose 
(0.2 to 0.5%), starch, or another useful sugar to 
the peptone medium may be favorable. In gen
eral, the organisms do not grow faster with the 
carbohydrate, but they grow for a longer time, 
and they reach a higher cell density; also, the 
rise of the pH is delayed, so that the culture 
becomes more stable. 

As already mentioned, some myxobacteria, 
e.g., Cystobacter strains, grow well on casamino 
acids, e.g., in CAC medium. 
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CAC Medium 
Casamino acids, vitamin-free (Difco) 
Sodium glutamate 
MgS0.-7H20 
Cyanocobalamin 
Trace elements 

0.2% 
0.3% 
0.1% 
0.5 !Lg/ml 

After autoclaving, the medium is complemented from 
autoclaved stock solutions with: 

Glucose 
Phosphate buffer, pH 6.5 

0.5% 
0.5 mM 

Sg. aurantiaca Sg a15 can be cultivated in the 
following defined medium: 

STG Medium (Kunze et al., 1984) 
Casamino acids, vitamin-free (Difco) 0.1% 
MgS0.-7H20 0.1% 
(NH.)2so. o.l% 
CaC12·2H20 0.05% 
Phosphate buffer, pH 7 1 mM 
Trace elements 
Vitamins (see earlier) 

After autoclaving, the medium is complemented with 
0.5% glucose from an autoclaved stock solution. Alter
natively, fructose, maltose, starch, or dextrin 10 could 
also be used. 

The cost of the medium is of considerable 
importance when large-scale culture is neces
sary. Many myxobacteria have been cultivated 
on various technical media, like corn steep pow
der, maize gluten, soy meal, skim milk, or yeast 
cells (Gerth et al., 1983; Kunze et al., 1984, 
1985, 1987). Zein medium is an example of a 
production medium: 

Zein Medium (Kunze et al., 1987) 
Zein (maize gluten, Maizena, Hamburg, 1% 

Germany) 
Peptone from casein, tryptic digested (Merck, 0.1% 

Darmstadt, Germany) 
MgS0.-7H20 0.1% 

The pH is adjusted to 7.3. The medium is autoclaved. 

All myxobacteria of the bacteriolytic type rely 
totally, or to a large extent, on peptides and 
amino acids for nitrogen, carbon, and energy. 
As a consequence, relatively large quantities of 
ammonia are released, which seriously limits 
growth and productivity via regulatory mech
anisms and by making the medium alkaline. 
Thus, in cultures of Mx. virescens Mx v48 con
centrations of 35 to 42 mM NH/ and more 
were measured in the culture supernatant, and 
80 to 140 mM within the cells (Gerth and Rei
chenbach, 1986). On-line extraction of ammo
nia from a laboratory fermentor via hydropho
bic-membrane hollow fibers maintained the 
NH/ concentration in the medium between 3 
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and 7.5 mM with dramatic effects: the genera
tion time was lowered from about 4 to 2 hr, the 
cell density increased by 233%, and the yield of 
the antibiotic myxovirescin rose from 8 to 115 
mg/liter (K. Gerth, personal communication). 

For a few strains of bacteriolytic myxobac
teria, fully defined, synthetic media have been 
developed. Examples are given in Table 2. Gen
eration times increase substantially in such me
dia. Thus, with Mx. xanthus FB, the doubling 
times were: 3.5 h in CT medium, 8 h in S me
dium, and 6.5 in Ml medium; 6.5 h in Ml 
medium without lysine, 9.5 h in Ml medium 
without threonine, and 11.5 h in Ml medium 
without lysine and threonine (Filer et al., 1973). 

The cellulose degraders can be cultivated on 
very simple media, such as CKl and CK6 me
dium (see below). The addition of a small quan
tity of peptone, e.g., 0.05% peptone from a tryp
tic digest of casein (Merck, Darmstadt, 
Germany), usually improves growth and keeps 
the cells in the dispersed state, whereas without 
peptone they sometimes form cell clusters or 
tiny clumps (Irschik et al., 1987). Media with 
peptone as the only N source usually also allow 
good growth, e.g., AMB medium. 

CK1 Medium (Kleinig et al., 1971; Modified from 
Couke and Voets, 1967) 

MgS0.-7H20 0.3% 
CaC12·2H20 0.18% 
Fe'• -citrate 20 mgjliter 
KN02 0.2% 
K2HP04 0.025% 
Glucose 1% 

Nitrate and phosphate, and CaCl2 and glucose are each 
autoclaved together and separate from the other ingre
dients. 

CK6 Medium {lrschik et al., 1987; Modified from 
Couke and Voets, 1967) 

MgS0.-7H20 0.15% 
CaC12·2H20 0.15% 
FeCl,-7H20 8 mgjliter 
KN03 0.2% 
K2HP04 0.025% 
Glucose 0.5% 

Nitrate and phosphate, and CaCl2 and glucose are each 
autoclaved together and separate from the other ingre
dients. 

AMB Medium (Ringel et al., 1977) 
Soluble starch 0.5% 
Casitone (Difco) 
MgS0.-7H20 
K2HP04 

0.25% 
0.05% 
0.025% 

The medium is autoclaved. 

MDI medium (see above) can also be used 
for cellulose degraders if it is supplemented with 
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Table 2. Composition (in mg/ml) of five fully defined, synthetic media for bacteriolytic myxobacteria. 

Myxococcus xanthus FB Cystobacter fuscus/ 
Archangium vio!aceum Cb. ferrugineus 

Component S medium• Ml mediumb AI medium mediumd Hpl6 medium• 

L-Ala 50 1000 50 
L-Arg 100 100 100 
L-Asn 500 500 100 100 
L-Asp·K 5000 
L-Cys 100 
L-Glu·Na 1000 
L-Gln·Na 1000 
L-Gly 50 100 50 
L-His 50 100 50 
L-Ile 500 1000 100 300 40 
L-Leu 1000 2000 50 500 
L-Lys 250 500 150 
L-Met 50 500 10 50 
L-Phe 1000 100 40 
L-Pro 500 1000 250 
L-Ser 100 200 100 
L-Thr 100 100 100 
L-Trp 50 1000 
L-Tyr 600 400 500 
L-Val 100 200 100 100 
Djenkolic acid 100 
Glycogen 3000 
o-Glucose 5000 
Na pyruvate 5000 
Spermidine· 3HC1 125 
Cyanocobalamin 1 
(NH.)2so. 5000 
MgS0.-7H20 2000 200 2000 200 1000 
Ca3(P04) 2 20 
CaC12 2 1.1 
KCl 20 
NaCl 200 
FeC1,·6H20 2 2.7 
KH2PO. 140 
Phosphate buffer 10 mM, pH 7.6 I mM, pH 7.6 0.5 mM, pH 6.5 
Tris buffer 10 mM, pH 7.6 10 mM, pH 7.6 20 mM, pH 7.5 
Trace elements 1 mljliter 

•From Dworkin (1962). 
bFrom Witkin and Rosenberg (1970). 
'Minimal medium: from Bretscher and Kaiser (1978). 
dFrom Mayer ( 1967). The organism is in fact Cystobacter violaceus. 
•Reichenbach (1984); H. Reichenbach, unpublished observations. Some strains also require thiamine andjor biotin when 
growing in this minimal medium. 

0.1% glucose or soluble starch (Irschik et al., 
1987). There are even some strains that can 
grow in liquid media, like CB medium contain
ing casitone as the only C, N, and energy source 
(Sarao et al., 1985), but this must be excep
tional, because none of the many Sorangium 
strains we have tested would do so. 

CB Medium (Casitone Broth: Sarao et al., 1985) I Casitone (Difco) 0.25% 
MgS0.-7H20 0.05% 
K2HP04 0.0025% 

For liquid cultures of myxobacteria, ordinary 
Erlenmeyer flasks are perfectly satisfactory as 
culture vessels. For agitation, a rotary shaker at 
about 150 rpm is sufficient. As the oxygen de
mand ofmyxobacteria is rather moderate, flasks 
with baffles give little or no improvement in 
growth and actually are unfavorable with pep
tone-containing media because they produce 
too much foam. Several types of antifoam can 
be used with myxobacteria, but the type of an
tifoam acceptable in a certain situation and tol
erated by a specific strain must always be tested 
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first. We have found that with small culture vol
umes and limited foaming, a few drops of a 
0. 5% cholesterol solution in acetone works well. 
In fermentors, as a rule, more efficient anti
foams must be applied (Mizrahi et al., 1977; 
Ringel et al., 1977). We have had good results 
in many different myxobacterial fermentations 
with polyoxypropylene-based antifoams at con
centrations of 0.02 to 0.03%, for instance, an
tifoam agents LB625 or M 115 (both from 
Brenntag, Miilheim/Ruhr, Germany; Gerth et 
al., 1980; Irschik et al., 1983a), or with silicone 
antifoam agent at 0.005 to 0.02% (Merck, 
Darmstadt, Germany; these sometimes require 
further additions later during fermentation; Ir
schik et al., 1983b; Kunze et al., 1984, 1985). 
Many, but not all, myxobacteria can be culti
vated in the presence of an Amberlite adsorber 
resin, e.g., with 1 o/o XAD-1180 (Rohm & Haas, 
Darmstadt, Germany; e.g., Gerth et al., 1983; 
Kunze et al., 1985). This strategy often is ex
tremely useful for the production and recovery 
of secondary metabolites that are excreted by 
the cells. 

Mass cultivation of myxobacteria in fermen
tors has not presented any serious problems. 
Mechanical stress seems not to be a limiting 
factor. If no continuous control and regulation 
of culture parameters is required, cultivation in 
large flasks (10 to 15 liters) also gives excellent 
results. The flasks are aerated with three air out
lets of sintered glass at the ends of silicone tub
ings, which are lowered to close to the bottom 
of the vessel. The aeration produces enough tur
bulence in the liquid so that additional stirring 
is unnecessary. The appropriate temperature is 
achieved by placing the flask in an incubation 
room or by connecting a length of silicone tub
ing coiling within the culture broth to a ther
mostat with a pump. With such an inexpensive 
system, yields on the order of 8 to 12 g cells/ 
liter (wet weight, corresponds to 2 to 3 g dry 
weight) can be obtained. 

Cultivation in commercial fermentors per
mits the continuous monitoring of various cul
ture parameters and allows them to be balanced 
and controlled. Although the optimum condi
tions depend on the type of fermentor used, the 
strain, and the medium, some generalizations 
are possible: In fermentations on the scale of 
50 to 5000 liters, typical aeration rates are be
tween 0.01 and 0.2 liter air per liter of medium 
per min, which, with stirring rates between 150 
and 650 rpm, result in oxygen levels between 
90 and 100% saturation (Gerth et al., 1980, 
1982, 1983; Irschik et al., 1983a, 1983b, 1987; 
Kunze et al., 1984, 1985, 1987; Mizrahi et al., 
1977). In a special study on myxovirescin pro-
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duction with Mx. virescens Mx v48 with fed
batch fermentations in a peptone medium, a 
cell yield of 0.5 g (dry weight) per g oxygen 
consumed, and of 0.31 g per g peptone was ob
tained (Nigam et al., 1984). The oxygen con
sumption was 6.25 g 0 2 per liter culture in 55 
h. Respiration quotients between 0.3 and 1.3 
mol C02 per mol 0 2 were calculated under dif
ferent culture conditions, with values of 0.8 to 
1.0 during logarithmic growth. The maximum 
dry weight yield was 3.1 gjliter. The specific 
growth rate, JJ-, varied between 0.05 and 0.12/h 
during exponential growth, depending on the 
feeding rate. 

Other types of special fermentations have 
also been performed with myxobacteria; for in
stance, continuous cultures of Mx. virescens Mx 
v48 have been achieved in a chemostat with on
line extraction of myxovirescin in a vortex 
chamber (Hecht et al., 1987), and fermentations 
have been established with alginate-immobi
lized cells (Vuillemard et al., 1988; Younes et 
al., 1984, 1987). Cells of So. cellulosum So ce12 
immobilized in 1-mm alginate beads are ex
tremely stable and could be maintained in fer
mentors under continuous exchange of the me
dium for up to 7 5 days before the cells 
degenerated (Becker, 1990; K. Becker, personal 
communication). The system allowed the pro
duction conditions for the antibiotic sorangicin 
to be defined more clearly, and under optimal 
conditions, volume/time yields five times 
higher than those measured with suspended 
cells in batch cultures were obtained. 

When fermentations are started with an in
oculum of 5 to 10% (vjv), the results are almost 
always satisfactory. Sometimes the age of the 
inoculum is a critical factor, and beyond a cer
tain, relatively early stage but still within the 
logarithmic phase, the cells will start to grow 
only after a long and erratic lag period or not 
at all. This has been observed with Polyangium 
and Sorangium strains (H. Reichenbach, un
published observations). 

Under optimal growth conditions the dou
bling times ofmyxobacteria are between 3.5 and 
15 h, with the members of the suborder Sor
angineae comprising the most slowly growing 
myxobacteria. Cell densities of up to 1010/ml 
can be reached, for example, with So. cellu
losum. Cell mass yields are in the range of 4 to 
12 g wet weight per liter (e.g., Irschik et al., 
1983a, 1983b, 1985). The dry mass is 20 to 25% 
of the wet weight. 

The pH range for growth is rather narrow, 
approximately 6.5 to 8.5; in general, there is no 
good growth below a pH of 6.6 or above pH 8.0. 
While some of the cellulose decomposers will 
grow at a pH down to about 5.0 (Couke and 
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Voets, 1967; Krzemieniewska and Krzemien
iewski, 1937a), below pH 5.8, growth is mar
ginal (H. Reichenbach, unpublished observa
tions). As with other bacteria, the pH in 
myxobacterial cultures can be stabilized by add
ing a buffer. HEPES and MOPS buffers (50 mM) 
are well tolerated by many myxobacteria, and 
Tris may also be used. (It should be noted that 
many of the media formulations do not contain 
phosphate; the low amount of phosphate con
tained in the peptones-in a 0.2% solution of 
peptone from casein, 0.5 mM phosphate was 
present (Becker, 1990)-are usually sufficient to 
satisfy the phosphate requirement of myxobac
teria). 

The temperature optimum for growth is usu
ally between 32 and 36°C, and there is a sharp 
maximum around 38°C. The minimum is less 
clear. Mx. xanthus FB grew exponentially with 
a generation time of 14 h at 14°C, the lowest 
temperature tested (Janssen et al., 1977); the 
lower limit for cellulose decomposition by two 
Sorangium strains was found to be 11 oc (Baur, 
1905; Krzemieniewska and Krzemieniewski, 
1937a; Quehl, 1906). Mx. fulvus Mx f2 grows, 
albeit slowly, at 6°C. However, there also are 
myxobacteria that obviously have a different 
temperature range: The psychrophilic myxo
bacteria from Antarctica have already been 
mentioned (Dawid et al., 1988), and at the other 
end of the scale, strains of Archangium, Po
lyangium, and Sorangium that are able to grow 
at 40°C have been known for some time 
(McCurdy, 1969a). About 70o/o of the Soran
gium strains grow at 40°C, and about 80% at 
38 oc. A variety of other myxobacteria can grow 
at these somewhat elevated temperatures, e.g., 
most Polyangium, many Archangium, Cysto
bacter, Chondromyces, and some Mx. virescens 
strains, but usually not Mx. fulvus and Coral
lococcus. 

Most myxobacteria do not require vitamins 
when growing in the usual complex media, but, 
as already mentioned, a vitamin dependence, 
usually for thiamine and/or biotin, may develop 
when the organism is transferred to a minimal 
medium. Sg. aurantiaca Sg a15 needs both thia
mine and B12 (Kunze et al., 1984); B12 depen
dence is not unusual and has also been observed 
with many Polyangium (but not with Soran
gium ), some Nannocystis, and one strain of Cor
allococcus macrosporus. 

The mineral requirements of myxobacteria 
are similar to those of other bacteria. Myxo
bacteria seem to need relatively high Mg2+ con
centrations (the optimum is often around 5 to 
10 mM, equivalent to 0.075 to 0.15% 
MgS04·7H20). Sorangium strains require Ca2+ 

as well and grow better on media with Ca2+ than 
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with Mg2+ (McCurdy, 1969a). The addition of 
Co2+ sometimes has a stimulating effect (Gerth 
et al., 1982; Ringel et al., 1977). Mx. xanthus 
is sensitive to elevated concentrations of mono
valent cations (Mason and Powelson, 1958), and 
the salt tolerance of myxobacteria is generally 
low. An exception is Mx. virescens, which seems 
to form fruiting bodies better when 0.5% NaCl 
is added to the medium (Ruckert, 1978). This 
organism can still grow on media containing 1 o/o 
NaCl, although at a clearly reduced rate, and, 
in fact, it can be selectively isolated on streaks 
of E. coli on WCX agar at that salt concentra
tion. 

Usually; myxobacterial cultures are kept in 
the dark or, in an incubation room, under con
tinuous illumination. As already mentioned, 
some myxobacteria produce fruiting bodies 
only when the cultures are illuminated. Also, a 
phototactic behavior has been reported for 
some myxobacteria (Aschner and Chorin
Kirsch, 1970). Illuminated cultures often are 
much more deeply colored than those grown in 
the dark, because carotenoid synthesis is in
duced by light (Burchard and Dworkin, 1966a). 
As color is sometimes a taxonomically relevant 
characteristic, cultures used for taxonomic work 
should at least be intermittently illuminated. 

Isolation of Mutants 

Mutant strains of myxobacteria can be isolated 
without difficulty by the standard techniques 
used with other bacteria, provided strains ca
pable of dispersed growth and procedures for 
obtaining a high plating efficiency are available. 
Thus, carotenoid mutants, morphogenetic mu
tants, motility mutants, and metabolic mutants 
have been isolated in a number of laboratories. 
M-Methyl-N' -nitro-N-nitrosoguanidine (NTG) 
is often (but not always) an excellent mutagen 
for myxobacteria. The useful concentration 
range is 50 to 150 llg NTG /ml when the cultures 
are treated for 1 h. Killing curves can conven
iently be determined with the miniaturized vi
able-count technique mentioned previously. 
Also UV irradiation has successfully been used 
to obtain mutants of myxobacteria. However, 
in contrast to NTG, UV was ineffective in gen
erating carotenoid mutants in Mx.fulvus Mx f2. 
Further details on the application of different 
mutagens and a comparison of their effects on 
a variety of myxobacteria can be found in the 
literature (e.g., Burchard and Parish, 1975; 
Hodgkin and Kaiser, 1977; Grimm, 1978). In 
recent years, insertional mutations produced 
with transposons such as Tn5 lac, or with RP4 
plasmids, have played an increasingly impor
tant role in the genetics of myxobacteria (e.g., 
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Downard, 1988; Jaoua et al., 1987; Kaiser et al., 
1985; Kroos and Kaiser, 1984; Kroos et al., 
1986, 1990; Weinberg and Zusman, 1989). 

Preservation Methods 

Vegetative cultures of myxobacteria on agar 
plates kept at room temperature or at 30°C will 
usually remain viable for about 2 to 3 weeks. 
Storage of such cultures at 4 oc leads to a rapid 
loss of viability. 

If fruiting bodies are produced, the cultures 
remain viable for a much longer time. One has 
to be certain, however, that the fruiting bodies 
do indeed contain myxospores, since under 
some conditions, the fruiting bodies formed are 
empty or contain only vegetative cells. 

Storage in the Form of Desiccated 
Fruiting Bodies 

Pieces of agar that contain fruiting bodies can 
be placed on sterile filter paper in an empty petri 
dish, dried in an evacuated desiccator, and 
stored as such for years. This method is espe
cially useful with myxobacteria such as Nan
nocystis whose fruiting bodies are mainly lo
cated within the agar. 

Alternatively, vegetative cells can be trans
ferred from a suitable growth medium, prefer
ably VY/2 agar, to small rectangles of sterile 
filter paper, about 1.5 X 3 em in size, on water 
(WAT) agar, and the cultures are incubated at 
28°C. Usually, large numbers of fruiting bodies 
develop within 2 to 3 days. These fruiting bodies 
are allowed to mature for about 8 days. The 
filter pads are then placed into suitable con
tainers, such as screw-cap tubes or small med
icine bottles, and dried in an evacuated desic
cator over silica gel for a few days. The 
containers are then tightly closed and stored at 
room temperature or at 6°C (it is not known 
which temperature is better). The dried fruiting 
bodies survive for about 5 to 15 years. This 
method has the advantage of being easy and 
cheap, and it conserves the ability of the strain 
to form fruiting bodies. It works, however, only 
if the strain has not been transferred too many 
times since its isolation. The method should 
therefore be applied as soon as a strain is pure, 
and, iffruiting is a desired feature, even earlier. 
Sometimes myxospores are still produced on 
the filter although fruiting bodies are not 
formed any more. In that case, the filter can still 
be dried and a viable preparation produced. The 
growth medium from which the vegetative cells 
are taken must not be too rich. Thus, for ex
ample, fruiting bodies usually do not appear af-
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ter transfer from CY agar. Sometimes it is nec
essary to grow the organism directly on the filter 
paper in order to obtain fruiting bodies. This 
may be done on filter pads on water agar after 
streaking autoclaved yeast or food bacteria onto 
the filter. In this way, Chondromyces strains are 
sometimes induced to fruit. The cellulose de
composers almost always produce many fruit
ing bodies when growing on filter paper, which 
has been placed on ST21 agar. As the fabric of 
the filter paper is destroyed during growth, the 
paper can no longer be removed, but the ma
cerated mass may be transferred to a fresh filter 
pad, which is then treated as described above. 

To start a culture from dried fruiting bodies, 
the filter pad is placed upside down on CY agar, 
VY/2 agar, or WAT agar with streaks of auto
claved E. coli. After 24 h, the filter strip should 
be shifted to another place on the plate, because 
reduced oxygen access may prevent germination 
under the wet paper. When the paper is re
moved, many of the soaked and softened fruit
ing bodies will stick to the agar surface. 

Alternatively, if a sufficient quantity of fruit
ing bodies is obtainable, e.g., after growth on 
VY/2 agar, they may be dried in skim milk after 
having been transferred to water agar, or, in the 
case of the cellulose degraders, to filter paper 
on ST21 agar. The fruiting bodies are suspended 
in skim milk, and a few drops of the suspension 
are applied to a freeze-dried milk plug in an 
ampule. The ampules are kept at 4 oc for at least 
10 min, and the plug is then dried again for 
about 5 h (this time at room temperature) in a 
desiccator connected to an efficient pump. After 
that, the ampules are filled with nitrogen gas 
and sealed. Strains thus preserved also retain 
their ability to form fruiting bodies and may 
remain viable for a longer time than on filter 
paper. While drying in skim milk also works 
well with myxospores, including those that were 
experimentally induced (Dworkin and Gibson, 
1964), results with vegetative cells are highly 
erratic. Vegetative cells invariably die during 
drying and only those cultures which contained 
myxospores survived. Experiments with true ly
ophilization and with protective substances 
other than skim milk did not give better results. 

An excellent and convenient method for the 
preservation of myxobacteria is freezing at 
- 80°C. Samples of 1 ml are transferred from 
exponentially growing liquid cultures to screw
cap tubes and placed directly into the deep 
freeze. Alternatively, the bacteria may be 
scraped from the surface of a young agar cul
ture, transferred to 1 ml CAS medium, and fro
zen. All of the myxobacteria that we have tested 
so far (26 species) have survived in the deep 
freeze for 8 to 10 years, the longest period over 
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which data have been collected. Storage at ultra
low temperature is the best way to preserve 
strains growing in the dispersed state, nonfruit
ing, nonsporeforming strains, and mutants. It 
is also a fast and reliable method for the storage 
of all kinds of strains of a culture collection. 
However, if the temperature rises above -30 to 
- 2 5o C, the cells will die unless they are trans
ferred to a growth medium within 5 to 10 h. 

For safe long-term storage, freezing in liquid 
nitrogen is the method of choice. We use the 
same cell suspension as described above, but 
add 5% dimethyl sulfoxide (DMSO) to the sus
pension medium, which is usually CAS me
dium. We fill 0.5-ml amounts of the suspension 
into glass ampules, seal them, and immerse 
them in liquid nitrogen without further precau
tions. The DMSO may not be required since all 
the cells stored without DMSO have survived, 
thus far for 2 years. 

Storage of frozen cell suspensions at -25 oc 
is not recommended, because most myxobac
teria will die within several days or, at the most, 
a few weeks. 

To reactivate frozen cultures, the tubes or am
pules are immersed in cold water to speed up 
thawing. The cells must be transferred to fresh 
medium immediately after they have thawed, 
because if the cells remain in the original me
dium after thawing, they will lyse within 15 to 
30 min. We generally use VY/2 agar for the reac
tivation of the culture, usually with good re
sults, but CY agar, CAS medium, and MDI 
medium can also be used. If experience is lack
ing with a certain strain, the thawed suspension 
should always be inoculated into several differ
ent media, including a liquid medium. It some
times happens, albeit rarely, that recovery will 
occur only on a specific medium, although the 
other media normally support growth. For ex
ample, we have observed that some strains can 
be reactivated only in a liquid medium or only 
on agar plates. If a liquid medium is used, care 
should be taken not to dilute the organisms too 
much, e.g., by inoculating a few drops into 100 
ml. In some cases, for example with particularly 
fragile mutants, it is useful to reactivate the cells 
by embedding them in a growth medium con
taining 0.6% agar. The soft agar appears to pro
vide a matrix which protects cells that have 
been slightly damaged by freezing and thawing 
(D. Zusman, personal communication). 

At least some myxobacteria can be stored in 
a I% NaCI solution at room temperature. The 
cell suspension must not be too dense: the liquid 
should be just visibly turbid, otherwise the cells 
will lyse overnight. For one strain of Mx. xan
thus, a suspension of vegetative cells has been 
kept alive for 5 months in this way. In another 
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case, we suspended vegetative cells and glycerol
induced myxospores of Mx. xanthus FB in 1% 
NaCl solution and kept the suspensions in 
sealed ampules for 7 years at room temperature. 
After that time, a culture could be started from 
the myxospores, but not from the vegetative 
cells. While the original strain was very sensi
tive to NaCl, the revived strain grew on CY agar 
with 1% NaCI. This clearly indicates that in 
such cases, the bacteria are not completely dor
mant, and that a selection for certain charac
teristics may have taken place. 

Characterization 

Considerable information has accumulated 
during the past 10 years on the composition, 
biochemistry, molecular biology, and genetics 
of myxobacteria. 

Morphology and Fine Structure 

The vegetative cells of the myxobacteria are 
rod-shaped, typically, 3 to 6 ~-tm long and 0. 7 to 
1.0 ~-tm wide. They are found in two morpho
logical types: 1) slender, flexible rods with more
or-less tapering ends, and 2) cylindrical, some
what rigid rods with bluntly rounded ends 
(Krzemieniewska and Krzemieniewski, 1928; 
Fig. la-d). These different cell types correlate 
with a number of other basic characteristics and 
represent two suborders of the Myxobacterales, 
the Cystobacterineae and the Sorangineae. The 
cell shape makes it possible to assign a strain 
at once to one of the two suborders. 

Most electron microscopic studies on myxo
bacteria are rather old now, and a thorough rein
vestigation would be desirable. In addition to 
Mx. xanthus, several other myxobacteria have 
been studied, including Mx. fulvus, Mx. vires
cens, Cystobacter, Stigmatella, Sorangium, and 
Chondromyces species (Abadie, 1967, 1968, 
1971a, 1971b; Galvan et al., 1986; Lampky, 
1976; MacRae and McCurdy, 1975; McCurdy, 
1969b; Reichenbach et al., 1969; Schmidt-Lor
enz and Kiihlwein, 1968; Voelz, 1965, 1966a, 
1966b, 1967; Voelz and Dworkin, 1962). Cy
tologically, the myxobacteria are typical Gram
negative bacteria. Both the tapered and the cy
lindrical cell types appear to l;>e identical in fine 
structure, ultrathin sections revealing a typical 
triple-layered outer membrane and a thin pep
tidoglycan sheet. The cells divide by septum 
formation (Abadie, 1971 b; MacRae and Mc
Curdy, 1975). Within the cells, mesosomes and 
mesosomelike membrane bodies are often seen 
(Abadie, 1967, 1968, 1971 b; Galvan et al., 1986; 
Lampky, 1976; MacRae and McCurdy, 1975; 
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Voelz, 1965). The visualization of ribosomes 
was initially a problem, because they were dif
ficult to fix properly (Voelz, 1967), but it later 
turned out that they are of the usual type. At 
low phosphate levels, the formation of poly
somes seems to be induced in Mx. xanthus 
(Voelz, 1966b). Polysomes were also observed 
in cells of Cm. crocatus, and they were often 
attached to the cytoplasmic membrane and ar
ranged in a helical fashion (Abadie, 1971b). Un
usual disk-shaped, membrane-associated struc
tures have been described from Cm. crocatus 
(MacRae and McCurdy, 1975). In cross-sec
tions they appear as two double tracks, each 
7.5-11 nm wide and between 55 and 130 nm 
long, connected to the interior of the cyto
plasmic membrane by 11- to 15-nm-long, fi
brillar extensions. Several classes of intracellu
lar granules, or inclusion bodies, have been 
found. Black granules, apparently produced by 
all myxobacteria, have been identified as po
lyphosphate (Voelz et al., 1966). Electron-trans
parent granules are of at least two types: 1) gran
ules that are pale gray, containing material that 
does not contrast well; these have been sug
gested to be polysaccharide (Reichenbach et al., 
1969), "slime vacuoles" (Abadie, 1971 b; 
Schmidt-Lorenz and Kiihlwein, 1969), or "gly
cogen" (Voelz et al., 1966). This has been cor
roborated by light microscopy after performing 
the periodic-acid Schiff reaction (Schmidt-Lor
enz and Kiihlwein, 1969). 2) Completely empty, 
large, circular areas, which are sudanophilic un
der the light microscope, have been seen in the 
cells of So. cellulosum (Lampky, 1976) and may 
be lipid material. Also, poly-~-hydroxybutyric 
acid has been demonstrated chemically in So. 
cellulosum (H. Jansen, personal communica
tion). In cells of Mx. xanthus grown under sub
optimal conditions, large parts of the cytoplasm 
sometimes appear to have a crystalloid pattern 
(Voelz, 1966b, 1967, 1968). 

In many myxobacteria, intracellular micro
tubules and fibrils may be seen (Abadie, 1971 b; 
Burchard et al., 1977; MacRae and McCurdy, 
1975; Schmidt-Lorenz and Kiihlwein, 1968). 
The diameter of the microtubules is I 0 to 16 
nm (with Cm. crocatus 15 to 19 nm), that of 
the fibrils, 4 to 5 nm (with Cm. crocatus 7.5 to 
10 nm). Once it was thought that microtubules 
and fibrils were just two different aspects ofthe 
same structure depending on the plane of sec
tioning (Schmidt-Lorenz and Kiihlwein, 1968), 
but this is not the case. The fibrils are usually 
arranged in bundles which may be 40 nm wide 
and 3.5 ,urn long. The bundles usually lie close 
to the cytoplasmic membrane and often follow 
the long axis of the cell, sometimes to the cell 
poles, but they also may cross the cell from one 
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side to the other. A herringbonelike periodicity 
with a 12-nm spacing has occasionally been 
seen (Burchard et al., 1977). Also, transverse 
bands with a very regular, crystal-like pattern 
may occur (Burchard et al., 1977). Originally, 
fibrils were found only in cells from swarming 
agar cultures (Schmidt-Lorenz and Kiihlwein, 
1968), but they were subsequently found in cells 
from liquid cultures as well (Burchard et al., 
1977; H. Reichenbach, unpublished observa
tions). These systems of fibrils and microtu
bules have been interpreted as contractile ele
ments responsible for gliding motility by 
producing contraction waves (Burchard et al., 
1977; Schmidt-Lorenz and Kiihlwein, 1968), 
but there is no evidence that those structures 
can really contract, and they could have some 
other function or even be artifacts. In Cm. cro
catus, those structures were assumed to be com
posed of ribosomes (paracrystalline system: 
Abadie, 1971b). 

An extremely complex structure has been dis
covered in the surface layers of Mx. fulvus, just 
below the outer membrane, suggested to be the 
apparatus of gliding motility (Liinsdorf and 
Reichenbach, 1989). One or several belts with 
an intricate substructure appear to run helically 
around the periphery of the cell, beginning at 
or close to the cell pole. From isolated material, 
it was deduced that the unit element consists 
of a long series of tiny rings at a regular, periodic 
distance, connected to each other by two lon
gitudinal structures, perhaps two fibrils. Several 
of these unit elements, or strands, form a rib
bon, and it could be shown that the rings in 
those ribbons can change their conformation 
thereby producing a reduction of the transverse 
dimension of the ribbon by 40%. The belt is 
composed of about seven ribbons, and conceiv
ably a coordination of the conformational 
changes occurring in the ribbons could produce 
a travelling wave in the belt and concomitantly 
in the cell surface, which would propel the cell. 
Nothing is known yet about the biochemistry 
of the system, and not even the structural details 
are fully understood. However, the components 
of the apparatus have been seen also in other 
myxobacteria, including Mx. xanthus. 

Gliding Motility 

From the very beginning, investigators have 
been intrigued by the mechanism of gliding mo
tility in the myxobacteria. There are numerous 
hypotheses, including contractile fibrils (Bur
chard et al., 1977), a travelling wave along a 
complex belt below the outer membrane of the 
cell (Liinsdorfand Reichenbach, 1989), and the 
polarized excretion of surfactant (Keller et al., 
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1983), but none have been proven so far (for 
reviews, see Burchard, 1980, 1981, 1984). Ge
netic analysis of the motility system of Mx. xan
thus has revealed a very complex situation in
volving at least 33 genes (Hodgkin and Kaiser, 
1979a, 1979b; for review, see Shimkets, 1990b ). 
Two almost completely separate motility sys
tems exist. The A system (A for adventurous) 
controls the movements of individual, indepen
dent cells. It comprises 22 loci and may be re
lated to the lipopolysaccharide (LPS; Gill and 
Dworkin, 1986, 1988). The S system (S for so
cial), comprising 10 loci, controls the gliding 
movements of groups of cells. If the S system 
is to operate, the cells must not be farther apart 
than one cell length. They obviously have to be 
in contact with one another, and the contact is 
mediated by pili (Kaiser, 1979) and by strands 
of LPS (see below). The S system seems to be 
of central importance in all social activities of 
the myxobacteria, as in the coherence of the 
swarm colonies, in the rippling phenomenon, 
and in fruiting. Usually, a mutant is only non
motile under all circumstances if it is A-s-. A 
single mutation in one further locus, mgl, has 
the same effect, so that mgl appears to be re
quired in the A system as well as the S system. 
Another set of genes, the ''frizzy" (frz) genes, 
determine the frequency with which the cells 
change the direction of their movements (Black
hart and Zusman, 1985). They were discovered 
because the colonies of Frz mutants differ sub
stantially in size and organization from wild
type swarms, and the cells show an aberrant 
aggregation behavior. While wild-type cells may 
reverse their movements every 6 to 7 min, there 
are some Frz mutants that do so every 2 h or 
every 2 min. The genes and their gene products 
have been analyzed in considerable detail. Sur
prisingly, the Frz CD protein is 40% homolo
gous with the Tar protein, which controls the 
direction of movement in Salmonella typhi
murium (McBride et al., 1989). As in the enteric 
bacteria, Mx. xanthus, the direction of move
ment is controlled by methylation and demeth
ylation reactions (McCleary et al., 1990). 

The speed of gliding of myxobacterial cells 
varies, depending on the substrate and the tem
perature; typically, it is between 3 and 13 11m! 
min (Mx. virescens, 32°C, on peptone agar, 
measured in movie frames; Reichenbach, 
1966). Gliding cells always deposit slime tracks 
(Fig. 5). When placed in a liquid such as water, 
the cells sometimes attach themselves to the 
glass with one pole and perform relatively fast 
gyrating movements. 

While Mx. xanthus cells show directed move
ments towards latex beads and clumps of prey 
bacteria (Dworkin, 1983), it has not been pos-

CHAPTER 188 

sible to demonstrate a chemotactic response to 
any of a number of chemicals tested (Dworkin 
and Eide, 1983). Nevertheless, myxobacterial 
cells clearly have some sensory mechanism that 
enables them to move toward one another over 
a distance of at least 10 cell lengths. Gliding 
cells also respond to delicate structural distur
bances in the substrate surface, such as are pro
duced in agar plates by mechanical stress. This 
results in distorted swarms and unusual firuiting 
body patterns, a phenomenon which has been 
named elasticotaxis (Stanier, 1942b). This is in
teresting insofar as the movements of the cells 
in this case are not coordinated by intercellular 
communication but by an external factor, such 
as the structural pattern of the substrate surface, 
via a purely physical mechanism. The same 
mechanism may also play a major role in de
termining the behavior of cells in the swarm 
and during fruiting. 

Occasionally, branched cells are seen in 
myxobacterial cultures; they can also translo
cate, albeit clumsily (Reichenbach, I 965a, 
1966). 

The nature of the outer surface of the myxo
bacterial cell is of interest, because it can be 
assumed that the organization of the surface 
may be directly involved in gliding motility as 
well as in certain types of intercellular com
munication. It seems that the appearance of the 
cell surface may change substantially with the 
preparation technique, the culture condiitions, 
and, of course, also with different types of mu
tants. The underlying rules are only partly 
understood at the moment. In thin sections, the 
outer surface appears essentially smooth or, at 
the most, slightly wavy. The same is normally 
the case in freeze-etched preparations (Bur
chard and Brown, 1973). In negative contrast 
and in shadowed mounts, however, the surface 
often appears to be covered by short, vesicular 
blebs and long, irregular, seemingly tubular ex
tensions, approximately 50 nm wide, which are 
probably protrusions of the lipopolysaccharide 
(LPS) layer (e.g., Arnold and Shimkets, 1988b; 
MacRae and McCurdy, 1975, 1976; Schmidt
Lorenz and Kiihlwein, 1969). The excretion of 
this material can be prevented by adding the 
diazo dye Congo red (5 llgfml, a concentration 
which does not interfere with growth) to the 
culture; as a consequence, Mx. xanthus cells are 
no longer able to agglutinate (Arnold and 
Shimkets, 1988a, 1988b ). This also implies a 
loss of social (S) gliding and of fruiting .. The 
Congo red-treated cells behave in all these re
spects like a class of A +s- mutants, the Dsp mu
tants, which indeed do not bind Congo red. It 
may thus be concluded that the major Congo 
red receptor is controlled by genes of the S sys-
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Fig. 5. Slime tracks as seen on thin agar layers in chamber cultures. (a) Nannocystis exedens. (b) Myxococcus fulvus; the 
spots seen on the left are cell clusters, not single cells. Bar = 100 ~tm. Phase contrast. 

tern. If the Congo red is removed, wild-type cells 
begin to produce the tubular material again 
within 30 min, and their cohesiveness and all 
associated properties are restored. 

Surface Structures 

Scanning electron micrographs of mycobacteria 
often show a system of extracellular strands and 
fibers which may even form a dense network 
connecting the cells to each other and to their 
environment (Arnold and Shimkets, 1988b; 
Burnham et al., 1981; Lampky, 1976). Some of 
that material may be identical with the tubular 
LPS strands discussed above, but some may also 
be excreted slime. It seems that such networks 
can also be used by the myxobacteria to entrap 
prey organisms (Burnham et al., 1981 ). 

Another type of appendage is the thin, polar 
fimbria, which is 5 to 8 nm wide and may ex
ceed the length of a cell (Arnold and Shimkets, 
1988b; Dobson and McCurdy, 1979; MacRae 
and McCurdy, 1975, 1976; MacRae et al., 
1977). Fimbriae have been observed with many 
different species ofboth suborders; the only neg
ative result was with Nannocystis, but this may 
have been due to technical problems. The fim
briae may be restricted to one of the two cell 
poles, and up to six have been seen per cell. In 
Mx. xanthus, two types of fimbriae were dis
tinguishable, a rigid (R) and a flaccid (F) type 
(Dobson and McCurdy, 1979). The two could 
be separated and purified and turned out to be 
very similar in many respects (e.g., in the ap
parent molecular weight, which was about 7, 7 50 
Da; and in their amino acid composition). Only 
their dissociation behavior differed. The R type 
disintegrated into 2-nm microfibrils at pH 3.5 
to 4.5. Both species of fimbriae agglutinated 
guinea pig erythrocytes. The F type may be the 
contracted form of the R type. 

Tiny holes in the outer membrane, 6.5 to 8.5 
nm wide and surrounded by a collar of 2.6 nm, 
which sometimes shows a ring of 12 spikes, have 
been proposed to be the insertion sites of the 
fimbriae (MacRae et al., 1977). As fimbriae 
could not be demonstrated on nonmotile mu
tants (MacRae and McCurdy, 1976), and, in 
particular, not on mutants lacking S motility 
(Kaiser, 1979), it has been suggested that the 
fimbriae may be involved in social motility. In 
Mx. xanthus, four genetic loci (sg/A, sg/B, sg/G, 
and tgl) seem to control fimbriation. If tgl- cells 
come in contact with tg/+ cells, their S gliding 
is restored (Kaiser, 1979). But as pointed out 
above, S motility is also correlated with the 
presence of the LPS-containing fibrils. Thus, the 
cell-cell interactions required for social motility 
may require the participation of both the fim
briae and the fibrils. 

Chemical Composition 

Much has been learned in the last decade about 
the chemical composition of the myxobacterial 
cell. However, the precise nature of the extra
cellular polysaccharides characteristically ex
creted by the myxobacteria remains undeter
mined, as it is usually accompanied by a variety 
of other large and small excreted molecules 
(Sudo and Dworkin, 1972; Hanson and Dwor
kin, 1974). The excreted slime appears usually 
to be a heteropolysaccharide containing, among 
others, N-acetyl aminosugars (Sutherland, 
1979; Sutherland and Thomson, 1975). Slime 
from fruiting bodies resembles in its overall 
composition that produced in vegetative cul
tures. A large extracellular protein-polysaccha
ride-lipid complex with proteolytic activity has 
been isolated from culture supernatants of Mx. 
virescens (Gnosspelius, l978b). A glycopeptide 
with a heat-stable blood anticoagulant activity, 
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named myxaline, has been obtained from the 
culture broth of Mx. xanthus (El Akoum et al., 
1987; Masson and Guespin-Michel, 1988). The 
glycan part contains N-acetyl aminosugars, and 
the peptide is rich in glutamic acid and serine. 
The excreted slime must be chemically different 
in the two suborders of myxobacteria, since 
Congo red (0.0 1% aqueous solution) stains the 
slime of the Cystobacterineae, but not that of 
the Sorangineae (McCurdy, 1969a). 

LIPOPOL YSACCHARIDES AND CELL WALLS. There 
are several studies on the chemistry of the li
popolysaccharides (LPS) of various myxobac
teria (Rosenfelder et al., 1974; Sutherland, 
1979; Sutherland and Thomson, 1975; Weck
esser et al., 1971 ). Contrary to the statement of 
Ruiz et al., (1987), myxobacterial LPS, includ
ing lipid A, can be readily and completely ex
tracted from the cells by the usual phenol pro
cedure (e.g., Panasenko, 1985; Rosenfelder et 
al., 1974; Sutherland and Smith, 1973; Suth
erland and Thomson, 197 5). Typical LPS yields 
are 0.5 to 1.0% (up to 1.9%) of the cell dry 
weight. Chemically, the LPS of the myxobac
teria resembles that of the enterobacteria. The 
LPS of Mx. fulvus contains mannose, galactose, 
glucose, rhamnose, arabinose, glucosamine, and 
3-0-methyl-o-xylose, a sugar only very rarely 
seen in bacterial LPS (Rosenfelder et al., 1974; 
Weckesser et al., 1971 ). The LPS of other myxo
bacteria may differ somewhat in its sugar com
position, but 2-keto-3-deoxyoctonic acid is al
ways present, and heptose is never present. The 
3-0-methyl-o-xylose may or may not be found, 
and, in some cases, similar nonpolar but thus 
far unidentified sugars have been observed 
(Sutherland, 1979; Sutherland and Smith, 1973; 
Sutherland and Thomson, 1975). While the 
scant data do not really allow generalizations, 
a complete lack of rhamnose seems to be char
acteristic for Sorangium and may be another 
distinguishing characteristic of that suborder. 
The lipid A moiety contains glucosamine and 
the usual 3-hydroxy fatty acids, mostly iso-3-
0H-C15 and iso-3-0H-C17 (Rosenfelder et al., 
1974). During sporulation of Mx. xanthus, the 
LPS, or at least its polysaccharide part, is com
pletely lost (Sutherland, 197 6b ), and a capsule 
composed of an a-1 ,3-glucan is produced (Suth
erland and Mackenzie, 1977). That capsule is 
ruptured and discarded during germination 
rather than enzymatically solubilized (Voelz, 
1966a). Monoclonal antibodies have also been 
obtained against 0-antigens and against a core 
antigen of Mx. xanthus LPS (Fink and Zissler, 
1989a; Gill and Dworkin, 1988). Several 0-an
tigen mutants were defective in the A system 
but not in the S system of gliding. They were 
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still able to form normal fruiting bodies (Fink 
and Zissler, 1989b). Endotoxinlike effects (an
ticomplement test and Shwartzman skin reac
tion) could be produced with whole cells and 
myxospores of Mx. xanthus (Ruiz et al., 1987). 

Mx. xanthus, the only myxobacterium for 
which the organization of the cell wall has been 
investigated, has a thin peptidoglycan layer that 
seems to be organized in patches rather than in 
a homogeneous sacculus (White et al., 1968). 
The composition of the peptidoglycan resem
bles that of E. coli, with diaminopimelic acid 
at the cross-links. It appears that during spor
ulation, the degree of cross-linking increases. At 
the same time, galactosamine and glycine ac
cumulate in the wall layer. The pepotidoglycan 
content of vegetative cells and myxospores is, 
however, the same (0.6% of the dry weight). 

LIPIDS. The fatty acid spectra of the myxobac
teria show characteristic differences between the 
two suborders (Fautz et al., 1981 ). While all 
myxobacteria contain iso-branched fatty acids 
in substantial quantities, mainly saturated C15,0 
and cl7:0' the pattern is dominated by them only 
in the Cystobacterineae (usually between 50 
and 70%) (Fautz et al., 1979, 1981; Schroder 
and Reichenbach, 1970; Ware and Dworkin, 
1973; Yamanaka et al., 1988). Na. exedens (sub
order Sorangineae) is the only myxobacterium 
so far in which larger amounts (about 30'o/o) of 
iso-C15,1 and iso-C17,1 are found. 

Even more characteristic is the distribution 
of hydroxy fatty acids. Although it was over
looked in the earlier studies, a 2-hydroxy (OH) 
fatty acid iso-2-0H C17,0, was first seen as a con
taminant from phospholipid in LPS prepara
tions of Mx. fulvus and Cb. ferrugineus (Rosen
felder et al., 1974). The LPS contains 3-0H fatty 
acids, exclusively. Later, proof was presented 
for the chemical structure of the 2- and 3-0H 
fatty acids of Mx. fulvus and C. ferrugineus, and 
it was demonstrated that, in total cell hydrol
ysates, 2-0H fatty acids, mainly iso-2-0H C17,0, 
constitute a respectable share of the total fatty 
acids (10 to 12%), while 3-0H fatty acids only 
play a minor role (2.5 to 4.5%: Fautz et al., 1979; 
later analyses of Yamanaka et al., 1988, give 
somewhat lower values of 1 to 10% for 2-·0H, 
and 0.2 to 0.3% for 3-0H). In members of the 
Sorangineae, no hydroxy fatty acids are seen at 
all in total cell hydrolysates (Fautz et al., 1981 ). 
In members of the Cystobacterineae, two types 
of phosphatidylethanolamine have been dem
onstrated, one of which contains exclusilvely 
nonhydroxy fatty acids; the other, however, con
tains 50 to 70% 2-0H fatty acids (Yamanaka et 
al., 1988). Another major component of the 
fatty acid pattern of the Cystobacterineae is the 
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C16,1 fatty acid (15 to 39%). This component, 
too, seems much reduced in the Sorangineae. 
While all investigators found only iso-branched 
fatty acids in myxobacteria, one laboratory did 
report anteiso fatty acids in Mx. xanthus (Ruiz 
et al., 1985). In another study, a clear difference 
was seen between the fatty acid patterns of Cor
allococcus and those of Myxococcus species 
(Monteoliva-Sanchez et al., 1987): branched 
and unbranched C17,0 fatty acids were present 
in large quantities in the latter (27 to 38%) but 
completely absent in the former. While such a 
clear difference would be useful for taxonomic 
reasons, it is highly unlikely and is not sup
ported by other investigations (Yamanaka et al., 
1988). 

The earliest analysis of the phospholipid pat
tern of a myxobacterium, that of Mx.fulvus Mx 
f2, demonstrated phosphatidylethanolamine as 
the main component (72%), but phosphatidyl
glycerol (9%), phosphatidylinositol (7%), and an 
unknown, ninhydrin-positive phospholipid 
(8%) were also present (Kleinig, 1972). A small 
proportion of the phospholipids were alk-1-enyl
acyl (1-15%) and alkyl-acyl compounds; how
ever, they comprised 22% of the phosphatidyl
inositol compounds. The phospholipid content 
of the isolated membranes was 25% (dry 
weight). The occurrence oftwo species ofphos
phatidylethanolamine in myxobacteria has al
ready been mentioned (Yamanaka et al., 1988). 
In another study concerning the membrane 
composition of Mx. xanthus, the inner and 
outer membranes could be separated (Orndorff 
and Dworkin, 1980). The outer membrane 
showed an unusually low buoyant density 
(1.221 gjml) which was probably due to an ex
ceptionally high phospholipid content. The 
main phospholipid in both membranes was 
phosphatidy1ethanolamine (60 to 70% of total 
phospholipid). The other major phospholipids 
were phosphatidylglycerol and two unknown 
phospholipids. Phosphatidylserine and cardi
olipin were found only in the cytoplasmic mem
brane. Substantial amounts of lysophospholi
pids were found in both membranes, although 
somewhat more in the outer membrane. They 
obviously indicate lipase activities, which here 
seem not to be restricted to the outer mem
brane. 

In Sg. aurantiaca, too, the main phospholipid 
was phosphatidylethanolamine (50%), followed 
by phosphatidylglycerol (12%), and phosphati
dylinositol (20%) (Caillon et al., 1983). Very 
high amounts oflysophosphatidylethanolamine 
were also found. Each phospholipid had a dif
ferent fatty acid composition. Alkyl ether link
ages were common; phosphatidylinositol oc
curred only as the dialkyl compound. The 
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structural details of an alk-I-enzyl-acyl-phos
phatidylethanolamine, i.e., a plasmalogen, from 
Mx. stipitatus have recently been elucidated 
(Stein and Budzikiewicz, 1987). 

From the amount of phosphorus in the lipid 
fraction of Sg., aurantiaca it has been estimated 
that only about 40% of the fatty acids are bound 
in phospholipids (Schroder and Reichenbach, 
1970), and, in fact, several nonphospholipids 
with fatty acids on them have been identified. 
Ceramides and cerebrosides have been isolated 
from Cystobacter fuscus and chemically char
acterized (Eckau et al., 1984; Dill et al., 1985). 
Ceramides are long-chain, 1,3-dihydroxy-2-
amino bases (sphinganine) with an amide
bound fatty acid. Cerebrosides are sphingo
lipids consisting of a ceramide with a C-1-
bound sugar. The compounds are common in 
eukaryotes and, interestingly, they play a role 
in cell-cell recognition and cell adhesion and 
also have been found to be fruiting-body in
ducers in basidiomycetes. Perhaps they play 
similar roles in myxobacteria. The myxobac
terial ceramides all contain 2-hydroxy fatty 
acids. Also, a novel, long-chain base, 17-meth
ylsphinga-4E,8E-dienine, was found in two of 
them. The cerebrosides are all galactosides. 

The capnoids discovered as a characteristic 
constituent of the lipids of another group of 
gliding bacteria, the cytophagas, have not been 
found in myxobacteria (Godchaux and Lead
better, 1983). The capnoids are C-1 sulfonic 
acids of sphinganine bases and their ceramides. 

Pigments and Respiratory Components 

Carotenoids are the main pigments of most 
myxobacteria. With the exception of Na. exe
dens, the main compounds are always mono
cyclic carotenoid glycosides, usually containing 
glucose, with a fatty acid attached to the sugar 
via an ester bond (Kleinig et al., 1970, 1971; 
Reichenbach and Kleinig, 1971 ). Pigments of 
this type are rather unusual, but they have been 
found, for example, in Nocardia kirovani (Bach
eron et al., 1970). The structure of myxobacton, 
which is the main pigment of many myxobac
teria including Mx. xanthus, has been reinves
tigated and corroborated (Eckau et al., 1984). It 
appears that certain pigment types are charac
teristic for taxonomic subgroups (for a review, 
see Reichenbach and Kleinig, 1984). Nanno
cystis contains aromatic carotenoids but no gly
cosides. Members of the suborder Sorangineae 
produce glucosides with hydroxyl but not with 
keto functions on the chromophore, and the 
Cystobacterineae have glucosides with keto but 
not with hydroxyl functions. In all cases, com
plex mixtures of carotenoids are found, but only 
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monocyclic and acyclic compounds occur. The 
carotenoid content of exponentially growing, 
late log-phase cultures of Mx. fulvus Mx f2 has 
been determined. Acetone extracts typically 
represent 0.03% of the dry weight of dark-grown 
cells and 0.03-0.06% of the dry weight of light
grown cells (Reichenbach and Kleinig, 1971 ). 
The carotenoids are located in the (cytoplasmic) 
membrane, and their concentration there is 
consequently much higher (0.14% in a mem
brane preparation of Mx.fulvus containing both 
membranes; Kleinig, 1972). The carotenoid 
synthesis of myxobacteria is induced by light 
(Burchard and Dworkin, 1966; Burchard and 
Hendricks, 1969; Reichenbach and Kleinig, 
1971 ). The genetics of light-induced caroteno
genesis has been studied in Mx. xanthus and 
has been found to comprise various control 
mechanisms. Also, a light-induced promoter 
has been identified and cloned (e.g., Balsalobre 
et al., 1987; Martinez-Laborda et al., 1990). The 
only demonstrated role of carotenoids in myxo
bacteria is to provide protection against pho
tooxidation (Burchard and Dworkin, 1966a). 
This has also been demonstrated with carot
enoid-free mutants of Mx. fulvus Mx f2. The 
killing effect is seen only if the mutants are il
luminated with daylight intensities (about 
40,000 lux; H. Reichenbach, unpublished ob
servations). In Mx. xanthus, protoporphyrin IX 
has been found to be a photosensitizer (Bur
chard and Dworkin, 1966a). Dark-grown cul
tures, which produce only small amounts of ca
rotenoid, lyse quickly if illuminated. It is not 
clear, however, that all myxobacteria accumu
late protoporphyrin IX as a photosensitizer; it 
could not be detected, for example, in Mx. ful
vus. The effect of various inhibitors on the cy
clization reaction of carotenoid synthesis has 
also been studied (Kleinig, 1974, 1975; Rei
chenbach and Kleinig, 1971 ). In normally grow
ing laboratory cultures, there is virtually no 
turnover or degradation of carotenoids. A sys
tem for the in vitro synthesis of C15 to C60 po
lyprenols from isopentenylpyrophosphate with 
a crude enzyme preparation from Mx. fulvus 
has been developed (Beyer and Kleinig, 1985). 

Pigments other than carotenoids are also pro
duced by myxobacteria. A fluorescent, pale-yel
low pigment is characteristic for Mx. stipitatus 
(Lampky and Brockman, 1977) and similar pig
ments are also found in Mx. xanthus (Gerth et 
al., 1983). On certain media, the colonies of Cb. 
violaceus ( = Ar. violaceum) develop a deep pur
ple-violet color, probably due to melanoid pig
ments (Kiihlwein and Gallwitz, 1958; Reichen
bach, 1965a). Melanoid pigments are also 
relatively often seen with individual strains of 
many other species, especially on peptone-con-
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taining media, e.g., with Cystobacter, Archan
gium, Corallococcus, and Stigmatella. Liquid 
cultures of Sg. aurantiaca in peptone medium 
turn a deep black color within 1 to 2 h after 
reaching the stationary phase (Reichenbach and 
Dworkin, 1969). The slimy swarms of some 
strains of So. cellulosum on CA2 agar become 
deep violet to black after 2 to 4 weeks. Mx. 
virescens and Pl. vitellinum are bright greenish
yellow, especially on protein-containing media. 
Often the various shades observed with differ
ent strains and species are only due to differ
ences in the quantitative proportions of the 
same pigments. Fruiting bodies, and especially 
the walls of the sporangioles, are often very in
tensely colored, but the chemical nature of these 
pigments is not known. 

The respiratory quinones of the myxobacteria 
are exclusively menaquinones (Kleinig, 1972; 
Kleinig et al., 1974). A survey of 11 genera and 
20 species of both suborders showed that the 
menaquinone pattern of the myxobacteria is 
completely uniform and comprises virtually 
only MK-8 (M.D. Collins, personal commuin
ication). Nannocystis contains substantial quan
tities of squalene (0.4%) and steroids (0.4% of 
the dry weight), mainly 3-0H-cholest-8(9)-en-
3!3-ol (Fig. 6; Kohl et al., 1983). Because these 
compounds are synthesized de novo, Nanno
cystis is one of the very few prokaryotes that 
are known to be able to synthesize steroids. 

Membranes and Membrane Proteins 

A few interesting proteins that have been iso
lated and characterized from myxobacteria will 
be briefly mentioned. Most of these are surface 
proteins that seem somehow to be involved in 
cell-cell contacts and morphogenetic events. 

The membranes of Mx. fulvus consist of 
about 64% protein and 29% lipid, the latter 
comprising mainly (25%) phospholipid (Klei
nig, 1972). About 40 polypeptides could be re
solved in membrane extracts of Mx. xanthus 
(Orndorff and Dworkin, 1980). Ofthose, about 
26 were enriched in the cytoplasmic membrane 
fraction, and 8 to 10 major proteins were found 

HO 
Fig. 6. The sterol 3-0H-cholest-8(9)-en-3/3-ol, which is syn
thesized by Nannocystis exedens. 
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in the outer membrane fraction. None of the 
latter were, however, identical to the 32-kDa 
and 44-kDa proteins that are the principal pro
teins of the outer membrane of Escherichia coli. 
Many membrane and soluble proteins change 
in amount and rate of synthesis during fruiting. 
Six of the membrane polypeptides changed sub
stantially during aggregation (Orndorff and 
Dworkin, 1982): during the early stages of fruit
ing, protein T disappeared from the soluble 
fraction of Mx. xanthus, when proteins S and 
U first appeared and then increased dramati
cally. Protein S (Inouye et al., 1979a) has been 
particularly well studied. In vegetative cells it 
amounts to less than 1% of the soluble protein, 
but during fruiting body formation, its rate of 
synthesis rises to 15% of total protein synthesis. 
In the presence of Ca2+, protein S assembles on 
the surface of the maturing myxospores (Inouye 
et al., 1979b). Certain domains in the amino 
acid sequence of protein S show homologies to 
the Ca2+-binding sites of calmodulin. The func
tional correspondence of those areas was dem
onstrated by site-specific mutations, which 
eliminated the Ca-binding property of protein 
S together with its ability to accumulate on the 
myxospores. Protein S also has some homology 
with the bovine-lens protein, a-crystallin (In
ouye et al., 1983a; Teintze et al., 1988; Wistow, 
1990). Protein S is coded by two tandem genes 
which closely follow one another and show an 
88% amino acid homology. It appears that the 
protein species synthesized during fruiting 
comes exclusively from (downstream) gene 2 
(Inouye et al., 1983a, 1983b). 

Another development-specific protein is a 
myxobacterial hemagglutinin, a lectin that is in
duced during the developmental aggregation of 
Mx. xanthus (Cumsky and Zusman, 1981). It 
appears to be localized in the periplasmic space 
or loosely bound to the cell surface and to rec
ognize a galactose-containing, complex recep
tor. Its distribution over the cell surface is un
even, as it is found in patches mainly at the cell 
poles (Nelson et al., 1981 ). The 28-Da protein 
contains four highly conserved domains of 67 
amino acids each, which are reflected in four 
strong internal homologies in its gene (Romeo 
et al., 1986). 

Several nucleotide-binding proteins have 
been described. They are of great interest be
cause they could be involved in signal trans
duction, e.g., during development. In the solu
ble-protein fraction of sporulating Mx. xanthus, 
a single protein has been discovered that spe
cifically binds cyclic AMP (cAMP). The binding 
capacity did not change during myxospore de
velopment (Orlowski, 1980). Vegetative cells of 
Mx. xanthus contain a cyclic GMP- (cGMP-) 
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and a cAMP-binding protein in the periplasm, 
and a second cAMP-binding protein in the cy
toplasm. The latter appears to be identical with 
the cAMP-binding protein mentioned above. 
All three activities varied substantially during 
aggregation (Devi and McCurdy, 1984a). In the 
membrane fraction of Sg. aurantiaca, a single, 
GTP- and GDP-binding protein was identified. 
Proteins of this kind are very common in eu
karyotes, but have only rarely been found in 
prokaryotes. It was suggested that the protein 
plays a role in the phosphoinositide metabolism 
of Stigmatella (Derijard et al., 1989). 

Using an iodination technique, substantial 
changes in the pattern of accessible surface pro
teins of Mx. xanthus were shown to take place 
during development (Maeba, 1983). A glyco
protein, probably a peripheral membrane pro
tein that is present only in vegetative cells, was 
further characterized (Maeba, 1986). The 74-Da 
protein contained about 15% carbohydrate, 
mainly neutral sugars, but also some hexosa
mines and uronic acids. It made up 1% of the 
total cell protein and might play a role in cell
cell interactions. 

A different approach to the study of the dy
namics of the cell surface during development 
has been the use of monoclonal antibodies 
against cell-surface antigens (CSAs) of vegeta
tive and developing cells (Gill et al., 1985). In 
this way, many different CSAs of Mx. xanthus 
have been identified (e.g., Gill and Dworkin, 
1986, 1988). While most of the antibodies are 
directed against cell-surface proteins, some are 
directed against LPS or, in the case of CSA 
1604, against a large, 150-Da complex consist
ing of at least two protein subunits and LPS 
(Jarvis and Dworkin, 1989a, 1989b ). CSA 1604 
is of special interest, because antibodies di
rected against it block certain stages in the fruit
ing body development of Mx. xanthus. Other 
monoclonal antibodies are directed against cell
surface proteins that appear uniquely during de
velopment (Gill and Dworkin, 1986). 

Some proteins have been identified by trans
fer and expression of myxobacterial genes in E. 
coli. An 18.7-Da, basic protein coded by the 
vegA gene of Mx. xanthus turned out to have 
amino acid homologies with certain histones 
and may function as a DNA-binding protein. It 
is essential for vegetative growth (Komano et 
al., 1987). Also, the Mx. xanthus genefprA was 
shown to code for a protein that binds flavin 
mononucleotide. This protein, too, is essential 
for growth. Overexpression of the gene in E. coli 
leads to a spectacular increase in flavin biosyn
thesis, but the FprA protein seems not be an 
enzyme in the biosynthetic pathway (Shimkets, 
1990a). 
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The product of the csgA gene of Mx. xanthus, 
C factor, which is required for several steps dur
ing fruiting body development, was recovered 
from developing fruiting bodies and character
ized (Kim and Kaiser, 1990). The 17-Da protein 
restores the developmental capacities of csgA 
mutants, acts in a very low and narrow concen
tration range ( 1 to 2 X 10-9 M), and appears to 
represent a signal factor. 

Nucleic Acids 

The GC content of myxobacterial DNA is be
tween 67 and 72 mol% (as measured by buoyant 
density and thermal melting, respectively). The 
GC content appears to be slightly higher (70 to 
72 mol%) in the Sorangineae than in the Cys
tobacterineae (67 to 70 mol%) (Behrens et al., 
1976; Mandel and Leadbetter, 1965; McCurdy 
and Wolf, 1967). The GC content may vary con
siderably between different DNA segments in 
the genome; in Mx. xanthus, for example, it 
varies from 36 to more than 80 mol% (Komano 
et al., 1987). 

Repeated efforts have been made to deter
mine the genome size of Mx. xanthus, applying 
widely differing techniques, including cloning of 
the entire Mx. xanthus genome into 141 arti
ficial yeast chromosomes (YACs) (Kuspa et al., 
1989; Yee and Inouye, 1981, 1982; Zusman et 
al., 1978). The most reliable estimate of 9,450 
kilobase pairs (kbp) comes from a recent con
struction of complete physical genome maps of 
several independent Mx. xanthus strains (Chen 
et al., 1990). The Myxococcus genome is thus 
approximately the same size as the Strepto
myces genome, and it is twice as large ( 4, 700 
kbp) as that of E. coli. The genome of Sq. au
rantiaca appears to be nearly the same size as 
the Myxococcus genome (Yee and Inouye, 
1981 ). It has been reported that exponentially 
growing cells of Mx. xanthus contain just one 
replicating chromosome with 1.5 genome 
equivalents (Zusman et al., 1978). The amount 
of DNA in a freshly divided cell was estimated 
to be 14 X 10-9 ~g, while a logarithmically grow
ing cell contains 20 X 10-9 ~g. 

The DNA of Mx. xanthus strain FB has been 
found to be methylated at cytosine sites (Yee 
and Inouye, 1982). In rapidly growing cells, the 
DNA is undermethylated, and the degree of 
methylation increases when growth slows. A 
vegetative promoter and two development-spe
cific promoters have also been characterized 
(Komano et al., 1987; Inouye, S., 1984). 

Mx. xanthus RNA polymerase shows the 
usual a(3(3' subunits composition, but two 
slightly different sigma factors have been ob
tained from vegetative cells (Rudd and Zusman, 
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1982). Gene rpoD for a major vegetative :sigma 
factor from Mx. xanthus has been characterized 
(Inouye, S., 1990). It probably corresponds to 
the previously described protein, sigma I (see 
above) and consists of 708 amino acids (80,391 
Da). The amino acid sequence derived from the 
base sequence is in excellent agreement with 
that of E. coli sigma-70, but the Myxococcus 
sigma has an additional 100 residues at the 
amino end. The last 242 amino acids at the 
carboxy end show 78% and 72% homology with 
E. coli sigma-70 and Bacillus subtilis sigma-43, 
respectively. Myxococcus sigma-80 contains an 
extremely high proportion ( 40%) of charged 
amino acids. The polypeptide corresponding to 
rpoD has also been identified. It showed a some
what higher apparent molecular weight (86 
kDa), and there was evidence of a second sigma 
factor-apparent molecular weight 80 kDa, cal
culated from the putative gene (73,117 Da). 
Gene rpoD was used as a probe to find other 
genes for sigma factors in the Myxococcus ge
nome, and a developmental sigma factor has 
thereby been discovered. 

A most unusual kind of nucleic acid, 
msDNA, which was first discovered in Mx. xan
thus, has raised many intriguing questions (Yee 
et al., 1984). msDNA has been found in almost 
all myxobacteria investigated (Dhundale e:t al., 
1985). It is a single-stranded DNA and is pres
ent at 500 to 700 copies per genome. The DNA 
is 162 bases long, and its 5'-end is linked via a 
5,' 2'-phosphodiester bond with a guanidine res
idue in a branched RNA, msdRNA, which is 
77 bases long and comes from a much longer 
precursor. The RNA has an extremely stable 
stem-and-loop structure. The coding regions for 
msDNA and msdRNA are found side by side 
at one specific site in the Myxococcus genome 
but they are oriented in opposite directions and 
overlap with 8 bases at their 3'-ends (Dhundale 
et al., 1987). A very similar msDNA (81% se
quence homology) with a corresponding ge
nome structure has been found in Sg. auran
tiaca (Furuichi et al., 1987a, 1987b). A second 
species of such DNA, mrDNA, was later dis
covered in Mx. xanthus (Dhundale et al., 
1988b). mrDNA is, however, much shorter, and 
it has a completely different base sequence in 
the DNA as well as in the RNA, but the RNA 
still has a similar secondary structure to that of 
msRNA. Also, there seem to be only 100 copies 
of mrDNA per genome. 

The msDNA is synthesized by a reverse tran
scriptase with an associated ribonuclease Hac
tivity. The enzyme uses a folded RNA precur
sor as a primer and a template (Lampson et al., 
1989). The gene of the reverse transcriptase has 
been found immediately downstream from the 
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msdRNA region and codes for 485 amino acids, 
which show sequence homology with retroviral 
reverse transcriptases (Inouye, S., et al., 1989). 
In fact, Mx. xanthus actually contains two re
verse transcriptases (Inouye, S., et al., 1990). 
The wide distribution of msDNA in myxobac
teria, as well as a comparison of codon usage 
in the reverse transcriptase gene and in other 
Myxococcus genes, suggests that the system is 
very old and was not acquired recently (in con
trast to a similar system in certain E. coli 
strains). By deletion mutation, msDNA synthe
sis could be eliminated, but this had no signif
icant effects on growth, motility, and morpho
genesis compared to the wild-type strain 
(Dhundale et al., 1988a). 

No evidence has been found for the presence 
of a poly(dT-dG)·poly(dC-dA) (TG) element in 
Mx. xanthus (Morris et al., 1986). 

While the half-life ofmRNA is about 3.5 min 
in vegetative cells of Mx. xanthus, 5 to 10 spe
cies of mRNA with a much longer half-life (20 
to 30 min) could be demonstrated during fruit
ing body formation (Nelson and Zusman, 
1983). One ofthe long-lived mRNAs is for pro
teinS. The stable mRNA can amount up to 30 
to 40% of the total mRNA. 

Although no clear evidence has been pre
sented for free, self-replicating plasmids in 
myxobacteria, several early reports suggest that 
extrachromosomal DNA may be present. Thus, 
after induction of chloramphenicol resistance in 
Mx. xanthus RB, a burst of synthesis of circular, 
covalently linked, extrachromosomal DNA was 
observed (Brown and Parish, 1976). The resist
ance was due to chloramphenicol acetylation 
(Burchard and Parish, 1975). Also, it was pos
sible to transfer resistance to several different 
antibiotics from R factor-containing strains of 
E. coli to several Myxococcus species by con
jugation (Parish, 1975). In some cases, extra
chromosomal DNA could be demonstrated in 
the resistant Myxococcus strains, and the re
sistance could be transferred to other Myxo
coccus strains by conjugation. 

It is now possible to introduce foreign plas
mids into myxobacteria, usually via E. coli 
phage PI as a suicide vector (Kaiser and Dwor
kin, 1975; Kuner and Kaiser, 1981; Morris et 
al., 1978), or by direct conjugation with E. coli 
(Parish, 1975; Breton et al., 1985). The plasmids 
often survive in the myxobacterial cells but 
seem always to be integrated in the genome. The 
genetic information contained in such plasmids 
is often expressed. A particularly useful ap
proach is the random insertion of Tn5 lac seg
ments into the genome of Mx. xanthus, which 
may be turned on by external promoters (Kroos 
and Kaiser, 1984). In this way, promoters could 
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be identified that became active at certain stages 
of the developmental program (Kroos et al., 
1986). Also, site-specific insertion of external 
plasmids has been possible, e.g., by incorpo
rating into the plasmid, the attP attachment site 
oflysogenic phage MX-8 (Orndorff et al., 1983), 
which recognizes only one site, attB, in the Mx. 
xanthus genome. Thus, the plasmid is inte
grated only once and at one specific site (Li and 
Shimkets, 1988). A useful strategy to increase 
the integration of plasmids is to insert pieces of 
the myxobacterial genome into the plasmid 
(Jaoua et al., 1987). For a survey of the vast 
literature on myxobacterial genetics, the reader 
is referred to review articles on this topic (Kai
ser et al., 1979; Kaiser, 1984a, 1986, 1989; 
Shimkets, 1990b ). 

Phages and Bacteriocines 

There are some problems with the isolation of 
phages for myxobacteria, perhaps because wild 
strains are usually lysogenic and therefore re
strictive. In fact, when the ultracentrifugal pel
lets of culture supernatants were examined un
der the electron microscope, all six strains of 
Mx. xanthus, Mx. virescens, and Mx.fulvus pro
duced small quantities of phage particles 
(Brown et al., 1976a). Restriction of phage MX-
1 has been shown directly with a strain of Mx. 
virescens (Morris and Parish, 1976). The strain 
became fully sensitive after curing by UV ir
radiation. Also, two restriction endonucleases 
have been demonstrated in the restrictive strain. 
Such enzymes have been found in many differ
ent myxobacteria (Mayer and Reichenbach, 
1978). Furthermore, defective phage particles, 
originally described as rhapidosomes (Reichen
bach, 1965b), have been seen in several myxo
bacteria (Brown et al., 1976a; McCurdy and 
McRae, 1974; Reichenbach, 1967). Neverthe
less, infective phages have been isolated from 
soil and dung of various animals; these are most 
likely virulent mutants of temperate phages 
(Brown et al., 1976a). The first myxobacterial 
phage to be isolated was MX-1 of Mx. xanthus 
(Burchard and Dworkin, 1966), which has been 
extensively studied (Brown et al., 1976a, 1976b; 
Burchard and Voelz, 1972; Tsopanakis and Par
ish, 1976; Voelz and Burchard, 1971). Like all 
myxobacterial phages known so far, it is a DNA 
phage with a genome size of 130 to 150 X 106 

Da and a GC content of 56 mol% (using buoyant 
density, a reinvestigation with a chemical 
method gave 50 to 52 mol%; Brown et al., 
1976b). The phage particle has an icosahedral 
head and a tail with a contractile sheath. MX-
1 is a lytic phage with a host range restricted to 
Mx. xanthus. Several more Mx. xanthus phages 
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have been isolated (Brown et al., 1976a; Campos 
et al., 1978; Geisselsoder et al., 1978; Martinet 
al., 1978) which often resembled MX-1, but 
other morphological types with very short tails 
have also been obtained. A strategy was applied 
to isolate transducing phages from a collection 
of Mx. xanthus strains using certain sensitive 
strains as indicators, such as strain FB, which 
is probably a phage-free and nonrestrictive 
strain (Morris and Parish, 1976). In this way, 
several useful transducing phages have been 
found (Martin et al., 1978), such as MX-8, 
which has been particularly well characterized 
(e.g., Orndorff et al., 1983; Stellwag et al., 1985). 
MX-8 is a generalized transducing phage with 
a linear, double-stranded DNA (56 kbp). The 
genome has a terminal redundancy of 8% and 
is circularly permuted over at least 40% of its 
length. MX-8 can start a lysogenic cycle in Mx. 
xanthus strains, and its prophage is integrated 
into the bacterial genome by a site-specific re
combination between the attB and attP sites 
already mentioned. Another well-studied trans
ducing phage with similar morphology is MX-
4 (Campos et al., 1978; Geisselsoder et al., 
1978). 

During the search for myxobacterial phages, 
bacteriocinlike activities have also been discov
ered. In one case, two antibacterial activities 
have been described, but one was directed 
against the homologous producer strain, and the 
other against the totally unrelated genera Sal
monella and Cytophaga; thus, neither conforms 
to the definition of a bacteriocin (Brown et al., 
1976a). In another case, an activity termed xan
thacin was obtained from Mx. xanthus FB. The 
enriched preparation inhibited Cystobacter and 
Melittangium, but not Mx. xanthus or any other 
Myxococcus strains, which again seems not to 
fit the explicit definition of a bacteriocin 
(McCurdy and MacRae, 1973). Xanthacin ap
peared to be a particulate membrane fraction. 
True bacteriocins were, however, discovered in 
Mx. fulvus strain Mx f16 (Hirsch, 1977). The 
strain produced three bacteriocins, which could 
be precipitated from the culture supernatant 
with (NH4) 2S04• They were not inducible by mi
tomycin. One of them, fulvocin C, was further 
characterized. As expected for a bacteriocin, it 
only essentially inhibited Mx. fulvus strains (all 
16 strains tested), the producer excluded. The 
chemical structure of fulvocin has been fully 
elucidated, and it was the first bacteriocin for 
which this could be achieved (Tsai and Hirsch, 
1981 ). It is a very compact and stable protein 
(4672 Da, 45 amino acids) with four disulfide 
bridges. In sensitive strains, fulvocin C leads to 
a fusion of the outer membranes of adjacent 
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cells. The minimal inhibitory concentration is 
0.25 JLM. 

Myxobacterial Colonies 

On media with a relatively low nutrient content, 
like VY/2 and CY agar, colonies of myxobac
teria spread over the agar surface. Such colonies 
are called swarms. The swarm does not behave 
like a pseudoplasmodium, as has sometimes 
been stated in the older literature; that is., the 
colony does not move as a whole, but simply 
increases in diameter due to gliding motility 
and cell division. An exception are the tiny 
swarmlets that emerge from germinating Chon
dromyces sporangioles, which have already 
been described in connection with chemotaxis. 
Also, as discussed earlier, there are obviously 
mechanisms that keep the cells together. 

The appearance of a swarm is a particular 
function of the species and the medium. On rich 
media, such as those with a high peptone con
tent (around 1 %), myxobacterial colonies may 
remain small and more or less compact; some
times they are even circular, convex, and with 
an entire edge like ordinary bacterial colonies. 
The typical myxobacterial colony is, however, a 
swarm sheet consisting of cells and excreted 
slime; much of the latter is probably composed 
of interwoven slime trails. The swarms often 
contain conspicuous veins, rings, and ridges, or 
even depressions in the agar surface. Such pat
terns can be very characteristic for specific tax
onomic groups (see below). The swarm sheet 
can sometimes be loosened from the agar sur
face with water (e.g., for Cystobacter and Stig
matella); sometimes, however, it sticks tena
ciously to the agar surface, occasionally to such 
an extent that the agar is torn into pieces when 
the aging swarm sheet contracts (especially for 
Sorangium). In some cases, the swarm sheet 
becomes so tough and leathery, or rubberlike, 
that it is very difficult to cut with the inoculating 
loop (for Archangium, Cystobacter, and Melit
tangium); in other cases, it is soft and slimy and 
can easily be scraped off the plate (for Myxo
coccus). Often the myxobacteria penetrate the 
agar (even 1.5% agar), and the swarm spreads 
below the agar surface, sometimes penetrating 
to the very bottom of the dish (often for Po
lyangium). In such cases, the swarm may com
pletely disappear below the surface, and its 
former position can be recognized only by a 
shallow depression. All members of the Sor
angineae tend to grow within the agar. However, 
some members of the Cystobacterineae also do 
so, although here it is often a consequence of 
swarm degeneration. Some myxobacteria cor
rode the agar surface to the extent that they 
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produce long tunnels or large, cavernlike holes 
in the plate. This is typical of Polyangium and 
especially of Nannocystis. 

The swarm edge usually shows characteristic 
flamelike protrusions, or flares. Sometimes 
wide, tonguelike depressions are produced (by 
Chondromyces and other members of the Sor
angineae), or isolated narrow trenches radiate 
from the swarm center far into the surrounding 
agar surface (Polyangium, Nannocystis). Occa
sionally, massive ridges are also seen at the 
swarm edge ( Chondromyces, Polyangium, Cys
tobacter). At such a swarm edge, the swarm may 
consist of only one cell layer, but as a rule the 
swarm sheet is composed of many layers on top 
of one another that quickly pile up behind the 
margin. When growing on very lean media, 
most of the swarm may be only one cell thick, 
although even then the bacteria tend to concen
trate themselves in certain areas, such as along 
radial tracks. In large swarms, most of the cell 
population may be found in the outer regions, 
and if no fruiting bodies or myxospores have 
been produced, the interior may be completely 
deserted. The speed of the advancing edge is in 
the range of 1 mm in 9 h (Cb. violaceus at 22°C; 
Reichenbach, 1965) to about 1 mm in 1.6 h 
( Cystobacter and Stigmatella strains at 30°C}. 

Various taxa may be recognized by their 
swarm morphology. When plate cultures are 
flooded with an aqueous 0.01% Congo red so
lution for 5 to 10 min, the swarm sheets of the 
Cystobacterineae stain a deep violet-red, while 
those of the Sorangineae remain unstained 
(McCurdy, 1969a). The swarms of Myxococcus, 
Corallococcus, and Angiococcus typically de
velop meandering radial veins, which may be 
particularly conspicuous on CY agar; the swarm 
sheet usually remains soft and slimy. In con
trast, long, more or less straight, branching 
veins are seen in the swarms of Cystobacter, 
Archangium, Melittangium, and Stigmatella; 
the sheet is usually tough. On VY/2 agar, the 
swarms of most Sorangineae are sunk into the 
agar and appear as wide shallow depressions at 
the surface. Chondromyces and Sorangium 
often develop long, cablelike veins, on the sur
face which sometimes curl into a ring at one 
end. Also, isolated rings are often seen in those 
swarms. With Chondromyces swarms, the 
swarm edge typically consists of a series of 
tongue- and shell-like shallow depressions. Po
lyangium swarms on VY/2 agar often penetrate 
the agar to the bottom and characteristically are 
surrounded by a more or less perpendicular, 
curtainlike zone composed of tiny, well-sepa
rated cell clumps. Polyangium and Nannocystis 
growing on streaks of autoclaved E. coli often 
produce long, radiating, narrow trenches in the 
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agar surface, with small cell clusters (and, later 
on, fruiting bodies) at the end. The two can 
often be distinguished because the tracks and 
cell clumps of Nannocystis are more delicate. 
On mineral salts-glucose media, like CA2 and 
CK6 agar, Sorangium often produces swarms 
with a beautiful, dense network of branching 
cablelike veins. 

It should be emphasized that the swarm 
structures described above are usually only seen 
with strains that have recently been isolated. 
The swarms of strains that have been trans
ferred many times, or that have been adapted 
to growth in liquid media, are often very dif
ferent. Such swarms may be soft-slimy, lacking 
all morphological differentiation, and, in the 
case of the Cystobacterineae, sometimes no 
longer grow on the surface but are sunk into the 
agar. In addition, a colony dimorphism has been 
described for Cb. violaceus and Mx. xanthus 
and is probably quite common among myxo
bacteria (Burchard et al., 1977; Grimm and 
Kiihlwein, 1973a, 1973b, 1973c; Reichenbach, 
1965a). This dimorphism may be a function of 
cell motility and consequently the spreading be
havior of the colonies (K/G or K/S in Cb. vio
laceus, as well as the amount and consistency 
of the slime produced, and, probably directly 
connected to that, the capacity to fruit, and, 
after transfer to a liquid medium, to grow as a 
homogeneous cell suspension ( Cb. violaceus). 
Also, pigmentation can be affected (deep and 
pale violet in Cb. violaceus, tan/yellow in Mx. 
xanthus). Usually, one colony type is more sta
ble than the other, but segregation in both di
rections is possible. An explanation at the ge
netic level is still lacking, but it may involve a 
recombinase system (Jaoua et al., 1990). Of 
course, any mutations in genes of the motility 
system can be expected to have some effect on 
the appearance of myxobacterial colonies, e.g., 
the frizzy genes of Mx. xanthus discussed earlier 
(see "Gliding Motility") (Blackhart and Zus
man, 1985). 

In myxobacterial swarms, a very peculiar and 
striking feature has occasionally been observed: 
dense fields of regularly arranged, tiny ridges, 
or ripples. These ridges are usually found in 
long, parallel rays. They are positioned parallel 
to one another and perpendicular to the direc
tion of the ray. The distance between the ridges 
is uniform and is approximately equal to the 
width of the ridges (Fig. 7). In Mx. xanthus, a 
distance of 45 ttm from crest to crest has been 
measured (Shimkets and Kaiser, 1982). The 
phenomenon was discovered when movies of 
developing Corallococcus and Myxococcus 
swarms were first made. They showed that the 
ridges actually move, so that the whole field ap-
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Fig. 7. Oscillating ridges, or ripples. Stigmatella erecta on 
casitone agar; dissecting microscope, oblique illumination. 
Bar= 200 ~tm. 

pears to oscillate; hence, the ridges were called 
oscillating waves (Reichenbach, 1965b; Rei
chenbach et al., 1965a, 1965c). In fact, the 
movements of the ridges may even speed up and 
slow down, or pulsate, over a period of several 
hours. The movement of the ridges is fast 
enough to be recognized under the dissecting 
microscope; a speed of about 2 ~m/min has 
been measured in Mx. xanthus (Shimkets and 
Kaiser, 1982). Oscillating waves were later 
found in many other myxobacteria. They ap
pear to occur with all Cystobacterineae, and oc
casionally are also observed with members of 
the Sorangineae, e.g., Chondromyces. With Sg. 
aurantiaca, even waves travelling in opposite 
directions along the same path have been seen 
(Reichenbach et al., 1980). In Mx. xanthus, rip
pling can be induced by purified peptidoglycan 
and peptidoglycan components, such as N-ace
tyl-glucosamine, N-acetylmuramic acid, dia
minopimelic acid, and o-alanine (Shimkets and 
Kaiser, 1982). The mechanism of cell move
ment in the oscillating waves and the biological 
significance of rippling are not understood. 

Finally, the shape of myxobacterial swarms 
may become distorted by stress lines in the agar 
plate produced, for example, by mechanical 
pressure and stretching, a phenomenon known 
as elasticotaxis (Stanier, 1942). 

Fruiting Bodies and Myxospores 

The outstanding trait of the myxobacteria is 
their ability to form fruiting bodies and myxo
spores (Figs. 8, 9, 10, and 11). These morpho
genetic processes make the myxobacteria by far 
the most sophisticated prokaryotes, and the ob
ject of considerable scientific interest as model 
systems for the study of the mechanisms of de
velopment. Studies of morphogenesis have pro-
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vided extensive insights into the biochemistry 
and genetics of communication, as well as dif
ferentiation and morphogenesis on the prokar
yotic level, and have also provided clues to the 
origin of important control mechanisms of eu
karyotic development. These are several ex
amples of such clues, including GTP-binding 
proteins, phosphoinositol cycle, steroid biosyn
thesis, stress proteins, and retrons. The litera
ture on myxobacterial development is already 
very voluminous, and many excellent reviews 
on this topic are available (Dworkin, 1985 
1990; Kaiser, 1984b, 1986, 1989; Kaiser et al.: 
1979; Shimkets, 1987, 1990b; White, 1975, 
1981; Wireman and Dworkin, 1975; Zusman, 
1980, 1984, 1990). 

The simplest myxobacterial fruiting bodies 
are mounds of either soft or hardened slime, 
the latter often having bizarre shapes (Coral
lococcus, Archangium), the former typically 
having a nob or head with a constriction or a 
stalk at the base (Myxococcus). Most myxobac
teria enclose their myxospores in sporangioles, 
i.e., containers with well-defined walls; the in
terior of the sporangioles is always hard and 
tough. The sporangioles may occur singly or in 
groups; they may rest either directly on or in 
the substratum, or on simple or branched slime 
stalks. The fruiting bodies of several species are 
structures of considerable complexity, and 
some were mistaken for fungal fruiting bodies 
for a long time. The following key gives a survey 
of the different fruiting body types and their 
relation to the various myxobacterial taxa. It 
must be kept in mind, however, that fruiting 
body structure and morphology often degen
erate quickly after a few transfers upon isola
tion. Also, strains may be isolated that produce 
degenerate fruiting bodies from the very begin
ning. In such cases, only completely atypical 
nabs and ridges of slime and myxospores are 
formed. It may be added here that the fruiting 
bodies of several myxobacteria have also been 
studied with the scanning electron microscope, 
and some very impressive pictures have been 
obtained in this way (e.g., Brockman and Todd, 
1974; Galvan et al., 1981; Stephens and White, 
1980a; Stephens et al., 1982). 

Key to the Fruiting Body Types 
of Myxobacteria 

I. Naked masses of slime and myxospores . . . . . . . . . . . . . . . . . . 2 
1'. Myxospores encased in sporangioles . . .. . . . .... .. ..... . ... 3 
2. Fruiting body soft-slimy . . ... . . .. . . . . . . . ... .. .. . Myxococcus 

2'. Fruiting body hard, cartilaginous 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Corallococcus, Archangium 

3. Sporangioles single . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 
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3'. Sporangioles in groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
4. Single sporangiole located on or in the substrate 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Nannocystis, Haploangium 
4'. Single sporangiole on top of a stalk 

..................................... Melittangium, Sg. erecta 
5. Group of sporangioles on or in the substrate 

........ Angiococcus, Cystobacter, Polyangium, Sorangium, 
Nannocystis 

5'. Cluster of sporangioles on top of an unbranched stalk 
. . . . . . . . . . . . . . . Sg. aurantiaca, most Chondromyces species 

5". Clusters of sporangioles on a branched stalk 
.. . . .. . . . . . . . .. . . . . . . .. . . . . . . . . . . . . .. . . .. . .. .. . . . . Cm. crocatus 

More or less the same types of fruiting bodies 
are found in both suborders (with the qualifi
cation that the Sorangineae produce only fruit
ing bodies with sporangioles). Still, the course 
of morphological differentiation may be differ
ent with seemingly identical fruiting body types. 
Thus, Chondromyces and Sg. aurantiaca both 
form little treelets, but the stalks and sporan
gioles are produced in a different way in the two 
cases. While Chondromyces excretes a slime 
stalk that lifts the undifferentiated cell mass up
ward, and differentiation of the sporangioles oc
curs as the last step, Sg. aurantiaca piles up a 
mass of cells with approximately the shape and 
size of the final fruiting body, then the cells 
either withdraw from the stalk area or degen
erate and lyse in that part, and the sporangioles 
mature (Fig. 12). 

As has already been mentioned, stalks, spor
angiole walls, and pigments are produced dur
ing fruiting but nothing is known about the 
chemical composition of these structures and 
substances. Under the electron microscope, the 
stalk of Cm. crocatus is seen to consist of nu
merous parallel tubes which are approximately 
the diameter of a cell and run in direction of 
the long axis of the stalk (Abadie, 1971 b; 
McCurdy, 1969b). The stalk of Sg. aurantiaca 
was found to be composed of tubules wedged 
against each other and containing cell debris but 
only rarely a cell or myxospore; the stalk was 
surrounded by a thin, dense surface layer re
sembling the wall that surrounds the sporan
gioles (Voelz and Reichenbach, 1969). The stalk 
of Sg. erecta also was found to be cell free and 
to consist of slime, although in this case tubules 
could not be distinguished (Galvan et al., 1987). 
In contrast, scanning electron micrographs sug
gested that the stalk of Sg. aurantiaca is cellular 
(Stephens and White, 1980). The contradiction 
is not yet resolved; perhaps the fruiting bodies 
examined with the scanning electron micro
scope had not yet fully matured. In any case, 
under the light microscope the stalk of Sg. au
rantiaca looks translucent, unpigmented, and 
white, and thus completely different from the 
opaque, dark brown sporangioles. 
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The base of fruiting body stalks is often 
clearly disk-shaped. The disks apparently arise 
early during fruiting body development when 
the aggregated cells move on a circular path at 
the site of fruiting. 

Little is known about the arrangement of the 
cells within the developing fruiting body, but it 
appears that this arrangement, and perhaps 
rearrangements by migrations of certain cell 
populations, may play a major role during fruit
ing body morphogenesis. In Me. boletus, a very 
regular pattern of three or more layers of strictly 
parallel cells has been observed (Jahn, 1924). 
The cells are perpendicularly arranged on the 
outer surface of the fruiting body, and it has 
been suggested that they are responsible for the 
secretion of the sporangiole wall. In developing 
Cb. fuscus sporangioles, the cells in the outer 
layers lie parallel to the surface. There are two 
hypotheses to explain the formation of spor
angioles: Cells either secrete the sporangiole 
wall (Jahn, 1924) or they fuse together into a 
wall layer (Vahle, 1910). The sporangioles of the 
Cb.fuscus fruiting body are embedded in a com
munal, thick, translucent, unpigmented layer, 
called the matrix or glass envelope (called 
"Glashiille" by Jahn, 1924). Such additional en
velopes are found with most of the genera that 
produce fruiting bodies in the form of clusters 
of sporangioles sitting directly on the substrate 
surface ( Cystobacter, Polyangium, and Soran
gium). 

The fruiting bodies are produced by the 
coordinated action of a large number ( 105 to 
1 07) of swarm cells that retain their physical 
individuality throughout this process of coop
erative morphogenesis (Fig. 13). Formation of 
fruiting bodies can schematically be divided 
into a number of developmental stages: 1) 
environmental signal(s) to convert the vegeta
tively growing cells to a developmental path; 
2) cell aggregation or accumulation; 3) emer
gence of molecules on the cell surface that 
mediate cell adherence; 4) rearrangement or 
clustering of the cells within the original un
differentiated mass; 5) production of special 
structural elements (stalks, sporangiole walls); 
6) creation of the specific shape of the fruiting 
body, perhaps the most fascinating event in 
the whole sequence; and finally, 7) during the 
maturation phase, conversion of the vegetative 
cells into myxospores. Under optimal condi
tions, the bacteria may go through the whole 
developmental cycle within 12 to 24 h. It has 
been demonstrated that fruiting body induc
tion as well as the individual steps of differ
entiation are subject to control by environ
mental factors such as nutrients, pH, divalent 
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cations, and temperature. As has already been 
mentioned, in at least two cases ( Cm. apicu/a
tus and Sg. aurantiaca), normal development 
takes place only in illuminated cultures 
(Qualls et al., 1978; Reichenbach, 1974a, 
1974b; Stephens and White, 1980). The course 
of fruiting body formation has been docu
mented for different genera and species in 
several scientific films (cited earlier), which 
show the sequence of events during fruiting. 

It may be mentioned in passing that, for many 
myxobacteria, fruiting bodies can also be ob
tained on submerged substrates; this has been 
demonstrated with Polyangium parasiticum 
(Geitler, 1925), Mx. fulvus (Fluegel, 1963, 
1965), and Mx. xanthus (Kuner and Kaiser, 
1982). Nannocystis, Po/yangium, and Soran
gium strains often produce fruiting bodies deep 
within the agar plate, which is in some sense 
analogous to submerged conditions. There are, 
however, other myxobacteria, that seem not to 
form fruiting bodies under submerged condi
tions, e.g., Cm. apicu/atus (H. Reichenbach, un
published observations). 

The distribution of the fruiting bodies on the 
culture plate is often more or less random, but 
occasionally striking patterns are observed. 
Thus, an arrangement in so-called witches rings 
is often seen in Myxococcus and Coral/ococcus 
cultures. This may perhaps be explained by a 
periodic depletion of nutrients which then in
duces fruiting but also a concomitant reduction 
of the metabolizing cell population. As men
tioned, elasticotaxis may also lead to unex
pected arrangements. 

The terminology used to describe the struc
tural components of myxobacterial fruiting 
bodies is illustrated in Fig. 14. Although com
plete consistency with usage of terms in other 
biological systems is not possible, terms that 
have already acquired a well-defined meaning 
in other systems should be avoided if they are 
inappropriate. The term "fruiting body" has a 
long tradition of use and may be acceptable in 
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connection with myxobacteria, although in bi
ology, fruiting usually implies sexual processes, 
and no such events seem to be involved in the 
case of the myxobacteria. The term "sporan
gium" has also been applied to these structures, 
but this term is even more suggestive of sex
uality and is best avoided. Most types of fruiting 
bodies are composed of myxospores and the 
walled portions containing these myxospores 
are in fact communal cysts; they have tradi
tionally been referred to as cysts. However, since 
the term "cyst" in microbiology is applied to 
quite a different structure, dormant, enc:apsu
lated single cells, we propose to use the term 
"sporangiole" instead, and to accept its obvious 
shortcomings. The advantage of the term spor
angiole over sporangium is that it is a relatively 
unusual term and has been used only in con
nection with a restricted group of fungi (Mu
corales) where it is not even used with a con
sistent meaning. Its use here is thus less likely 
to cause confusion. Incidently, the term spor
angiole was applied to these myxobacterial 
structures by Link (1809) in the very first de
scription of a myxobacterium, Pl. vitellinum 
(Fig. 15). 

Inside the maturing fruiting body, the vege
tative cells are converted into myxospore:s. Up 
to 85 to 90% of the dry weight of a fruiting body 
may consist of myxospores, the remaining 9 to 
15% consisting of polysaccharide (Sutherland, 
1979). However, these proportions vary within 
wide limits even with the same species. In the 
process of cellular morphogenesis, the slender 
rod-shaped cells of the Cystobacterineae 
shorten and fatten substantially and become op
tically refractile. Also, they surround them
selves with an additional layer, a spore coat, or 
capsule. The capsule is usually so thin that it 
can be detected only under the electron micro
scope: it may be only 20- to 30-nm thick in the 
fruiting body and in glycerol-induced myxo
spores of Sg. aurantiaca (Reichenbach et al., 
1969; Voelz and Reichenbach, 1969), and 100-

Fig. 8. Myxobacterial fruiting bodies. (a) Cystobacter ferrugineus on VY/2-agar; culture is 4 weeks old; the organism has 
spread all over the plate and produced numerous dark brown fruiting bodies; the diameter of the plate is 9 em. (b to d) 
Corallococcus coral/aides: (b) swarm on VY/2 agar, with numerous fruiting bodies; the delicate swarm edge and the clear 
lysis zone in the yeast agar are well recognizable; (c) field of fruiting bodies at higher magnification; (d) a single fruiting 
body, in situ on the agar surface. (e) Myxococcus stipitatus, fruiting body at the edge of a piece of filter paper, in situ. (f) 
Myxococcus fulvus, fruiting bodies on a soil crumb, in situ. (g to j) Archangium-like fruiting bodies: (g) Archangium 
serpens, large fruiting body in situ on agar surface; (h) Cystobacter ferrugineus, fruiting body with only rudimentary 
differentiation into sporangioles, in situ on agar surface; (i) Cystobacter, probably Cb.ferrugineus, with totally degenerated 
fruiting bodies, in situ on agar surface; (j) Cystobacter strain with typical ''Archangium" fruiting bodies, in situ on agar 
surface. (k) Cystobacter velatus, fruiting bodies in situ on agar surface, covered with a delicately plicated slime sheet. (I) 
The same organism; at the lower magnification, one can see some of the enormous number of fruiting bodies that may 
be produced under suitable conditions. Bar = 5 mm in (b), 500 !Lm in (c), 200 !Lm in (1), and 100 !Lm in the remaining 
micrographs. 



CHAPTER 188 

'-.. 
f 
l . .... ..... , .. ~ ~: 

''h > 
·-!..& ·-

~ ...... ~ .. ; ;· 
•. " ----.r-:.· ·. ·. 

f. f'i r. -- . \' ' )' . 
'l ..... ,.,. • .. .. ~ ... t-. r .lo a 

The Myxobacteria 3457 



3458 H. Reichenbach and M. Dworkin 

nm thick in Sg. erecta (Galvan et al., 1987). 
Only the spherical myxospores of Myxococcus 
and Corallococcus develop a capsule that is 
thick enough to be recognized under the light 
microscope, particularly in negative contrast 
(Voelz and Dworkin, 1962) or after germination 
when the capsule remains intact (Reichenbach, 
1966). In electron micrographs of thin sections, 
the laminated capsule of Mx. xanthus was 
found to be up to 350 to 400 nm thick (Voelz 
and Dworkin, 1962). In the Sorangineae, the 
morphological changes during myxospore con
version are much less dramatic. The rod cells 
may shrink a little, and they become optically 
refractile. The capsule remains very thin (60 
nm; Abadie, 1971 b) or is not developed at all 
(McCurdy, 1969b). Physiologically, however, 
both types of myxospores are equivalent; they 
are both dormant resting cells. 

In the past, the resting cells of myxobacteria 
have also been named spores and microcysts (or 
pseudo-microcysts in the case of Cm. crocatus; 
Abadie, 1971b). More recently, the term myxo
spore has been adopted (Dworkin, 1977), be
cause it emphasized the specific nature of the 
myxobacterial resting cell (in contrast to the 
term spore, which in bacteria is generally as
sumed to refer to the endospore) and eliminated 
the confusion with fruiting body macrocysts 
and microcysts in the older literature. After 
what has been said above, there is hardly a need 
to distinguish the two types of myxobacterial 
resting cells terminologically, and the term 
myxospore is now almost universally used for 
myxobacterial resting cells, regardless of shape 
and fine structure. 

Myxospore formation and fruiting body for
mation are not always well coordinated. Some
times only dark myxospores are found in fruit-
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ing bodies, which is probably due to strain 
degeneration. Such myxospores are usually not 
resistant to desiccation. Also, well-developed 
fruiting bodies may be found that are, however, 
completely empty, particularly in older cul
tures. In such cases, the cells either never con
verted into myxospores, or they germinated 
again and left the fruiting body. Especially with 
Chondromyces, fruiting bodies often arise on 
top of other fruiting bodies, sometimes repeat
edly, so that in the end the whole cell mass of 
the aggregate is used up in the production of 
stalk material. In these cases, the cells obviously 
never enter the resting stage. 

The myxospores are completely desiccation 
resistant, in contrast to vegetative cells which 
are extremely sensitive to desiccation. In ad
dition, they show substantial resistance to ul
trasound and UV irradiation. Their tempera
ture resistance is only modest, although clearly 
above that of vegetative cells; in aqueous sus
pensions, they can survive at 58 to 62°C for 10 
to 60 min (Sudo and Dworkin, 1969). 

Cytological changes during myxospore for
mation have been studied on the ultrastructural 
level with four species, Mx. xanthus (Voelz, 
1966a; Voelz and Dworkin, 1962), Sg. auran
tiaca (Reichenbach et al., 1969; Voelz and Rei
chenbach, 1969), Sg. erecta (Galvan et al., 1987; 
McCurdy and Khouw, 1969), and Cm. crocatus 
(Abadie, 1971b; McCurdy, 1969b). In all four 
cases, dark granules of polyphosphate and light 
areas containing some other kind of reserve ma
terial can be observed. The latter usually seems 
to be polysaccharide; in Sg. aurantiaca, these 
polysaccharide granules are coated with a dense 
layer of ribosomelike particles (Reichenbach et 
al., 1969). In Cm. crocatus, lipid inclusions have 
been suggested (McCurdy, 1969b). The outer 

Fig. 9. Myxobacterial fruiting bodies. (a to c) Stigmatella aurantiaca: (a) fruiting body in situ on an agar surface; (b) 
fruiting body with its sporangioles on exceptionally long peduncles, in situ; (c) early developmental stage of a fruiting 
body, mounted in "Miracle Mount" (Cunningham, 1972) to make it transparent; the stalk still consists mainly of cells 
that later migrate into developing sporangioles or degenerate; the young sporangiole in the upper left corner shows the 
developing sporangiole wall that ends in a collar at the base of the sporangiole; phase contrast. (d) Although this fruiting 
body strikingly resembles those of certain Polyangium (see h) or Sorangium species (see g), it still is that of a Cystobacter, 
Cb. minor, as is clearly shown by the shape of the vegetative cells; interference contrast. (e) Stigmatel/a erecta, fruiting 
bodies in situ on agar surface. (f) Melittangium lichenicola, fruiting bodies in situ on a piece of wood. (g) Sorangium 
cel/ulosum on filter paper, cautiously squeezed slide mount; the shape of the fruiting bodies is often controlled by the 
orientation of the remnants of the wood fibers and tracheids, along and within which they develop; phase contrast. (h) 
Polyangium sp., fruiting body in crude culture in situ on agar surface; note the deep path that has been etched into the 
agar surface by the migrating bacterial mass (compare with Fig. 2c) before it encased itself in sporangioles; the tiny dots 
all over the agar surface are encysted amebae. (i) Polyangium thaxteri, fruiting bodies on filter paper, in situ. (j to m) 
Chondromyces apicu/atus: (j) cluster of fruiting bodies on surface of filter paper, in situ; dissecting microscope; (k) early 
(club) stage sporangiole differentiation; dissecting microscope; (I) mature fruiting body; (m) small, mature, fruiting body 
in "Miracle Mount" (Cunningham, 1972) to make it transparent; the myxospores within the turnip-shaped sporangioles 
can just be recognized; the slime stalk, in contrast, is cell free; phase contrast. (n) Nannocystis exedens; the fruiting bodies 
are single sporangioles of very variable size and are embedded in the (agar) substrate; slide mount, phase contrast. Bar 
= 50 !lm in (c), 200 llm in (i), 400 !Lm in (j), and 100 llm in the remaining pictures. 
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Fig. 10. Myxobacterial fruiting bodies: Angiococcus disciformis. (a) In crude cultures and on natural substrates the spor
angioles tend to be disk-shaped and loosely stacked but, as shown here, in pure culture, they are more or less spherical 
and tightly attached to each other. (b) At high magnification, the walls of the sporangioles, although only about 1 JLID 

thick, become clearly recognizable. (c) When the sporangioles are crushed, they release optically refractile, spherical 
myxospores, shown here at the same magnification as the sporangioles in (b), which look exactly like Myxococcus myxo
spores. (b) and (c) are in phase contrast. Bar = 100 JLID in (a), 50 !LID in (b) and (c). 

membrane, but not the cytoplasmic membrane, 
is often intensively folded, particularly in glyc
erol-induced myxospores (Bacon and Eiserling, 
1968; Reichenbach et al., 1969; White, 1975); 
in Sg. aurantiaca, tight, budlike membrane 
bodies sitting in pockets of the cytoplasmic 
membrane may be seen; in Cm. crocatus, the 
outer membrane may be folded in a concertin
alike fashion (Abadie, 1971 b). Perhaps the rel
atively rigid outer layer is not able to adapt itself 
quickly enough during the fast change in shape 
of the vegetative cell and responds by folding 
itself. Otherwise, the cell envelope appears to 
remain morphologically intact during sporula
tion and germination. 

The chemical composttton of myxospores 
shows some differences from vegetative cells. 
When myxospores of Mx. xanthus and other 
Myxococcus species, or of Cb. velatus and Ar
changium species, were extracted with acetic 
acid, virtually all of the polysaccharide could 
be removed from the cells. In the extracts, 
mainly glucose (50 to 70%) and galactosamine 
( 15 to 48%) have been identified. The glucose 
is part of an a-1-3-glucan. Binding studies with 
the lectin concanavalin A demonstrated that the 
glucan is on the outer surface and only present 
(or accessible) in myxospores. The myxospores 
of Cb. velatus were the only ones that also 
bound soybean agglutinin (Sutherland and 

---------------------------------------------------------------------------------+ 
Fig. II. Myxobacterial fruiting bodies. (a) Sorangium cellulosum. on VY/2 agar in situ (compare with Fig. 9). (b and c) 
Polyangium thaxteri; (b) on agar surface in situ; a mass of tightly packed sporangioles is situated on a stalklike cushion 
of slime: the whole fruiting body looks like a false morel; (c) when mounted in " Miracle Mount" (Cunningham, 1972), 
the individual sporangioles can easily be distinguished. (d) Chondromyces pediculatus, fruiting body on a soil crumb, 
embedded in Miracle Mount. (e and f) Chondromyces crocatus, both in Miracle Mount: (e) a young, not yet fully 
differentiated stage; in dark field illumination, the translucent, cell-free stalk and the densely packed cell masses on its 
top are clearly distinguished; (f) mature fruiting body; at the base of the stalk some encysted soil amebae are seen. (g 
and h) Chondromyces lanuginosus, both in Miracle Mount: (g) survey of the whole fruiting body; (h) view from above 
showing the end face of the sporangioles covered with little tails. (f to h) in phase contrast. All bars = 100 JLID. 



CHAPTER 188 The Myxobacteria 3461 



3462 H. Reichenbach and M. Dworkin 

Fig. 12. Similar fruiting body shapes may be reached in 
different ways, as shown here for Chondromyces apiculatus 
(above) and Stigmatella aurantiaca (below), two organisms 
formerly thought to be closely related. The hatched areas 
indicate where the cells are located at the various stages. 

Mackenzie, 1977). The coats of glycerol-in
duced myxospores of Mx. xanthus, which, in 
contrast to fruiting body myxospores, were only 
25 to 50 nm thick, could be isolated and chem
ically analyzed (Kottel et al., 1975). They con
sisted of7 5% polysaccharide (23 to 28% glucose, 
50 to 58% galactosamine), 14% protein, 8% gly
cine, and 0.4% organic phosphorus. While one 
portion of the coat is already complete 5 to 6 
h after induction, another part consisting 
mainly of glucose is added only after 8 h; per
haps this is the glucan mentioned above. During 
cell conversion, beginning about 50 min after 
induction, a rapid accumulation of some gal
actosamine-containing material on the cell and 
a concomitant rise in sonication resistance is 
seen. Quite obviously, this reflects the synthesis 
of the capsule. The capsule is highly resistant 
to chemical and enzymatic attack. During ger
mination it is probably broken open mechani
cally and remains as an empty husk. During the 
phase of shape change, the degree of cross-link
ing of the peptidoglycan decreases transiently. 
It appears to be substantially higher in mature 
myxospores than in vegetative cells (White et 
al., 1968). Myxospores of Mx. xanthus accu
mulate large quantities of trehalose: fruiting 
body myxospores up to 1.1 mg, glycerol-in
duced myxospores up to 0.3 mg per mg of pro
tein (McBride and Zusman, 1989). The trehal
ose disappears rapidly during germination and 
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Fig. 13. Cooperative morphogenesis in myxobacteria. The 
organism shown in the diagram is Chondromyces apicula
tus. Symbols: A, germinating sporangiole; B, C, develop
ment of a swarm colony; D, vegetative cells; E, aggregation 
of vegetative cells at various places within the swarm. F to 
J, fruiting body development; F, knob stage; G, excretion 
of the slime stalk, cells all concentrated in the terminal 
knob; H, the terminal mass begins to differentiate, forming 
wartlike protrusions which later elongate into (I) clublike 
structures and finally mature into (J) turnip-shaped spor
angioles; K, myxospores. 

seems to be metabolized in some unknown way. 
This sugar may be responsible for the high os
motic strength of the myxospores and their el
evated resistance to desiccation. In this con
nection, it is of interest that vegetative cells also 
store trehalose (up to 0.2 mg per mg of protein) 
when they are grown in the presence of 0.1 to 
0.3 M of certain solutes [sucrose, KCl, NaCl, 
(NH4) 2S04]. Myxococcus cultures appear to be 
unable to utilize added trehalose (H. Reichen
bach, unpublished observations). The DNA 
content of myxospores is higher (27 X I0-9 J.Lg) 
than that of vegetative cells and corresponds to 
that of three to four chromosomes (Zusman and 
Rosenberg, 1968). 

Under natural conditions, myxospores are 
probably produced primarily inside fruiting 
bodies. In culture, myxospores are sometimes 
found on the substrate in the immediate neigh
borhood of fruiting bodies, as if a sporulation 
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Myxospores 

Myxospores Myxospores 

Fig. 14. The terminology for myxobacterial fruiting bodies and their structural components. 

Fig. 15. Polyangium vitellinum, probably the first drawing 
of a myxobacterium to be published (Link, 1809). The orig
inal description of this still-valid genus and species reads 
as follows: "Among the Gasteromycetes in front of Endo
gene is to be inserted: Polyangium. Sporangium spherical 
or distortedly ovoid. Sporangioles very large in relation to 
the sporangium, ovoid, crammed full with a granular ma
terial. The sporangium consists of a thin, translucent, ge
latinous, vesicular membrane enclosing four to six ovoid 
sporangioles which are filled with a colored granular mass. 
Sporidia could not be distinguished. P. vitellinum, with 
small yolk-colored spots, is to be counted among the small
est (species) of the order. It is found on old tree trunks, 
either singly or in groups of two or three, and can be rec
ognized by its intense yolk color. Discovered by my friend 
Ditmar. Is to be inserted among the Gasteromycetes after 
Tremella." (Translated from the Latin.) 

signal had emerged from the maturing fruiting 
body. This signal seems also to diffuse 1hrough 
cellophane membranes, because, if a swarm is 
covered with cellophane and the latter is inoc
ulated with the same organism, piles of myxo
spores are found on the cellophane at exactly 

the same sites where fruiting bodies have arisen 
below. Experiments of this kind were an early 
approach to the study of communication and 
the mechanisms of fruiting body formation 
(Fluegel, 1963; Me Vittie and Zahler, 1962; Rei
chenbach, 1966). A good experimental system 
for the study of myxospore formation became 
available when it was discovered that cellular 
morphogenesis can be triggered by the addition 
of glycerol (final concentration 0.5 M) to sus
pensions of growing cells of Mx. xanthus 
(Dworkin and Gibson, 1964). This became the 
starting point for biochemical research into cel
lular morphogenesis (e.g., Dworkin and Sadler, 
1966; Sadler and Dworkin, 1966; White, 197 5). 
It was soon found that many other myxobac
teria also respond to glycerol induction. Sg. au
rantiaca is another well-characterized experi
mental system (Gerth, 1975; Gerth and 
Reichenbach, 1978; White, 1981 ). In this or
ganism, almost 40 chemicals have been found 
that induce sporulation, including monovalent 
cations (Reichenbach and Dworkin, 1970), var
ious alcohols and amino acids, choline, ben
zene, indole, and indole derivatives; the latter 
two are active at particularly low concentra
tions. The most efficient inducer is 3-methylin
dole, with an optimal concentration of 0.07 
mM. With the aid of mutants that were resistant 
to one kind of inducer but still responded to 
another one, the inducers could be divided into 
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three or four classes. Apparently each class par
ticipates in a distinct induction mechanism, 
each probably acting on a specific receptor. In 
Sg. aurantiaca, sporulation can also be induced 
by supraoptimal temperatures ( 40 to 41 °C: the 
temperature has to be controlled very carefully). 
The change in shape that accompanies the 
change from vegetative cell to myxospore be
gins 60 min after the temperature shift, at the 
same time that it begins after induction with 
chemicals. Induction by high temperature and 
by glycerol ( 130 mM) both have the same effect 
on the elapsed time to the change in shape; for 
example, if the temperature is shifted down to 
30°C after 20 min at 40.5°C, and glycerol is 
added at the same time, the shape change begins 
40 min later. Heat induction is also possible 
with other myxobacteria, e.g., Mx.fulvus (Gerth 
and Reichenbach, 1978). The complementation 
experiment seems to corroborate the idea that 
the induction event, which may be initiated in 
different ways, sets in motion a common bio
chemical pathway, which then leads to cell con
version. The explanation for the effect of ele
vated temperatures may have to do with the 
heat shock proteins (HSP) that have been dis
covered to be induced in Mx. xanthus when it 
is transferred to temperatures above 36°C (Nel
son and Killeen, 1986). If cells were heat
shocked at 40°C for 1 h, the time schedule of 
a following glycerol induction was accelerated, 
and the myxospore yield improved. It could be 
shown that the heat shock elicited the expres
sion of genes normally involved in develop
ment; thus, 9 out of 18 proteins produced after 
glycerol induction, including alkaline phospha
tase, could also be induced by heat shock (Kil
leen and Nelson, 1988). In this respect, Mx. 
xanthus appears to be different from Sg. auran
tiaca, in which the complete developmental 
program is induced at 40.5°C. Conceivably, 
myxospore induction by high temperatures re
flects an evolutionary root of an ancient stress 
reaction system which has become connected 
to the developmental program. In fact, in other 
organisms, HSP are also induced by stress fac
tors other than heat, like alcohols or oxidants. 
Also, HSP are expressed during developmental 
processes in many eukaryotic systems. There
fore, it has been suggested that the HSP stress 
response system may have been directly in
volved in the evolution of certain develop
mental processes (Kurtz et al., 1986). In the case 
of myxospores, the connection between stress 
and development is particularly convincing. 

The case of the artificial inducers may also 
be relevant for myxospore formation within 
fruiting bodies. Natural inducers are perhaps 
produced and excreted by the isolated, starving 
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cell population crowded together inside the ma
turing fruiting body. The cellophane experi
ments discussed above and the presence of 
myxospores just outside of fruiting bodies may 
be explained by the occurrence of a diffusible 
inducer. In this connection, it is of interest that 
indole derivatives such as formylindole have 
been isolated from several myxobacteria (W. 
Trowitzsch, personal communication; Reichen
bach et al., 1988), and an increase in the intra
cellular concentration of glycerol has bee:n cor
related with the formation of myxospores in 
Mx. xanthus (Mueller and Dworkin, umpub
lished observations). 

Myxospore germination is induced by the 
transfer of the dormant cells to a suitable growth 
medium. Myxospores inside fruiting bodies do 
not always germinate readily under such con
ditions, however, especially those with a very 
thick sporangiole wall like Cb. fuscus; perhaps 
the sporangiole wall delays diffusion of some 
critical compound. In fact, these walls are so 
stable and resistant to enzymatic attack that 
they often remain fully intact as an empty husk 
long after the germinated cells are gone. As has 
already been mentioned, high nutrient concen
tration may also prevent germination (see "Pu
rification," this chapter). Glycerol-induced 
myxospores of Mx. xanthus can be induced to 
germinate not only by the full growth medium, 
but also by certain individual amino acids (Gly, 
Ala, Val, Asp, Glu; at about I 0 mM) and in
organic ions (HPOl-, Mg2+, Ca2+, NH/; at 
about 10 mM); heat activation is not required 
(Ramsey and Dworkin, 1968). It appears that a 
specific type of early DNA synthesis is essential 
during germination (Kimchi and Rosenberg, 
1976). 

Clearly, the function ofmyxospores is to help 
the organism survive unfavorable environmen
tal conditions, mainly periods of dry or cold 
weather and starvation, but, as we have seen in 
the section on "Habitats," occasionally also 
other factors such as high salt concentrations, 
acid pH, and anaerobic conditions. The func
tion of fruiting bodies is more difficult to ex
plain. One hypothesis is that they ensure that 
a new life cycle is started by a population of 
cells rather than by single cells (Dworkin, 1973). 
This property could be essential for organisms 
that obtain their nutrients by solubilizing ex
tracellular macromolecules with excreted en
zymes. A population of cells, in contrast to an 
individual cell, maximizes the efficiency of ex
tracellular enzymes. Thus, a high cell density 
will result in higher levels of excreted enzymes, 
and the utilization of the solubilized substrate 
will be considerably improved because losses by 
diffusion into directions not occupied by cells 
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will be minimized (Dworkin, 1973; Reichen
bach, 197 4a; Rosenberg et al., 1977). 

Nutrition and Energy Metabolism 

All myxobacteria are characterized by their abil
ity to decompose biomacromolecules. There are 
two sharply separated metabolic groups: Group 
1 myxobacteria depend on the decomposition 
of cellulose. They are all classified in one genus, 
Sorangium. The few strains that have been stud
ied in detail are all able to grow on inorganic 
nitrogen (NH/ or N03-) as the only nitrogen 
source, although their growth is stimulated if a 
small quantity (0.05 to 0.1%) of peptone is 
added. They also grow on organic nitrogen com
pounds as the only nitrogen source, provided a 
carbohydrate is also present. A few strains ap
pear even to grow on peptone alone (Sarao et 
al., 1985). These organisms utilize cellulose and 
sugars such as glucose equally well, but cellulase 
production is more or less repressed in the pres
ence of sugar (Couke and Voets, 1967; Krzem
ieniewska and Krzemieniewski, 1937a, 1937b; 
Pronina, 1962). 

Group 2 myxobacteria, by far the majority of 
species, depend on an amino acid-containing 
medium such as peptone for growth. They ob
tain the required oligopeptides by hydrolyzing 
proteins. Their dependence on peptides may be 
such that it becomes difficult, in some cases im
possible, to develop defined amino acid media 
for them. In other cases, the organisms grow on 
remarkably simple media with glucose, gluta
mate, and two essential amino acids (see "Cul
tivation," this chapter). In nature, these organ
isms seem to subsist mainly on other 
organisms, which they degrade by means of a 
variety of hydrolytic exoenzymes. Proteases, 
nucleases, lipases, glycanases, and cell wall lytic 
enzymes have been demonstrated. These myxo
bacteria are particularly efficient in the destruc
tion of other bacteria and of yeast cells, and 
therefore have been called "micropredators" 
(Singh, 1947). However, they do not depend on 
living organisms and could as well be regarded 
as scavengers. Their association with animal 
dung is probably due to its rich mixture ofliving 
and dead cells of all kinds and to its content of 
organic matter at every level of decomposition. 

All known myxobacteria are strictly aerobic 
organotrophs. As a prerequisite for aerobic en
ergy generation, Myxococcus possesses a-, b-, 
and c-type cytochromes as well as NADH-ox
idase (Dworkin and Niederpruem, 1964; Klei
nig, 1972) and a complete tricarboxylic acid cy
cle (McCurdy and Khouw, 1969; Sarao et al., 
I 985; Watson and Dworkin, I 968). The genus 
Myxococcus cannot utilize mono- and disac-
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charides (Watson and Dworkin, 1968), and 
therefore completely depends on amino acids 
(or pyruvate) as an energy source (Bretscher and 
Kaiser, 1978). However, as has already been 
mentioned, some myxobacteria are able to take 
up and metabolize oligosaccharides, which they 
produce from polysaccharides such as starch 
through the action of special hydrolytic en
zymes (lrschik and Reichenbach, 1985). This 
ability may be more common than presently 
believed, for virtually all Myxococcus and Cor
allococcus strains are able to degrade one or an
other polysaccharide, e.g., yeast cell wall {3-glu
can, xylan, and starch. 

An overview of the metabolism of myxobac
teria has been given by Shimkets (1984). It ap
pears that myxobacterial metabolism is similar 
to that of other bacteria, and unique biochem
ical pathways have not been discovered. Of 
course, myxobacterial metabolism has often 
been studied mainly in relation to biochemical 
reorganization during morphogenesis, and 
many enzymes have been described that are 
turned on or off at certain stages of develop
ment. These data will be found among the re
views cited earlier. 

The glycolytic pathway seems to play a major 
role in the glucose metabolism of So. cellulosum 
(Sarao et al., 1985; D. Hofmann, personal com
munication). In Mx. xanthus, glucose is not me
tabolized, presumably because hexokinase 
(ATP-dependent) and pyruvate kinase are ab
sent (Watson and Dworkin, 1968). Neverthe
less, an intact phosphofructokinase and a fruc
tose- I ,6-diphosphatase are present (Watson and 
Dworkin, I 968), implying that glycolysis and 
gluconeogenesis are both possible. The expla
nation for this apparent contradiction is not ob
vious. In Corallococcus coral/aides strain Cc 
c127, fructose-1,6-diphosphate aldolase activity 
is very weak, and intracellular hexose seems to 
be metabolized via the pentose phosphate path
way (Irschik and Reichenbach, 1985). The latter 
pathway is present in other myxobacteria, e.g., 
So. cel/ulosum (D. Hofmann, unpublished ob
servations). In fact, this pathway must be pres
ent in all myxobacteria, because all are able to 
synthesize the pentoses required in anabolic re
actions. In Mx. xanthus, the initial enzyme, 
phosphoenolpyruvate carboxylase, has been 
shown to be present (Watson and Dworkin, 
1968). The conversion of fructose-6-phosphate 
into cell wall precursors has also been demon
strated (Filer et al., 1977). In So. ce/lulosum, 
gluconeogenesis appears to be blocked, which 
may explain the dependence of this organism 
on external carbohydrates (D. Hofmann, un
published observations). 
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Lysis of Other Bacteria 

The capability of myxobacteria to disintegrate 
whole cells of other microorganisms has at
tracted much attention (e.g., Beebe, 1941; Im
shenetski and Kusjurina, 1951; Noren, 1960a, 
1960b; Oxford, 194 7), and comparative studies 
on the kinds of organisms that can be attacked 
by various myxobacteria have been carried out 
(Mathew and Dudani, 1955; Nolte, 1957; Oet
ker, 1953; Singh, 1947). It became apparent 
from these studies that living as well as dead 
bacteria could be degraded, and it was suggested 
that antibiotic substances could be involved in 
the killing and inactivation of living prey 
(Finck, 1950; Oxford, 1947; Oxford and Singh, 
1946). While bacteriolytic activities of myxo
bacteria do not depend on the production of 
growth-inhibiting substances (Noren and 
Raper, 1962), myxobacteria do indeed synthes
ize a host of secondary metabolites, and many 
of them exert strong biological effects (see "Ap
plications," this chapter). The predator-prey re
lationship between Myxococcus strains and the 
cyanobacterium Phormidium luridum in 
aqueous environments has also been studied in 
some detail (Burnham et al., 1981, 1984; Daft 
et al., 1985). 

Studies on bacteriolytic activities led to the 
first studies on myxobacterial exoenzymes (e.g., 
Bender, 1962; Hart and Zahler, 1966, Raska, 
1969; Hiittermann, 1969; Noren, 1960b; Sudo 
and Dworkin, 1972). Some of the responsible 
enzymes have since been purified to varying de
grees and have been biochemically character
ized. While a complete bacteriolysis obviously 
requires many different enzymes, all of the stud
ies on bacteriolytic enzymes of myxobacteria 
have concentrated on peptidoglycan-degrading 
enzymes. A glucosaminidase, an amidase, and 
an endopeptidase cleaving o-Alajdiaminopi
melic acid and o-Ala/Lys bonds and proteases 
have been obtained from culture supernatants 
of Mx. xanthus (Sudo and Dworkin, 1972). 
Three bacteriolytic enzymes have been isolated 
and highly purified from Mx. virescens (Raska, 
1972a, 1972b, 1974); two ofthem proved to be 
endo-{j-N-acetylglucosaminidases. The third 
enzyme, an endopeptidase, could be purified by 
adsorption to montmorillonite followed by se
lective desorption (Raska, 197 4, 197 5). The fact 
that the bacteriolytic enzymes retain some of 
their activity when they are adsorbed to clay 
minerals may be of ecological relevance (Raska, 
1981 ). The addition of Cll through C15 fatty 
acids (about 2mM) to suspensions ofthe target 
bacteria increased the efficiency of the bacter
iolytic enzymes substantially (Raska et al., 
1972). In contrast to the two myxococci, Cc. 
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coralloides excreted an enzyme with a mur
amidase (= lysozyme) activity (Harcke et al., 
1972). It may be added here that the "Soran
gium," isolate whose enzymes are often dis
cussed in this connection, was in reality a spe
cies of Lysobacter. 

Little is known about the enzymes with which 
microorganisms other than bacteria are at
tacked. Living cells of four yeast species could 
not be degraded by Mx. xanthus enzymes, but 
they were digested after a prior treatment with 
cysteine or organic solvents, or after heating; in 
contrast, living cells of the yeastlike fungus Pul
lularia (Dematium) pullulans were partially de
composed (Bender, 1963). Isolated cell walls of 
Saccharomyces cerevisiae also could not be de
graded by enzymes from Mx. fulvus Mx strain 
f80 without a brief heat treatment (Borchers, 
1982). It appears that the mannoprotein layer 
on the outside of the yeast cell wall protects the 
susceptible material. Two inducible enzymes 
have been demonstrated in the culture super
natant of M x. fulvus Mx f80; 1) a laminalinase 
with a high specificity for {j-1 ,3-glucosidic bonds 
cleaving laminaran endolytically with laminar
itliose as the main product; and 2) a {j-1,.3-glu
canase that can remove a high-molecular-weight 
polysaccharide other than {j-1 ,3-glucan from the 
cell wall. The yeast cell wall is not completely 
broken down by Mx. fulvus Mx f80: The inner, 
fiblillar, glucan layer and the bud scars remain 
undigested, as can be seen under the electron 
microscope. 

Most myxobacteria excrete strong, diffusible 
proteases, as can be readily seen through the 
dealing action that occurs around colonies 
growing on skim milk agar. A few of these en
zymes have been further characterized: From 
the culture supernatant of Mx. virescens, at least 
three proteases have been obtained (Gnosspe
lius, 1978b). One ofthem has been purified and 
was found to be an alkaline serine protease (26 
kDa) which preferentially cleaved peptide 
bonds between hydrophobic amino acids. Three 
different proteases have also been demonstrated 
in the culture supernatant of Mx. xanthus FB 
(Coletta and Miller, 1986). They have tenta
tively been classified as alkaline serine pro
teases. There were qualitative differences 
among the proteases of different Mx. xanthus 
strains. A coagulase, myxocoagulase (57 kDa), 
has been isolated from the culture broth of Mx. 
fulvus strain NK35 (Bojary and Dhala, 1989). 
The enzyme was clearly different from Staph
ylococcus coagulase; it did not contain sugar and 
was active only on rabbit plasma. 

In those cases that have been examined, the 
bacteriolytic enzymes disappeared from the: cul
ture broth during the late exponential phase of 
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growth while protease activity remained long 
into stationary phase, either because the pro
teases were more stable, or because they con
tinued to be produced andjor released (Bender, 
1962; Harcke et al., 1971; Raska and Stahl, 
1971; Nicaud et al., 1984; Sudo and Dworkin, 
1972). 

In contrast to the extracellular proteases of 
Mx. xanthus, the intracellular proteases appear 
to be mostly (80%) neutral metalloproteases. 
During glycerol-induced conversion of vegeta
tive cells into myxospores, a transient increase 
of two protease activities (at pH 6 and pH 8) 
was observed (Orlowski and White, 1974). 

While it is well established that myxobacteria 
are able to hydrolyze many other macromole
cules by means of diffusible exoenzymes, those 
enzymes have not been characterized so far. 
Thus, many myxobacteria decompose starch; 
quite a few are potent chitin degraders, e.g., all 
strains of Cb. fuscus, Cb. ferrugineus, Sg. au
rantiaca, and Sg. erecta, and many strains of 
Me. lichenicola and So. cellulosum. Also, many 
myxobacteria appear to attack xylan. Two en
zyme activities could be demonstrated in the 
culture supernatant of the cellulose degrader So. 
compositum, growing in a liquid medium with 
suspended cellulose powder. The enzymes pro
duced only glucose and cellobiose from cellu
lose. One was a cellobiase and was destroyed 
by heating at 55°C for 10 min. After that, an 
enzyme releasing cellobiose from cellulose was 
still intact (Couke and Voets, 1968). These two 
enzymes probably did not constitute the entire 
cellulase complex of the organism; rather there 
may exist another endocellulolytic enzyme that 
was not released from the cells. In fact, in plate 
cultures of So. cellulosum on filter paper or on 
cellulose powder agar, the lysis zone always ex
actly coincided with the size of the swarm col
ony. Thus, there seems to be no diffusible cel
lulase efficient enough to break down the 
crystalline cellulose completely. 

Antibiotic Sensitivity 

There exist relatively few data on the response 
ofmyxobacteria to antibiotics. In one study, all 
myxobacteria tested proved resistant to peni
cillin and ristocetin, and all were sensitive to 
erythromycin, chloramphenicol, and tetracy
cline; most were also sensitive to kanamycin, 
neomycin, and streptomycin (McCurdy, 
1969a). As already mentioned, members of the 
Sorangineae, and specifically So. cellulosum, are 
resistant to kanamyxin, neomycin, and genta
micin. It was found that almost all myxobac
teria are highly sensitive to actinomycin D, 
which is unusual for Gram-negative bacteria 
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and suggests that they have an unusual, prob
ably more lipophilic, cell surface (Dworkin, 
1969). Iftransposon Tn5 is introduced into Mx. 
xanthus, it confers on the organism a strepto
mycin resistance which is not expressed in E. 
coli (Breton, 1984). 

Taxonomy and Identification 

General Principles 

Classification of myxobacteria still rests almost 
entirely on morphological characteristics, in 
part for historical reasons, and in part because 
most of the physiological information is re
stricted to only a few species of myxobacteria, 
mostly Mx. xanthus. Moreover, the complex 
morphology of myxobacteria suggests that a 
morphological classification is more feasible 
than is the case with most other bacteria. Never
theless, the present solution does leave quite a 
few unsolved problems, as will be discussed. 

Although some efforts have been made to 
support and supplement morphological classi
fication by physiological characteristics, the re
sults are relatively scant so far. Comparison of 
a number of standard physiological tests did not 
identify useful key characteristics other than the 
Congo red reaction of slime (McCurdy, 1969a; 
see also "Characterization," this chapter). This 
may simply mean, however, that the taxonom
ically relevant physiological characteristics of 
the myxobacteria have not yet been recognized, 
rather than that they do not exist. One taxo
nomically useful physiological characteristic 
appears to be cellulose decomposition, and we 
therefore suggested its use for the definition of 
the genus Sorangium. Investigations with the 
potentially useful techniques of immunology 
(Grilione, 1968) and DNA-DNA hybridization 
(Johnson and Ordal, 1969) have not been pur
sued beyond a preliminary stage. More recent 
research has shown that an in-depth investiga
tion of a certain group may indeed reveal che
mosystematic and biochemical characteristics 
of taxonomic weight. Thus, bacteria of the genus 
Nannocystis are unique among the myxobac
teria in synthesizing steroids (Kohl et al., 1983) 
and aromatic carotenoids, and by not producing 
carotenoid glycosides, as all other myxobacteria 
do (Reichenbach and Kleinig, 1984). Mx. stip
itatus appears to be the only myxobacterium 
that lacks carotenoids, so that its cell mass is 
colorless; instead, it produces compounds with 
a strong yellow fluorescence (Lampky and 
Brockman, 1977). While these compounds may 
also be produced by other Myxococcus species, 
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in them the fluorescence is masked by the ca
rotenoids unless the cultures are grown strictly 
in the dark. Furthermore, as has already been 
discussed in detail, there are significant differ
ences between the fatty acid and carotenoid 
spectra of the Cystobacterineae and the Sor
angineae. 

The most serious shortcoming of our present 
diagnostic scheme of the myxobacteria is that 
it rests primarily on fruiting body morphology. 
Although the shape of the vegetative cells and 
myxospores and the morphology of the swarm 
colony often permits the assignment of a strain 
to a suborder, a family, or sometimes even a 
genus, an exact determination and reliable clas
sification still requires the production oftypical 
fruiting bodies. But many strains form aberrant 
fruiting bodies, or no fruiting bodies at all, after 
continued cultivation. If we do not know which 
species we are dealing with from the crude cul
ture or the early isolation steps, it may be im
possible to find out later. The production of 
atypical fruiting bodies is particularly a prob
lem in connection with the genus Archangium, 
as will be discussed later in more detail. 

Another, more basic problem with morpho
logical classification is the apparent convergent 
evolution which results in more or less identical 
fruiting body types being produced by taxonom
ically diverse myxobacteria. A good example is 
the case of Chondromyces and Sg. aurantiaca 
discussed earlier. Similar relationships are 
found among the genera Angiococcus, Cysto
bacter, Polyangium, and Sorangium and have 
led to considerable confusion in the past. A 
meaningful taxonomy has to reflect phyloge
netic relations, and therefore possible errors in 
classification due to such convergences have to 
be carefully tracked down and corrected. How
ever, if other morphological and biochemical 
characteristics are considered in addition to 
fruiting body morphology, it should not be too 
difficult to achieve this. 

Another continuing source of confusion in the 
literature is the inappropriate application of the 
term myxobacteria to all kinds of unicellular 
gliding bacteria, such as Cytophaga and the Cy
tophaga-like bacteria of the genera Sporocy
tophaga and Lysobacter. The lysobacters in par
ticular have often been called myxobacters or 
classified in the genus Sorangium and are con
sequently often discussed in articles on myxo
bacteria, e.g., in connection with enzymes and 
antibiotics. 

The phylogenetic position of the myxobac
teria is now being put on a solid base by 16S 
rRNA studies (Ludwig et al., 1983; Oyaizu and 
Woese, 1985). These studies have shown that 
the myxobacteria are a phylogenetically coher-
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ent group. They further suggest that the nearest, 
though rather remote, relatives of the myxo
bacteria are the sulfate-reducing bacteria and 
the genus Bdellovibrio, and that these three 
groups of organisms cluster in a branch of their 
own, the delta branch, within the class Proteo
bacteria (Stackebrandt et al., 1988) (see Chap
ters 2 and 24). It also has become apparent that 
there are two deep division lines within the 
myxobacteria, the major one separating two 
large groups, which correspond to the two su
borders suggested by us earlier, and the minor 
one allocating a special position to Nannocystis 
within the Sorangineae (Ludwig et al., 1983). 

Taxonomy of Myxobacteria 

All known myxobacteria are united in the single 
order Myxococcales. The name has recently 
been changed from Myxobacterales (McCurdy, 
1989) in accordance with Rule 9 of the Inter
national Code of Nomenclature of Bacteria 
(which requires that the name of an order be 
derived from the name of the type genus). The 
order may be subdivided into two suborders: 
Cystobacterineae and Sorangineae (Reichen
bach, 1974a). As discussed earlier in this chap
ter, the members of the suborders differ in cell 
shape, myxospore development, colony struc
ture, fatty acid, and carotenoid pattern, and in 
the chemical composition of their slime (Congo 
red reaction). The suborders are divided into 
families based on the organization of the fruit
ing bodies and the shape of the myxospores. 
The definition of genera and species is based on 
the same characteristics and on a few comple
mentary physiological facts. There are different 
possibilities for splitting and rearrangement, 
and in the absence of more compelling argu
ments, personal preference must still determine 
which route to follow. All in all, we can distin
guish 12 genera and about 40 different species 
of myxobacteria, a number that is not likely to 
increase dramatically in the future. It must be 
emphasized, however, that myxobacterial tax
onomy cannot yet be regarded as settled and we 
are still confronted with major problems in dis
tinguishing species, e.g., in the genera Coral
lococcus, Archangium, Cystobacter. and Polyan
gium. 

A survey of the taxonomy of myxobacteria as 
favored by us is given in Table 3; it differs in 
some respects from the taxonomy presented in 
Bergey's Manual (McCurdy, 1989). An anno
tated and illustrated key to the genera follows 
below. 
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Illustrated Key to the Genera of 
Myxobacteria* 

I. Vegetative cells are slender rods with more or less 
tapering ends, cigar-, boat-, or needle-shaped, about 
3.5 to 7 !Lm long and 0.6 to 0.8 !Lm wide. Swarms 
(e.g., on VY/2 agar) tend to remain thin filmlike 
and often show a striking surface structur~ in for~ 
of radial veins and fields of tiny ridges or waves. 
Swarm edge usually has delicate fringes and flame
like protrusions. Myxospores arise through a striking 
cellular morphogenesis: the vegetative cells always 
shorten and fatten substantially. Myxospores always 
seem to have a capsule, which, however, is often seen 
only under the electron microscope. Slime and 
swarm sheets are stained with Congo red. The fatty 
acid pattern is dominated by branched-chain fatty 
acids; 2- and 3-hydroxy fatty acids are present in 
substantial amounts. All species are of the bacter
iolytic type. 
Suborder: Cystobacterineae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

I'. Vegetative cells are stout, cylindrical rods, some
times almost cube-shaped, with broadly rounded 
ends, about 2.5 to 6 !Lm long and 0.6 to 1.0 !Lm wide. 
Swarms (e.g., on VY/2 agar) tend to sink into and 
to penetrate the agar, sometimes to the bottom of 
the plate; they usually form shallow pits and bowllike 
depressions; their surface structure is often less pro
nounced, although radial veins, ring-shaped ridges, 
and fanlike structures may be produced. The agar 
surface in the swarm area may be more or less cor
roded. Often, the cells concentrate at the swarm edge 
as a band or a massive ridge, or they form spherical 
or kidney-shaped clusters that migrate away from the 
center and leave deeply etched paths in the agar sur
face. Myxospores differ only slightly from vegetative 
cells in shape and seem to possess no capsule or, at 
the most, a very thin one; they are, however, optically 
refractile. Slime and colonies do not stain with 
Congo red. Branched-chain fatty acids are reduced 
in the fatty acid pattern, and hydroxy fatty acids are 
completely absent. Several species are cellulose de
composers. 
Suborder: Sorangineae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 

2. Myxospores are regular spheres or ovoids with a 
smooth surface and a heavy capsule, diameter 1.2 to 
2.5 JLm. Vegetative cells are 3 to 5 !Lm long, boat- or 
cigar-shaped. Swarms often consist of a relatively 
soft slime sheet, although occasionally tough and te
nacious sheets are also produced. The surface struc
ture of the swarm is often rudimentary, but char
acteristic meandering radial veins may develop. 
Fruiting bodies are simple, spherical, soft-slimy 
mounds, or cartilaginous columns and ridges that 
are sometimes branched, both without a distinct 
outer wall. In the case of Angiococcus they consist 
of spherical or disk-shaped sporangioles. 
Family: Myxococcaceae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 

*Fig. 16 illustrates the various forms given in the key. The 
numbers m the figure refer to those in the key. 
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Comments. The differentiating characteristic of the 
family is the smooth, spherical myxospore. Myxo
spores that are nearly spherical are found with three 
other myxobacteria (Archangium, Cystobacter, Nan
nocystis), which can, however, easily be distinguished 
by the characters mentioned below. 

3. Fruiting bodies are soft-slimy spherical heads or 
drops, often constricted at the base, in one species 
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with a long slime stalk . . . . . . . . . . . . . . . . . . . . . . . . . Myxococcus 

Comments. In agar cultures the shape ofthe fruiting 
body often deviates from the type, and only flat, cush
ionlike mounds or ridges are produced. There are 
four species: Mx. fulvus has white, pink, brick red, 
or even violet fruiting bodies with small myxospores 
( 1.2 to 1.8 !Lm). Mx. xanthus and Mx. virescens pro-
duce orange and greenish yellow fruiting bodies, re
spectively, and have large myxospores ( 1.8 to 2.5 
!Lm); they may be only one species, although it ap-
pears that typical Mx. virescens strains produce very 
large myxospores and often grey, fruiting bodies on 
VY/2 agar. Mx. stipitatus has white-to-brownish 
fruiting bodies with a long slime stalk; they are often 
found in groups on a common cushionlike base. Its 
myxospores are small and they are often, but not 
always, clearly oval in shape. The swarms show a 
strong yellow fluorescence with UV light illumination 
at 366 nm; it is, however, not yet established whether 
this quality is exclusive for the species. 

3'. Fruiting bodies are tough cartilaginous columns or 
ridges, sometimes staghorn- or coral-branched, very 
variable in shape, often more or less deeply rooted 
within the agar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Corallococcus 
Comments. This genus has formerly been called 
Chondrococcus. The name is improper because it has 
been previously used for an alga. In Bergey's Manual 
(McCurdy, 1989), the genus is united with Myxo-
coccus, but we prefer to retain it and suggest a new 
generic name. 

Because of its enormous variability, many species 
have been described in this genus, only two or three 
of which may be realisitc. But a final decision will 
require more information. Cc. coral/aides has small 
myxospores ( 1.2 to 1.8 !Lm) and produces relatively 
large pink or red fruiting bodies that are often 
branched or bear finger- or hornlike projections. 
Strains that also have small myxospores and produce 
large numbers of tiny, brownish fruiting bodies in 
dense fields have been described as Cc. exiguus. They 
either represent a species of their own or a variety 
ofthe former. Cc. macrosporus has large myxospores 
( 1.8 to 2.4 !Lm) and sturdy, yellow fruiting bodies. In 
contrast to the other two species, it is relatively rare. 

3". Fruiting bodies consist of tiny, spherical or disk
shaped sporangioles with a definite outer wall 

· · · · · · · · · · · · · · · .. · ................................. Angiococcus 
Comments. There is only one species, An. discifor
mis. The species as such, has long been absent from 
descriptions of the myxobacteria although its original 
description by Thaxter (1904) was very clear. It has 
since been isolated again, and in fact it is not even 
particularly rare. The sporangioles appear in dark 
brown clusters that superficially resemble Corallo-
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Fig. 16. A diagrammatic illustration of the key to the myxobacterial genera. The numbers in the figure refer to those in 
the key. The cells shown next to the fruiting bodies are myxospores. 
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Table 3. Taxonomic survey of the myxobacteria. 

Order: Myxococcales 
Suborder: 
Families and genera: 

Suborder: 
Families and genera: 

Cystobacterineae 
Myxococcaceae 

Myxococcus 
Corallococcus (formerly 

Chondrococcus) 
Angiococcus 

Archangiaceae 
Archangium 

Cystobacteraceae 
Cystobacter 
Melittangium 
Stigmatella 

Sorangineae 
Sorangiaceae 

Sorangium 
Polyangium 
Haploangium 
Chondromyces 
Nannocystis 

coccus fruiting bodies, with which they may often 
have been confused. It is not yet clear whether this 
bacterium belongs to the Myxococcaceae, although 
its swarm resembles that of the other members of 
the family, and not that of Cystobacter to which ge
nus the species has been transferred in the most re
cent edition of Bergey's Manual (McCurdy, 1989). 
The myxospores are spherical and small ( 1.2 to 1.8 
I'm). 

4. Fruiting bodies consist of irregular masses of hard
ened slime, in which the myxospores are embedded, 
and lack an outer wall. They are either cushions with 
a bulging brainlike surface, or ridges that consist of 
meandering rolls, often with rising, fingerlike pro
jections. Myxospores are short, fat rods, often bean
shaped or almost spherical, but clearly less regular 
than the myxospores of the myxococci. Vegetative 
cells are long, slender rods with tapering ends. 
Swarm is thin and spreading (e.g., on VY/2 agar), 
usually with a pattern of densely crowded, long, ra
dial veins and a tough slime sheet. 
Family: Archangiaceae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
Comments. The family is characterized by the shape 
and structure of its fruiting bodies, myxospores, and 
vegetative cells. However, many myxobacteria may 
form degenerate fruiting bodies that resemble those 
of the Archangiaceae exactly. This tendency is es
pecially true for the members of the Cystobactera-
ceae, and if no typical fruiting bodies are observed 
during isolation and cultivation, there is often no way 
to discriminate between an Archangium and a de
generated Cystobacter or Melittangium. The situa-
tion is further complicated by the fact that the veg-
etative cells and myxospores of these organisms are 
of similar shape. It may even be argued that a sep-
arate genus Archangium does not exist, but this con
clusion is probably not correct; because, on natural 
substrates, one often observes large Archangium 
fruiting bodies side by side with typical Cystobacter 
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fruiting bodies, and both organisms retain their orig
inal character when isolated. A careful study with 
modern taxonomical methods would be helpful. Al
though Archangium-type fruiting bodies are also pro
duced by members of the Sorangineae, in this case, 
the different shape of the vegetative cells allows an 
easy differentiation from the Archangiaceae. 

4'. Fruiting bodies consist of sporangioles with a dis
tinct outer wall, often with stalks. Myxospores are 
short, fat rods. Vegetative cells are slender rods with 
tapering ends, either boat- or needle-shaped. 
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Family: Cystobacteraceae ................................. 6 
Comments. Aberrant fruiting bodies are common in 
cultures (see Archangiaceae ). 

5. The family contains only one genus, Archangium. 
Several species have been described in the genus. 
However, the variability of Archangium fruiting bod
ies, and the degeneration of the fruiting bodies of 
other myxobacteria to Archangium-like structures, 
makes it impossible at the moment to distinguish 
these different species. In fact, it is not even possible 
to recognize Archangium reliably, and it would be 
more honest to name such strains "Archangium-like 
myxobacteria." Ar. serpens is the first species for 
which Archangium-type fruiting bodies have been 
described, and in the absence of clear, distinguishing 
characteristics, we prefer to label all relevant strains 
with this name. Ar. violaceum must be regarded as 
a degenerated Cystobacter, C. vio/aceus, under which 
name the organism was originally described. 

6. Fruiting bodies are clusters of sporangioles that sit 
directly on the substrate, often embedded in a clearly 
recognizable, common, transparent slime envelope 
or covered by a slime sheet .................... Cystobacter 
Comments. There are myxobacteria with very sim-
ilar fruiting bodies in the suborder Sorangineae, and 
some of these were originally united with the present 
Cystobacter species in a common genus, Polyangium, 
which, incidently, is the oldest generic name in 
myxobacterial taxonomy (Link, 1809). The original 
family name was Polyangiaceae. Subsequently, it was 
realized that the genus Polyangium was heteroge-
neous. It was therefore split, and the Sorangineae-
type species were united with species of the genus 
Sorangium. For reasons of priority, the name of the 
newly defined genus was Po/yangium, and for the 
remaining species the old generic name Cystobacter 
Schroeter 1886 was reactivated. The genus Soran-
gium disappeared completely, and as a consequence 
the family name Sorangiaceae was also eliminated 
and replaced by Polyangiaceae, which now, of course, 
had a completely different meaning than before. We 
feel this change has led to unnecessary confusion, and 
therefore shall no longer use the family name Po
lyangiaceae. Rather we shall redefine the genus Sor
angium and reintroduce the family name Sorangi-
aceae. 

The species of the genus Cystobacter are not well 
studied, and it is not clear at the moment how many 
there are. The type species, Cb. fuscus, is readily rec
ognizable from its large, glistening, chestnut brown 
sporangioles. Cb. ferrugineus has large, elongated, 
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dull, dark brown sproangioles; they are often ar
ranged in chains that tend to curve upwards in a 
fingerlike fashion. Both species have relatively long 
and slender, often slightly curved myxospores and 
are strongly chitinolytic. There are strains that pro
duce light to reddish brown and often kidney-shaped 
sporangioles that are covered by a thin, translucent, 
and delicately plicated slime sheet; the myxospores 
are short, fat rods; these strains clearly represent a 
separate species, Cb. velatus. Other strains form 
somewhat smaller but still large, dull, dark brown, 
spherical sporangioles that contain myxospores in 
the shape of short, fat rods; they often produce a deep 
violet pigment, and appear to constitute the species 
Cb. violaceus. Still other strains form tiny, light to 
golden brown, spherical sporangioles that are tightly 
packed together in small clusters and are often 
embedded in the agar substrate, resembling Soran
gium or Polyangium fruiting bodies in all these re
spects; but the vegetative cells are long, slender 
needles, the myxospores short, fat rods, and the 
swarms of the Cystobacter type. These organisms be
long to Cb. minor. The problem of An. disciformis 

has already been discussed. 
6'. Fruiting body consists of a tiny sporangiole sitting 

on a delicate, white stalk ..................... Melittangium 
Comments. Most species were formerly attached to 
the genus Podangium. The type species of Podan-
gium, Pd. erectum, has since been transfered to Stig
matella; the remaining species have been united in 
the genus Melittangium, so that the genus Podan-
gium is now dissolved. There are at least three Mel· 
ittangium species: Me. boletus has sporangioles that 
resemble mushroom caps and are located on very 
short stalks. Me. lichenicola forms spherical, dark 
brown sporangioles on short and relatively sturdy 
stalks. Me. alboraceum is described as having a 
spherical sporangiole on a long and bent stalk. There 
are also strains that produce very tiny and delicate 
fruiting bodies; they may represent still another spe-
cies, Me. gracilipes. The myxospores are always 
short, fat rods, the vegetative cells long, slender 
needles. 

6". Fruiting bodies consist of dull, orange-brown to dark 
brown, ovoid sporangioles, which are arranged either 
as several on a common stalk or each on a stalk of 
its own ........................................... Stigmatella 
Comments. Stigmatella is easily distinguished from 
Melittangium: its fruiting bodies are much coarser, 
and the vegetative cells are boat-shaped and of mod-
erate length. The myxospores are short, fat rods and 
often S- or C-shaped. There are two species: Sg. au
rantiaca with several sporangioles attached to a com-
mon stalk, often via tiny peduncles; and Sg. erecta 
with one sporangiole on each stalk. Clear as this may 
appear, the two species still are sometimes difficult 
to differentiate, because Sg. erecta often produces 
several fruiting bodies side by side on a common base 
and sometimes with partially fused stalks, so that the 
resulting structure may be confused with a Sg. au
rantiaca fruiting body. These two species occupy dif-
ferent ecological niches: While Sg. aurantiaca almost 
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always appears on rotting wood, Sg. erecta is found 
preferentially on dung and sometimes in soil. Sg. 
erecta was formerly classified as Podangium erectum 

(see "Comments" on Melittangium), Sg. aurantiaca 
as Chondromyces aurantiacus. 

7. Characters of the suborder. 
Family: Sorangiaceae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 
Comments. See Cystobacter. 

8. Fruiting bodies consist of several sporangioles clus-
tered together . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 9 

8'. Fruiting bodies consist of solitary sporangioles . . . . . . . . 12 
9. Sporangioles located directly on or within the 

substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I 0 
10. Fruiting bodies consist of tiny sporangioles that are 

tightly packed together and consequently are often 
polyhedral rather than spherical. A large number o:f 
the small parcels thus formed may lie together in 
more or less densely packed masses, but also the 
parcels themselves may become rather large. The 
fruiting bodies are often produced in enormous 
quantities, especially on digested filter paper, so that 
they determine the color of the swarm: bright yeJ .. 
low, orange, all shades of brown, and even pitch 
black. The vegetative swarm is usually more or less. 
bright orange. Decomposes crystalline cellulose (fil-
ter paper) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sorangium 
Comments. We propose to restrict this genus to the 
cellulose decomposers. Cellulose degradation is 
such a unique and stable character, and in addition 
parallels a series of other morphological, physiolog-
ical, and biochemical characteristics in the respec-
tive strains, that a separation of the cellulolytic spe-
cies seems justified. The organisms have not been 
sufficiently studied to allow satisfactory classifica-
tion of species. In addition, it is not always apparent 
from the original descriptions whether an organism 
was a cellulose decomposer, because not all strains 
have been cultivated. Also, the organisms are very 
variable. There appear to be at least two species: So. 
compositum produces yellow-orange fruiting bodies, 
So. cellulosum brown, gray, or black ones, but this 
characteristic appears insufficient to differentiate the 
two species reliably. There are many other morpho
logical, chemosystematical, and physiological dif
ferences among strains, but the taxonomic relevance 
of these observations is presently still under study. 

10'. Fruiting bodies consist of more or less spherical 
sporangioles, that may be yellow, orange, brown, or 
grey. Several of them may be embedded in a com-
mon, translucent slime envelope .............. Polyangium 
Comments. For some time, this genus also con-
tained the species of Cystobacter (see there for fur-
ther comments). Pl. vitellinum produces large, 
golden yellow sporangioles in groups of 1 to 20 in 
a common envelope. It appears that in culture the 
color often changes to greenish yellow. Pl. luteum 
has smaller, golden yellow sporangioles embedded 
in a yellow slime envelope. Pl. aureum may be an-
other species ofthis group of polyangia with orange 
sporangioles. Pl. thaxteri produces large, golden yel-
low sporangioles that are typically borne as a con
voluted mass on a short, stout slime stalk; the whole 
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structure then resembles the fruiting body of a false 
morel (Gyromitra); often the sporangioles are, how

ever, found directly on the substrate. There are fur
ther strains with small sporangioles that are densely 
clustered together in the same way as with certain 
Cystobacter and Sorangium strains. The fruiting 
bodies are light brown or gray in color and usually 

are embedded in the agar substrate. Probably, all 
strains ofthis type can be classified as Pl.fitmosum 
and Pl. spumosum. Pl. parasiticum seems to par

asitize fresh-water algae; it produces red-brown spor
angioles within the emptied alga cells. This species 
has not been reported since its first description in 
1925, and its parasitic growth and even its appear
ance in freshwater may have been an exceptional 
situation. The polyangia are somewhat difficult to 

handle and are not well-studied organisms. There 
are some doubts whether the present genus is really 

homogeneous. 
II. Fruiting bodies consist of a conspicuous, un

branched or branched slime stalk, bearing cluster of 
bright orange sporangioles . . . . . . . . . . . . . . . . . Chondromyces 

Comments. The myxobacteria with the most beau-
tiful and complex fruiting bodies are found in this 

genus. There are five species. One species, Cm. au

rantiacus had to be transferred to the genus Stig

matella. Cm. crocatus has a branched stalk with 
clusters of small, ovoid sporangioles at the ends of 
the branches. All other species have unbranched 

stalks. Cm. apiculatus produces conspicuous, tur
nip-shaped sporangioles, and Cm. pediculatus pro-
duces bell-shaped sporangioles, often drooping on 
long, delicate peduncles; both species are relatively 

common, the former especially on rotting wood, the 
latter often in soil and decaying plant material. Cm. 

catenulatus produces chains of sporangioles, and 
several chains originate from one stalk. Cm. lanu
ginosus (formerly Synangium) has a cluster of a few 
large sporangioles each of which ends in a ring of 

long tips; the sporangiole thus resembles the young 
fruit of a hazelnut. 

12. Fruiting bodies are large, solitary sporangioles, 
golden yellow, with a wrinkled or netlike surface 
structure when mature, found on bark and decaying 
wood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Haploangium 

Comments. This genus is easily recognized by its 
peculiar fruiting bodies that so far have only been 
encountered on the bark of living or dead trees in 
North America and in Europe. It also has a special 
position in that these are the only myxobacteria that 
have resisted all efforts to cultivate them. (The 
"Haploangium" species described and cultivated by 
Singh and Singh, 1971, were obviously misnamed 
because their vegetative cells were long, slender rods 
with tapering ends.) There may be two species that 
differ in size: Ha. rugiseptum with large sporan-
gioles, and Ha. minus with small ones. 

12'. Fruiting bodies are tiny, ovoid or spherical, solitary 
sporangioles that are produced in large numbers and 
are mostly embedded in the substrate. Myxospores 
are spherical or ovoid. Vegetative cells are often very 
short, stout, almost cube-shaped. Swarm is etched 
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more or less deeply into the agar. The agar plate 
may become completely corroded . . . . . . . . . . . Nannocystis 

Comments. Presently only one species, Na. exedens, 

is known, but probably other species do exist. Na. 

exedens is easily recognized by its typical swarm 
pattern, which is especially conspicuous on water 
agar with streaks of living or autoclaved E. coli, and 
by its unique fruiting bodies. The latter may become 
considerably larger and very irregular in shape when 
they are produced on the agar surface. On an agar 
surface, some strains produce composite fruiting 

bodies that consist of clusters of small sporangioles 
that are more or Jess tightly squeezed together. Such 
strains may represent a different species ("Na. ag

gregans"). Nannocystis is perhaps the most common 
myxobacterium, although it is often overlooked; it 
is present in virtually every soil sample that contains 

any myxobacteria. While Nannocystis fits, in gen-
eral, rather well to the other members of the sub-

order, it shows certain peculiarities that clearly set 
it apart, such as the nature of its carotenoid pig-
ments and its synthesis of steroids. 

Applications 

Although myxobacteria have not been used in 
any industrial process, they do have some po
tential for biotechnological application. There 
are also some aspects of their biology which 
may have economic or environmental impact, 
even if this has not always been obvious, as 
described below. 

There are no known myxobacterial pathogens 
for humans, animals, or plants. The fish path
ogen Chondrococcus co/umnaris is a Cytoph
aga-like bacterium and has been wrongly clas
sified as a myxobacterium. Because of their 
many aggressive enzymes, myxobacteria may 
occasionally contribute to the deterioration of 
materials such as rawhide or cellulose fabrics 
(e.g., Heyn, 1957), but it is doubtful that they 
are an important factor in that respect. How
ever, although not yet demonstrated experi
mentally, it seems reasonable that they play a 
substantial role in nature in solubilizing large 
macromolecules, cell carcasses, and other bio
logical detritus. As myxobacteria may reach 
rather high population densities in soil, it has 
been argued that they could become antago
nistic to useful soil organisms like Azotobacter 
(Callao et al., 1966). However, although a 
suppression of Azotobacter by Mx. xanthus can 
indeed be demonstrated in the laboratory, it is 
an open question whether this occurs in nature. 
Myxobacteria are obviously able to destroy cy
anobacteria in mixed cultures in aqueous en
vironments, and it has been suggested that they 
could perhaps be used to control cyanobacterial 
water blooms (Burnham et al., 1981, 1984; Daft 
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et al., 1985). However, that potential has not yet 
been demonstrated under practical conditions. 
Still another application of myxobacteria in en
vironmental problems may be their use as pol
lution indicators (Graf, 1975; Tdilova et al., 
1980, 1981 ). This scheme is presently being per
fected and may eventually become a useful ad
dition to conventional biological water analysis. 

Certain chemical compounds produced by 
myxobacteria may occasionally become trou
blesome. Many myxobacteria produce a strong 
earthy smell, which, in the case of Na. exedens, 
has been demonstrated to be due to geosmin 
(Trowitzsch et al., 1981 ). While that smell may 
be pleasant in connection with soil, it is ex
tremely disagreeable in drinking water, from 
which it has to be removed. The omnipresent 
myxobacteria could be a major source of that 
odor. 

A good opportunity for application may lie 
in the field of myxobacterial enzymes, a poten
tial that has not yet been thoroughly investi
gated. Thus, restriction endonucleases (Mayer 
and Reichenbach, 1978; Morris and Parish, 
1976) and special proteases could become of 
interest in the future. 

The efficient secretion of proteins observed 
with myxobacteria is unusual for Gram-nega
tive bacteria and points to another conceivable 
application, as unusual expression hosts for for
eign proteins (Breton et al., 1984, 1986; Nicaud 
et al., 1984). Mx. xanthus has been shown to 
secrete more than 50 different proteins into the 
medium, amounting to about 4% of the intra
cellular protein. This is impressive even if the 
actual number may be somewhat lower because 
some of the bands may have been due to pro
teolytic activity (Nicaud et al., 1984). It appears 
that the outer membrane of the myxobacterial 
cell is less of a barrier than in most other cells, 
perhaps due to its more dynamic behavior. It 
has been demonstrated that two E. coli peri
plasmic enzymes, acid phosphatase and TEM2 
{1-lactamase, leave the periplasm quickly when 
they are expressed in Mx. xanthus and appear 
in the extracellular medium (Breton and Gues
pin-Michel, 1987). The extracellular pectate 
lyases of Erwinia are also expressed in Mx. xan
thus and secreted into the medium, although in 
this case the myxobacterial proteases inactivate 
the lyase (Breton et al., 1986). 

Finally, there are some myxobacterial prod
ucts that could become of interest. The lectin 
produced by Mx. xanthus during aggregation 
has already been mentioned (Cumsky and Zus
man, 1981; Nelson et al., 1981), and there may 
be more of them. Mx. xanthus also secretes a 
blood anticoagulant, myxaline, which is a heat
stable glycopeptide (El Skoum et al., 1987; Mas-
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son and Guespin-Michel, 1988). The same or a 
similar compound is also produced by other 
myxobacteria. 

The most promising opportunities for bio
technological applications with myxobacteria 
are at present in the production of secondary 
metabolites, especially compounds with biolog
ical activity such as antibiotics and other in
hibitors. Although the ability of the myxobac
teria to produce antibiotics has been known for 
some time (Kat6, 1955; Noren, 1953; Noren 
and Raper, 1962; Oxford, 194 7), apart from 
trivial fatty acids that were found to inhibit the 
germination of fungal spores (Noren and Od
ham, 1973), until relatively recently, no chem
ical structure was proposed for any of these in
hibitors. The first myxobacterial antibiotic for 
which the chemical structure has been eluci
dated was ambruticin, a potent antifungal com
pound from So. cellulosum (Ringel et al., 1977). 
In the past decade, about 40 basic structures 
and 200 structural variants have been discov
ered in myxobacteria and have been fully char
acterized chemically. As most of these results 
have been reviewed (Reichenbach and Hofle, 
1989; Reichenbach et al., 1984, 1988), this ma
terial is not discussed here in detail. The more 
significant insights can be summarized as fol
lows: 1) A high proportion of myxobacterial 
strains produce some kind of compound with 
biological activity: about 50% among the Cys
tobacterineae, almost 100% of the Sorangium 
strains. 2) The substances produced are chem
ically very different, including aromatic, het
erocyclic, and polyenic compounds, alkaloids, 
macrocycles, polyethers, and peptides. A few 
examples are shown in Fig. 17. 3) Most ofthese 
compounds have not been isolated from other 
organisms and thus appear to be unique to the 
myxobacteria. The only exceptions are pyrrol
nitrin and althiomycin; saframycin has been 
found with a new variant. 4) The ability to pro
duce a specific compound is typical for a certain 
strain, and not for all strains of that species. In 
fact, different strains of the same species may 
produce totally different antibiotics, but the 
same antibiotic may also be found in different 
species and even genera. Interestingly, the bor
der between the two suborders is also a division 
line for the secondary metabolism, and so far 
no compound has been found that is produced 
by representatives of the two different subor
ders. 5) A strain may produce, at the same time, 
two or more compounds that are totally differ
ent chemically. 6) Often a family of chemical 
variants of the same basic structure is synthe
sized by a strain; up to 40 different variants have 
been isolated from one single strain. 7) The in
itial yields are usually low, between 0.5 and 20 
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Fig. 17. A few examples of secondary metabolites produced by myxobacteria. (a) Myxovirescin A; the compound, or 
variants of it, has been described as antibiotic TA and as megovalicins; (b) ambruticin; (c) geosmin; (d) myxothiazol; (e) 
stigmatellin; (f) 3-formylindole; (g) myxalamid; R is 2-butyl, 2-propyl, ethyl, and methyl for myxalamids A, B, C, and 
D, respectively; (h) sorangicin; R is OH and H for sorangicin A and B, respectively. 

mg/liter, but with conventional methods, yield 
increases to more than 1 gjliter have already 
been achieved. 8) Interesting mechanisms of ac
tion have been discovered; compounds have 
been discovered that are specific inhibitors of 
eubacterial RNA and protein synthesis or are 
extremely efficient inhibitors of electron trans
port in respiration and photosynthesis. Two of 
the latter are used as specific biochemical 
probes and are commercially available (myxo
thiazol, stigmatellin). Antitumor and antiviral 
substances including substances active against 
the human immunodeficiency virus) have also 
been found. Among the compounds discovered 
also are iron transport metabolites of the myxo-

bacteria (myxochelin, nannochelin). At the mo
ment, several of the myxobacterial inhibitors 
are being intensely studied for potential appli
cation and large-scale production. 

Antibiotic TAwas discovered in Mx. xanthus 
strain TA (Rosenberg et al., 1973), but its struc
ture has not been elucidated so far. Published 
chemical data, specifically NMR data (Rosen
berg et al., 1982) suggests that the compound 
may be identical to one of the 20 variants of 
myxovirescin (Gerth et al., 1982; Trowitzsch et 
al., 1982; Trowitzsch-Kienast et al., 1989). This 
identification is further supported by the ob
servation that, myxovirescins are produced by 
many Mx. xanthus and Mx. virescens strains 
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(H. Reichenbach, unpublished observations). 
In fact, the same antibiotic has been described 
a third time from another Mx. xanthus strain 
(Onishi et al., 1984). Furthermore, the mego
valicins (Miyashiro et al., 1988; Takayama et 
al., 1988) are identical with previously pub
lished variants of myxovirescin; a new species, 
Mx. jlavescens, has been created to describe the 
producing organism (Yamanaka et al., 1987), 
which cannot, however, be distinguished from 
existing species. Novel compounds with anti
tumor activity, the glidobactins, have recently 
been discovered in what seems to be a Nan
nocystis or a Polyangium strain (Oka et al., 
1988a, 1988b, 1988c ). These compounds are 
acylpeptides with a variable fatty acid moiety 
and a constant cyclic dipeptide nucleus con
sisting of two new amino acids. Finally, anti
bacterial activity has been reported in a strain 
of Cc. coralloides, but chemical data that allow 
an identification of the compound have not so 
far been produced (Arias et al., 1979a, 1979b). 
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The Genera Campylobacter and Helicobacter 

FRED C. TENOVER and CYNTHIA L. FENNELL 

Introduction 

The genus Campylobacter encompasses a di
verse group of organisms that are either com
mensals for pathogens for both humans and an
imals. Thirteen species are currently included 
in the genus (Table 1). The new genus Helico
bacter contains two species previously classified 
as Campylobacter (Table 1). All ofthese organ
isms are Gram-negative, nonsporeforming, ox
idase positive, indole negative, asaccharolytic 
organisms that neither ferment nor oxidize car
bohydrates (Smibert 1978, 1984; Penner, 1988). 
Energy is produced through respiration and the 
metabolism of amino acids. The GC content for 
members of the genus falls between 29-39 mol% 
(Fox et al., 1989; Owen, 1983; Owen and 
Leaper, 1981; Harvey and Greenwood, 1983b; 
Ursing et al., 1983). All these organisms are 
slender, helically curved Gram-negative rods 
that are 0.2-0.5 ~m wide and 0.5-8.0 ~m long 
(Fig. 1 ). Pairs of cells have an S-shaped or gull
wing morphology while longer chains of cells 

Table I. Current Campylobacter and Helicobacter 
taxonomy. 

Species 

C. fetus 
C. jejuni 
C. coli 
C. laridis 
"C. upsaliensis" 
C. hyointestinalis 
C. mucosa/is 
C. cinaedi 
C. fennelliae 
C. sputorum 

C. concisus 
C. cryaerophila 
C. nitrofigilis 
H. pylori• 
H. mustelaea 

Subspecies 

fetus, venerealis 
jejuni, doylei 

Biovar 

sputorum, bubulus, 
faecalis 

•The new genus name Helicobacter has recently been ac
cepted for these species (Goodwin et al., 1989). 

form spirals. The shorter campylobacter forms 
move in a rapid, darting manner while :spiral 
forms rotate along the long axis like corkscrews. 
The wavelength, amplitude, and length of the 
spirals vary among species. With the exceptions 
of Helicobacter pylori and H. mustelae, the or
ganisms are motile by means of a long single, 
polar flagellum found at one or both ends of 
the cell (Smibert 1984). H. pylori has multiple 
flagella located at only one end of the cell while 
H. mustelae has both polar and lateral flagella 
(Fox et al., 1989). 

Historical Review of Taxonomy 
Campylobacters were originally thought to be 
members of the genus Vibrio and were first cited 
in the literature by McFadyean and Stockman 
( 1913) as a cause of abortions in ewes. Smith 
(1918) and Smith and Taylor (1919) associated 
these curved bacilli, which they named Vibrio 
fetus, with abortion in cattle, thus extending the 
known host range of this group of organisms. 
Jones and Little (1931) added winter dysentery 
in calves to the list of diseases attributable to 
the new vibrios, calling their isolates V. jejuni 
and Doyle (1944) ascribed swine dysentery to 
the organism he called V. coli. Thus, by 1944, 
the epithets V. fetus, V. jejuni, and V. coli had 
all appeared in the literature and the organisms 
were well established as veterinary pathogens. 
It was shortly thereafter that Levy ( 1946) noted 
the presence of spiral organisms in the blood of 
some of 350 people affected with gastrointes
tinal disease. Unfortunately, the organism seen 
by microscopy was not recovered by culture 
from any of these cases. However, in th<:~ fol
lowing year Vinzent et al. (194 7) were successful 
in isolating the organism known as V. fetus from 
the blood of three pregnant women, two of 
whom went on to have spontaneous abortions. 
This marked the beginning of the association of 
these novel vibrios with human disease. 

The key observation that initiated the current 
interest in this group of organisms in human 
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Fig. I. Electron micrograph of Campylobacter jejuni subsp. 
jejuni. Magnification 17,000 X. Diameter of cells is 0.6 !Lm. 

disease was made by King (1957) who isolated 
from the blood of a patient an organism that 
was similar in morphology to the V. fetus de
scribed by Vinzent et al. (1947) but that differed 
biochemically and antigenically from V. fetus. 
King named the organism, which grew at 42°C, 
a "Related Vibrio" and hypothesized that the 
organism would someday be recovered from the 
stool of humans with diarrheal illness (King, 
1962). This would not be accomplished, how
ever, until 1972 (Dekeyser et al., 1972). 

The differentiation of species within the ge
nus Vibrio was undertaken by Florent ( 1959) 
who described V. fetus subsp. intestinalis, the 
pathogen causing septic abortion in sheep, as a 
spiral organism capable of growing in the pres
ence of 1% glycine and able to produce H2S, vs. 
V. fetus subsp. venerealis, the cause of infectious 
infertility in cattle, which does not show these 
characteristics. 

Sebald and Veron (1963) demonstrated that 
the new group of organisms bearing the desig
nations of V. fetus, V. jejuni, and V. coli could 
be distinguished biochemically and by DNA
base composition from the traditional members 
of the genus Vibrio. They designated a new ge
nus, Campylobacter, meaning "curved rod," to 
encompass the new group. Veron and Chatelain 
(1973) published a comprehensive taxonomy of 
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the genus Campylobacter, designating the or
ganism described as V. fetus subsp. intestinalis 
by Florent (1959) as the type species and re
naming it Campylobacter fetus subsp. fetus. Al
though Smibert took a different view of the tax
onomy, designating V. fetus subsp. venerealis as 
the type species and renaming it Campylobacter 
fetus subsp. fetus (Smibert, 1974), the nomen
clature ofVeron and Chatelain (1973) has been 
selected as that which appears in the list of ap
proved bacterial names (Skerman et al., 1980). 
After a careful review of the literature, Karmali 
and Skirrow ( 1984) confirmed that the original 
description by McFadyean and Stockman 
(1913) most closely resembles C. fetus subsp. 
fetus, which is thus given the position of type 
species. The name C. fetus subsp. intestinalis is 
now defunct and does not appear in Skerman's 
list of approved bacterial names. 

The status of the genus Campylobacter con
tinues to be in flux. For example, C. pylori and 
C. mustelae have been renamed Helicobacter 
pylori and H. mustelae (Goodwin et al., 1989). 
This change was based on the results of rRNA 
analysis and other features of the organisms 
(Lau et al., 1987; Romaniuk et al., 1987; 
Thompson et al., 1988). Based on 5S and 16S 
rRNA sequence data, other members of the ge
nus Campylobacter may well be moved to other 
genera in the near future (Thompson et al., 
1988), while organisms such as Wolinella recta, 
W curva, Bacteroides gracilis, and B. ureolyti
cus may someday be included in the Campy
lobacter genus (Lau et al. , 1987; Paster and De
whirst, 1988). Because these changes are 
difficult to predict, this chapter will not address 
those issues but rather will focus on those or
ganisms that currently are accepted in the ge
nus. 

Descriptions of 
Campylobacter Species 

C. fetus is the type species of the genus and has 
two recognized subspecies, C. fetus subsp. fetus 
and C. fetus subsp. venerealis. C. fetus subsp. 
fetus is a cause of sporadic abortion in cattle 
and sheep (Bryner et al., 1964, 1971; Garcia et 
al., 1983). Animals are thought to acquire the 
organism through contaminated food and 
water. After intestinal colonization, the organ
ism is apparently spread hematogenously to the 
uterus where infection causes spontaneous 
abortion of the fetus. C. fetus subsp. f etus is an 
unusual pathogen of humans, although cases of 
septicemia in immunocompromised hosts have 
been described (Guerrant, 1978). The organism 
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also has been recovered from human stool sam
ples (Devlin and Mcintyre, 1983; Harvey and 
Greenwood, 1983a) but the incidence in hu
mans may be underestimated due to the use of 
selective media and the inhibitory growth tem
peratures commonly employed for the recovery 
of C. jejuni. 

C. fetus subsp. venerealis, on the other hand, 
has a clear tropism for the bovine genital tract 
where it is a cause of epidemic sterility (Bryner, 
1964) and, in some cases, abortion (Garcia et 
al., 1983). The organism often is carried asymp
tomatically in the prepuce of infected bulls and 
is passed to the bovine female genital tract 
where it causes inflammation and subsequent 
infertility (Samuelson and Winter, 1966; Hoffer, 
1981; Garcia et al., 1983). 

C. jejuni has been noted to cause diarrhea 
(Campbell and Cookingham, 1978; Fireham
mer and Meyers, 1981) and mastitis in cattle 
(Lander and Gill, 1985); abortion in sheep 
(Smibert, 1978); and is a significant cause of 
enteritis in humans (Butzler and Skirrow, 1979; 
Blaser and Reller, 1981 ). C. jejuni also has been 
associated with a wide variety of other human 
illnesses including septicemia, meningitis, ar
thritis, urinary tract infection, and Guillain
Barre syndrome (Blaser and Reller, 1981; Blaser 
et al., 1986a) although these occur less fre
quently than does enteritis. C. jejuni is found 
in healthy and diarrheic dogs and cats (Fleming, 
1983; Fox, 1985; Blaser et al., 1978) and non
human primates (Morton et al., 1983) and is 
part of the normal flora of chickens, turkeys, 
and many wild birds (Lander and Gill, 1985; 
Prescott and Bruin-Mosch, 1981; Prescott and 
Munroe, 1982). It also has been recovered from 
retail chickens, beef, pork (Harris et al., 1986) 
and retail mushrooms (Doyle and Schoeni, 
1986). In studies where C. jejuni subsp. jejuni 
and C. jejuni subsp. doylei have been distin
guished, C. jejuni subsp. doylei has been iso
lated from the feces of children (Steele et al., 
1985) and from gastric biopsies of adults (Kas
per and Dickgiesser, 1985; Owen et al., 1985). 

C. coli is isolated routinely from the intestines 
of healthy pigs, cattle, and sheep (Gebhart et 
al., 1983; Manser and Dalziel, 1985) and can 
be recovered from a variety of other domestic 
animals with and without enteric disease (Pres
cott and Bruin-Mosch, 1981 ). It is a significant 
cause of enteritis in humans (Blaser and Reller, 
1981; Steele et al., 1985). However, the inci
dence of human infection may be underesti
mated due to the inhibition of some C. coli iso
lates by the selective antimicrobials used to 
recover C. jejuni from clinical samples (Ng et 
al., 1985). 
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C. laridis (Benjamin et al., 1983) was origi
nally isolated from seagull feces and is often 
referred to as the nalidixic-acid-resistant ther
mophilic campylobacter (NARTC). This organ
ism is an infrequent agent of enteritis and bac
teremia in humans (Nachamkin et al., 1984; 
Tauxe et al., 1985; Simor and Wilcox., 1987) 
and occasionally is recovered from sheep (Man
ser and Dalziel, 1985), dogs, monkeys and other 
avian species (Skirrow and Benjamin, 1980b). 

C. hyointestinalis was originally recovered 
from pigs with proliferative ileitis (Gebhart et 
al., 1983), although its role in the disease i[s un
certain. Neither C. hyointestinalis nor C. mu
cosa/is, a frequent co-isolate of C. hyointestin
alis, produce the symptoms of the disease when 
given in pure culture to pigs (Boosinger et al., 
1985.) C. hyointestinalis is rarely recovered 
from healthy pigs but has been isolated from 
the feces of cattle and the intestines of hamsters 
(Gebhart et al., 1985). This organism also has 
been recovered from the stool of humans with 
enteritis or proctitis, although its role in {:ither 
disease is unclear (Fennell et al., 1986; Edmonds 
et al., 1987). The use of selective media con
taining cephalothin or other antimicrobials ac
tive against C. hyointestinalis and nonoptimal 
incubation temperatures (i.e., 42°C) limits the 
recovery of these organisms from human cases. 

C. mucosa/is (Roop et al., 1985b) was pre
viously classified as C. sputorum subsp. mu
cosa/is (Lawson et al., 1981) and has been iso
lated primarily from the intestinal mucosa of 
pigs (Rowland et al., 1973). This organism may 
have a role in porcine intestinal adenomatosis 
or proliferative ileitis although Koch's postu
lates have not been fulfilled (Lawson and Ro
land, 1974; Gebhart et al., 1985). It has not been 
recovered from humans. 

"C. upsaliensis," the catalase negative or 
weak (CNW) campylobacter, was originally iso
lated from dogs with and without diarrhea 
(Sandstedt et al., 1983). The name of the or
ganism is in quotation marks since it has yet to 
be accepted by the International Committee on 
Systematic Bacteriology and validly published 
in the International Journal of Systematic Bac
teriology. More recently, it has been isolated 
from the feces of cats and from the feces and 
blood of humans (Lastovica et al., 1989; Me
graud and Bonnet, 1986; Patton et al., 1989; 
Steele et al., 1985; Taylor et al., 1989; Walmsley 
and Karmali., 1989). 

C. concisus was originally isolated from the 
oral cavity and gingival crevices of humans with 
periodontal disease, although no association 
with oral pathology was established. (Tanner et 
al., 1981 ). More recent work has focused on 
rapid identification and chemotactic responses 
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of this organism (Tanner 1986; Paster and Gib
bons, 1986) as well as its potential role in hu
man enteritis (Vandamme et al., 1989). 

C. fennelliae and C. cinaedi are associated 
with enteritis, proctitis, and proctocolitis in ho
mosexual men (Quinn et al., 1984; Totten et al., 
1985). Both organisms also have been recovered 
from the blood of patients with human im
munodeficiency virus infection (Pasternak et 
al., 1984; Cimolai et al., 1987; Ng, V. L. et al., 
1987). In addition, C. cinaedi is known to be 
part of the normal flora of hamsters (Gebhart 
et al., 1989). 

C. sputorum is divided into three biovars that 
can be distinguished phenotypically and by host 
preference, but not by genetic means (Roop et 
al., 1985a). C. sputorum biovar sputorum is a 
commensal of human gingival crevices 
(Loesche et al., 1965) and has been recovered 
from stool samples of humans (Karmali and 
Skirrow, 1984; Steele et al., 1985). C. sputorum 
biovar bubulus appears to be strictly a com
mensal of cattle and is found in the prepuce of 
the male and in the female genital tract. It has 
not been isolated from humans. Finally, C. spu
torum biovar faecalis (Roop et al., 1985a), orig
inally known as "C. faecalis" (Firehammer, 
1965), has been isolated from sheep feces and 
bovine genitalia and may be associated with en
teritis in cattle (Al-Marshat and Taylor, 1980). 
There are no human isolates to date. 

C. cryaerophila was originally recovered from 
aborted fetuses of cattle and pigs (Neill et al., 
1978; Higgins and Degre, 1979). It also has been 
recovered from cattle with mastitis, although its 
role in this disease is uncertain (Logan et al., 
1982). Tee et al. (1988) reported the recovery 
of C. cryaerophila from a human fecal sample. 
In most laboratories isolation temperatures 
above the optimal growth temperature of this 
organism (30°C) may prevent the recovery of 
C. cryaerophila (Neill et al., 1980). 

Campylobacter nitrofigilis is a nitrogen-fixing 
organism isolated from the roots of plants grow
ing in salt marshes (McClung and Patriguin, 
1980). It has not been recovered from humans 
or animals. H. pylori initially was isolated by 
Marshall and Warren (1984) and was subse
quently named C. pyloridis (Marshall et al., 
1984). The epithet, however, was grammatically 
incorrect and was changed to C. pylori (Mar
shall and Goodwin, 1987). It has recently been 
changed a third time to its current epithet, H. 
pylori (Goodwin et al., 1989). This organism is 
a cause of type B gastritis in humans and is 
isolated most frequently from biopsies of the 
antral region of the stomach (Buck et al., 1986; 
Marshall, 1990; Rauws and Tytgat, 1989). H. 
pylori also has been recovered from the non-
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human primate Macaca nemestrina (Bronsdon 
and Schoenknecht, 1988). A second species, H. 
mustelae, previously named C. mustelae (Fox 
et al., 1989; Goodwin et al., 1989), has been 
recovered from the stomachs of ferrets (Fox et 
al., 1988). 

Identification 

The individual biochemical, growth, and sus
ceptibility patterns used to distinguish mem
bers of the genus Campylobacter and the genus 
Helicobacter are shown in Table 2. A discussion 
of the morphologic and biochemical traits of 
each species is presented below. 

C. fetus 

There are two subspecies of C. fetus, designated 
C. fetus subsp. fetus and C. fetus subsp. vener
ealis. These organisms can be distinguished in 
the laboratory by their cellular morphology and 
ability to grow in the presence of 1% glycine. 
The spirals of C. fetus subsp. fetus have an av
erage wavelength of 1.8 J.l.m and an average am
plitude of 0.55 J.l.m, while the spirals of C. fetus 
subsp. venerealis are more loosely coiled, with 
an average wavelength of 2.43 J.l.m and an am
plitude of 0. 73 J.l.m (Karmali et al., 1981). C. . 
fetus subsp. fetus can grow in the presence of 
1% glycine, although Chang and Ogg ( 1971) 
noted that glycine tolerance was bacteriophage
mediated and thus may be a poor test to dif
ferentiate these two organisms. 

Colonies of C. fetus subsp. fetus and C. fetus 
subsp. venerealis can be observed after 24-48 h 
ofmicroaerobic incubation at 25 or 37°C; some 
strains of C. fetus subsp. fetus will grow at 42°C 
(Harvey and Greenwood, 1983b; Edmonds et 
al., 1985). These organisms will not grow under 
aerobic conditions but may grow anaerobically 
if the medium is supplemented with 0.2% fu
marate (Veron et al., 1981). Trimethylamine N
oxide (TMAO) will not serve as a terminal elec
tron acceptor for C. fetus. Colonies grown on 
blood agar are 1-2 mm in diameter, smooth, 
round, convex, entire, shiny, grayish white to 
tan, and are nonhemolytic. They do not swarm 
on moist agar and coccoid forms are not ob
served when these organisms are exposed to air. 

Strains of both subspecies are positive for cat
alase production, nitrate reduction, and growth 
in 1% bile. They do not reduce nitrite, nor do 
they hydrolyze urea or hippurate. They are neg
ative for hydrogenase activity by the benzyl 
viologen assay (Goodman and Hoffman, 1983). 
H2S is not produced in triple sugar iron (TSI) 
agar, and growth is not observed in the presence 
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Table 2. Biochemical differentiation of Campylobacter and Helicobacter species. 

Campylobacter 

jejuni fetus 

subsp. subsp. subsp. subsp. 
jejuni doylei coli /arid is "upsaliensis" cinaedi fenelliae fetus venerealis 

Catalase + v + + -jw + + + + 
Hydrogen sulfide on 

TSI 
Hippurate hydrolysis + + 
Urease 
Nitrate reduction + + + + + + + 
Tolerance tests 

25°C + + 
42°C + -jw + + + v 
1% Glycine + + + + v + + + 
3.5% NaCl 
ANA growth in + NR NR 

0.1% TMAO 
Hydrogen or 

formate 
required 

Susceptibility 
Nal30 s s s R s s s R R 
CF 30 R s R R s s s s s 

+, most strains positive; -, most strains negative; V, variable reactions; S, susceptible, zone of inhibition >6 mm; R, 
resistant, no zone of inhibition; NR, not reported; w, weak. 
Nal 30 = 30 ltg nalidixic acid disc, CF 30 = 30 ltg cephalothin disc. 

of 3.5% NaCl or 0.04% triphenyltetrazolium 
chloride (TTC). Both subspecies are resistant to 
nalidixic acid but are susceptible to cephal
othin. 

C. jejuni 

There are two subspecies of C. jejuni, C. jejuni 
subsp. je}uni, and C. jejuni subsp. doylei (Steele 
and Owen, 1988). The latter subspecies, which 
is likely the organism first described as Vibrio 
coli by Doyle ( 1944), is unable to reduce nitrate 
to nitrite. This is the major difference between 
the two groups of organisms. 

The spiral forms of C. jejuni are tightly coiled 
and have an average wavelength of 1.12 J.Lm and 
an amplitude of 0.48 J.Lm when measured by 
phase contrast microscopy (Karmali et al., 
1981 ). This characteristic is shared with C. coli 
and C. laridis and distinguishes them from both 
subspecies of C. fetus, whose spirals are less 
tightly coiled. Cells of C. jejuni become coccoid 
when exposed to atmospheric air. 

Colonies of C. jejuni subsp. jejuni appear af
ter 24-48 h ofmicroaerobic incubation at 37 or 
42 oc. C. jejuni subsp. doylei grows well at 3 7°C 
but poorly, if at all, at 42°C. No growth of either 
subspecies is observed at 25 oc and anaerobic 
growth cannot be achieved by the addition of 
0.2% fumarate or 0.1% TMAO to the medium 
(Roop, 1984). Two different colony types have 

been described (Smibert, 1984). The first mea
sures 1-2 mm in diameter, is raised, round, glis
tening, and entire, with an opaque center and 
translucent edge. The second type is flat, with 
an irregular border and a smooth to ground
glass appearance. These colonies tend to spread 
along the lines of inoculation producing elon
gated, coalescing growth. Most strains of C. je
juni readily form spreading colonies when 
grown on moist, freshly prepared media. Both 
colony types are nonhemolytic on blood agar, 
are gray to tan in color, but pinkish tan when 
collected on a loop. 

C. jejuni is the only campylobacter capable 
of hydrolyzing hippurate, making this the key 
differential test for the species (Harvey, 1980; 
Hebert et al., 1984). However, hippurate-nega
tive strains of C. jejuni have been identified by 
DNA hybridization (Totten et al., 1987). Most 
strains of C. jejuni subsp. jejuni are catalase 
positive although catalase negative or weakly 
positive strains of C. jejuni subsp. doylei occur 
(Steel and Owen, 1988). C. jejuni grows in the 
presence of 1% glycine and 1% bile but does not 
produce H2S on TSI slants. Tolerance to 0.04% 
TTC is variable. C. jejuni is usually susceptible 
to nalidixic acid, although nalidixic acid n$ist
ant mutants have been described (Taylor et al., 
1985). C. jejuni subsp. doylei is susceptible to 
cephalothin, while C. jejuni subsp. jejuni is re
sistant. Strains of C. jejuni produce large 
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Campylobacter 

sputorum 

biovar biovar biovar Helicobacter 

hyointestinalis concisus mucosa/is sputorum bubulus faecalis cryaerophila nitrofigilis pylori mustelae 

+ 
+ 

+ 

v 
+ 
+ 

+ 

R 
s 

+ 

+ 

+ 
+ 

+ 

R 
R 

+ 

+ 

+ 
+ 
v 

+ 

v 
s 

+ 

+ 

+ 
+ 

v 

v 
s 

+ 

+ 

+ 
+ 
+ 
+ 

R 
s 

amounts of C19:0 fatty acid (Blaser et al., 
1980c). 

C. coli 

The microscopic and macroscopic appearance 
of C. coli are indistinguishable from those of C. 
jejuni. Biochemically, these organisms also are 
quite similar with the exception of the hippur
icase activity of C. jejuni. In addition, Roop et 
al. (1984) reported that the isolates of C. coli 
they examined produced small bands of H2S in 
TSI agar if the medium was fresh and adequate 
water of syneresis was present at the junction 
of the slant and the butt. He also found that C. 
coli strains grew in a minimal medium while 
C. jejuni strains did not (Roop et al., 1984). 

C. laridis 

The microsopic morphology of C. laridis is sim
ilar to C. jejuni in that the cells form tightly 
coiled spirals of relatively short wavelength and 
amplitude (Benjamin et al., 1983). Upon ex
posure to air, the cells undergo a rapid trans
formation to the coccoid shape. 

C. laridis produces colonies after 24-48 h of 
incubation at either 37 or 42°C. Growth of most 
strains is enhanced at 42°C. Colonies are 1-1.5 
mm in diameter, low convex, smooth, translu
cent, gray to tan, and entire. They are nonhem-

+ 
+ 

+ 

+ 
+ 
+ 
+ 

R 
s 

+ 

+ 

+ 

NR 

s 
R 

+ 

v 
+ 

+ 

+ 
NR 

s 
s 

+ 

+ 

v 
v 

NR 

v 
s 

+ 

+ 
+ 

+ 
v 

NR 

s 
R 

olytic on blood agar. Some strains may spread 
on moist agar. 

Isolates of C. laridis are catalase positive, re
duce nitrate but not nitrite, and grow in the 
presence of 1% glycine, 1% bile or 1.5% NaCl, 
but do not hydrolyze hippurate or urea, do not 
produce H2S on TSI agar, and are resistant to 
cephalothin. C. laridis can be differentiated 
from C. jejuni and C. coli based on its resistance 
to nalidixic acid, growth in 1.5% NaCl, and 
growth under anaerobic conditions when 0.1% 
TMAO is added to the medium. Since nalidixic
acid-resistant mutants of C. jejuni and C. coli 
have been described, the use of multiple tests 
to confirm the identification of these species 
seems warranted. Urease-positive, nalidixic
acid-susceptible variants of C. laridis, con
firmed by DNA-DNA hybridization studies, 
have been reported by Megraud et al. (1988). 

"C. upsaliensis" 

"C. upsaliensis" strains are slender, curved rods 
similar to those of C. jejuni. They become coc
coid after extended incubation. 

Colonies appear after 48-72 h of microaer
obic incubation at 37°C. Most strains also will 
grow at 42°C, but not as luxuriantly and there 
is no growth at 25°C. Colonies are nonhemolytic 
on blood agar, measure 0.5-1.0 mm in diam-
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eter, are translucent, smooth, convex, gray to 
tan, entire, and are similar in appearance to the 
colonies of C. jejuni and C. coli. "C. upsalien
sis" is either catalase negative or demonstrates 
a weakly positive reaction. These organisms re
duce nitrate but not nitrite and grow in the pres
ence of 1% bile. They do not hydrolyze either 
hippurate or urea, do not grow in the presence 
of 1.5% NaCl or 0.04% TTC, and do not pro
duce H2S in TSI agar. Growth in 1% glycine is 
variable. These organisms are susceptible to 
both nalidixic acid and cephalothin (Patton et 
al., 1989; Walmsley and Karmali, 1989). 

C. hyointestinalis 

Cells of C. hyointestinalis are similar in mor
phology to those of C. fetus subsp. fetus (Geb
hart et al., 1983). Organisms grow best at 37°C 
although most strains also grow at 42°C. Some 
may grow at 25°C. The cells do not become 
coccoid upon exposure to air. 

After 48 h of incubation, colonies measure 
1.5-2.0 mm in diameter, are round, convex, 
shiny, slightly mucoid, and are gray to yellow. 
The color of colonies gathered on a loop is dirty 
yellow. These organisms are nonhemolytic on 
blood agar and do not swarm on moist agar. 

C. hyointestinalis strains are potent produc
ers of H2S as detected in TSI agar. This is a 
characteristic shared with C. concisus, C. mu
cosa/is, and C. sputorum. Isolates of C. hyoin
testinalis are catalase positive, reduce nitrate 
but not nitrite, and will grow in the presence of 
1% glycine and 1% bile. These organisms do not 
hydrolyze either hippurate or urea, and will not 
grow in the presence of 1.5% NaCl or 0.04% 
TTC. They do not grow aerobically but can grow 
anaerobically in the presence of 0.1% TMAO 
(Gebhart et al., 1985). C. hyointestinalis strains 
also produce hydrogenase, which can be de
tected by the viologen method (Goodman and 
Hoffman, 1983). They are resistant to nalidixic 
acid and susceptible to cephalothin. 

C. fennelliae and C. cinaedi 

Cells of C. cinaedi and C. fennelliae are slender, 
curved rods that appear more delicate than 
those of C. jejuni. S-shaped forms can occur but 
spirals up to 5.0 ,urn in length predominate. 
Coccal transformation occurs after prolonged 
incubation. 

C. cinaedi and C. fennelliae grow more slowly 
on primary isolation than other campylobac
ters; up to 6 days of incubation may be required 
before colonies are visible. On subculture, after 
48 h of incubation, colonies are pinpoint and 
translucent on blood agar. After additional in
cubation the colonies appear nonhemolytic, 
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gray to grayish white, translucent, flat, regular, 
watery, and are less than 1 mm in diameter. 
Colonies of C. fennelliae are whiter and less 
watery than those of C. cinaedi and have a dis
tinctive odor similar to that of bleach. Colonies 
of both species swarm readily on moist agar, 
producing a thin translucent film. Growth oc
curs at 37°C but not at 25 or 42°C. Incubation 
in a microaerobic environment containing hy
drogen enhances growth but growth does not 
occur either aerobically or anaerobically (Fen
nell et al., 1984). 

In addition to the difference in the odor of 
the colonies produced on solid media, C. fen
nelliae is nitrate negative. Both C. fennel/iae 
and C. cinaedi are catalase positive, tolerate 1% 
glycine and 0.04% TTC, but neither organism 
tolerates 3.5% NaCl nor produces H2S in TSI 
agar. Neither organism hydrolyzes hippurate or 
urea nor do they grow in the presence of 1% 
bile. They are susceptible to both nalidixic acid 
and cephalothin. 

C. mucosa/is 

C. mucosa/is is a short, slender rod 0.25 to 0.35 
.urn in diameter and 1.0 to 2.8 ,urn long. Coccoid 
forms and filamentous rods up to 8.0 .um long 
may be found in older cultures. 

Colonies of C. mucosa/is are 1.5 mm i[n di
ameter, round, raised with a flat surface, and 
are grayish yellow in color. The yellow pigment 
is observed best when colonies are spread on 
white paper. The colonies tend to spread on 
moist agar. C. mucosa/is will grow between 25 
and 42°C. 

C. mucosa/is are catalase negative, produce 
H2S in TSI agar, reduce nitrate, and grow in the 
presence of both 1% bile and 1% glycine. They 
do not hydrolyze hippurate or urea, and do not 
grow in the presence of 1.5% NaCl or 0.04% 
TTC. While all strains are susceptible to ce
phalothin some strains have been noted to be 
resistant to nalidixic acid. Some strains reduce 
nitrite and tolerate glycine, but these results 
may vary depending on the basal medium used 
(Roop et al., 1985b). Growth at 25°C distin
guishes this group of organisms from the other 
catalase-negative campylobacters. The require
ment for either hydrogen or formate when the 
organism is grown under microaerobic condi
tions is a trait shared only with C. concisus and 
distinguishes them from C. sputorum. Anaer
obic growth can be achieved in the presence of 
fumarate and either formate or hydrogen. The 
cellular fatty acid profile of C. mucosa/is con
tains large amounts of lauric acid, a fatty acid 
which is not found in other campylobacters 
(Moss et al., 1984). 
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C. sputorum 

Cells of the three biovars of C. sputorum are 
morphologically similar. Cells may be comma
shaped, gull-winged or straight rods, and some 
filamentous forms up to 8.0 JLm in length may 
be found, primarily in older cultures. These or
ganisms do not exhibit the tightly coiled spiral 
cells typical of C. jejuni. Young cultures may 
show some darting motility but older cultures 
are often nonmotile (Roop et al., 1985a). 

Colonies of all three C. sputorum biovars are 
1 to 2.5 mm in diameter, are shiny, round, con
vex, smooth, gray, and may have an entire or 
irregular spreading edge. On blood agar some 
strains exhibit slight alpha hemolysis. These or
ganisms do not swarm on moist agar. The pre
ferred growth temperature is 37°C, although 
most strains will grow at 42°C and no growth 
is observed at 25°C. Unlike C. concisus and C. 
mucosa/is, hydrogen and formate are not re
quired for microaerobic growth although fu
marate alone will support anaerobic growth. 

C. sputorum biovar sputorum is catalase neg
ative, reduces nitrate, produces H2S in TSI agar, 
tolerates 1% glycine, and grows in the presence 
of 1% bile. Most strains grow on 1.5% NaCl but 
not 3.5% NaCl. They hydrolyze neither hip
purate nor urea. Most strains are resistant to 
nalidixic acid but susceptible to cephalothin. 

C. sputorum biovar bubulus is catalase neg
ative and C. sputorum biovar faecalis is catalase 
positive; this is the only major phenotypic dif
ference between these two biovars. They both 
reduce nitrate, produce H2S in TSI agar, grow 
in 1.5% and 3.5% NaCl, tolerate 1% glycine, and 
grow anaerobically in the presence of 0.1% 
TMAO. They do not hydrolyze hippurate or 
urea and, unlike C. sputorum biovar sputorum, 
they do not grow in the presence of 1% bile. 
Most strains are resistant to nalidixic acid but 
susceptible to cephalothin. 

C. concisus 

C. concisus cells are slender, curved, straight, 
or helical rods 0.5-1.0 J,Lm in diameter and 4.0 
JLm long. 

Colonies of C. concisus are 1.0 mm in di
ameter, convex, translucent, and entire. C. con
cisus will grow at 37 or 42°C but not at 25°C. 
Either hydrogen or formate is required to sus
tain growth when incubated microaerobically, 
while fumarate, in addition to formate or hy
drogen, is necessary for growth under anaerobic 
conditions. No aerobic growth is observed. 

C. concisus is catalase negative, produces H2S 
in TSI agar, reduces both nitrate and nitrite, and 
tolerates 1% glycine and 1% bile but not 3.5% 
NaCl. Neither hippurate nor urea are hydro-
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lyzed and 0.1% TMAO does not support an
aerobic growth. Strains are resistant to both ce
phalothin and nalidixic acid (Tanner et al., 
1981; Roop et al., 1985a). 

C. cryaerophila 

The cells of C. cryaerophi/a are curved rods with 
loosely coiled spirals that resemble C. fetus sub
sp. venerealis, although cells up to 20 J,Lm may 
be observed. 

After 48-72 h of incubation at 30°C, colonies 
are less than 1 mm in diameter, nonpigmented, 
smooth, convex, and entire. On subculture, col
onies may become flattened and irregular. For 
primary isolation, organisms require microaer
obic conditions and incubation at 30°C. How
ever, on subculture, growth can occur aerobi
cally, microaerobically, or anaerobically. 
Aerobic growth in this species is unique among 
campylobacters. Although 30°C is the optimal 
growth temperature, all strains will grow at 
15°C and some may grow in temperatures as 
low as soc or as high as 40°C (Neill et al., 1985). 

C. cryaerophi/a is catalase positive and re
duces nitrate. Most strains can reduce nitrite as 
well, although this is not a universal feature. 
They tolerate 2.0% NaCl, but not 1.0% glycine 
or 0.1% TTC. They cannot hydrolyze hippurate 
or urea nor do they produce H2S in TSI agar. 
They do not grow anaerobically in 0.1% TMAO 
(Neill et al., 1985). These organisms are resist
ant to cephalothin but susceptible to nalidixic 
acid. 

C. nitrofigilis 

C. nitrofigilis, the nitrogen-fixing campylobac
ter, is a slender, curved rod similar in mor
phology to C. jejuni. In young cultures, the cells 
are typically short, curved rods, while coccoid 
forms predominate in older cultures. However, 
the transition to coccoid forms is slow and ap
parently is not due to exposure to oxygen, as 
occurs with C. jejuni, C. coli, and C. laridis 
(McClung et al., 1983). 

After 72 h of incubation at room temperature, 
colonies are tan to gray, glistening, low convex, 
entire, and measure 1 mm in diameter. They 
are nonhemolytic on blood agar. 

The optimum growth temperature for these 
organisms is 30°C with a range from 10-37°C. 
C. nitrofigilis requires a minimum concentra
tion of0.5% NaCl for growth in artificial media. 
The optimum salt concentration is between 1 
and 4%, but concentrations as high as 7% can 
be tolerated. Anaerobic growth of C. nitrofigilis 
can be achieved with the addition of either fu
marate or aspartate to the culture medium, but 
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not with the addition of nitrate. There is no 
growth under aerobic conditions. 

All strains of C. nitrofigilis produce catalase, 
grow in the presence of 3.5% NaCI and reduce 
nitrate to nitrite. Many isolates can split urea. 
H2S formation is not observed in TSI agar. In 
addition, these organisms are unable to hydro
lyze hippurate, do not grow in the presence of 
1% glycine or 0.1% TTC, but do, however, have 
a nitrogenase enzyme and produce pigment 
from tryptophan (McClung et al., 1983). Iso
lates of C. nitrofigilis are susceptible to both 
cephalothin and nalidixic acid. 

H. pylori and H. mustelae 

The cells of H. pylori are 0.5-1.0 J.Lm wide and 
2.5-5.0 J.Lm in length and are curved rods. On 
subculture, horseshoe-shapes and gull-wings 
can be seen. Motility is darting and rapid due 
to multiple, sheathed flagella with terminal 
bulbs occurring at only one end of the cell (Fig. 
2). The organisms grow best at 37°C under mi
croaerobic conditions. Anaerobic growth does 
not occur. Rare strains can grow at 42°C, but 
no growth is observed at 25°C (Fox et al. , 1989). 

Fig. 2. Electron micrograph of Helicobacter pylori. Magni
fication 17,000 X. Diameter of cells is approximately 0.5 
J.Lm. (Courtesy of Alan Curry and Dennis M. Jones.) 

CHAPTER 189 

The organism requires a humid atmosphere for 
growth on agar. Addition of serum to liquid and 
solid media enhances growth. (Buck et al., 
1987). 

Colonies appear after 2-7 days of incubation 
and are 1-2 mm in diameter, opaque, convex, 
entire, and nonpigmented. Coccoid forms ap
pear after exposure to room air. 

H. pylori is catalase positive and strongly 
urease positive. It does not hydrolyze hippurate 
nor does it produce H2S in TSI agar. There is 
no growth in the presence of 1% glycine or 3% 
NaCI, nitrate is not reduced, and hippurate is 
not hydrolyzed. Strains are susceptible to ce
phalothin but variable in their resistance to nal
idixic acid (Dent and McNulty, 1988; Fox et al., 
1989). Their strong urease activity differentiates 
them from members of the genus Campylobac
ter (Hazell et al., 1987). Although some strains 
of C. nitrofigilis demonstrate urease activity, it 
is not of the same potency as that of H. pylori. 

H. mustelae is similar in microscopic and co
lonial appearance. However, several differences 
in biochemical and susceptibility profiles have 
been noted. H. mustelae is capable of growth at 
42°C and does reduce nitrates. It has lateral as 
well as polar flagella, and is resistant to ce
phalothin but susceptible to nalidixic acid. It 
also has strong urease activity (Fox et al., 1989). 

Diagnostic Methods 

Microscopic Methods of Analysis 

The motility of Campylobacter species is best 
observed by suspending the organisms in broth 
and examining the cells by phase contrast or 
darkfield microscopy. The wavelength and am
plitude of the spiral forms can be measured 
from photographs of organisms taken under 
phase contrast microscopy (Karmali et al., 
1981 ). To demonstrate a change from curved 
rods to coccal forms, organisms are incubated 
microaerobically for 48 h at 37 or 42°C, then 
incubated aerobically at room temperature for 
an additional 48 h. A Gram stain is prepared 
at this time and examined for a predominance 
of coccal forms (Karmali et al. , 1981). Use of 
0.1% aqueous basic fuchsin as the counterstain 
enhances the detection of campylobacters in 
Gram stains. 

Biochemical Methods 

A variety of methods have been used to deter
mine the biochemical and growth characteris
tics of Campylobacter and Helicobacter species. 
Listed here are the methods that we feel are 
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most reproducible and that can be applied to 
the majority of these organisms. 

Detection of cytochrome oxidase is made by 
rubbing a colony onto filter paper moistened 
with a freshly prepared solution of 0.5% tetra
methyl-p-phenylenediamine dihydrochloride; 
development of a purple color within 10 s is 
positive. Catalase production is detected by sus
pending the organism in a drop of water on a 
glass slide and adding a drop of 3.0% hydrogen 
peroxide to the suspension. A more sensitive 
test for catalase is to add several drops of 3.0% 
hydrogen peroxide to cells grown on an agar 
slant containing a medium without blood, such 
as Brucella agar or TSI agar. In either case, rapid 
formation of bubbles is considered a positive 
reaction while delayed appearance of a few bub
bles is a weakly positive reaction. 

Biochemical tests should be performed on 
colonies that are no more than 48-h old (72 h 
for slowly growing organisms). For detection of 
glucose utilization, H2S production, urease ac
tivity, nitrate reduction, and hippurate hydrol
ysis, media should be inoculated directly with 
growth from an agar plate. However, direct in
oculation of colonies into tests for tolerance to 
various substrates may yield falsely positive re
sults. To standardize the inoculum size for these 
tests, organisms should be suspended in Bru
cella or Mueller Hinton broth to the density of 
a 1.0 MacFarland standard. Several drops of 
this suspension are added to the test medium 
(Gebhart et al., 1985). Alternately, several drops 
from the growth at the top of semi-solid Brucella 
broth can be used (Roop et al., 1984). All tests 
should be incubated until a positive reaction or 
significant growth is observed, or up to seven 
days if the test is negative. 

Various basal media have been used for bio
chemical and tolerance tests. Brucella albimi 
broth with 0.16o/o agar (Roop et al., 1984) or 
fluid thioglycolate medium with 0.1 o/o agar 
(Gebhart et al., 1983) are reliable and easily pre
pared. To obtain adequate growth of fastidious 
campylobacters, such as C. cinaedi and C. fen
nelliae, the agar concentration of the semi-solid 
medium should be increased to 0.3o/o (Fennell 
et al., 1984). Use of semi-solid medium permits 
aerobic incubation and enhances the ability to 
detect growth by localizing the organisms below 
the surface of the medium. Other tests may be 
performed on solid media using bases such as 
Brucella agar, Mueller Hinton agar, or Yeast Ex
tract Nutrient agar composed ofOxoid BA base 
No. 2, and 0.1 o/o yeast extract (Benjamin et al., 
1983). When performing any tolerance test, a 
tube or plate containing only basal media must 
be included as a positive control. 
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Production of acid from glucose is deter
mined in a semi-solid medium containing 1 o/o 
glucose and 0.002% phenol red, pH 7.3. Tubes 
are tightly capped and incubated aerobically. 
Appearance of a yellow color is a positive result 
and an indication that the organism is not a 
campylobacter, since campylobacters neither 
ferment nor oxidize sugars. 

Nitrate reduction is determined in a semi
solid medium supplemented with 0.2o/o potas
sium nitrate. When visible growth is present, 
equal volumes (10 drops) of nitrate reagent A 
(8 g of sulfanilic acid in 1 liter of 5 N acetic 
acid) and reagent B (6 ml of N, N-dimethyl-1-
naphthylamine in 1 liter of 5 N acetic acid) are 
added. Development of a red color indicates 
presence of nitrate reductase. If no color de
velops, zinc dust is added to the medium. De
velopment of a red color after the addition of 
zinc confirms that nitrate is still present in the 
medium and that the organism cannot reduce 
nitrate. Absence of a red color after the addition 
of zinc indicates that nitrate was reduced to ni
trite which was then reduced to nitrogen gas, 
indicating that the organism has both nitrate 
and nitrite reductases. 

Nitrite reduction is detected in a semi-solid 
medium containing 0.05% potassium nitrite. 
When there is visible growth, reagents A and B 
are added to the medium as for the nitrate test. 
Absence of a red color is positive for nitrite 
reduction, while development of a red color is 
a negative test result. 

Production of hydrogen sulfide (H2S) may be 
measured by several methods including a TSI 
agar slant, suspending a strip of lead acetate 
over a semi-solid medium containing 0.02% 
cysteine hydrochloride (Veron and Chatelain 
1973), or using a medium containing ferrous 
sulfate, sodium metabisulfite, and sodium py
ruvate as described by Skirrow and Benjamin 
(1980a). Although the TSI method is not the 
most sensitive method, we feel that it is the 
most reproducible of the tests and is the one we 
recommend. Blackening of the medium is a 
positive reaction. The medium should be fresh 
with water of syneresis present at the junction 
of the butt and slant. 

Urease production is detected on Christen
sen's base urea agar prepared as a slant. De
velopment of a pink color is indicative of a pos
itive test. 

To determine glycine tolerance, a semi-solid 
medium is supplemented with l.Oo/o glycine. A 
similar procedure is used for bile tolerance ex
cept that the medium is supplemented with 
oxgall to a final concentration of l.Oo/o. For salt 
tolerance, NaCl is added to a semi-solid me
dium to a final concentration of3.5o/o. Tolerance 
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of 1.5% NaCl can be determined by adding salt 
to yeast extract nutrient agar plates. 

Tolerance of 2,3,5 TTC (Leaper and Owen, 
1981; Luechtefeld and Wang, 1982) is deter
mined by incorporation of TTC into Brucella 
or Mueller Hinton agar to a final concentration 
of either 0.04%. 0.1 %, or 1.0%. If organisms can 
grow in the presence of TTC, they will reduce 
the colorless dye to red tetrazolium salts. A 
standard concentration of TTC has not been 
established. 

The ability of an organism to grow anaero
bically in the presence of 0.1% TMAO is de
termined by a modification of the method de
scribed by Benjamin et al. (1983), in which the 
TMAO is prepared in yeast-extract nutrient 
broth as listed below. 

TMAO Test Broth 
Bacto-peptone I% 
Bacto-tryptone I% 
Yeast extract 0.1% 
Trimethylamine-N-oxide 0.1% 
NaCl 0.5% 
Agar 0.2% 

The medium, made in distilled water, is placed into 
screw-capped tubes and autoclaved just prior to use. 
After cooling, the medium is inoculated with a suspen
sion of organisms and the tube is tightly capped. In
cubation is at 37°C for 7 days. Growth occurring at the 
bottom of the tube, which is oxygen free, is indicative 
of anaerobic growth, a positive test result, while growth 
only at the surface is microaerobic growth and is a neg
ative test result. (Roop et a!., 1984). 

Anaerobic growth in the presence offumarate 
is assessed by inoculating a suspension of or
ganisms onto Brucella agar supplemented with 
0.3% ammonium fumarate. In a similar fashion, 
0.2% sodium formate can be added to Brucella 
agar to determine the ability of this supplement 
to act as an electron donor. In each case, growth 
must be compared to that achieved on unsup
plemented Brucella agar (Roop et al., 1985a). 

Determining the ability of an isolate to grow 
at 25 and 42°C may be tested in a semi-solid 
medium or on agar plates. Temperatures must 
be strictly controlled for this test to be of value. 
Some investigators recommend 43°C rather 
than 42°C to identify truly thermophilic organ
isms. A control test incubated at 37°C, using 
the same medium and same amount of inocu
lum, should always be included for comparison. 

The rapid method of Hwang and Edru-er 
( 197 5) is used to detect the ability of strains to 
hydrolyze hippurate. Cells from an agar plate 
culture are emulsified in 0.4 ml of 1% aqueous 
sodium hippurate. After 2 h of incubation at 
37°C, 0.2 ml of ninhydrin reagent (3.5% nin-
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hydrin solution in a 1: 1 mixture of acetone and 
butanol) is added and the test is incubated for 
an additional 10 min. Development of a deep 
purple color in the ninhydrin layer is a positive 
reaction. Positive and negative controls must be 
run simultaneously. 

Molecular Methods for 
Differentiating Campylobacters 

Several techniques using either nucleic acid hy
bridization methods or polyacrylamide gel elec
trophoresis of proteins have been applied to the 
identification of Campy/obacter species isolated 
in pure culture. 

Totten et al. (1985) used whole cell chromo
somal DNA extracts from a series of campy
lobacter isolates in DNA-DNA hybridization 
reactions to differentiate among strains of C. 
cinaedi and C. fennelliae as well as to distin
guish hippurate-negative C. jejuni isolates from 
C. coli and C. /aridis (Totten et al., 1987). This 
spot hybridization method was relatively sim
ple to perform and proved to be very effective 
for identifying these organisms. 

More recently, Romaniuk and Trust (1987) 
and Moureau et al. ( 1989) have used restriction
fragment-length-polymorphism analysis of the 
genes encoding rRNA in campylobacter to dif
ferentiate among isolates of various species. 
Moureau et al. (1989) were able to accurately 
discriminate among isolates of C. jejuni, C. coli, 
C. laridis, C. fetus, and "C. upsaliensis" using 
a 23-base probe. Similarly, Chevrier et al. 
(1989), Ezaki et al. (1988), and Ng L.-K. et al. 
(1987) used several DNA probes to differentiate 
among species of Campylobacter, while Korolik 
et al. (1988) and Picken et al. (1987) developed 
probes that were specific for C. jejuni. 

Hanna et al. (1983) were able to distinguish 
aerotolerant species of campylobacter from 
other Campylobacter species using polyacryla
mide gel electrophoresis patterns. Similarly, 
Ferguson and Lambe (1984) were able to dis
criminate between species of campylobacters 
using soluble protein extracts of campylobacters 
examined on polyacrylamide gels. Tanner 
(1986) also used protein profiles to distinguish 
C. concisus from other gingival organisms. 

Strain Typing Methods for Campylobacters 

Differentiating among strains of campylobac
ters has been accomplished by several tech
niques including biotyping (Bolton et al., 1984; 
Hebert et al., 1982; Lior, 1984; Skirrow and 
Benjamin, 1980b); serotyping (Lior et al., 1982; 
Penner and Hennessy, 1980; Hebert et al., 
1983); bacteriophage typing (Grajewski et al., 
1985); auxotyping (Tenover et al., 1985a; Ten-



CHAPTER 189 

over and Patton, 1987); plasmid analysis (Bopp 
et al., 1985; Bradbury et al., 1983; Tenover et 
al., 1984); and restriction endonuclease analysis 
of chromosomal DNA (Bradbury et al., 1984; 
Collins and Ross, 1984; Kakoyiannis et al., 
1984; Owen et. al., 1985). 

Antimicrobial Susceptibility Testing in 
Campylobacter Species 

There are several methods available for deter
mining the antimicrobial susceptibility of Cam
pylobacter species. The most common methods 
employed are disk diffusion and agar dilution 
methods. Of these, the agar dilution test is most 
accurate and should be considered the method 
of choice. However, disk diffusion testing often 
is used in clinical laboratories to determine an 
organism's susceptibility to cephalothin and 
nalidixic acid, two markers commonly used in 
identification schemes. A review of the litera
ture shows that more than 12 combinations of 
temperature, atmosphere, and length of incu
bation have been used in an attempt to accu
rately predict the susceptibility of campylobac
ters to various agents, yet, the optimum 
conditions remain unclear. We recommend test
ing at 37°C for 48 h in a microaerobic environ
ment achieved either through the use of evac
uation/replacement, gas-generating envelopes 
in anaerobe jars, or biobags with microaerobic 
gas generators. Candle jars are to be avoided 
since they do not produce optimum microaer
obic conditions. 

Agar Dilution Method 

Mueller-Hinton agar or Brucella agar produce 
equivalent results when used for susceptibility 
testing of campylobacters in our laboratory. 
Other investigators have noted similar results 
(Wang et al., 1984). The inoculum should be 
adjusted to deliver 106 colony-forming units to 
the plate. This can be achieved by making a 
suspension of organisms in saline equivalent to 
a 1.0 McFarland standard, and diluting the sus
pension 1:20 in saline before inoculating the 
agar medium. Plates should be examined at 48 
h for all thermophilic campylobacters, although 
the more fastidious campylobacters may re
quire additional incubation. 

Disk Diffusion Method 

The inoculum for disk diffusion testing is pre
pared as for agar dilution. An attempt should 
be made to read zone sizes after 24 h of incu
bation. The major disadvantage to this method 
is the lack of interpretive criteria for zone di
ameters. Van Hoof et al. (1984) have stated that 
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the National Committee on Clinical Laboratory 
Standards can be followed for most antibiotics, 
yet we have found a relatively poor correlation 
between MICs and zone sizes, particularly for 
erythromycin. 

One suggestion is to use zonejno zone inter
pretations for susceptibility and resistance. This 
is particularly helpful for interpreting cephal
othin and nalidixic acid zones for the purpose 
of species identification. For other antimicro
bials, particularly those to be used therapeuti
cally, agar dilution testing is recommended if 
facilities are available. 

DNA Probes 

DNA probes have been used to detect both tet
racycline and kanamycin-resistance genes in 
Campylobacter species (Lambert et al., 1985; 
Tenover and Elvrum, 1988; Courvalin and Tay
lor, 1988). Probes, however, only indicate the 
presence of a resistance determinant or portions 
of a determinant but do not indicate the phe
notype of the organism. Thus, non-functional 
resistance genes may produce positive hybrid
ization test results that would be interpreted to 
mean that the organism was resistant to an anti
microbial agent when, in fact, it was susceptible. 
Probes have primarily been used for epidemi
ological studies of antimicrobial resistance in 
campylobacters. 

Mechanisms of Antimicrobial Resistance 
in Campylobacters 

A review of the mechanisms of antimicrobial 
resistance in the thermophilic campylobacters 
has been presented by Taylor and Courvalin 
( 1988). Of note are the presence in several spe
cies of campylobacter of two resistance deter
minants that probably originated in Gram-pos
itive organisms. The first is the aphA-3 
kanamycin resistance determinant, first re
ported in a strain of C. coli by Lambert et al. 
( 1985), and sequenced by Trieu-Cuot et al. 
(1985), and the second is the tetO gene, whose 
DNA sequence was first reported by Sougakoff 
et al. ( 1987). Both genes can be carried on trans
missible plasmids (Kotarski et al., 1986; Sagara 
et al., 1987; Taylor et al., 1981; Tenover et al., 
1983; Tenover et al., 1985b ), as can a new kan
amycin resistance gene that may be endemic to 
Campylobacter species, the aphA-7 gene (Ten
over et al., 1989). Resistance to quinolones, (3-
lactams, chloramphenicol, macrolide-lincos
amide-streptogramin (MLS)-type drugs, strep
tomycin, spectinomycin, and other aminogly
cosides have all been reported in 
campylobacters (Taylor and Courvalin, 1988). 
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Isolation 

Collection and Transport of Fecal Samples 

A fresh fecal sample that is rapidly transported 
to the laboratory is the optimum specimen for 
the isolation of enteric campylobacters from an
imals or humans. Fecal samples that cannot be 
processed quickly, and all rectal swab speci
mens, should be transported to the laboratory 
in alkaline peptone water, pH 8.5, containing 
0.05% sodium thioglycolate and 0.025% L-cys
tine, or, in modified Cary-Blair medium with 
the agar concentration reduced to 1.6% (Wang 
et al., 1983). Transport media should be kept 
cold after inoculation because campylobacters 
survive longer at 4 oc than at ambient temper
ature (Blaser et al., 1980a). 

Collection and Transport of Other 
Specimens from Animals 

Tissue samples or animal carcasses for culture 
should be kept moist and cool and transported 
to the laboratory immediately for culture. Air 
should be excluded as much as possible (Lander 
and Gill, 1985). For small tissue samples, a 
transport medium, such as modified Cary-Blair, 
or cold physiologic saline is recommended. 

The lavage and aspiration method of Lander 
(1983) is recommended for the recovery of cam
pylobacters from the vaginal mucus of cows. C. 
fetus subsp. venerealis is best recovered from 
bulls by collecting material from the prepuce 
and preputial sac by lavage. Alternately, ma
terial can be collected from the mucosal folds 
and placed in Clark's transport medium (Clark 
and Dufty, 1978) for transport to the labora
tory. 

Clark's Transport and Enrichment Medium (Clark 
and Dufty, 1978) 

Fresh bovine serum to which is added 

5-Fluorouracil 
Polymyxin B 
Brilliant green 
Nalidixic acid 
Cycloheximide 

300 .ug/ml 
100 units/ml 
50 .ug/ml 

3 .ug/ml 
100 .ug/ml 

Ten milliliter aliquots of serum containing antibiotics 
and inhibitors are placed in 30-ml bottles, closed with 
rubber stoppers, and placed in a boiling water bath for 
2 min or until the serum solidifies. The medium is 
cooled and dispersed with a glass rod. After introducing 
a microaerobic gas mixture into the bottles (2.5% 0 2, 

10% C02, and 87.5% N2), they are stored at 4°C for I 
week, after which time they are available for use for up 
to 4 weeks. Samples containing as few as 100 organisms 
remain viable in this transport media for up to 48 h. 
Once in the laboratory, the material can be filtered and 
applied to either selective or non-selective media, how-
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ever, the media should not contain cephalothin or poly
myxin B (Jones et al., 1985). Incubation of media should 
be continued for 5 days at 37C and examined at regular 
intervals. 

Filtering Methods 

The first clinical samples of campylobacter were 
recovered using a 0.65-~m filter to remov{~ large 
particles of stool (Dekeyser et al., 1972). How
ever, the more common application of filters for 
the recovery of these organisms takes advantage 
of the highly motile nature of most campylo
bacters and their slender width which allows 
them to pass through 0.45-0.65 ~m filters leav
ing other bacterial flora behind. When used in 
this manner, nonselective media can be substi
tuted for agar plates containing antimicrobic 
combinations that may prove inhibitory to cer
tain strains of campylobacter (Steele and 
McDermott, 1984). Steel et al. (1985) isolated 
a wide diversity of Campylobacter species from 
humans using this method. It should be noted, 
however, that low concentrations of campylo
bacters may be missed if the filter technique is 
used exclusively for stool samples (Goossens et 
al., 1986). 

To perform the method described by Steele 
and McDermott (1984), fecal samples are di
luted 1:10 in sterile saline containing glass 
beads. 10-12 drops ofthe suspension are placed 
on a 47 mm 0.45-~m filter resting on a 6% sheep 
blood agar plate that had been dried for 30 min. 
Liquid should not spread over the edge of the 
filter. The filter is removed and discarded after 
10-30 min. and the plate is incubated under 
microaerobic conditions. The authors note that 
cellulose triacetate filters worked best in their 
study. 

Alternate filtering techniques using 0.65-~m 
Sartorius filters or attaching the filters to a 
Swinney adapter fitted to a syringe, have been 
used successfully for isolation of campylobac
ters from animal sources (Gebhart et al., 1983; 
Lander and Gill, 1985). After passing the ma
terial through the filter apparatus, the filtrate is 
placed on selective or nonselective media. 
Spreading the filtered inoculum across the me
dium to obtain isolated colonies will facilitate 
recognition of multiple species of Campylobac
ter. 

Selective Isolation Media 

Among the 12 selective media described for the 
isolation of campylobacters, no single IDI:!dium 
is satisfactory for the recovery of all Campy
lobacter species. We will describe five media for
mulations, each of which offers certain advan
tages for the isolation of these organisms. The 
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investigator must decide which species are of 
interest and then choose the appropriate com
bination of media. We strongly recommend the 
use of a selective medium, plus filtration onto 
a nonselective medium, for maximum recovery 
of campylobacter isolates from samples. 

Several antimicrobial agents have proven 
troublesome when used for isolation of cam
pylobacters. Cephalothin, which is used in se
lective media at concentrations of 32 ug/ml, is 
inhibitory to C. fetus subsp. fetus, C. fetus sub
sp. venerealis, C. jejuni subsp. doylei, "C. up
saliensis. " C. hyointestinalis, C. cinaedi, C. fen
nelliae, C. mucosa/is, all subspecies of C. spu
torum, C. nitrofigilis, and H. pylori. Also, 
strains of C. coli that are susceptible to ce
phalothin have been recovered from cattle 
(Brooks et al., 1986). Cefoperazone in concen
trations of 15-32 J.Lg/ml and cefazolin at con
centrations of 15 J.Lg/ml also may inhibit the 
majority of these organisms. Polymyxin B and 
colistin are inhibitory to some strains of C. coli 
(Ng et al., 1985), "C. upsaliensis" (Steele et al., 
1985), and C. fetus subsp. venerealis (Jones et 
al., 1985). Rifampin inhibits the growth of C. 
cinaedi and C. fennelliae (Aores et al., 1985). 

Skirrow's medium was one of the first to be 
described. It is widely used and permits the re
covery of cephalothin-susceptible campylobac
ters. However, overgrowth by fecal flora is fre
quently a problem with this medium. 

Skirrow's Medium (Skirrow, 1977) 
Blood agar base No. 2, to which is added 

Lysed horse blood 
Vancomycin 
Trimethoprim 
Polymyxin B 

5% 
10 !Lg/ml 
5 !Lg/ml 
2.5 IU/ml 

The agar is autoclaved, cooled to 50°C, and the blood 
and antimicrobials added aseptically. The medium is 
distributed in petri plates. 

The medium described by Blaser et al. 
( 1979a) and sold commercially as Campy BAP 
(BBL, Cockeysville, MD) is similar to that of 
Skirrow except that defibrinated sheep blood is 
used and cephalothin is incorporated to more 
effectively inhibit fecal flora. 

Modified Campy BAP (Blaser et a!., 1979a) 
Brucella agar base, to which is added 

Defibrinated whole sheep blood 
Cephalothin 
Polymyxin B 
Trimethoprim 
Vancomycin 
Amphotericin B 

10% 
32 !Lg/ml 
2.5 IU/ml 
5 !Lg/ml 

10 JLg/ml 
2 !Lg/ml 
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The agar is autoclaved and cooled to 50°C. Blood and 
antibiotic supplements are added aseptically and the 
medium is poured into petri plates. 

Goossens et al. ( 1986) described a modifica
tion of Butzler's medium Virion (Goossens et 
al., 1983) that omits colistin and increases the 
concentration of cefoperazone to 30 J.Lg/ml. This 
medium provides enhanced inhibition of hu
man fecal flora. 

Modified Butzler's Medium Virion (Goossens et 
al., 1986) 

Columbia Blood agar base (Oxoid), to which is added 

Defibrinated sheep blood 
Cefoperazone 
Rifampicin 
Amphotericin B 

5-7% 
30 !Lg/ml 
10 !Lg/ml 
2 ~tg/ml 

The agar is autoclaved and cooled to 50°C. The anti
biotic supplements and the sheep blood are added asep
tically and the medium poured into petri plates. 

An antimicrobial formulation similar to that 
of modified Butzler's medium Virion that in
corporates activated charcoal into the medium 
in place of blood was described by Karmali et 
al, (1986). Charcoal was first recommended as 
an additive to campylobacter selective media 
by Bolton and Coates (1983). Charcoal effec
tively enhances the growth of campylobacters 
when added to enriched media and in some 
parts of the world, may be less expensive and 
easier to obtain than sterile animal blood. 

Blood-free Medium for Isolating Campylobacters 
from Feces (Karmali et al., 1986) 

Columbia agar base, to which is added 

Activated charcoal 
Hematin 
Sodium pyruvate 
Cefoperazone 
Vancomycin 
Cycloheximide 

4 mg/ml 
0.032 mg/ml 
0.1 mg/ml 

32 !Lg/ml 
20 ILgfml 

100 !Lg/ml 

The agar and charcoal are autoclaved and cooled to 
50°C. The remaining ingredients are added aseptically 
and the medium is dispensed into petri plates. 

Finally, a novel semi-solid medium that takes 
advantage of the motility of campylobacters to 
separate them from other organisms present in 
stool has been described (Goossens et al., 1989). 
The medium is inexpensive to prepare and the 
cultures are easy to interpret. 

Semi-solid Medium (Goossens et al., 1989) 
Mueller Hinton broth, to which is added 

Agar 
Cefoperazone 
Trimethoprim 

0.4% 
30 !Lg/ml 
50 !Lg/ml 
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The broth and agar are combined, autoclaved and 
cooled to 50°C. The antimicrobials are added aseptic
ally to the medium and poured into 5-cm plates and 
stored in the dark until used. To inoculate, a loopful of 
stool is placed at the periphery ofthe plate. Solid stools 
are first emulsified in saline. Plates are then incubated 
in a microaerobic environment. Campylobacters are rec
ognized on the medium by characteristic swarming away 
from the point of inoculation. 

Recovery of C. hyointestinalis and 
C. mucosa/is from Swine 

Gebhart et al. (1983) noted that combination of 
a filter technique and a selective medium con
taining trimethoprim-sulfamethoxazole was 
important for eliminating contamination with 
Proteus species when sampling intestinal tissues 
of swine with proliferative ileitis. While the 
0.65-.um filter resulted in little contamination, 
it also decreased the number of colonies present 
on the medium by 40%. On the other hand, 
trimethoprim-sulfamethoxazole inhibited sev
eral of the C. mucosa/is strains. Thus, a com
bination of 0.8-,um filters and a selective me
dium and 0.65-.um filters with a nonselective 
medium yielded the largest numbers of isolates. 

Recovery of H. pylori and H. mustelae 

Biopsies of the antral portion of the stomach 
or other areas demonstrating gastritis should be 
sampled via endoscopy and the tissue trans
ported to the laboratory immediately in sterile 
saline at room temperature. The specimen 
should be inoculated onto fresh chocolate agar, 
Skirrow's medium modified by the addition of 
amphotericin B (5 ,ug/ml) and substitution of 
cefsulodin (5 ,ug/ml) for polymyxin B (Dent et 
al., 1988), or GC medium base containing either 
1.0% soluble starch or 0.2% charcoal (Buck et 
al., 1987). Since H. pylori requires an extremely 
humid environment for growth on agar, paper 
towels saturated with sterile water should be 
placed in the jar with the media. Incubation is 
at 37°C under microaerobic conditions for up 
to 7 days. 

Recovery of C. cryaerophila and 
C. nitro.figilis 

Methods for the recovery of these organisms 
can be found in Neill et al. (1980) and McClung 
and Patriquin (1980), respectively. Because of 
the intricacies of the isolation techniques, they 
are not detailed here. 

Enrichment Broths 

In general, fecal samples from humans and an
imals do not require an enrichment broth step 
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if the samples are processed rapidly by the lab
oratory (Chan et al., 1985; Bolton and Robert
son, 1982). However, specimens that have been 
delayed in transit and specimens that may con
tain low numbers of organisms, such as those 
from patients receiving antimicrobial therapy, 
may benefit from enrichment (Martin et al., 
1983). Environmental, milk, and food samples 
are usually enriched before plating due to the 
small number of organisms present (Heiseck, 
1985). Enrichment is carried out for 24-72 h at 
42°C for isolation of thermophilic campylo
bacters. Two commonly used enrichment 
broths are described below. Polymyxin B may 
be omitted from either one for greater recovery 
of nonthermophilic campylobacters. Most en
richment broths have not been evaluated for re
covery of campylobacters other than C. jejuni 
subsp. jejuni. 

Doyle and Roman Enrichment Broth (Doyle and 
Roman, 1982) 

Brucella broth containing: 

Lysed horse blood 
Sodium succinate 
Cysteine hydrochloride 
Vancomycin 
Trimethoprim 
Polymyxin B 
Cycloheximide 

7% 
0.3% 
0.01% 

15 !Lg/ml 
5 !Lg/m1 

20 IU/ml 
50 !Lg/ml 

Lovetts Enrichment Broth (Lovett et al., 1983) 
Brucella broth containing: 

Ferrous sulfate 
Sodium metabisulfate 
Sodium pyruvate 
Vancomycin 
Trimethoprim 
Polymyxin B 

0.025% 
0.025% 
0.025% 

15 ttg/ml 
7.5 ttg/ml 
5.0 IU/ml 

Recovery of Campylobacter Species 
from Milk 

To recover campylobacters from milk using the 
method of Lovett et al. ( 1983), centrifuge 40 g 
of raw milk at 34,000 X g for 20 min and dis
card fat and aqueous layers. Suspend the pellet 
in 100 ml of Lovett's enrichment broth. Incu
bate in a microaerobic environment for 24 h at 
42°C and filter through 0.65-.um filter. Culture 
the filter and the filtrate on Skirrow's agar. 

Recovery of Campylobacters from 
Water Samples 

For low-turbidity water, Blaser and Cody ( 1986) 
recommend filtering 500 cc of water through a 
0.45-.um filter and placing the filter face down 
on a selective medium. For high-turbidity 
water, the sample should be pre-filtered through 
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5.0 and 0.6-Jtm membranes before passing the 
sample through the 0.45-Jtm filter. After 6 h of 
incubation at 42°C, the filter is removed from 
the plate and a loop is used to streak the in
oculum area for isolation of colonies. The plate 
is then incubated for an additional 24-48 h. It 
should be noted that as many as 90% of the 
campylobacters could be retained by the 0.6-
Jtm filter. Thus, low-turbidity waters should not 
be pre-filtered. An alternate method of pro
cessing water samples for recovery of campy
lobacters has been described by El-Sherbeeny et 
al. (1985). 

Incubation Temperature 

The incubation temperature chosen for culture 
media will have a significant impact on there
covery of campylobacters in the laboratory. 
With the exception of C. cryaerophila, all Cam
pylobacter species will grow well on primary iso
lation at 37°C. Cultures for recovery of C. cry
aerophila should be incubated at 30°C. 
However, 42°C is the optimal incubation tem
perature for the recovery of the thermophilic 
species C. jejuni subsp. jejuni, C. coli, and C. 
laridis. If a filter technique is used, the plates 
should be incubated at 37°C. 

Providing Microaerobic Growth Conditions 

There are several ways to achieve microaerobic 
conditions optimal for the propagation of cam
pylobacters. The first, and most expensive, is to 
use an incubator with an appropriate gas mix
ture supplied by replaceable tanks. While op
timal, this is an option that few clinical labo
ratories can afford. 

For the clinical laboratory, the most conven
ient option is an anaerobe jar containing a com
mercially prepared gas-generating envelope. 
One of two types of gas-generating envelopes 
can be used. The first is an envelope designed 
to produce a microaerobic atmosphere of 0 2, 

C02, and N2, and the second is a gas-generating 
envelope designed to produce an anaerobic at
mosphere, which, in the absence of the pallad
ium catalyst causes the hydrogen content of the 
jar to increase. Increased hydrogen is important 
for the growth of C. concisus and C. mucosa/is 
and also enhances the growth of several other 
Campylobacter species. It should be noted, how
ever, that the latter option is discouraged by the 
manufacturers of the anaerobic gas-generating 
envelopes since the accumulation of hydrogen 
within the jar is potentially explosive (Sim
mons, 1977). 

Commercially prepared pouches or plastic 
bags that contain a small gas generator capable 
of providing a microaerobic environment for 
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one to two plates are also available and popular 
in clinical laboratories. These pouches are an 
effective and convenient means of growing cam
pylobacters, particularly if the laboratory re
ceives relatively few requests to isolate these 
organisms or has inadequate incubator space to 
accomodate jars. 

Another method of providing a microaerobic 
atmosphere is evacuation/replacement of the 
gas in anaerobe jars with a mixture of 10% COz, 
10% H2, and 80% N 2• After two cycles of evac
uation/replacement, a microaerobic environ
ment, enriched with hydrogen, will be achieved 
(Gebhart et al., 1983). While this is the most 
cost-effective method, it is also the most tedi
ous. 

A simple and inexpensive method of provid
ing microaerobic conditions uses the Fortner 
principle in which an agar plate streaked with 
a rapidly growing facultative anaerobe is in
cluded in a sealable pouch with the agar plates 
used to isolate campylobacters (Karmali and 
Fleming, 1979). The growth of the facultative 
organism reduces the oxygen content in the at
mosphere surrounding the plates permitting the 
growth of any campylobacters present. 

The final method is use of a candle jar, which 
provides an atmosphere of approximately 1 7% 
0 2 (Luechtefeld et aL, 1982). However, we do 
not recommend the use of the candle jar for 
primary isolation of campylobacters unless no 
other system is available since it is less effective 
than the other methods mentioned for the pri
mary isolation of campylobacters (Luechtefeld 
et al., 1982). However, it should be noted that 
the aerotolerance of many campylobacter 
strains can be increased by adding ferrous sul
fate, ferrous metabisulfite, and sodium pyruvate 
to the isolation medium (George et al., 1978). 

Storage and Transport Medium 

Sending pure cultures of campy1obacter isolates 
between laboratories often has proven to be a 
challenge. However, the semi-solid Brucella 
agar medium described by Wang et al. ( 1980) 
has proven effective for transporting a variety 
of Campylobacter species even over periods of 
up to 3 weeks. The recipe is listed below. 

Wang's Transport Medium 
Brucella broth, to which is added 

Difco agar 0.5% 
Defibrinated sheep blood 10.0% 

Autoclave the basal medium plus the agar, cool to 50°C, 
and add the sheep blood. Dispense the medium in 0.5-
ml aliquots into small vials. Inoculate the medium with 
several colonies of a pure culture of campylobacter and 
incubate the vials with the caps very loose for 24 h at 
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37°C in a microaerobic atmosphere. After incubation, 
close the caps and wrap with parafilm before shipping. 
Campylobacters can be frozen at -70°C for extended 
periods of time in a 50:50 mixture oftrypticase soybroth 
and heat inactivated fetal calf or horse serum. 

Genetic Methods of Detecting 
Campylobacters 

DNA probes consisting of nick-translated whole 
cell chromosomal DNA specific for C. jejuni 
have been described, but they have not proven 
useful for detecting this organism directly in 
clinical samples (Echeverria et al., 1985; Tomp
kins and Krajden, 1986). 

Romaniuk and Trust ( 1989) have developed 
oligonucleotide probes directed against rRNA 
targets that detect either C. jejuni and C. laridis, 
or these organisms plus C. coli. However, the 
limits of detection for these probes even when 
used for culture confirmation was I 06 colony
forming units. Other DNA probes for the cul
ture confirmation of Campylobacter species 
have been described (Chevrier et al., 1989; Ezaki 
et al., 1988; Korolik et al., 1988; Picken et al., 
1987; Taylor et al., 1989). 

Other Diagnostic Methods 

Direct microscopic detection of campylobacters 
using darkfield or phase microscopy (Paisley et 
al., 1982), as well as immunofluorescent meth
ods (Hodge et al., 1986; Price et al., 1984), have 
been described in the literature. However, the 
relatively low sensitivity of these methods have 
precluded their widespread usage in laborato
ries. 

Serologic tests and immunofluorescent anti
body tests are not recommended for the detec
tion of most campylobacter infections in hu
mans or animals. Although serology has been 
used to monitor herd immunity, tests for C. 
fetus subsp. venerealis in individual animals as 
a diagnostic tool is not recommended (Garcia 
et al., 1983). The one exception to this rule may 
be detection of antibodies to H. pylori in hu
mans, where serologic tests may well be the cur
rent definitive test method. (Perez-Perez et al., 
1988). 

Finally, a 13C-urea breath test has been de
scribed for detection of H. pylori in humans. In 
this test, the patient ingests a solution contain
ing 13C-labeled urea. The release of 13C-labeled 
C02 in the patient's breath, as measured by 
mass spectrometry, indicates the hydrolysis of 
the labeled urea by the potent urease of H. py
lori. While not widely used, the test appears to 
have merit (Graham et al., 1987). 
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Applications 

Survival 

Most studies on the survival of campylobacters 
in the environment have been undertaken with 
isolates of C. jejuni. These studies have dem
onstrated that these organisms survive from 
weeks to months at cold temperatures ( 4 oq but 
decrease in numbers relatively quickly at 25°C 
and even faster at 37°C (Blaser et al., 1980a). 
C. jejuni survived for 3 weeks in feces and milk 
held at 4 oc, 4 weeks in water, and up to 5 weeks 
in urine. C. jejuni also survived in solutions 
with a pH as low as 3.6. Thus, campylobacters 
introduced into the environment by humans or 
animals may serve as a source of infection for 
weeks to months (Blaser et al., 1980b ). 

Transmission of campylobacters in water, 
raw milk, and meat have been reported (Blaser 
et al., 1979b, 1980b ). With regards to control of 
such transmission cycles, Blaser et al. (1986b) 
have shown that campylobacters are killed by 
usual concentrations of chlorine in treated 
water, while Waterman ( 1982) has demon
strated that campylobacters are killed by pas
teurization methods. In addition, Doyle and 
Roman have shown that C. jejuni, when heated 
in red meat, has aD value (time for 90% killling) 
at 60°C of less than 20 s and thus, is readily 
susceptible to inactivation by heat. 

In contrast to its long survival in liquids and 
feces at low temperatures, C. jejuni is suscep
tible to drying and undergoes significant reduc
tion in numbers when dried. Survival can be 
enhanced, however, at relative humidities of < 
14% at 4 oc (Doyle and Roman, 1982). C. jejuni 
has a pH optimum of6.5 to 7.5, although it will 
grow over a range of pH 5.5 to 8.0 (Blaser et al., 
1980a; Doyle and Roman, 1982). Under stress
ful conditions, C. jejuni assumes a coccoid 
shape and can remain viable although often 
nonculturable in aquatic environments (Rollins 
and Colwell, 1986). 

Vaccines 

Vaccination remains a key factor in the control 
of campylobacteriosis in cattle (Bryner et al., 
1979, 1988; Clark, 1971; Vasquez et al., 1983). 
Unvaccinated herds are subject to outbreaks of 
infertility due to C. fetus subsp. venerealis caus
ing major economic loss (Bryner et al., 1979, 
1988). The importance of booster immuniza
tions has been emphasized for cattle (Berg and 
Fire hammer, 1978). There are at least I 0 vac
cines currently licensed in the United States for 
immunizing cattle against Campylobacter fetus 
subsp. venerealis (Bryner et al., 1979). Of the 
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eight that have been evaluated in an animal 
model, usually the pregnant guinea pig, three 
resulted in good to very good protection while 
the remaining five gave minimal to no protec
tion. There are, to date, no vaccines or candi
date vaccines suitable for use in humans to pro
tect them against any form of campylo
bacteriosis. 

Methods of Genetic Manipulation 
of Campylobacters 

Campylobacters have not been found to 
undergo DNA mediated transformation. How
ever, both a shuttle vector (Labigne-Roussel et 
al., 1987) and a method for introduction of 
DNA by electroporation (Miller et al., 1988) 
have been described. Although early studies de
scribed the use of transducing bacteriophage for 
transmitting genetic information between 
strains of C. fetus (Chang and Ogg, 1971 ), such 
techniques are not currently used. 
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The Genus Wolinella 

ANNE TANNER and BRUCE J. PASTER 

Introduction 

The genus Wolinella was proposed (as was the 
genus Campylobacter) for certain species orig
inally classified in the genus Vibrio and was 
placed in the family Bacteroidaceae (Krieg and 
Holt, 1984). Wolinella was named for Dr. Meyer 
Wolin, an American bacteriologist who first de
scribed a microorganism (Vibrio succi no genes) 
with a metabolism that characterizes this genus. 
Bacteria of the genus Wolinella are Gram-neg
ative rods that may be straight, curved, or hel
ical. They are motile by means of a single polar 
flagellum. They are anaerobic and can utilize 
hydrogen gas or formate as electron donor with 
fumarate or nitrate as electron acceptor. Under 
these conditions, fumarate can also serve as a 
sole carbon source (Bronder et al., 1982). Wol
inella species do not oxidize or ferment car
bohydrates, but peptides stimulate growth (Gil
lespie and Holt, 1987). The GC content oftheir 
DNA ranges from 42 to 48 mol% whereas the 
GC content of Campy/obacter ranges from 28 
to 38 mol%. 

Except for their GC content, bacteria of the 
genus Wolinella are physiologically, morpho
logically, and phylogenetically similar to Cam
pylobacter species. The phylogeny of Wolinella 
and related genera was examined by analyzing 
16S rRNA sequences (Paster and Dewhirst, 
1988). These studies demonstrated that the 
three Wolinella species fall into two distinct, but 
related, subgroups (Fig. 1 ). One subgroup con
tained W. succinogenes, Helicobacter pylori, H. 
mustelae, and Flexispira rappini. The other 
subgroup comprised a tight cluster consisting of 
Wolinella recta, W. curva, most species of Cam
pylobacter, and two formate-and fumarate-re
quiring ("misclassified") Bacteroides, B. gracilis 
and B. ureolyticus (Fig. 1 ). Wolinella recta and 
W. curva were more closely related to the Cam
pylobacter cluster at an average homology of 
95% than to W. succinogenes, the type species 
of Wolinella (average homology level of 88%). 
Thus, despite the large differences in GC con
tent of the DNA, it was suggested that W. recta 

and W. curva should be considered as members 
of the genus Campylobacter (Paster and Dew
hirst, 1988). However, results obtained from 
other experimental methods will most likely be 
necessary to resolve the taxonomic status of 
Wolinella. 

The overall phylogenetic position of Woli
nella relative to other Gram-negative bacteria 
determined from 16S rRNA sequencing (Fig. 2) 
indicated that the genus Wolinella does not be
long in the family Bacteroidaceae, to which it 
is currently assigned. Based on certain unique 
oligonucleotide signatures in the 16S rRNA se
quences, it has.been suggested that Wolinella is 
distantly related to members of the proteobac
teria group, such as Escherichia coli and Proteus 
vulgaris (Stackebrandt et al., 1987; Lau et al., 
1987). It is also possible that Wolinella and re
lated bacteria are sufficiently different to form 
a separate phylogenetic grouping or phylum 
(Romaniuk et al., 1987). 

The type strain of W. succinogenes is ATCC 
29543T (FDC 602W): W recta ATCC 33238T 
(FDC 371): and W. curva ATCC 35224T (VPI 
9584). (FDC = Forsyth Dental Center, Boston, 
MA, USA; VPI = Virginia Polytechnic Insti
tute, Blacksburg, VA, USA.) 

Habitats 

Bacteria of the genus Wolinella do not appear 
to be free living and have been cultured from 
the bovine rumen and from human clinical 
sites. 

Wolinella succinogenes 

W. succinogenes was originally isolated from 
bovine rumen fluid (Wolin et al., 1961 ). One 
strain (IB4) was isolated from sewage by Yosh
inari (Tanner et al., 1984). Nonoral, human 
clinical isolates that were originally classified as 
species of W. succinogenes are most likely 
strains of W. curva, based upon DNA-DNA ho-
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Fig. 1. Phylogenetic tree for Wolinella and its closest relatives. Data are based on nearly complete rRNA sequences (B. J. 
Paster and F. E. Dewhirst, unpublished observations). The scale bar represents the difference in nucleotide sequence 
determined by taking the sum of all branch lengths in connecting two species. Vertical distance has no meaning. 

mologies and serological reactions (Tanner et 
al., 1984). 

Wolinella recta 

The primary ecological niche for W recta ap
pears to be subgingival sites (below the gum 
margin) of the human oral cavity. Isolates de
scribed as "vibrio-corroders," dry spreaders, 
Campy/obacter (Vibrio) sputorum, V. succino
genes, or Bacteroides corrodens from oral and 
clinical sites (Smibert and Holdeman, 1976), as 
well as many of the small motile rods seen on 
darkfield examination of dental plaque samples, 
probably are W recta. W recta has also been 
isolated from an actinomycotic chest wall mass 
(Speigel and Telford, 1984). 

W recta may be pathogenic for humans. W 
recta has been associated (as an anaerobic vi
brio) with deep periodontal pockets (Tanner et 
al., 1979), with gingival (gum) inflammation 
(Van Palenstein Helderman and Rosman, 1976; 
Moore et al., 1987), with actively progressing 
periodontal diseases (Dzink et al., 1988), and 
with intractable (progressing despite treatment) 
periodontal lesions (Haffajee et al., 1988). W 
recta was also isolated from painful human den
tal root canal (endodontic) lesions (Sundqvist, 
1976; Tanner et al., 1984). 

Wolinella curva 

W curva has been isolated from various human 
clinical sites, including subgingival sites, dental 
root canal (endodontic) lesions, an alveolar ab
scess, and septicemia (Tanner et al., 1984; 
Moore et al., 1987). The pathogenicity of this 
species is unknown as very few strains have 
been isolated. 

Other Wolinella species 

Additional unnamed strains of Wolinella have 
been isolated from human subgingival sites 
(Moore et al., 1987). Strains of Woline/la-like 
bacteria were found to colonize periodontal 
pockets of patients with inflammatory bowel 
disease. It was suggested that these strains may 
play a role in the pathogenesis of the disease 
(Van Dyke et al., 1986). Isolates resembling 
Wo/inel/a but which decomposed hydrogen per
oxide were isolated from subgingival sites by 
Takamori et al. ( 1982). 

Isolation 

Isolation of W. succinogenes 

W succinogenes was first isolated by enrich
ment culture from the bovine rumen and clas-
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Fig. 2. Phylogenetic tree for species of Wolinella demonstrating their overall relationship to other Gram-negative bacteria. 
The scale bar represents the difference in nucleotide sequence as determined by taking the sum of all branch lengths 
connecting two species. The genus designation for A. actinomycetemcomitans is Actinobacillus; Y4 indicates strain FDC 
Y4 of A. actinomycetemcomitans serogroup B. 

sified as Vibrio succinogenes (Wolin et al., 
1961). An inoculum ofbovine rumen fluid was 
serially transferred in an anaerobic methano
genic medium containing formate, sulfide, and 
inorganic salts. A highly motile vibrio was ob
served, and subsequently isolated by enrich
ment in a broth medium containing formate 
and fumarate. Wolin et al. ( 1961) recommended 
using a similar procedure to that first used to 
isolate additional strains. 

Isolation of W recta, W curva and Other 
(Unnamed) Wolinella species 

W recta and W curva were isolated from hu
man clinical sites when anaerobic techniques 
were used for sample handling and culture, and 
specimens were inoculated and grown on en
riched media that contained blood, or formate 
and fumarate (Tanner et al., 1979; Moore et al., 
1987; Dzink et al., 1988; Haffajee et al., 1988). 
An example of isolation procedures used for hu
man subgingival oral sites is as follows. Samples 
may be removed with a curette or scaler, and 
placed in a prereduced anaerobically sterilized 
(PRAS) salt solution. Samples should be dis
persed under anaerobic conditions by vortex
ing, with or without glass beads, or by short 

periods of sonication at low power levels. Pro
longed, powerful sonication techniques disrupt 
Wolinella cells (Olsen and Socransky, 1981). 

Dispersed samples should be diluted under 
anaerobic conditions, and then plated on agar 
media containing formate and fumarate, with 
or without sheep blood. Several different basal 
media including trypticase soy and myco
plasma broth base (BBL) allow isolation of Wol
inella species. The recipe for one medium (Tan
ner, 1987) that supports good growth of 
Wolinella species is shown below. 

Medium for Isolation and Agar Cultivation of 
Wolinella Species 

Brain heart infusion agar 
Yeast extract 
Sodium formate 
Fumaric acid or sodium fumarate 
Hemin stock solution (see below) 
Distilled water 
Defibrinated sheep blood 

Hemin Stock Solution: 
Hemin 
Potassium phosphate dibasic 
Distilled water 

52.0 g 
10.0 g 
2.0 g 
3.0 g 

10.0 ml 
950.0 ml 

40.0 ml 

0.05 g 
1.74 g 

100.0 ml 

Boil the ingredients in a flask to dissolve the hemin. 
Store at room temperature and protect from light. 
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Combine the medium components with the exception 
of the sheep blood. Adjust the pH to 7.0 and sterilize 
by autoclaving. When the liquid has cooled, add the 
blood, and pour plates. 

Optimal recovery of oral anaerobic and fa
cultatively anaerobic species is achieved under 
an anaerobic atmosphere containing hydrogen, 
for example, 10% H2, 10% C02, 80% N2• 

Wolinella species may be recognized by their 
colonial morphology (Fig. 3), which varies de
pending on medium composition. On certain 
blood agar plates, colonies may spread over the 
agar surface (dry spreaders), be highly translu
cent, and have the appearance of droplets of 
water (Fig. 3A). There may be small convex col
onies in addition to the spreading-pitting var
iant (Fig. 3A). On other media, the same species 
may pit or corrode the agar surface (Fig. 3B). 
On media supplemented with formate and fu
marate, colonies are larger, convex, and fre
quently have yellow or pink speckles. No he
molysis has been observed on blood agar. 
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The following selective medium for W recta 
and Bacteroides gracilis (Hammond and Ma
lonee, 1988) is a modification of the previous 
medium, replacing blood with sources of sul
fate. W recta and B. gracilis produce excessive 
hydrogen sulfide and form small, black colonies 
on primary isolation. Upon subculture, how
ever, colonies may not turn black on this agar 
medium. 

Selective (Agar) Medium for Isolation of Wolinella 
recta and Bacteroides gracilis 

Brain heart infusion agar 
Sodium formate 
Fumaric acid or sodium fumarate 
Yeast extract 
Sodium thiosulfate 
Ferrous sulfate 
Hemin stock solution (see below) 
Distilled water 
Menadione stock solution (see below) 
Vancomycin stock solution (see below) 

52.0 g 
2.0 g 
3.0 g 

10.0 g 
0.3 g 
0.2 g 

IO.Oml 
980.0 ml 

10.0 ml 
1.0 m1 

Fig. 3. Colonial morphology of Wolinella recta. (A) Agar-spreading (dry-spreading, water drop) colonies and small convex 
colonial variants of W recta. On blood agar plates unsupplemented with formate and fumarate, the small convex variant 
is usually I mm in diameter, whereas the spreading variant may be up to 5 mm in diameter. (B) Agar-corroding colonies 
of W recta. This colonial variant is produced from the agar-spreading variant if cells are plated on certain media, including 
many "home-made" media, as compared to commercially prepared media. Agar-corroding colonies are usually less than 
5 mm in diameter. 
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Hemin stock solution, see recipe for previous agar me
dium. 

Menadione stock solution (I 00 ml): 
Menadione 
Ethanol 
Distilled water 

0.005 g 
1.0 g 

99.0 ml 

Dissolve the menadione in ethanol. Add the water and 
filter sterilize. Aliquots may be frozen. 

Vancomycin stock solution (5 mg/1): 
Vancomycin 
Distilled water 

5.0 mg 
4.0ml 

Dissolve the vancomycin in the water in a test tube. 
Filter sterilize the solution. Aliquots may be frozen. 

Combine the ingredients above except the menadione 
and vancomycin solutions. Adjust the pH to 7.0 and 
sterilize by autoclaving. When the medium has cooled, 
add the filter-sterilized menadione and vancomycin so
lutions, and pour the plates. 

Broth Cultivation of Wolinella Species 

Several broth media have been described for 
culturing Wolinella succinogenes. Wolin et al. 
(1961) used a medium containing: (NH4) 2S04, 

0.1 %; K2HP04, 0.5%; fumaric acid, 0.3%; so
dium formate, 0.3%; yeast extract (Difco), 0.1 %; 
MgC12·6Hz0, 0.02%; and FeS04, 0.001%; pH 
7.0 to 7.2. An improved medium was described 
by Kafkewitz (1975) consisting of 0.4% yeast 
extract, 100 mM ammonium formate, 120 mM 
sodium fumarate, and 0.05% sodium thiogly
collate, pH 7.3. When freshly prepared, this 
broth medium, incubated aerobically, sup
ported growth of several reference strains of 
Wolinella, including representatives of the three 
named species (Tanner et al., 1984 ). 

In an attempt to improve growth of oral agar
corroding species and species stimulated by for
mate and fumarate, optical densities of cells of 
Wolinella species was compared following cul
ture in multiple media bases in different com
binations with different organic acids and re
ducing agents (Tanner, 1987). These studies 
were performed mainly in wells of microtiter 
plates. Excellent growth of W. succinogenes was 
achieved in yeast extract, 10-15 g/liter; sodium 
formate, 2 g/liter; sodium fumarate, 3 gfliter; 
and sodium thioglycollate, 0.5 g/liter. In these 
studies, the increased concentrations of yeast 
extract compared to that of the media described 
by Wolin et al. (1961) and by Kafkewitz (1975) 
resulted in higher yields of cells. While this me
dium supported growth of W. recta and W. 
curva, cell yields were never as high as with W. 
succinogenes. Maximal growth of W. recta and 
W. curva was achieved by the addition of yeast 
extract at 5 g/liter to complex media including 
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brain heart infusion (BBL), Todd-Hewitt broth 
(BBL), or mycoplasma broth base (BBL). W. 
curva was stimulated by the inclusion of L-cys
teine, 0.5 g/liter, and sodium bicarbonate, 1 g/ 
liter, whereas W. recta appeared to prefer so
dium thioglycollate, 0.5 g/liter, as a reducing 
agent. 

Gillespie and Holt (1987) studied the growth 
in broth of the type strain of W. recta. Their 
studies indicated that ammonium formate 
could substitute for sodium formate and that 
hemin was not required for growth of W. recta. 
Maximal growth of W. recta was achieved in 
mycoplasma broth base supplemented with 25 
mM formate and 7 5 mM fumarate. 

Preservation of Cultures 

Wolinella species may be preserved by lyophi
lization using a dense suspension of cells in 
broth containing 5% serum and 1% glucose. 
Cells may also be stored frozen either in liquid 
nitrogen, or in ultra-low-temperature freezers 
(- 80°C) by suspending young colonies in a 
broth containing 5% dimethyl sulfoxide prior to 
slow freezing and storage. 

Identification 

Wolinella species have been difficult to differ
entiate from each other and historically were all 
grouped together as Vibrio succinogenes or Bac
teroides corrodens. However, accurate species 
identification has become quite feasible using 
protein profiles from polyacrylamide gel elec
trophoresis, indirect immunofluoresence, or hy
bridization with species-specific DNA probes. 

Morphology 

All species of Wolinella are nonsporeforming, 
Gram-negative rods that are motile by means 
of a single polar flagellum. Cells are 0.4 ~m in 
diameter and 0.9-4.0 ~m long, and each species 
appears to have a different predominant cell 
shape with rounded or tapered ends (Table 1; 
Figs. 4 and 5). W. succinogenes cells from .a log 
phase broth culture may appear helical or 
curved. W. curva cells are frequently curved, 
whereas W. recta cells are predominantly 
straight. Cells of W. recta possess a distinctive 
cell wall surface layer (S-layer) characterized by 
a hexagonal arrangement of subunits that are 
in close contact with the outer membrane (Fig. 
5; Lai et al., 1981; Kerosuo et al., 1989). S-layers 
present on archaebacteria and other eubac:teria 
are composed of crystalline protein or glyco
protein (Sleytr and Messner, 1983). Colonial 
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Table I. Characteristics that differentiate Wolinella species, Bacteroides gracilis, and Campylobacter concisus. 

Wolinella Bacteroides Campylobacter 
Characteristic succinogenes W. curva W. recta gracilis concisus 

Number of strains 2 4 10 7 6 
Source of isolation Bovine rumen Human clinical Human clinical Human clinical Human clinical 
Dominant cell shape Helical Curved Straight• Straight Curved 
SDS-page-double yellow + 

bands (20-25 KDa) 
Growth on agar containing: 

NaF (0.5 g/liter) + + + 
Oxgall (I 0 gjliter) + + v + 
Deoxycholate (I g/liter) + + + + 
Janus green (0.1 g/liter) + + + + 
Basic fuchsin (0.032 g/liter) + + + + 
Crystal violet (0.005 + v + 

g/liter) 
Indulin scarlet (0.5 g/liter) + 
Penicillin ( 4-16 ,ug/ml) + + v v 
Polymixin B (2-4 ,ug/ml) + + 

+, positive feature; - , negative feature; V, variable feature. 
• W. recta demonstrates an unusual ultrastructure, having hexagonal units in the cell wall. 
Data from Tanner et al., 1981 , 1984; Tanner, 1986. 

Fig. 4. Electron photomicrographs of 
negatively stained Wo/inella cells. (A) 
W. recta, strain FDC 285: a straight 
cell with a single polar flagellum. (B) 
W. curva, strain VPI 10296: a short 
curved rod with a typical Gram-neg
ative cell wall surface and a single po
lar flagellum. Some cells may have bi
polar flagella. (C) W. succinogenes, 
strain ATCC 29543 (FDC 602W): a 
short curved rod with a typical Gram- B 
negative cell wall surface and a single 
polar flagellum. Bars = 0.5 ,urn. 

morphology (Fig. 3) for Wolinella species was 
described under isolation procedures. 

Biochemical Characteristics 

Characteristics common to Wolinella species 
are listed in Table 2. Wolinella strains grow at 
37°C, demonstrate oxidase activity, and pro-

duce hydrogen sulfide, but are asaccharolytic 
and are negative in many routine biochemical 
tests including enzyme substrate tests (Table 2). 
Because of their reducing metabolism, Woli
nella species all reduce benzyl viologen ( - 421 
m V). Growth in broth media of W recta is ac
companied by an increase in pH to a maximum 
of 8.0 (Gillespie and Holt, 1987). While strains 
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do not grow on agar surfaces incubated in air, 
they may grow in an atmosphere containing 5% 
oxygen (microaerophilic). Characteristics that 
differ among Wolinella species, Bacteroides 
gracilis, and Campylobacter concisus are listed 
in Table 1. Wo/inella recta is considerably more 
sensitive to many inhibitory agents, including 
antibiotics, than is W. succinogenes, W. curva, 
B. gracilis, or C. concisus. 

Species Differentiation 

Determination of Woline/la species requires dif
ferentiation from other nonfermentative species 
that either corrode agar or demonstrate a for
mate- and fumarate-utilizing metabolism (Ta
ble 3). Eikenella corrodens may be distin
guished by its growth on agar surfaces in air with 
10% carbon dioxide; growth in the presenCe of 
4 1-Lg/ml clindamycin; lack of active cell motility; 
lack of growth in media supplemented with for
mate and fumarate without nitrate; and the 
presence oflysine and ornithine decarboxylases 
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Fig. 5. Transmission electron photo
micrographs of Wolinella species. (A ) 
W recta. The cell periphery has a 
well-defined inner membrane, lacks a 
distinct peptidoglycan layer, and has 
bullet-shaped subunits covering the 
outer membrane. Within the cell 
there is a nuclear region (N) and small 
electron-dense cytoplasmic inclu
sions (C). Bar = 0.2 !Lm. (B) W recta. 
Section of cell wall illustrating its ul
trastructure. The inner membrane 
(IM), the outer membrane (OM), and 
the regularly arranged bullet-shaped 
subunits (BSU) at the cell surfl!ce are 
visible. Bar = 0.1 !Lm. (C) W curva: 
a curved-to-helical rod showing the 
flagellar insertion (F), a nuclear re
gion (N), and small electron-dense cy
toplasmic inclusions (C). The ultra
structure of W curva is similar to that 
of Campylobacter concisus. Bar = 0.2 
!Lm. (D) W succinogenes: a curved 
rod showing the flagellar insertion (F), 
nuclear region (N), and small elec
tron-dense cytoplasmic inclusions 
(C). Bar = 0.2 !Lm. 

(Table 3). The other species listed in Table 3 
differ physiologically from E. corrodens. The 
formate-and fumarate requiring species proved 
difficult to differentiate using the characteristics 
of source of isolation, presence or absence of 
motility, unreactivity of strains (e.g., of W. recta 
to inhibitors), cell morphology, and urease ac
tivity (Tables 1 and 3; Tanner et al., 1987). How
ever, Wo/ine/la species can be differentiated us
ing serology, polyacrylamide gel 
electrophoresis, and DNA probes. 

SEROLOGY. All Wolinefla species are serologi
cally distinct based on agglutination tests 
(Badger and Tanner, 1981 ), ELISA (Tanner et 
al., 1984), and indirect immunofluoresence 
(Werner-Felmayer et al., 1988; Lai et al., 1989). 
Different serotypes have been described for W 
recta using polyclonal antibodies (Badger and 
Tanner, 1981) and indirect immunofluoresence 
utilizing different monoclonal antibodies to W 
recta (Werner-Felmayer et al., 1988). Fluores
cently labeled polyclonal antibodies have been 
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Table 2. Characteristics common to all Wolinella species.• 

Common positive characteristics: Gram-negative rods; actively motile by a single polar flagellum; 0.4 ~tm in 
diameter and 0.9-4.0 ~tm in length; growth in broth supplemented with formate 
and fumarate; growth in anaerobic and microaerophilic (5% 0 2) atmospheres; 
reduction of nitrate, nitrite, neutral red, and benzyl viologen; oxidase and 
benzidine positive; production of hydrogen sulfide, hydrogen, carbon dioxide, 
and succinate; growth in the presence of Evans blue (0.05 gjliter), malachite 
green (0.02 mgjliter), brilliant green (0.0125 gjliter), and kanamycin (1, 2, or 4 
!Lgfml); arginine aminopeptidase positive in API An-Ident tests; GC content, 
42-47 mol%. 

Common negative characteristics: No growth in unsupplemented broth media or in media supplemented with only 
0.2% nitrate; no growth on agar surfaces in air, or in air containing 10% CO,; no 
spores formed; not haemolytic; no reduction in pH when incubated in formate
and fumarate-supplemented media with 1% adonitol, 1% amygdalin, 
1% arabinose, I% dextran, I% dulcitol, I% fructose, I% galactose, I% glucose, 
I% glycerol, I% glycogen, I% inositol, I% inulin, I% lactose, I% maltose, 
I% mannitol, I% mannose, I% melezitose, I% melibiose, I% raffinose, 
I% rhamnose, I% ribose, I% salicin, 1% sorbitol, I% sucrose, I% trehalose, 
I% xylose, 0.25% esculin, or 0. 5% starch; catalase negative; lysine, ornithine, and 
arginine not decarboxylated; starch, dextran, esculin, casein, DNA, and gelatin 
not hydrolyzed; hydrogen peroxide, urease, lethicinase, lipase, indole, ammonia, 
and acetylmethylcarbinol not produced; nitrous oxide, methane, formate, 
acetate, propionate, isobutyrate, butyrate, isovalerate, valerate, caproate, lactate, 
and pyruvate not detected; gas not formed under an agar layer over a broth 
culture; no growth in the presence of NaCl (20 or 40 gjliter) or penicillin (64 
!Lg/ml); negative or weak reactions in API ZYM and API An-Ident tests, except 
for arginine aminopeptidase. 

•These characteristics are shared by B. gracilis, C. concisus, and C. sputorum, except: B. gracilis has no flagellum and is 
not actively motile; Campylobacter species have a lower GC content. 
Data from Tanner et al., 1981, 1984, 1985. 

Table 3. Differentiation of Wolinella species from other asaccharolytic agar-corroding, and formate- and fumarate-
requiring species. 

Eikenella Bacteroides B. Campylobacter c. Wolinella 
Characteristic corrodens ureolyticus gracilis sputorum concisus species 

Growth in Air + 10% CO, + 
Lysine and ornithine decarboxylase; + 

growth in 4 !Lg/ml clindamycin 
Cells motile by flagellum 
Growth stimulated by nitrate (N), N FF 

or formate and fumarate (FF) 
Urease + 
GC content, mol% 50-58 28 

used to identify W recta from dental plaque 
samples (Lai et al., 1989). 

UsE oF GEL ELECTROPHORESIS. Sonicated whole 
cell preparations of the formate and fumarate
utilizing species were run on SDS-polyacryla
mide gels. Each species demonstrated a different 
protein profile when gels were stained with a 
conventional silver stain (Fig. 6). W recta was 
most easily distinguished from these other spe
cies by the presence of yellow-stained bands (in 
contrast to typical black bands) at an approxi
mate molecular weight of 25 kDa Tanner, 
1986). 

+ + + 
FF FF FF FF 

42-47 30-34 34-38 42-47 

DNA PROBES. W recta can be identified from 
pure cultures and in dental plaque samples us
ing either whole genomic DNA probes (Gun
aratnam et al., 1990) or short oligonucleotide 
probes (Dix et al., 1990; B. .J. Paster and F. E. 
Dewhirst, unpublished observations). Whole 
genomic probes (Gunaratnam et al., 1990) were 
prepared and labeled with a nonradioactive la
bel as described by Smith et al., ( 1989). Colonies 
of strains to be identified were "lifted" onto 
nylon filter membranes, and the DNA was ex
tracted and fixed to the solid support. Positive 
hybridization reactions were visualized by a 
nonradioactive color reaction. 
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logical studies have been performed on strains 
of either W. succinogenes or W. curva. 

Wolinella species can utilize formate or hy-
l drogen gas as an energy source with formate 

being oxidized to C02• W. succinogenes can also 
use hydrogen sulfide as an energy source (Macy 
et al., 1986). The oxidation of the electron do-

l nors can be coupled with any of several electron 
acceptors, including fumarate and nitrate. Suc
cinate is produced when cells are grown on fu
marate, which can also serve as the sole carbon 
source (Bronder et al., 1982). Fumarate can be 
replaced by L-malate, L-aspartate, or L-aspara
gine for W. succinogenes and W. curva (Wolin 
et al., 1961; Katkewitz, 197 5). 

Oxidation of formate or hydrogen may also 
be coupled with reduction of nitrate or nitrite, 
or for W. succinogenes, with nitrous oxide or 
sulfur (Wolin et al., 1961; Yoshinari, 1980; 
SchrOder et al., 1988). Nitrate or nitrite is re
duced to ammonia, but not to nitrogen gas 
(Bokranz et al., 1983). However, nitrous oxide 
can be reduced to nitrogen via nitrous oxide 

20,1 00 

2 3 4 5 6 7 8 9 

• · reductase (Teraguchi and Hollocher, 1989). Sul
fur is reduced to hydrogen sulfide via sulfur re
ductase (Schroder et al., 1988). W. recta can 
grow with oxygen as the sole electron acceptor 
in continuous culture if the oxygen concentra
tion is maintained below 2-5 ~tM (Ohta and 
Gottschal, 1988). 

Fig. 6. Silver-stained SDS-polyacrylamide gel of sonicated 
whole cells of species with a formate and fumarate metab
olism. The running and stacking gels contained 14% and 
4% acrylamide respectively. The current was run at 15 rnA 
per 0. 75 mm thick gel. The arrow indicates the level of 
yellow-staining bands of Wolinella recta isolates in lanes 4 
and 5. Lane I, high-molecular-weight standard mixture; 
lane 2, W succinogenes ATCC 29543T, lane 3, W curva 
ATCC 35244T; lanes 4 and 5, W recta strains ATCC 33238T 
and FDC 267; lane 6, Campylobacter concisus ATCC 
33237T; lane 7, C. sputorum ATCC 3598QT (VPI S-17); lane 
8, Bacteroides gracilis ATCC 33236T; and lane 9, B. ureo
lyticus VPI 7815. 

Short DNA oligonucleotide probes (20-24 
bases) were designed by comparing 16S rRNA 
sequences to determine those regions of the 
molecule that were unique to any given species. 
Complementary DNA to that region was syn
thesized, and the probe was labeled with a ra
dioisotope. Probes specific for the RNA of the 
three Wolinella species have been developed, 
but they have not yet been tested directly on 
clinical samples (B. Paster and F. Dewhirst, un
published observations). 

Physiological Properties 

Wolinella species have generated the interest of 
several investigators because of their unusual, 
previously unrecognized, formate- and fumar
ate-requiring metabolism. Most of the physio-

A growth requirement for succinate was de
scribed for W. succinogenes when nitrate re
placed fumarate as the electron acceptor (Nied
erman and Wolin, 1972), but not nitrous oxide 
(Yoshinari, 1980). Added succinate was not 
needed in the presence of substances that could 
be converted to succinate, including malate, fu
marate, and L-asparagine. The succinate re-
quirement could not be replaced by oxaloace
tate, pyruvate, bicarbonate, acetate, propionate, 
butyrate, L-glutamate, D-aspartate, or o-ami
nolevuJinic acid (Niederman and Wolin, 1972). 
L-aspartate and L-asparagine could substitute 
for fumarate, malate, and nitrate as electron ac
ceptors when W. succinogenes was grown in the 
presence of formate. 

The electron transport chain is comprised of 
formate dehydrogenase and fumarate reduc
tase, which are linked by a menaquinone. For
mate dehydrogenase was isolated from W. suc
cinogenes as a dimer of two identical subunits 
of molecular weight equal to 110,000, contain
ing a cytochrome b that mediated electron 
transfer to menaquinone (Kroger et al., 1979). 
Fumarate reductase was isolated in two forms, 
one of which contained a cytochrome b that 
mediated electron transfer from menaquinone 
to fumarate reductase (Unden et al., 1980). The 
reactive sites of formate dehydrogenase appear 
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to face the outside, while those of fumarate re
ductase face the inside of the cytoplasmic mem
brane (Kroger et al., 1980). 

Two nitrite reductases (mol. wt: of 63,000) 
were characterized from W succinogenes, one 
isolated from the cytoplasm and the other as
sociated with the cytoplasmic membrane 
(SchrOder et al., 1985). In these studies, it was 
suggested that a hemeC protein with a molec
ular weight of 22,000 was a form of cytochrome 
C. A cytochrome C-containing nitrous oxide re
ductase (a dimer of mol. wt. 162,000) was also 
isolated and purified from W succinogenes 
(Teraguchi and Hollocher, 1989). Sulfur reduc
tase, isolated as sulfur dehydrogenase, is in
volved in the sulfur respiration of W succino
genes (Schroder et al., 1988). When growth is 
driven by the reduction of sulfur, a menaqui
none is apparently not involved in the phos
phorylative electron transport chain. 

L-Asparaginase has been isolated from W 
succinogenes (Kafkewitz and Goodman, 1974) 
and from strains currently recognized as W 
curva. (Albanese and Kafkewitz, 1978; Abou
chowski et al., 1979; Radcliffe et al., 1979). This 
enzyme inhibited growth of an in vitro culture 
of human pancreatic carcinoma cells (Wu et al., 
1978) and was thus of interest for its potential 
antitumor activity. 

Genetic information 

The G C content of the DNA of Wolinella spe
cies ranges from 42-46 mol% (Tm). DNA-DNA 
hybridization studies demonstrated that the 
currently recognized species were distinct from 
each other (Tanner et al., 1981, 1984). The phy
logeny of Wolinella species and related bacteria 
has been determined by 16S rRNA sequence 
analysis and was described in the introduction. 
Two structural genes coding for subunits of the 
enzyme fumarate reductase from W succino
genes were cloned and expressed in Escherichia 
coli (Lauterbach et al., 1987). No genetic trans
fer among the species has been observed. 
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Free-Living Saccharolytic Spirochetes: 
The Genus Spirochaeta 

ERCOLE CANALE-PAROLA 

The genus Spirochaeta includes anaerobic and 
facultatively anaerobic spirochetes that are in
digenous to aquatic environments such as the 
mud and water of ponds and marshes. These 
spirochetes occur in nature as free-living forms, 
that is, their existence does not depend on phys
ical associations with other organisms (Canale
Parola, 1984b ). 

Spirochaeta cells are helically shaped (Figs. 
1-12) and possess the typical ultrastructural 
features of spirochetes (Fig. 13) (Canale-Parola, 
l984a). The outermost structure of the cells is 
an "outer membrane," or "outer sheath," which 
encloses the coiled cell body ("protoplasmic cyl
inder") consisting of the cytoplasm, the nuclear 
region, and the peptidoglycan-cytoplasmic 
membrane complex (Fig. 13). Organelles ultra
structurally similar to bacterial flagella are lo
cated in the area between the outer membrane 
and the protoplasmic cylinder (Fig. 13). These 
organelles are essential components of the mo
tility apparatus of spirochetes (Paster and Can
ale-Parola, 1980) and are usually called "peri
plasmic flagella." Other names that have been 
used to designate these motility organelles are 
"periplasmic fibrils," "axial fibrils," "axial fil
aments," and "endoflagella." One end of each 
periplasmic flagellum is inserted near a pole of 
the protoplasmic cylinder, whereas the other 
end is not inserted (Fig. 13A). Individual peri
plasmic flagella extend for most of the length 
of Spirochaeta cells, so that those inserted near 
opposite ends overlap in the central region of 
the organism (Fig. 13A). In contrast to flagella 
of other bacteria, the peri plasmic flagella of spi
rochetes are permanently wound around the 

cell body and are entirely endocellular (Fig. 
13B). Thus, the motility mechanism of spiro
chetes is different from that of other bacteria, 
which have flagella that function in direct con
tact with the external environment and are not 
wound around the cell body. 

With one exception, all the known Spiro
chaeta species (Table 1) have two peri plasmic 
flagella per cell, one flagellum being inserted 
near each cell pole. The exception is the large 
spirochete S. plicatilis (Table 1 ), which has as 
many as 18-20 periplasmic flagella inserted 
near each end of the protoplasmic cylinder 
(Blakemore and Canale-Parola, 1973). 

Seven species of Spirochaeta are presently 
known (Table 1; Figs. 1-12). One of these, S. 
p!icatilis, has not been grown in pure culture, 
but its ultrastructure and some of its ecological 
characteristics have been described (Blakemore 
and Canale-Parola, 1973). Four species-S. sten
ostrepta, S. litoralis, S. zuelzerae, and S. iso
valerica-are obligate anaerobes. Two other spe
cies-S. aurantia and S. halophila-are 
facultative anaerobes and characteristically pro
duce carotenoid pigments when growing aero
bically (see below). 

S. stenostrepta, S. zuelzerae, and S. aurantia 
are freshwater species, whereas S. litoralis and 
S. isovalerica are marine species (Table 1) and 
require Na+ concentrations ranging from 200 to 
300 mM for optimal growth (Harwood and 
Canale-Parola, 1983; Hespell and Canale-Par
ola, 1970b ). S. halophila was isolated from a 
high-salinity pond and grows optimally when 
750 mM NaCl, 200 mM MgS04, and 10 mM 
CaC1 2 are present in the medium (Greenberg 
and Canale-Parola, 1976). 

---------------------------------------------------------------------------
Figs. 1-12. Phase contrast photomicrographs of living Spirochaeta cells. Wet mount preparations. Figs. I and 2; S. 
stenostrepta strain Zl (DSM 2028, ATCC 25083). Bars= 10 ,urn. (From Canale-Parola et al., 1968.) Figs. 3-6; S. litoralis, 
strain Rl (DSM 2029, ATCC 27000). Bar = 5 ,urn. (From Respell and Canale-Parola, 1970b.) Figs. 7-9; S. aurantia 
subsp. aurantia, strain J I (DSM 1902, ATCC 25082), irregularly coiled (Figs. 7 and 9) and regularly coiled (Fig. 8) cells. 
Bars = I 0 ,urn. (From Breznak and Canale-Parola, 1969.) Fig. 10; S. p!icatilis. Bar = I 0 ,urn. (From Blakemore and 
Canale-Parola, 1973.) Fig. II; S. halophil a, strain RS I (ATCC 29478). Bar = 5 ,urn. (From Greenberg and Cana1e-Parola, 
1976.) Fig. 12; S. zuelzerae, strain ATCC 19044. Bar= 10 ,urn. (From Canale-Parola et al., 1968.) 
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Fig. 13. (A) Schematic representation of a Spirochaeta cell. The outermost broken line indicates the outer membrane 
(outer sheath). The protoplasmic cylinder is represented by the area delimited by the solid line adjacent to the outermost 
broken line. The cell has two peri plasmic flagella indicated by the solid-dotted thin lines wound around the protoplasmic 
cylinder. The insertion points of the peri plasmic flagella are represented by the small circles near the ends of the cell. (B) 
Schematic representation of a cross section through a Spirochaeta cell. PF, peri plasmic flagella; P-CM, peptidoglycan
cytoplasmic membrane complex; NR, nuclear region; OM, outer membrane (outer sheath). 

Two subspecies of S. aurantia are known (Ta
ble 1). One of these (subsp. stricta) is charac
terized by significantly narrower coils than the 
other (subsp. aurantia), and its DNA possesses 
a slightly lower GC content (Breznak and Can
ale-Parola, 1975; Canale-Parola, 1984b). 

Fracek and Stolz (1985) described a strain of 
anaerobic marine spirochetes isolated from sul
fide-rich mud, and concluded that it represented 
a new species, which they named Spirochaeta 
bajacaliforniensis. The strain is essentially iden
tical to S. litoralis with respect to physiological 
characteristics and GC content of the DNA but 
differs from the latter spirochete in some minor 
morphological features. Further work, possibly 
involving nucleic acid homology studies, is 
needed to determine whether Fracek and Stolz's 
isolate is a strain of S. litoralis or is, in fact, a 
new species of Spirochaeta. 

Ribosomal RNA oligonucleotide cataloging 
studies have shown that Spirochaeta species and 
most Treponema species tested fall within a 
large cluster which is subdivided into two sub
clusters (Paster et al., 1984). The smaller of 
these subclusters includes S. isovalerica, S. li
toralis, S. aurantia, and S. halophila. The larger 
subcluster consists of S. stenostrepta, S. zuel
zerae, and all Treponema species that were 
tested except T. hyodysenteriae. 

Habitats 

Species of Spirochaeta occur, grow, and persist 
as free-living organisms in a variety of aquatic 
environments, such as the water, sediments, 
and muds of ponds, marshes, lakes, rivers, and 
oceans. Numerous strains of Spirochaeta have 
been isolated from various freshwater environ
ments (Canale-Parola, 1984b) and from marine 
muds collected in Pacific and Atlantic coastal 
regions (Harwood and Canale-Parola, 1983; 
Respell and Canale-Parola, 1970b ). Spirochaeta 
cells are present in salt marshes at densities 
ranging from 104 to 106 per gram (wet weight) 
ofthe top 1 em of sediment (Weber and Green
berg, 1981 ). Selective isolation procedures did 
not yield spirochetes from deep-sea sediments 
and water from the Sargasso Sea (3,630 m) and 
the Puerto Rico Trench (8,140 m) (Harwood et 
al., 1982). These results indicate that although 
anaerobic and facultatively anaerobic free-liv
ing spirochetes are common in marine coastal 
environments, they are not widely distributed 
in deep-sea regions. However, Harwood and co
workers (1982) isolated an obligately anaerobic 
spirochete from a sample collected near a deep
sea (2,550 m) hydrothermal vent at the Gala
pagos Rift ocean floor spreading center, and 
they observed bacteria with morphologies typ
ical of spirochetes in surface scrapings from 
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mussels present near a vent. The occurrence of 
spirochetes in this deep-sea region may be as
cribed to the environmental conditions char
acteristic of the vent area, which are favorable 
to the growth of various bacteria. 

Halophilic forms (S. halophila) with opti
mum growth temperatures between 35 and 
40°C have been isolated from a high-salinity 
pond located on the Sinai shore of the Gulf of 
Aqaba (Greenberg and Canale-Parola, 1976). 
Obligately anaerobic thermophilic spirochetes 
isolated from New Zealand thermal springs 
grow optimally at 45 to 50°C (Patel et al., 1985). 
Other Spirochaeta species behave like meso
philes with regard to growth temperatures (Can
ale-Parola, 1984b). 

All species of Spirochaeta that have been cul
tivated are saccharolytic, and they usually lack 
the ability to utilize compounds other than car
bohydrates as oxidizable substrates for growth. 
Various pentoses, hexoses, and disaccharides, 
as well as starch, are used as carbon and energy 
sources (Canale-Parola, 1984b; Greenberg and 
Canale-Parola, 1976). Even though free-living 
spirochetes are commonly observed in natural 
anaerobic environments in which plant material 
that contains cellulose and pectin is biode
graded (Canale-Parola, 1978; Harwood and 
Canale-Parola, 1984), none of the Spirochaeta 
species has been reported to ferment these poly
saccharides. It may be inferred that in their hab
itats, which frequently are rich in decaying plant 
material, Spirochaeta species ferment soluble 
sugars released into the environment by the en
zymatic activities of microorganisms that de
polymerize plant polysaccharides. Both facul
tatively and obligately anaerobic species of 
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Spirochaeta grow abundantly when the energy 
source available to them is cellobiose, a major 
product of cellulose depolymerization, which is 
produced by the extracellular cellulase systems 
of some microorganisms (Breznak and Canale
Parola, 1969, 1975; Greenberg and Canale-Par
ola, 1976; Harwood and Canale-Parola, 1983; 
Respell and Canale-Parola, 1970a, 1970b ). Fur
thermore, free-living spirochetes, such as S. au
rantia, exhibit a strong tactic response toward 
very low cellobiose concentrations (Greenberg 
and Canale-Parola, 1977a), and possess regu
latory systems that enable them to enhance 
their chemotactic responses when attractants 
that serve as energy sources are present at very 
low concentrations in the environment (Terrac
ciano and Canale-Parola, 1984). Inasmuch as 
cellobiose levels in environments in which cel
lulose is degraded are likely to be quite low 
(Smith et al., 1973), a strong tactic response to 
very low concentrations of cellobiose may con
fer an important selective advantage on the spi
rochetes with respect to other cellobiose-utiliz
ing microorganisms. 

In addition to their ability to regulate their 
chemosensory apparatus in response to low sub
strate concentrations, some species of Spiro
chaeta have developed other strategies to sur
vive in environments lacking or nearly depleted 
of energy sources. One of these survival strat
egies has been studied in S. isovalerica, a sac
charolytic anaerobe that does not utilize amino 
acids as fermentable substrates for growth, but 
catabolizes small amounts of L-leucine, L-iso
leucine, and L-valine with the formation of iso
valerate, 2-methylbutyrate, and isobutyrate, re
spectively, as end products (Harwood and 

Table 1. Characteristics of the seven species of the genus Spirochaeta. 

Relationship Optimum growth GC content of 
Species• Sizeb (~-tm) to 0,' temperatures (0 C) Habitat DNA (mol%)d 

1. S. stenostrepta 0.2-0.3 X 15-45 OA 30-37 Freshwater 60.2 
2. S. litoralis 0.4-0.5 X 5-7 OA Near 30 Marine 50.5 
3. S. zuelzerae 0.2-0.4 X 8-16 OA 37-39 Freshwater 56.1 
4. S. isovalerica 0.4 X 10-15 OA 15-35 Marine 63.6-65.6 
5. S. aurantia' 

subsp. aurantia 0.3 X 10-20 FA 25-30 Freshwater 62.2-65.3 
subsp. stricta 0.3 X 10-20 FA 25-30 Freshwater 61.2 

6. S. halophila 0.4 X 15-30 FA 35-40 High salinity 62 
7. S. plicatilis 0.75 X 80-250 Unknown Unknown Unknown' Unknown 

•Pertinent references, which include light and electron micrographs as well as comprehensive descriptions of the species, 
are the following: species I, Canale-Parola et al., 1968; species 2, Respell and Canale-Parola, 1970b, 1973; species 3, 
Veldkamp, 1960; and Canale-Parola et al., 1968; species 4, Harwood and Canale-Parola, 1983; species 5, Breznak and 
Canale-Parola, 1969, 1975; species 6, Greenberg and Canale-Parola, 1976; species 7, Blakemore and Canale-Parola, 1973. 
bLengths indicated are of the majority of cells. Shorter and longer cells are also present in cultures. 
'0A, obligate anaerobe; FA, facultative anaerobe. 
dBuoyant density determinations, except for S. isovalerica (based on determination ofT m). 
•Wavelength of the cell: subsp aurantia cells, 2.0-2.8 ~-tm; subsp. stricta cells, 1.1-1.5 ~-tm. 
'Observed in mud from a brackish marsh (Blakemore and Canale-Parola, 1973). 
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Canale-Parola, 1981a, 1983, 1984). Although 
these amino acids are not used by S. isovalerica 
as fermentable substrates for growth, their fer
mentation serves to generate ATP, which is uti
lized by the spirochetes as a source of mainte
nance energy. This process allows cells to 
survive during periods of growth substrate star
vation (Harwood and Canale-Parola, 1981 a, 
1981 b, 1982). Other starvation-survival strate
gies utilized by Spirochaeta species may involve 
ATP generation through metabolism of endog
enous RNA (Canale-Parola and Kidder, 1982; 
Harwood and Canale-Parola, 1984) or metab
olism of intracellular polyglucose storage gran
ules (Kropinski et al., 1988). 

The large spirochete S. p/icatilis has been ob
served within masses of Beggiatoa trichomes in 
samples of black, sulfide-rich marsh mud cov
ered with a layer of marsh water (Blakemore 
and Canale-Parola, 1973). In this study, the spi
rochetes were seen to swim freely among the 
tangled Beggiatoa trichomes, and "crept" on or 
otherwise moved in contact with the surface of 
the trichomes. The close association with Beg
giatoa suggested a chemotactic response by the 
large spirochete toward metabolites produced 
by the sulfur bacteria. As the level of sulfide 
generated by biological activities in the mud 
became low, gradual lysis of the Beggiatoa tri
chomes was observed. This lytic process coin
cided with a dramatic increase in the number 
of large spirochetes (Blakemore and Canale
Parola, 1973). Possibly, substances released by 
the lysing Beggiatoa were used as growth sub
strates for S. plicatilis. 

Physiology 

Motility and Chemotaxis 

Three main types of motion are observed in 
species of Spirochaeta: 1) translational motion; 
2) rotation of the cell around its longitudinal 
axis; and 3) flexing motion (Canale-Parola, 
1978). In addition to swimming freely in liquid 
environments, some Spirochaeta are able to 
"creep" or "crawl" on solid surfaces, a move
ment resembling that of the gliding bacteria 
(Blakemore and Canale-Parola, 1973). Species 
of Spirochaeta retain their translational motion 
in environments of relatively high viscosity, 
e.g., 500 centipoise (Greenberg and Canale-Par
ola, 1977b ). In comparison, flagellated bacteria 
such as Escherichia coli, Pseudomonas aerugi
nosa, and Aquaspirillum serpens are immobi
lized at viscosities of or above 60 centipoise 
(Greenberg and Canale-Parola, 1977c). 

The motility of a strain of Spirochaeta au
rantia in liquid environments has been de-
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scribed as follows (Greenberg and Canale-Par
ola, 1977a; Greenberg et al., 1985): The 
spirochete usually swims in nearly straight lines 
(runs) and appears to spin about its longitudinal 
axis as it progresses through the liquid. From 
time to time the cell reverses swimming direc
tion, the anterior end of the cell becoming the 
posterior end. Occasionally, the spirochete 
stops running, flexes, and then resumes its 
translational motion. However, upon resUlming 
its translational motion, the spirochete usually 
alters the direction of its movement, and the 
previously leading cell end may or may not be
come the trailing cell end. Thus, S. aurantia 
performs three kinds of behavior (runs, flexes, 
and reversals), in contrast to Escherichia coli 
which performs two kinds (runs and tumbles). 
During runs, S. aurantia cells have an average 
linear speed of approximately 16 1-Lm/s (Fos
naugh and Greenberg, 1988). Flexes last from 
a fraction of a second to several seconds. The 
average frequency of reversals in cell popula
tions is approximately 0.31 reversals/5 s (Fos
naugh and Greenberg, 1988). 

A model that interprets the motile behavior 
of S. aurantia has been proposed (Berg, 1976; 
Greenberg et al., 1985). According to this 
model, the two periplasmic flagella of S. auran
tia rotate, each driven by a motor at the :inser
tion end. Rotation of the flagella in one direc
tion (looking at the cell head on; see Fig. 13B) 
causes the periplasmic cylinder and the outer 
membrane to move in directions opposilte to 
each other. Due to its helical shape, the cell 
rotates about its longitudinal axis and moves 
along it. Runs occur when the flagellar motor 
at one cell end rotates clockwise (CW) while the 
motor at the other cell end rotates counterclock
wise (CCW). When both motors switch direc
tion of rotation at the same time, a reversal takes 
place. A flex is generated during asynchronous 
switching, i.e., when only one motor switches 
direction so that both motors are rotating CW 
or CCW. Asynchronous switching causes the 
cell ends to twist in opposition to each other, 
and a flex occurs. 

S. aurantia exhibits chemotaxis toward o
glucose, o-xylose, cellobiose, and various other 
sugars, but not toward amino acids (Greenberg 
and Canale-Parola, 1977a). Many of the che
moattractants also serve as carbon and energy 
sources for growth of S. aurantia. In the pres
ence of very low concentrations of an attractant 
that serves as a carbon and energy source, grow
ing cells of S. aurantia specifically enhance their 
chemotactic response toward the attractant and 
are able to sense concentrations of the attractant 
much lower than those sensed by cells growing 
in the presence of excess attractant (Terracciano 
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and Canale-Parola, 1984). Most likely, the abil
ity to regulate its chemosensory system pro
vides S. aurantia with competitive advantages 
in natural environments deficient in nutrients. 

Fosnaugh and Greenberg (1988) carried out 
an analysis of the motility and chemotaxis be
havior of S. aurantia. They observed that a pop
ulation of S. aurantia cells spent, on the average, 
66% of the time swimming smoothly (runs), 
33% of the time flexing, and 1% of the time in 
reversals. After addition of an attractant (o-xy
lose, 10 mM final concentration) there was an 
increase in smooth swimming, a decrease in 
flexing, and a complete suppression of reversals. 
From 1.5 to 2 min after addition ofthe attrac
tant, the population resumed its unmodified be
havior. On the basis of their observations and 
of the above-mentioned motility model for S. 
aurantia, Fosnaugh and Greenberg ( 1988) pos
tulated that a mechanism for communication 
between the two flagellar motors is present in 
this spirochete, and that a motor-switch-syn
chronizing device is also operating. 

Fermentation Products and ATP-Yielding 
Pathways 

Under anaerobic conditions, all species of Spi
rochaeta that have been cultured (Table 1 ), ex
cept S. zuelzerae, ferment carbohydrates with 
formation of acetate, ethanol, C02, and H2 as 
major end products (Canale-Parola, 1984b; 
Harwood and Canale-Parola, 1983). S. zuel
zerae primarily produces acetate, lactate, C02, 

H2 and a relatively small amount of succinate 
from carbohydrates (Canale-Parola, 1977, 
1984b; Veldkamp, 1960). 

S. isovalerica (Table 1 ), in addition to fer
menting carbohydrates, ferments L-leucine, L
isoleucine, and L-valine-forming isovaleric, 2-
methylbutyric, and isobutyric acids, respec
tively, as end products (Harwood and Canale
Parola, 1983). However, S. isovalerica requires 
a fermentable carbohydrate for growth. When 
S. isovalerica is grown in medium containing 
both glucose and the three above-mentioned 
amino acids, only a relatively small fraction of 
the total amount of available amino acids is fer
mented (Harwood and Canale-Parola, 1981a, 
1981 b). Under these growth conditions, the ATP 
derived from amino acid catabolism is esti
mated to be 4 to 5% of the total ATP formed. 
Fermentation of the amino acids in the absence 
of glucose does not support measurable growth 
of S. isovalerica, but serves to generate ATP 
which is utilized as a source of maintenance 
energy by the spirochete when fermentable car
bohydrates are not available (Harwood and 
Canale-Parola, 198lb, 1983). In addition to the 
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branched-chain fatty acids, amino acid catab
olism by S. isovalerica yields small quantities 
of isobutanol and isoamyl alcohol (Harwood 
and Canale-Parola, 1981a, 1983). 

All Spirochaeta species whose metabolic 
pathways have been studied (species 1, 2, 4, 5, 
and 6 in Table 1) catabolize glucose to pyruvate 
via the Embden-Meyerhof pathway (Canale
Parola, 1984b; Harwood and Canale-Parola, 
1983). Anaerobic metabolism of pyruvate yields 
acetyl CoA, C02, and H2 via a clostridial-type 
clastic reaction (Canale-Parola, 1977; Green
berg and Canale-Parola, 1976). Acetate is 
formed from acetyl CoA in reactions catalyzed 
by phosphotransacetylase and acetate kinase. A 
double reduction involving aldehyde and al
cohol dehydrogenases is responsible for ethanol 
production from acetyl CoA (Canale-Parola, 
1977). 

When growing aerobically, the two faculta
tively aerobic species (S. aurantia and S. hal
ophila) oxidize glucose incompletely, with for
mation of C02 and acetate as major end 
products. Aerobically, both oxidative phospho
rylation and substrate-level phosphorylation are 
utilized by the two species to generate ATP 
(Breznak and Canale-Parola, 1972b; Greenberg 
and Canale-Parola, 1976). The tricarboxylic 
acid cycle is either absent or plays a minor cat
abolic role in these two species. 

Rubredoxin was detected in cell extracts of 
the obligate anaerobes S. stenostrepta and S. li
toralis, and of the facultative anaerobe S. au
rantia (Breznak and Canale-Parola, 1972a; Res
pell and Canale-Parola, 1973; Johnson and 
Canale-Parola, 1973). Rubredoxin was isolated 
from extracts of both aerobically and anaero
bically grown cells of S. aurantia. Ferredoxin 
was present in cell extracts of anaerobically 
grown S. aurantia, but was not found in aero
bically grown cells of this bacterium (Johnson 
and Canale-Parola, 1973). 

Isolation 

Selective Procedures 

Anaerobic and facultatively anaerobic spiro
chetes are readily isolated from natural envi
ronments by means of selective procedures, and 
usually grow abundantly in ordinary laboratory 
media. Anaerobic growth yields of the isolates 
range from 2 X 108 to approximately 1010 cells/ 
ml, but commonly are 6 X 108 to 8 X 108 cells/ 
ml (Breznak and Canale-Parola, 1975; Canale
Parola, 1973; Greenberg and Canale-Parola, 
1976; Harwood and Canale-Parola, 1983; Res
pell and Canale-Parola, 1970a,b). Cell popula-
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tion doubling times in anaerobic cultures vary 
from 2.2 to 8.5 h, depending on the species and 
the growth conditions. Aerobically grown cul
tures yield from 0. 7 X 109 to 1.2 X 109 spiro
chetesjml, with doubling times of2 to 4 h (Brez
nak and Canale-Parola, 1975; Canale-Parola, 
1973; Greenberg and Canale-Parola, 1976). 

A procedure in which the antibiotic rifampin 
(rifampicin) serves as selective agent is quite 
effective for the isolation of free-living spiro
chetes (genus Spirochaeta) from natural envi
ronments (Harwood et al., 1982; Patel et al., 
1985; Stanton and Canale-Parola, 1979; Weber 
and Greenberg, 1981 ). This procedure, which is 
described below, is based on the observation 
that spirochetes in general are naturally resist
ant to rifampin (Leschine and Canale-Parola, 
1986; Stanton and Canale-Parola, 1979). Thus, 
spirochetes such as S. stenostrepta and S. au
rantia grow in the presence of as much as 100 
to 200 ,.,g of rifampin per ml of medium (Les
chine and Canale-Parola, 1986), whereas the 
growth of many other bacteria is inhibited. The 
resistance of spirochetes to rifampin is probably 
due to the low affinity of their RNA polymerase 
for the antibiotic (Allan et al., 1986; Leschine 
and Canale-Parola, 1986). 

Other enrichment procedures used in the iso
lation of Spirochaeta species are based either on 
one or both of the following selective factors: 1) 
the ability of spirochetes to pass through filters 
that retain most other bacteria; and 2) the mi
gratory movement of spirochetes through agar 
media (Canale-Parola, 1973, 1984b). These se
lective procedures enrich for species of Spiro
chaeta measuring less than 0.5 ,.,min diameter 
(Table 1). 

In the enrichment-by-filtration procedure, 
which is described in detail below, separation 
of Spirochaeta species from most of the micro
organisms present in mud or water is achieved 
by techniques involving filtration through cel
lulose ester filter discs (e.g., Millipore filters) 
having an average pore diameter of 0.3 or 0.45 
,.,m. Spirochetes pass through these filter discs 
because of their relatively small cell diameter 
(Table 1 ), and probably also because their mo
tility apparatus enables them to swim freely in 
liquids as well as to move in contact with solid 
surfaces. 

The enrichment-by-migration procedure uses 
the ability of spirochetes to move through agar 
gels or media containing as much as 1 to 2% 
(wt/vol) agar. This movement or migration oc
curs primarily within the agar gel, i.e., below 
the surface of the agar medium. In contrast, 
flagellated bacteria usually cannot carry out 
translational movement through gels or media 
containing agar at the above-mentioned con-
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centrations, although several exceptions have 
been reported (Greenberg and Canale-Parola, 
1977c). Apparently the cell coiling of spiro
chetes is important for their translational mo
tion through agar gels, inasmuch as this type of 
movement is impaired in mutant spirochetes 
lacking the cell-coiling characteristic of the pa
rental strain (Greenberg and Canale-Parola, 
1977b). 

Migration of spirochetes through agar media 
results from the unique motility mechanism of 
these bacteria (Canale-Parola 1977, 1978), as 
well as from chemotaxis toward the energy and 
carbon source (Breznak and Canale-Parola, 
1975; Greenberg and Canale-Parola, 1'977a). 
The role of chemotaxis in the migration of sac
charolytic spirochetes through agar media has 
been studied (Breznak and Canale-Parola, 
197 5). When these spirochetes are inoculated in 
the center of glucose-containing agar medium 
plates, they grow using this sugar as their energy 
source. Utilization of the sugar by the spiro
chetes gives rise to a glucose concentration gra
dient that moves away from the center of the 
plate as more of this carbohydrate is metabo
lized by the spirochetes. Since the spirochetes 
exhibit chemotaxis toward glucose and are able 
to move through the agar gel, they migrate into 
the areas of higher glucose concentration within 
the gradient. Thus, the spirochetal population 
follows the outward movement of the gradient 
and migrates toward the periphery of the plate. 
This behavior results in the formation of a 
growth "veil" or "ring" of spirochetes for which 
glucose serves both as the energy source for 
growth and as the chemoattractant (Breznak 
and Canale-Parola, 1975; Canale-Parola, 1973). 
The veil or ring increases continuously in di
ameter during incubation and may reach the 
outer edge of the plate. The migration rate of 
the spirochetal population is greatest in agar 
media containing low substrate concentrations 
(e.g., 0.02% glucose). In these media the sub
strate becomes rapidly depleted in the region 
where spirochetes are growing, and the spiro
chetal population moves toward the outer zone 
ofhigher substrate concentrations at a relatively 
fast rate (Breznak and Canale-Parola, 1975). 

In procedures for the isolation of Spirochaeta 
species from natural environments, the chem
otactic behavior and the ability of these bacteria 
to move through agar gels have important se
lective functions. In a typical isolation proce
dure, a small, shallow cylindrical hole is made 
through the surface of an agar medium con
taining a low concentration of carbohydrate. Ri
fampin may be included in the medium as an 
additional selective agent for spirochetes. The 
medium may be in a petri dish or a small bottle. 
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A tiny drop of pond water, or of any other ma
terial in which spirochetes have been observed, 
is placed within the hole. The chemotactic, sac
charolytic spirochetes in the inoculum multiply 
and form a growth veil that extends outwardly 
through the agar medium. Thus, the spirochetes 
in the veil move away from contaminants, 
which remain mainly in the vicinity of the in
oculation site. Spirochetal cells from the out
ermost edge of the veil are used to obtain pure 
cultures by conventional methods, such as 
streaking on agar medium plates. Isolation pro
cedures involving chemotaxis and movement 
through agar gels are described below. 

Selective isolation techniques have not been 
developed for the large Spirochaeta species, 
such as S. plicatilis. 

Enrichment by Migration 

When spirochetes are vastly outnumbered by 
other bacteria in the inoculum, it is advisable 
to begin the isolation procedure with an en
richment-by-migration step (the principle has 
been discussed above). A suitable medium 
(EBM agar medium) for this enrichment has the 
following composition in g/100 ml distilled 
water: yeast extract (Difco ), 0.1; Trypticase 
(BBL Microbiology Systems), 0.1; L-cysteine, 
HCI, 0.05; resazurin, 10-4; agar (Difco), 1. For 
the enrichment and isolation of marine spiro
chetes, a mixture of sea water (70 ml) and dis
tilled water (30 ml) is used instead of plain dis
tilled water. The pH ofthe medium is adjusted 
to 7.2. After autoclaving, cellobiose is added as 
a sterile solution to a final concentration ofO.Ol 
g/ 100 ml medium. Rifampin (filter-sterilized 
solution) may be used as a selective agent (0.5 
mg per 100 ml of medium). 

The medium is prereduced (Hungate, 1969) 
and is dispensed into narrow-necked 60 ml glass 
bottles. During this step and the steps that fol
low, the medium is maintained in an anaerobic 
atmosphere by delivering a stream of02-free N2 

into the bottles. The bottles containing the me
dium are sealed with neoprene rubber stoppers 
and are placed in a press to hold the stoppers 
in place during autoclaving. The sterilized me
dium is allowed to cool to approximately 50°C, 
and cellobiose and, if desired, rifampin are 
added. The complete medium is solidified at a 
45° angle, so that bottle slants are obtained. 
Then, a small (5 mm diam., 6 mm depth), cy
lindrical well is melted halfway down each slant 
by heating the tip of a thin metal rod and touch
ing the agar with it. Alternatively, the well can 
be made by aspirating some of the agar medium 
with a sterile Pasteur pipette connected to a vac
uum apparatus. All further manipulations are 
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made either while maintaining an N2 atmos
phere within the bottles (Hungate, 1969) or with 
the bottles placed within an anaerobic chamber 
and the rubber stoppers replaced by cotton stop
pers. 

Before inoculation, any liquid that oozed 
from the agar medium is removed by suction 
from the well and the lower part of each slant. 
The bottle slants are inoculated by carefully 
placing a small volume of inoculum (e.g., mud) 
into the well, and are incubated at 30°C. In 
successful enrichments, the spirochetes form a 
characteristic, semitransparent growth veil that 
extends down into the agar medium and dif
fuses out toward the periphery of the slant, away 
from contaminating organisms growing in and 
near the well. The veil usually is visible after 4 
to 7 days of incubation. Cells from the edges of 
the growth veil are used to obtain pure cultures 
of the spirochetes by means of a procedure in
volving serial dilutions in a rifampin-containing 
medium (see below). 

Isolation in Rifampin-containing Media 

Serial dilutions in melted, rifampin-containing 
agar medium can be used to isolate spirochetes 
from materials in which they are present in rel
atively large numbers (e.g., directly from mud 
or from the outer edges of growth veils in the 
bottle slants mentioned above). The spirochete
containing inoculum is serially diluted in tubes 
of melted (45°C), prereduced RIM medium. 
This medium is identical to the EBM agar me
dium described above except that the final con
centration of cellobiose is 0.2% (wtjvol), rifam
pin (0.5 mg/100 ml of medium) is added, and 
the agar (Bacto, Difco) concentration is 0.8 g/ 
100 ml of medium. The medium is dispensed 
and sealed in anaerobic culture tubes containing 
an N2 atmosphere (Hungate, 1969). 

Spirochete colonies in the RIM agar medium 
deeps are recognizable inasmuch as they are 
spherical and because, as a result of cell migra
tion through the agar medium, they appear as 
"transparent bubbles," "veil-like growth with a 
dense center," or "cotton ball-like" (Paster and 
Canale-Parola, 1982; Stanton and Canale-Par
ola, 1979; Weber and Greenberg, 1981 ). To ob
tain pure cultures, the serial dilution step is re
peated at least twice, using cells from spirochete 
colonies that developed in the RIM agar me
dium dilution deeps. 

Procedures involving serial dilutions in ri
fampin-containing agar media have been used 
by Weber and Greenberg (1981) and by Patel 
et al. (1985) to isolate spirochetes from salt 
marsh sediments and hot springs, respectively. 
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Selective Enrichment. by Filtration 

A filtration technique has been used in the iso
lation of Spirochaeta stenostrepta (Canale-Par
ola et al., 1967; Canale-Parola et al. 1968), S. 
litoralis (Hespell and Canale-Parola, 1970b ), 
and the facultatively anaerobic S. halophila 
(Greenberg and Canale-Parola, 1976). In all 
cases, the source of the spirochetes was black 
mud that had the characteristic smell of H2S. 
S. stenostrepta was isolated from a mud sample 
collected from a fresh-water pond, S. litoralis 
from marine mud, and S. halophila from the 
mud of Solar Lake, a high-salinity pond located 
on the Sinai shore of the Gulf of Aqaba. 

Medium for Isolating Spirochaeta stenostrepta 

Distilled water 
Glucose 
Peptone 
Yeast extract 
Vitamin B12 

Phosphate solution 
Salts solution 
Sulfide solution 

875 ml 
5.0 g 
2.0 g 
0.3 g 

lO-s g 
15 ml 

100 ml 
10 ml 

The phosphate solution is prepared by dissolving 30 g 
ofKH2P04 and 70 g ofK2HP04 in 1,000 ml of distilled 
water. 
To prepare the salts solution, 0.2 g of ethylenediamine 
tetraacetic acid are added to 800 ml of distilled water 
and dissolved by heating. The pH of the resulting so
lution is adjusted to 7.0 with 2.5% KOH. Then the fol
lowing additions are made: MgS04 • 7H20, 2.0 g; CaCI2 
· 2H20, 0.75 g; FeS04 • 7H20, 0.1 g; trace elements 
solution (below), 5.0 mi. Finally, the volume of the salts 
solution is adjusted to 1,000 ml with distilled water. 
The sulfide solution (2 g Na2S · 9H20/100 ml distilled 
water) is autoclaved separately and added shortly before 
inoculation to the sterile medium cooled to 30-35°C. 
After sterilization by autoclaving, a precipitate is present 
in the medium, but it disappears as the medium cools. 
The final pH of the complete medium is 6.9-7.0. 
Trace elements solution: A separate solution of each salt 
listed below, in the amount indicated, is prepared in 
distilled water. Heating may be required to dissolve 
some of the salts. The pH of the Na2Mo04 and NaV03 

solutions is adjusted to a value below 7. The Kl solution 
is added to the AlCI, solution and mixed by stirring. 
Then the other solutions are added, one at a time, to 
this mixture, with stirring, in the order in which they 
are listed below. 

I. AIC1,·6H20 
2. KI 
3. KBr 
4. LiCl 
5. MnCI,-4H20 
6. H3B03 

7. ZnCI2 
8. CuCl,-2H20 
9. NiC12·6H,O 

10. CoC12·6H20 
II. SnC12·2H20 

0.50 g 
0.25 g 
0.25 g 
0.25 g 
3.50 g 
5.50 g 
0.50 g 
0.50 g 
0.50 g 
0.50 g 
0.15 g 

12. BaCI2·2H20 
13. Na2Mo0.-2H20 
14. NaVO, 

0.15 g 
0.25 g 
0.05 g 
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The volume of the final mixture is adjusted to L,800 ml 
by adding distilled water, and the pH is adjusted to a 
value between 3 and 4 with HCI. A yellow precipitate, 
present at first, is replaced by a fine, white precipitate 
after a few days. The solution should be mixed thor
oughly immediately before it is used and may be stored 
at room temperature. This trace element solution is a 
modification of a solution described by Pfennig ( 1965). 

Isolation of Spirochaeta stenostrepta (Canale-Parola 
et al., 196 7) 

Black mud, from which a strong odor of H2S could be 
detected, was suspended in aqueous 0.02% Na2S·9H20. 
The slurry was filtered through Whatman No. 40 filter 
paper, and the filtrate was subjected to filtration through 
sterile cellulose ester filter discs (Millipore, pore di
ameter 0.45 llm). One ml aliquots of the resulting filtrate 
were added aseptically to 60-ml glass stoppered bottles, 
half filled with sterile isolation medium. The bottles 
were then completely filled with medium, stoppered 
without trapping air bubbles, and incubated at 30°C 
(each bottle was covered with a sterile 50-ml beaker). 
After 5 to 7 days of incubation, the microbial population 
in many of the bottles consisted predominantly of thin 
spirochetes. Pure cultures were obtained by ust~ of di
lution shake cultures (the medium was covered with 
sterile paraffin) or by plating serial dilutions and incu
bating the plates in the absence of 0 2 (Bray dishes). The 
isolation medium solidified with 1.5% agar was used. 
Spirochetal colonies appeared after 5 to 6 days.. After 
isolation the organisms were also grown in Fllorence 
flasks filled with a medium (GYPT) containing (g/100 
ml distilled water): glucose, 0.5; yeast extract and pep
tone, 0.2 each; sodium thioglycolate, 0.05. The pH of 
this medium was adjusted to 7.0-7.3 before sterilization. 
The spirochetes were maintained in paraffin-layered 
stab cultures of medium GYPT containing 1.5% agar, 
at soc and transferred monthly. 

Subsurface colonies of S. stenostrepta in agar media 
are white, spherical, and characteristically fluffy in ap
pearance. 

S. litoralis and S. halophila were isolat·ed by 
a procedure similar to that used for S. steno
strepta, except that different isolation media 
were used and the incubation temperatures 
were 22-23°C for S. litoralis and 37°C for S. 
halophila (Respell and Canale-Parola, 1970b; 
Greenberg and Canale-Parola, 1976). Further
more, 1 volume of the mud used as the source 
of S. litoralis was suspended in 5 volumes of 
isolation medium before filtration through filter 
paper. 

Isolation of Spirochaeta litoralis (Hespell and 
Canale-Parola, 1970b) I The isolation medium for the marine spirochete in

cluded (g/100 ml distilled water): tryptone (Difco), 0.3; 
yeast extract (Difco), 0.05; and NaCI, 2.0. To this mix-
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ture 2 ml ofM potassium phosphate buffer (pH 7.4) and 
0.2 ml of a salt solution (see below) were added. The 
pH of the medium was adjusted to 7.3 with KOH before 
sterilization. Immediately before inoculation the me
dium was supplemented with 2 ml of a sterile glucose 
solution (25 g per 100 ml distilled water) and with 0.5 
ml of a sterile Na2S·9H20 solution (10 g per 100 ml 
distilled water). The final pH of the medium ranged 
from 7.4 to 7.5. 

The salts solution contained (g/75 ml distilled water): 
tetrasodium ethylenediamine tetraacetate, I; 
CaCI,·2H,C, 3.75; MgCI2·6H20, 12.5; FeS047H20, 0.5. 

To 75 ml of this salt mixture, 25 ml of a trace elements 
solution (see Medium for Isolating Spirochaeta steno
strepta) was added. 

After cloning, S. litoralis was grown routinely in the 
isolation medium. Subsurface colonies of S. litoralis in 
agar media are white to cream-colored, and resemble 
those of S. stenostrepta in appearance. 

Maintenance procedures: Broth cultures of S. litoralis 
in test tubes remained viable for three days at 30°C. 
Agar stabs grown at 30°C and then kept either at 5 or 
30°C were no longer viable after approximately one 
week, whether they were layered with paraffin or not. 
Viable cells were not recovered from lyophilized prep
arations. 

S. litoralis was satisfactorily maintained by using 
"depression" cultures (Canale-Parola and Wolfe, 1960) 
prepared by using 1-liter Erlenmeyer flasks each con
taining 800 ml of isolation medium to which 2 g of agar 
per 100 ml were added. These cultures, when incubated 
for 2 days at room temperature and then at l5°C, re
mained viable for at least three months. 

Isolation of Spirochaeta halophila (Greenberg and 
Canale-Parola, 1976) 

The isolation medium contained 0.2 g of peptone 
(Difco) and 0.4 g of yeast extract (BBL) per 97 ml of an 
inorganic salt solution which had the following com
position: CaCI,, 0.04 M; NaCI, 0.85 M; and MgS04, 0.2 
M. In preparing the salt solution, salts were added in 
the order in which they are listed, to avoid formation 
of a precipitate. The dihydrate form of CaC12 and the 
heptahydrate form ofMgS04 were used. After adjusting 
the pH to 7.5 with KOH the medium was sterilized by 
autoclaving. The volume of the medium was brought to 
100 ml by adding separately sterilized solutions of glu
cose and sodium sulfide to final concentrations of0.5% 
and 0.05%, respectively. 

S. halophila was grown routinely at 37°C in ISM broth 
(Greenberg and Canale-Parola, 1975), which differed 
from the isolation medium because maltose replaced 
glucose, the sodium sulfide was omitted, and the com
position of the salt solution was changed (to CaCI,, 0.01 
M; NaCI 0.75 M; MgS04 , 0.2 M). Furthermore, BBL 
yeast extract was replaced by Difco yeast extract which 
supported higher growth yields of our isolate. S. halo
phi/a was maintained by storing ISM agar (ISM broth 
containing 0. 75 g agar per 100 ml) plate cultures at soc. 
The cultures were transferred monthly. 

Colonies of S. halophila are pigmented when growing 
aerobically but lack pigmentation under anaerobic 
growth conditions. Colonies grown in air on ISM agar 
plates were red and appeared circular when viewed from 
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above. A portion of each colony grew above the surface 
of the medium, and part of the colony extended into 
the agar. Areas of diffuse growth were present at the 
periphery of the colonies. Generally, colonies measured 
2-6 mm in diameter after 5 days at 35°C but were 
smaller or larger depending on the number of colonies 
on the plate and the length of incubation. Cells streaked 
on ISM agar plates, and grown anaerobically in Bray 
dishes formed colonies which developed below the sur
face of the agar medium and were white, spherical, and 
diffuse. 

Cultivation of most of the anaerobic species 
of Spirochaeta described here (Table 1; species 
1, 2, 3) and does not require the use of stringent 
anaerobic procedures (e.g., the Hungate tech
nique). Reducing agents, such as sodium thio
glycolate or L-cysteine, are commonly added to 
the growth media, and other conventional tech
niques for the growth of anaerobes are used, as 
discussed elsewhere (Canale-Parola, 1973). 

Enrichment by Filtration and Migration 

Many strains of Spirochaeta aurantia have been 
isolated by means of a selective technique that 
combines filtration of the inoculum through a 
cellulose ester filter disk with migration of the 
spirochetes in agar media (Breznak and Canale
Parola, 1969; Canale-Parola, 1973; Breznak and 
Canale-Parola, 1975). 

Isolation of Spirochaeta aurantia by Filtration and 
Migration 

Medium HE Medium PEP 

Distilled water 50 ml 100 ml 
Peptone 0.1 g 0.5 g 
Yeast extract 0.1 g 0.05 g 
K,HP04 0.01 g 
Hay extract 50 ml 
Agar I g I g 

The pH of medium HE is adjusted to 6.5 before steri
lization. To prepare the hay extract, 0.5 g of dried barn 
hay are boiled in 100 ml of distilled water for 10 min. 
The boiled mixture is filtered using Whatman No. 40 
filter paper. The filtrate is the hay extract. 

The inoculum, consisting either of pond or marsh 
water, or of a water-mud slurry, was prefiltered through 
Whatman No. 40 filter paper to remove large particles. 
Then, the enrichment cultures were prepared by de
positing one or two drops of the filtrate near the center 
of each of a number of sterile cellulose ester filter disks 
(47-mm disk diameter, 0.3- or 0.45-JLm pore diameter, 
Millipore) previously placed on the surface of isolation 
medium plates. One filter disk had been placed on each 
plate, approximately in the center. The cultures were 
incubated at 30°C for 12-24 h to allow spirochetes in 
the inoculum to move through the filter disk onto the 
surface of the medium. Then the filter disks were re
moved aseptically from the plates, and incubation of the 
plate cultures was continued. Spirochetes that had 
passed through the filter disks grew and migrated 
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through the agar medium, forming semitransparent 
growth veils that diffused toward the edge of the plates. 
Spirochetal growth veils usually developed in S-1 0 days. 
Generally, 10-20% of the plate enrichments were suc
cessful (i.e., yielded growth veils) when spirochetes were 
present in the inoculum as determined by light micros
copy. Analyses showed (Breznak and Canale-Parola, 
1975) that the total carbohydrate content of a batch of 
isolation medium HE was 40 mg/ I 00 ml and the glucose 
content 5 mg/ I 00 mi. Medium PEP contained 6 mg total 
carbohydrate, and less than I mg glucose per 100 mi. 
As discussed previously, low carbohydrate concentra
tions, such as those in isolation media HE and PEP, are 
used to enhance the rate of spreading of the spirochetal 
growth veil through the agar medium. 

It should be noted that bacteria other than spirochetes 
may form subsurface, spreading growth veils in the en
richment plates. Most common among these veil-form
ing bacteria are Aquaspirillum (Spirillum) gracile (Can
ale-Parola et a!., 1966) and Serpens flexibilis (Hespell, 
1977). Serpensjlexibilis cells are flexible, Gram-negative 
rods that have bipolar as well as lateral flagella. 

Pure cultures of S. aurantia are obtained by streaking 
cells from the outer edge of the growth veil onto isolation 
medium plates or growth medium plates. 

A suitable growth medium for S. aurantia contains 
(g/99 ml distilled water): glucose, 0.2; yeast extract, 0.2; 
Trypticase (BBL), 0.5. The pH is adjusted to 7.5 before 
sterilization. When desired, agar (I g) is added. After 
autoclaving and allowing the medium to cool, I ml of 
sterile I M potassium phosphate buffer (pH 7) is added. 

Growth of some S. aurantia strains is either partially 
or totally inhibited in media containing agar (Difco) 
concentrations higher than I% (wt/vol). Thus, viable cell 
counts usually are higher when performed using plates 
of media containing 0. 75 or I% agar than when the cells 
are grown in media including agar at higher concentra
tions. S. aurantia cells grown in media containing agar 
at concentrations higher than I% frequently are aberrant 
in morphology. Many usually long, poorly coiled, fila
mentous cells are present, as well as an abundance of 
spherical bodies (Breznak and Canale-Parola, 197 5). 

Surface, aerobic colonies of S. aurantia in growth me
dium (agar, I%) are light orange to orange, round or 
nearly round, with slightly irregular edges, and measure 
1-4 mm in diameter after 4-7 days at 30°C. The col
onies grow mostly within the agar medium, just under 
the surface, but many have a slightly raised central por
tion. One strain (Vinzent strain) was found to produce 
both this type of colony and a "pinpoint" type of colony, 
measuring approximately 0. 5 mm in diameter and grow
ing primarily on the surface of the agar medium (Brez
nak and Canale-Parola, 1975). 

Surface, anaerobic colonies of S. aurantia (growth me
dium, I% agar) are similar in morphology to the aerobic 
ones, but are not pigmented. Subsurface anaerobic col
onies are white and spherical. 

S. aurantia may be maintained on slants of grol'"lth 
medium at soc. These stock cultures are transferred 
monthly. 

Maintenance 

Maintenance procedures suitable for individual 
Spirochaeta species have been described above. 
It should be added that cells of all Spirochaeta 
species that have been cultured can be preserved 
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in a viable condition for several years by main
taining them at the temperature of liquid ni
trogen. Conventional methods are used to pre
pare liquid nitrogen stock cultures of 
spirochetes (Canale-Parola, 1973). 

Identification 

Free-living, anaerobic and facultatively anaer
obic, helical bacteria which possess the ultra
structural features typical of spirochetes (e.g., 
periplasmic flagella and outer sheath) are clas
sified in the genus Spirochaeta. 

Differentiation among the obligately anaero
bic species (Table 1, species 1-4) may be based 
in part on determinations of carbohydrate fer
mentation end products. S. stenostrepta, S. li
toralis, and S. isovalerica form acetate, ethanol, 
C02, and H2 as major products of glucos1~ fer
mentation, whereas S. zuelzerae produces ace
tate, lactate, C02, H2, and small amounts of suc
cinate (Canale-Parola, 1984b). In addition, S. 
isovalerica forms small amounts of isovalerate, 
2-methylbutyrate, and isobutyrate as fermen
tation end products when growing in media con
taining L-leucine, L-isoleucine, and L-valine, as 
well as a fermentable carbohydrate (see "Phys
iology," this chapter) (Harwood and Canale
Parola, 1983). S. stenostrepta and S. zuelzerae 
are freshwater forms, whereas S. litoralis and 
S. isovalerica were isolated from seawater en
vironments and have salt requirements typical 
of marine bacteria (Harwood and Canale-Par
ola, 1983; Respell and Canale-Parola, 1970b ). 
Further characterization of the obligate anaer
obes should take into account interspecific dif
ferences in GC content of the DNA and in cell 
size (Table 1 ). 

Salt requirements constitute an important ba
sis of distinction between the facultative anaer
obes S. aurantia and S. halophila (Table 1, spe
cies 5 and 6). The latter species is halophilic 
and has an absolute requirement for relatively 
high concentrations of Na+, CI-, Ca++, and Mg++ 
(see above), whereas S. aurantia strains have 
been isolated only from freshwater environ
ments and do not exhibit special salt require
ments. 

As mentioned previously, S. halophila and S. 
aurantia produce pigments when growing aer
obically. In both species the pigments are ca
rotenoids. The major pigment of S. halophila 
(strain RS1) is 4-keto-1',2'-dihydro-1'-hydrox
ytorulene, whereas S. aurantia (strain Jl) pro
duces mainly 1 ', 2' -dihydro-1 '-hydroxytomlene 
(Greenberg and Canale-Parola, 1975). Nonpig
mented mutants of S. halophila (Greenberg and 
Canale-Parola, 1976) and of S. aurantia (B. J. 
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Paster and E. Canale-Parola, unpublished data) 
have been isolated. 

Cells of S. aurantia subspecies stricto are 
more tightly coiled than those of S. aurantia 
subspecies aurantia (Table 1, footnotee). 

Criteria used for the identification of S. pli
catilis (Table 1, species 7) are its large size 
(Table 1) and its characteristic morphology 
and motility (Blakemore and Canale-Parola, 
1973). 

Literature Cited 

Allan, B., E. P. Greenberg, and A. Kropinski. 1986. DNA
dependent RNA polymerase from Spirochaeta auran
tia. FEMS Microbial. Lett. 35:205-210. 

Berg, H. C. 1976. How spirochetes may swim. J. Theor. Bioi. 
56:269-273. 

Blakemore, R. P., and E. Canale-Parola. 1973. Morpholog
ical and ecological characteristics of Spirochaeta pli
catilis. Arch. Mikrobiol. 89:273-289. 

Breznak, J. A., and E. Canale-Parola. 1969. Spirochaeta au
rantia, a pigmented, facultatively anaerobic spirochete. 
J. Bacterial. 97:386-395. 

Breznak, J. A., and E. Canale-Parola. 1972a. Metabolism of 
Spirochaeta aurantia. I. Anaerobic energy-yielding 
pathways. Arch. Mikrobiol. 83:261-277. 

Breznak, J. A., and E. Canale-Parola. 1972b. Metabolism of 
Spirochaeta aurantia. II. Aerobic oxidation of carbo
hydrates. Arch. Mikrobiol. 83:278-292. 

Breznak, J. A., and E. Canale-Parola. 1975. Morphology and 
physiology of Spirochaeta aurantia strains isolated 
from aquatic habitats. Arch. Mikrobiol. 105:1-12. 

Canale-Parola, E. 1973. Isolation, growth and maintenance 
of anaerobic free-living spirochetes, p. 61-73. In: J. R. 
Norris and D. W. Ribbons (ed.), Methods in microbi
ology, vol. 8. Academic Press, New York. 

Canale-Parola, E. 1977. Physiology and evolution of spi
rochetes. Bacterial. Rev. 41: 181-204. 

Canale-Parola, E. 1978. Motility and chemotaxis of spiro
chetes. Ann. Rev. Microbial. 32:69-99. 

Canale-Parola, E. 1984a. Order I. Spirochaetales, p. 38-39. 
In: N. R. Krieg (ed.), Bergey's manual of systematic 
bacteriology, vol. I. Williams & Wilkins, Baltimore. 

Canale-Parola, E. 1984b. Genus I. Spirochaeta, p. 39-46. 
In: N. R. Krieg (ed.), Bergey's manual of systematic 
bacteriology, vol. I. Williams & Wilkins, Baltimore. 

Canale-Parola, E., S.C. Holt., and Z. Udris. 1967. Isolation 
of free-living, anaerobic spirochetes. Arch. Mikrobiol. 
59:41-48. 

Canale-Parola, E. and G. W. Kidder. 1982. Enzymatic ac
tivities for interconversion of purines in spirochetes. J. 
Bacteriol. 152: II 05-1110. 

Canale-Parola, E., S. L. Rosenthal, and D. G. Kupfer. 1966. 
Morphological and physiological characteristics of Spi
rillum gracile sp. n. Antonie van Leeuwenhoek J. Mi
crobial. Serol. 32:113-124. 

Canale-Parola, E., Z. Udris, and M. Mandel. 1968. The clas
sification of free-living spirochetes. Arch. Mikrobiol. 
63:385-397. 

Canale-Parola, E., and R. S. Wolfe. 1960. Studies on Sarcina 
ventriculi. I. Stock culture method. J. Bacteriol. 79:857-
859. 

The Genus Spirochaeta 3535 

Fosnaugh, K., and E. P. Greenberg. 1988. Motility and 
chemotaxis of Spirochaeta aurantia: computer-assisted 
motion analysis. J. Bacterial. 170:1768-1774. 

Fracek, S. P., Jr., and J. F. Stolz. 1985. Spirochaeta baja
californiensis sp. n. from a microbial mat community 
at Laguna Figueroa, Baja California Norte, Mexico. 
Arch. Microbial. 142:317-325. 

Greenberg, E. P., B. Brahamsha, and K. Fosnaugh. 1985. 
The motile behavior of Spirochaeta aurantia: A twist 
to chemosensory transduction in bacteria, p. 107-118. 
In: M. Eisenbach and M. Balaban (ed.), Sensing and 
response in microorganisms. Elsevier Sci. Pub!., New 
York. 

Greenberg, E. P., and E. Canale-Paro1a. 1975. Carotenoid 
pigments of facultatively anaerobic spirochetes. J. Bac
terial. 123:1006-1012. 

Greenberg, E. P., and E. Canale-Parola. 1976. Spirochaeta 
halophila sp. n., a facultative anaerobe from a high
salinity pond. Arch. Microbiol. 110:185-194. 

Greenberg, E. P., and E. Canale-Parola. l977a. Chemotaxis 
in Spirochaeta aurantia. J. Bacterial. 130:485-494. 

Greenberg, E. P., and E. Canale-Parola. l977b. Relationship 
between cell coiling and motility of spirochetes in vis
cous environments. J. Bacterial. 131:960-969. 

Greenberg, E. P., and E. Canale-Parola. 1977c. Motility of 
flagellated bacteria in viscous environments. J. Bacte
rial. 132:356-358. 

Harwood, C. S., and E. Canale-Parola. 198la. Branched
chain amino acid fermentation by a marine spirochete: 
strategy for starvation survival. J. Bacterial. 148:109-
116. 

Harwood, C. S., and E. Canale-Parola. 1981b. Adenosine 
5'-triphosphate-yielding pathways of branched-chain 
amino acid fermentation by a marine spirochete. J. 
Bacterial. 148:117-123. 

Harwood, C. S., and E. Canale-Parola. 1982. Properties of 
acetate kinase isozymes and a branched-chain fatty 
acid kinase from a spirochete. J. Bacterial. 152:246-
254. 

Harwood, C. S., and E. Canale-Parola. 1983. Spirochaeta 
isovalerica sp. nov., a marine anaerobe that forms 
branched-chain fatty acids as fermentation products. 
Int. J. Syst. Bacterial. 33:573-579. 

Harwood, C. S., and E. Cana1e-Paro1a. 1984. Ecology of spi
rochetes. Ann. Rev. Microbial. 38:161-192. 

Harwood, C. S., H. W. Jannasch, and E. Canale-Parola. 
1982. Anaerobic spirochete from a deep-sea hydro
thermal vent. Appl. Environ. Microbial. 44:234-237. 

Hespell, R. B. 1977. Serpens flexibilis gen. nov., sp. nov., 
an unusually flexible, lactate-oxidizing bacterium. Int. 
J. Syst. Bacterial. 27:371-381. 

Hespell, R. B., and E. Canale-Parola. 1970a. Carbohydrate 
metabolism in Spirochaeta stenostrepta. J. Bacterial. 
103:216-226. 

Hespell, R. B., and E. Canale-Parola. 1970b. Spirochaeta 
litoralis sp. n., a strictly anaerobic marine spirochete. 
Arch. Mikrobiol. 74:1-18. 

Respell, R. B., and E. Canale-Parola. 1973. Glucose and 
pyruvate metabolism of Spirochaeta litoralis, an an
aerobic marine spirochete. J. Bacterial. 116:931-937. 

Hungate, R. E. 1969. A roll tube method for cultivation of 
strict anaerobes, p.117-132. In: J. R. Norris and D. W. 
Ribbons (ed.), Methods in microbiology, vol. 3B. Ac
ademic Press, Inc., New York. 



3536 E. Canale-Parola 

Johnson, P. W., and E. Canale-Parola. 1973. Properties of 
rubredoxin and ferredoxin isolated from spirochetes. 
Arch. Mikrobiol. 89:341-353. 

Kropinski, A. M., W. C. Ghiorse, and E. P. Greenberg. 1988. 
The intracellular polyglucose storage granules of Spi
rochaeta aurantia. Arch. Microbiol. 150:289-295. 

Leschine, S. B., and E. Canale-Parola. 1986. Rifampin-re
sistant RNA polymerase in spirochetes. FEMS Micro
bioi. Lett. 35:199-204. 

Paster, B. J., and E. Canale-Parola. 1980. Involvement of 
periplasmic fibrils in motility of spirochetes. J. Bacte
riol. 141:359-364. 

Paster, B. J., and E. Canale-Parola. 1982. Physiological di
versity of rumen spirochetes. Appl. Environ. Microbial. 
43:686-693. 

Paster, B. J., E. Stackebrandt, R. B. Respell, C. M. Hahn, 
and C. R. Woese. 1984. The phylogeny of the spiro
chetes. System. Appl. Microbial. 5:337-351. 

Patel, B. K.C., H. W. Morgan, and R. M. Daniel. 1985. 
Thermophilic anaerobic spirochetes in New Zealand 
hot springs. FEMS Microbial. Lett. 26:101-106. 

CHAPTER 191 

Pfennig, N. 1965. Anreicherungskulturen ftir rote und griine 
Schwefelbakterien. Zentr. Bakteriol. Parasitenk. Infekt. 
Hyg., Abt. I Orig., Reihe A, Suppl. 1:179-189. 

Smith, W. R., I. Yu, and R. E. Hungate. 1973. Factors af
fecting cellulolysis by Ruminococcus a/bus. J. Bacteriol. 
114:727-737. 

Stanton, T. B., and E. Canale-Parola. 1979. Enumeration 
and selective isolation of rumen spirochetes. Appl. En
vironm. Microbial. 38:965-973. 

Terracciano, J. S., and E. Canale-Parola. 1984. Enhance
ment of chemotaxis in Spirochaeta aurantia grown un
der conditions of nutrient limitation. J. Bacterial. 
159:173-178. 

Veldkamp, H. 1960. Isolation and characteristics of Tre
ponema zuelzerae nov. sp., an anaerobic, free-living 
spirochete. Antonie van Leeuwenhoek J. Mic:robiol. 
Serol. 26: 103-125. 

Weber, F. H., and E. P. Greenberg. 1981. Rifampin as a se
lective agent for the enumeration and isolation of spi
rochetes from salt marsh habitats. Current Mic:robiol. 
5:303-306. 



CHAPTER 192 

The Genus Treponema 

JAMES N. MILLER, ROBERT M. SMIBERT, and STEVEN J. NORRIS 

Introduction and Habitats 

The genus Treponema is composed of both 
pathogenic and nonpathogenic species indige
nous to humans and animals. They are helical, 
tightly coiled, motile spirochetes ranging from 
5-20J.Lm in length and 0.1-0.4J.Lm in diameter 
and are best observed by dark-field microscopy. 
The organisms stain poorly with the usual an
iline dyes; however, those that are capable of 
aniline-dye uptake are Gram-negative. Staining 
can best be accomplished by the use of silver 
impregnation or immunofluorescent methods. 
A general review of the spirochetes is given in 
Chapter 191. 

The truly pathogenic members of the genus 
are specific for their natural hosts. The four 
morphologically identical human pathogens 
and the diseases they cause are: Treponema pal
lidum subsp. pallidum (syphilis), T pallidum 
subsp. pertenue (yaws), T pallidum subsp. en
demicum (nonvenereal endemic syphilis), and 
T carateum (pinta). The 100% DNA homology 
between T pallidum subsp. pallidum and per
tenue provides the basis for subspeciation of 
these two organisms (Miao and Fieldsteel, 
1980). T pal/idum subsp. endemicum was cre
ated because it is considered a variant ofT pal
lidum (Smibert, 1984). T paraluiscuniculi 
(venereal rabbit spirochetosis) and T hyodys
enteriae (swine dysentery) are the only trepo
nemes that have been established unequivocally 
as animal pathogens (Bayon, 1913; Glock and 
Harris, 1972; Harris et al., 1972a; Hunter and 
Ross, 1972; Taylor and Alexander, 1971; Todd 
et al., 1970; Vallejo, 1969). The isolation of T 
hyodysenteriae from wild rodents suggests a role 
for these animals as reservoir hosts in the epi
demiology of the disease (Joens and Kinyon, 
1982). 

The only pathogenic treponeme that has been 
cultured in vitro in or on artificial media is T 
hyodysenteriae (Harris et al., 1972a, 1972b ). 
Limited multiplication of T pallidum subsp. 
pallidum has been accomplished in a tissue cul
ture monolayer system (Fieldsteel et al., 1981). 

Selected differential characteristics of the 
pathogenic treponemes are shown in Table 1. 

Well-defined, cultivable species of trepo
nemes have been found in the oral cavity, in
testinal tract, and/or genitalia of chimpanzees, 
pigs, and dogs, as well as in the rumen of cattle 
(Bryant, 1952; Cwyk and Canale-Parola, 1979; 
Hanson, 1970; Harris et al., 1972b; Holdeman 
et al., 1977; Kinyon and Harris, 1979; Leach et 
al., 1973; Paster and Canale-Parola, 1982; Pas
ter and Canale-Parola, 1985; Pindak et al., 1965; 
Smibert and Claterbaugh, 1972; Socransky et 
al., 1969; Stanton and Canale-Parola, 1979, 
1980; Wojciechowicz and Ziolecki, 1979; Zio
lecki, 1979; Ziolecki and Wojciechowicz, 1980; 
Zymet, 1969). In addition, spirochetes resem
bling treponemes have been observed in the in
testinal tract of horses, mice, rats, guinea pigs, 
opossums, insects, and termites, and in the tis
sues of brine shrimp (Breznak, 1973; Lee and 
Philips, 1978; McLeod et al., 1977; Osborn and 
Bain, 1961; Savage et al., 1971; Turek and 
Meyer, 1979; Tyson, 1974). Despite the fact that 
many of these anaerobic and putative microaer
ophilic host-associated treponemes have been 
cultured in vitro and subsequently character
ized, microscopic studies of animal and human 
tissues, exudates, and normal flora suggest that 
these are other species that have not as yet been 
isolated. Whether these spirochetes, alone or in 
combination with other organisms, can be im
plicated as the cause of oral, genital, or gas
trointestinal disease remain uncertain; as a 
result, they should be considered to be non
pathogens. 

In humans, as in animals, treponemes are 
found as part of the normal oral, intestinal, and 
genital flora (Hanson and Cannefax, 1964; Har
land and Lee, 1967; Lee et al., 1971; Parr, 1923; 
Rosebury, 1962; Ruane et al., 1989; Shera, 
1962; Takeuchi et al., 1974). Again, their as
sociation with disease remains speculative, and 
they are considered as nonpathogens. In the oral 
cavity, they are more prominent in persons with 
periodontal disease and gingivitis than in peo
ple with a healthy gingiva (Addy et al., 1983; 
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Table I. Some differential characteristics of pathogenic treponemes. 

Experimental cutaneous lesions in: 

Natural Cultivable Guinea 
host Disease 

T. pallidum subsp. Humans Syphilis 
pallid urn 

T. pallidum subsp. Humans Yaws 
pertenue 

T. pallidum subsp. Humans Endemic syphilis 
endemicum 

T. carateum Humans Pinta 
T. paraluiscuniculi Rabbits Venereal spirochetosis 
T. hyodysenteriae Pigs Swine dysentery 

•Cultivable only in a tissue culture monolayer system. 
bJn chimpanzees. 
cJn monkeys. 
ctProduces caecitis in CF-1 mice. 
Adapted from Smibert (1984). 

Armitage et al., 1982; Listgarten and Hellden, 
1978; Mikx et al., 1986; Moore et al., 1982, 
1983, 1984, 1985, 1987; Offenbacker and Van 
Dyke, 1985; Simonson et al., 1988). Trepo
nemes and treponeme-like organisms have been 
isolated from fecal and rectal samples obtained 
from patients with mild to severe intestinal ill
ness, including homosexual males with and 
without AIDS (Coene et al., 1989; Jones et al., 
1986; Sanna et al., 1982, 1984; Tompkins et al., 
1981, 1986; Willen et al., 1985). On the basis 
of DNA DNA homology studies, some of the 
treponemes isolated from homosexual men 
with AIDS appear to be T. hyodysenteriae 
(Coene et al., 1989; Wergifosse and Coene, 
1989). The distribution in nature of the known 
cultivable species and some key unnamed iso
lates is shown in Table 2. 

Additional information on the evolution and 
biology of treponemes and their distribution in 
nature can be found in the following reviews 
(Breznak, 1973; Canale-Parola, 1977, 1978; 
Harwood, 1984; Holt, 1978; Johnson, 1977; Sell 
and Norris, 1983; Smibert, 1973, 1976a, 1985). 

Morphology and Structure
Function Relationships 

Selected General Characteristics 

Treponemes, like all spirochetes, (see Chapter 
191) are composed of an outer membrane (OM) 
that delimits the outer cellular S)lrface of the 
organisms and an inner membrane (IM) that 
encloses the protoplasmic cylinder (Canale-Par
ola, 1977; Holt, 1978; Hovind-Hougen, 1976, 
1983; Kinyon and Harris, 1979; Johnson et al., 
1973; Walker et al., 1989). Unlike the flagella 

in vitro Rabbits Pigs Hamsters Mice Primates 

Limited• Yes Yes No No Yesb 

No Yes No Yes No Yesc 

No Yes Yes Yes No No 

No No No No No Yesb 
No Yes Yes No No No 
Yes No No No Noct No 

of members of other bacterial genera, spiroche
tal flagellar organelles lie entirely within the 
periplasmic space between the IM and OM and 
are commonly referred to as periplasmic fllagella 
(PF) (Canale-Parole, 1978; Holt, 1978; Hovind
Hougen, 1976; Kinyon and Harris, 1979):. older 
names for PF are endoflagella and axial fila
ments. The PF attach at either pole of the or
ganism through basal hook structures and wrap 
around the helical protoplasmic cylinder (Can
ale-Parola, 1977; Holt, 1978; Hovind-Hougen, 
1976). The number of PF and the wavelength 
of the helix differ among members of this di
verse group of organisms. T. pallidum and sev
eral other treponemes have been shown to pos
sess cytoplasmic fibrils, thin filaments which 
run the length of the organism just under the 
cytoplasmic membrane (Hovind-Hougen, 
1983). Fig. 1 depicts the ultrastructure of the 
human pathogen type species, T. pallidum 
subsp. pallidum. 

Outer Membrane Structure 

The outer membrane (OM) ofT. hyodysenteriae 
and other cultivable members of the genus Tre
ponema appears similar to those of Gram-neg
ative bacteria in structure and chemical makeup 
(Chatfield et al., 1988; Hovind-Hougen, 1976; 
E. M. Walker, unpublished observations; 
Walker et al., 1989; Wannemuehler et al., 1988). 
However, the lipid-bilayered OM ofT. pallidum 
subsp. pallidum and pertenue differs signifi
cantly from these organisms in its strikingly low 
integral-membrane protein content (Radolf et 
al., 1989; Walker, unpublished observations; 
Walker et al., 1989) and its absence of lipopo
lysaccharide (LPS) (Penn et al., 1985b; Radolf 
and Norgard, 1988). It is conceivable that the 
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Table 2. Distribution of cultivable treponemes in nature. 

Oral cavity Genitals Intestinal tract 

Human Monkey Human Monkey Rumen Human Monkey Pig 

T denticola 
T vincentii 
T pectinovorum 
T socranskii 
T skoliodontum 
Large oral treponemes 
T phagedenis 
T refringens 
T minutum 
T succinofaciens 
T bryantii 
T saccharophilum 
Pectinolytic rumen 

treponemes 
T hyodysenteriae 
T innocens 
Large treponemes from 

homosexual males 
Brachyspira aalborgi• 

+ + 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

Symbols: +, organism present; blank, organism absent. 
•B. aalborgi is included for convenience. 

+ 
+ 
+ 

low particle density of the OM of T pallidum 
subsp. pallidum and pertenue represents a sig
nificant strategy on the part of the organisms 
for evading the host immune response (Walker, 
unpublished observations; Walker et al., 1989). 
The inability to demonstrate LPS in the OM of 
these T pallidum subspecies does not preclude 
the possibility that the morphology of the tre
ponema! rare outer membrane protein 
(TROMP) molecule(s) is determined by lipid
protein interaction (Walker et al., 1989). Studies 
addressing the integral-membrane protein con
tent and the presence or absence of LPS among 
the other human treponema! pathogens and the 
rabbit pathogen T paraluiscuniculi have not 
been reported. 

Subsurface Structures 

Treponema! subsurface structures may be de
fined as those molecules that lie beneath the 
OM. The most prominent structures are the PF, 
which mediate the striking translational and ax
ial motility common to all spirochetes (Bromley 
and Charon, 1979; Goldstein and Charon, 1988; 
Limberger and Charon, 1986a; Paster and Can
ale-Parola, 1980). Members of the genus Tre
ponema contain two to nine PF inserted into 
each end of the cell (Smibert, 1984). Intact tre
ponema! PF are composed of multiple poly
peptide subunits (Bailey et al., 1987; Blanco et 
al., 1986, 1988; Cockayne et al., 1987; Hardy et 
al., 1975;LimbergerandCharon, 1986a, 1986b; 
Norris et al., 1988; Penn et al., 1985a; Radolf 

+ 
+ 

+ 
+ 
+ 

+ 

+ 

+ 

+ 
+ 

et al., 1986; Sand-Petersen et al., 1981 ). Sodium 
dodecyl sulfate-polyacrylamide gel electropho
resis (SDS-PAGE) analysis has shown that T 
pallidum subsp. pallidum PF is composed of at 
least four polypeptides with molecular weights 
of 37, 34.5, 33, and 31 kDa, while the PF ofT 
phagedenis biotypes reiter and kazan 5 are 
made up of four polypeptides with similar mo
lecular weights (Blanco et al., 1986; Limberger 
and Charon, 1986a; Norris et al., 1988; Radolf 
et al., 1986; Sand-Petersen et al., 1981 ). On the 
basis of antigenic structure and N-terminal 
amino acid sequence studies, Norris et al. 
(1988) have divided the flagellar polypeptides 
of T pallidum and T phagedenis into two 
classes. The 37-kDa polypeptide of the single 
sheath or outer surface of these organisms 
(Blanco et al., 1986; Cockayne et al., 1987; Lim
berger and Charon, 1986a; Norris et al., 1988; 
Radolf et al., 1986) has been designated class 
A; the three proteins related to the core struc
ture of the filament (Cockayne et al., 1987; Penn 
et al., 1985a), have been designated as class B. 
The class B proteins of T pallidum subsp. pal
lidum share significant N-terminal amino acid 
sequence homology and antigenic cross-reactiv
ity (Blanco et al., 1986, 1988; Norris et al., 1988) 
and are encoded by three highly homologous 
yet distinct structural genes (Champion et al., 
1990; Pallesen and Hindersson, 1989). In con
trast, the 37-kDa sheath protein ofT pallidum 
subsp. pallidum does not possess N-terminal 
amino acid sequence homology with the core 
proteins (Blanco et al., 1988; Isaacs et al., 1989; 
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Fig. I. Transmission electron micrograph of whole-mounted Treponema pallidum subspecies pallidum negatively stained 
with uranyl acetate. Inset: transmission electron micrograph of thin-sectioned Treponema pallidum subspecies pal/idum, 
cross-sectional plane of view. PF, periplasmic flagella; OM, outer membrane; IM, inner membrane. Photograph and 
permission to use by E. M. Walker. 

Norris et al., 1988). The PF of T. pallidum 
subsp. pallidum and T. phagedenis share con
siderable antigenic and structural homology 
(Bharier and Allis, 197 4; Blanco et al., 1986, 
1988; Hardy et al., 1975; Norris et al., 1988; 
Penn et al., 1985a; Radolf et al., 1986; Sand
Peterson et al., 1981 ). Indeed, the PF of T. pal
lidum subsp. pallidum may represent a key vir
ulence factor as well as a secondary target for 
the protective immune response that develops 
during the course of syphilitic infection. Evi
dence to support this hypothesis is provided by 
1) the presence in normal human serum of com
plement-dependent treponemicial antibodies to 
shared PF epitopes (Blanco et al., 1986); 2) the 
existence of pathogen-unique epitopes on the 

surface of the T. pallidum subsp. pallidum Class 
A and Class B polypeptides (Blanco et al., 1988; 
Norris et al. 1988); 3) the altered course of dis
ease in response to T. pallidum subsp. pallidum 
challenge following vaccination of rabbits with 
T. pallidum subsp. pallidum PF (Champion, 
C. 1., Miller, J. N., Lovett, M.A., Blanco, D. R., 
unpublished observations); and 4) the potential 
role of motility as a factor that enables the or
ganism to disseminate by invading the tight 
junctions between endothelial cells (Thomas et 
al., 1988). 

Their unique properties may also be relevant 
to treponema) vaccine development and to the 
construction of immunologically specific and 
sensitive serodiagnostic assays. The cloning and 
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sequencing of the T. pallidum subsp. pallidum 
PF structural genes that encode for the class A 
and Class B proteins (Champion et al., 1990; 
Isaacs et al., 1989; Pallesen and Hindersson, 
1989) and the ability to express the two genes 
that encode for the 34.5-and 31-kDa class B 
polypeptides in Escherichia coli (Champion et 
al., 1990), permit novel approaches to these 
problems. 

The PF ofT. hyodysenteriae are composed of 
37-, 34-, and 32-kDa polypeptides (Miller et al., 
1988). Furthermore, it has been shown that the 
epitopes residing on the 33-kDa PF polypeptide 
of T. phagedenis biotype kazan 5 are found on 
each of these three proteins. The protection of 
mice against T. hyodysenteriae challenge by 
vaccination with a crude, cloned PF antigen has 
been reported (Boyden et al., 1989). 

In addition to the proteins that make up the 
PF subunit structures, several antigenic poly
peptides from T. pal!idum subsp. pallidum and 
pertenue, ranging in molecular weights from 12 
to 190 kDa, have been identified by immuno
precipitation (Alderete and Baseman, 1981; 
Baseman and Hayes, 1980; Moskophidis and 
Muller, 1984), cross-over immunoelectropho
resis (Pedersen et al., 1981; Penn and Rhodes, 
1982), and SDS-PAGE-Western blot analysis 
(Baker-Zander et al., 1985; Fehniger et al., 1984; 
Hanff et al., 1983, 1982; Lukehart et al., 1982; 
Thornburg and Baseman, 1983; van Eijk and 
van Embden, 1982). Characterization ofT. pal
lidum subsp. pallidum by two-dimensional 
electrophoresis has revealed at least 78 antigenic 
polypeptides (Norris and Sell, 1984; Norris et 
al., 1987). Phase partitioning with the nonionic 
detergent Triton X-114 has identified seven to 
eight T. pallidum subsp. pallidum antigenic 
polypeptides in the hydrophobic phase with 
molecular weights of 14 to 57 kDa (Cun
ningham et al., 1988; Radolf et al., 1988). Re
cent evidence indicates that the majority of 
these antigens are, in fact, proteolipids, which 
may anchor to the cytoplasmic membrane or 
OM by means of their covalently attached fatty 
acids (Chamberlain et al., 1989a, 1989b; Swan
cutt et al., 1990). Three of these proteolipids, 
the pathogen-specific 47-, 34-, and 15-kDa an
tigens (Radolf and Norgard, 1988), stimulate 
immobilizing antibody (47 and 34 kDa), tre
ponemicidal antibody (47 kDa), and lympho
cyte proliferative responses (15 kDa) (Baker
Zander et al., 1988; Jones et al., 1984; Robert
son et al., 1982). As with the PF ofT. pallidum 
subsp. pallidum, the role of these proteolipids 
antigens-as virulence factors, target molecules 
for the protective immune response in syphilitic 
infection, as well as their vaccinogenic capabil
ities-is speculative. However, their pathogen 
specificity points to the possibility for devel-

The Genus Treponema 3541 

opment of serodiagnostic antigens of high im
munological specificity and sensitivity. The 
cloning, expression, and sequencing of the genes 
that encode for the 47-, 34-, and 15-kDa anti
gens (Chamberlain et al., 1988; Hsu et al., 1989; 
Norgard et al, 1986; Purcell et al., 1989; Swan
cutt et al., 1986; Swancutt et al., 1989) and other 
proteins should provide the armamentaria for 
more detailed and accurate structure-function 
analysis as well as for the development of more 
accurate serodiagnostic assays. 

Recently, Masuda and Kawata (1989) have 
isolated and characterized the cytoplasmic fi
brils of T. phagedenis and other treponemes. 
The cytoplasmic fibrils are comprised of a sin
gle, major, 80-kDa polypeptide; a similar pro
tein is present in T. pallidum subspecies and 
may represent the cytoplasmic fibril subunit in 
these organisms. The function of the cyto
plasmic fibrils is unknown. They may, however, 
be involved in motility in some way, inasmuch 
as they run parallel to the endoflagella. 

The major 60-kDa polypeptide ofT. pal/idum 
subsp. pallidum has been shown to be the sub
unit of a multimeric protein homologous to the 
groEL chaperonin protein of E. coli (Houston 
et al., 1990). These chaperonins are found in all 
prokaryotes and eukaryotes and apparently are 
involved in protein folding and assembly. Sim
ilar proteins exist in the other treponemes. 

Isolation, Identification, 
and Characterization 

Human Treponema! Pathogens 

METHODS OF ISOLATION AND CULTIVATION. T. 
pallidum subsp. pallidum is the only human tre
ponema! pathogen that has been grown in vitro 
(Fieldsteel et al., 1981 ). However, continuous in 
vitro culture has not been achieved, thus pre
cluding the use of this procedure for isolation 
and identification. Isolation of T. pallidum 
subsp. pallidum, pertenue, and endemicum, 
along with the rabbit pathogen T. paraluiscun
iculi, is conducted for the purpose of experi
mental investigation; infectious tissue or exu
dates are inoculated into adult male rabbits by 
either the intratesticular or intradermal routes. 
T. carateum is isolated by the intradermal in
oculation of chimpanzees (see Table 1 for ani
mal susceptibility to cutaneous lesions). De
tailed procedures for the preparation of 
suspensions and methods of inoculation, and 
accepted criteria for determining infectivity, 
and identification by dark-field microscopy 
have been described by Turner and Hollander 
(1957) and Miller (1971). The development of 
lesions in these animals characteristic for each 
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species and subspecies of Treponema (Turner 
and Hollander, 1957; Miller, 1971) as well as 
the pattern oflesion development in human dis
ease (see Table 1 and Miller, 1987) are useful 
criteria for identification. Several isolates of T. 
pallidum subspecies continue to be propagated 
by intratesticular passage in rabbits. The Ni
chols strain of T. pallidum subsp. pallidum has 
been passaged continuously by this route since 
1912. It has been studied more extensively than 
any other isolate and is the strain used in the 
preparation of treponema! antigens for immu
nologically specific serodiagnostic assays. 

The limited in vitro multiplication of T. pa/
lidum subsp. pal/idum in a tissue culture system 
was first described by Fieldsteel et al. (1981 ). 
Treponemes extracted from infected rabbit 
tests are inoculated into cultures ofSflEp rabbit 
epithelial cells (American Type Culture Collec
tion, Rockville, MD, USA). The medium used 
is a modification of Eagle's minimal essential 
medium with Earl's salts containing 13.9 mM 
o-glucose, 0.63 mM dithiothreitol, 31.3 mM 
HEPES (N-2-hydroxyethylpiperizine-N'2-
ethane sulfonic acid) buffer (pH 7.4), 0.126 mg/ 
ml resazurin, and 20% fetal bovine serum or 
calf serum inactivated at 56°C for 30 minutes. 
Optimal conditions for growth consist of incu
bation at 33-35°C in an atmosphere containing 
1. 5 to 5% 0 2, 5% C02, and the balance N 2 (Field
steel et al., 1982). T. pal/idum subsp. pal/idum 
attaches to the SflEp cells and multiplies on the 
mammalian cell surface (Fieldsteel et al., 1981; 
Konishi et al., 1986). Under these conditions, 
the Nichols strain of T. pallidum subsp. palli
dum can increase in numbers up to 1 00-fold 
and maintain viability and infectivity for rab
bits for 12 to 15 days. Although several strains 
of T. pallidum subsp. pal/idum multiply in this 
system, isolates of T. pallidum subsp. pertenue 
and endemicum fail to grow (Cox et al., 1984). 
Attempts to extend multiplication by subcul
ture have thus far been unsuccessful (Norris and 
Edmondson, 1986a). 

Little is known about the growth require
ments of T. pal/idum. Treponema! multiplica
tion does not occur in the absence of mam
malian cells; the reason for this dependence has 
not been determined. The requirement for 
serum is stringent, and the required compo
nents are associated with the protein fraction 
(Norris and Edmondson, 1986b). Inasmuch as 
only certain lots of fetal bovine or calf sera are 
effective in maintaining growth, serum lots 
must be prescreened for this activity. Human 
serum inactivated at 56°C for 30 min can also 
fulfill the serum requirement (Norris and Ed
mondson, 1986b ). Optimal multiplication at 1. 5 
to 5% 0 2 (Fieldsteel et al., 1982) and metabolic 
and survival studies (reviewed by Cox, 1983; 
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Jenkin and Sandok, 1983; Sell and Norris, 
1983) provide evidence that T. pal/idum subsp. 
pallidum is microaerophilic. The fact that T. 
pal/idum subsp. pallidum (Nichols) grows best 
at 33 to 35 oc (Fieldsteel et al., 1982) mirrors 
its in vivo behavior, in which the infection in 
rabbits is enhanced in cooler regions of the 
body, such as the testes and exposed areas of 
the skin (Miller, 1971; Turner and Hollander, 
1957). 

IDENTIFICATION IN EXUDATES AND TISSUES.. The 
restrictions of in vitro cultivation, together with 
the impracticability of animal inoculation, pre
clude the use of these isolation procedures in 
the diagnosis of treponema! disease. At present, 
the identification of treponemes in lesion exu
dates from patients with early acquired trepo
nema! disease or early congenital syphilis is 
usually attempted by dark-field microscopy, in 
which identification is based upon the obser
vation of characteristic morphology and motil
ity. Unfortunately, this assay has several limi
tations that, in light of the similarities in clinical 
manifestations between treponema! and other 
diseases and the lack or inconclusive nature of 
serological reactivity, can and do cause errors 
in differential diagnosis. The following repre
sent the most important limitations of dark
field microscopy: 

1. Limited criteria for T. pallidum identifica
tion: the organisms observed must exhibit 
both the characteristic morphology and mo
tility ofT. pal/idum in order to establish iden
tification. The potential presence of host in
digenous, nonpathogenic treponemes with 
similar characteristics in the oral cavity,, gen
italia, and gastrointestinal tract preclude an 
unequivocal identification from these sites. 
Indeed, dark-field examination of lesions 
within the oral cavity and the anal region is 
most often contraindicated due to the poten
tial presence of nonpathogenic spiroche:tes. 

2. Necessity for rapid examination of prepared 
slides: the relatively rapid loss of motility in 
the presence of atmospheric 0 2 necessitates 
that slide specimens be examined within a 
short period of time after preparation ( 15-30 
minutes) to ensure the observation of char
acteristic movement. This restriction not only 
reduces the chances for accurately identifying 
organisms in the exudate but also reduces the 
probability of observing the treponemes that 
might be present. 

3. Relatively poor sensitivity: dark-field exami
nation of lesion exudates from patients with 
early treponema! disease may be negativ·e, de
spite the presence of T. pallidum. This lack 
of sensitivity is not surprising. Dark-field ex
amination of T. pal/idum suspensions con-
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taining 106 organisms per ml was the equiv
alent of 1 organism per high dry field (HDF) 
when utilizing a calibrated microscope (J. 
Miller, unpublished observation). By extrap
olation, 103 treponemes per ml of lesion ex
udate, a significant number of organisms, 
would present as 1 organism per 1,000 HDF 
and would not be detectable. 

4. Technical difficulty: The identification of T. 
pallidum by dark-field microscopy requires 
the availability of a specially equipped mi
croscope as well as considerable training, ex
perience, and expertise. This combination is 
generally not available at most health care 
facilities. As a result, dark-field examination 
may not be done or may be performed in
correctly. Again, because antibody may be 
lacking or its presence is inconclusive, this 
creates a serious problem for both physicians 
and health care officers responsible for con
trolling spread of the disease. 

These limitations associated with dark-field 
examination have been recognized since the 
procedure was first described, and, as might be 
expected, attempts have been made to develop 
a more efficient method. A proposed assay uti
lizes the principle of direct immunofluorescence 
and is referred to as the Direct Fluorescent An
tibody Test forT. pallidum (DFA-TP) (Kellogg, 
1970). With this procedure, lesion material or 
tissue sections are fixed to a microscopic slide 
and combined with Flourscein isothiocyanate 
labeled rabbit anti-T. pallidum immunoglobulin 
conjugate previously absorbed with cross-react
ing nonpathogenic treponemes to render it spe
cific for T. pallidum. Following a 30-min in
cubation period and washing, the slide is 
examined for the presence or absence of tre
ponemes by fluorescence microscopy. This im
munological procedure provides the opportu
nity to examine accurately not only smears from 
oral and anal lesions, but also tissue sections 
for the presence oftreponemes. In addition, the 
organisms need not be motile, thus eliminating 
the need for immediate examination. The use 
of adequate controls with this assay is essential, 
because conjugates of poor specificity due to 
incomplete absorbance of cross-reacting anti
bodies may give misleading results. 

More detailed information on the collection, 
submission, preparation, and examination of 
specimens for dark field examination and DFA
TP is contained in the excellent review b-y'Lar
sen et al. (1984). 

Silver impregnation methods have proved 
valuable in the identification of treponemes in 
tissues. However, their technical difficulty, poor 
reproducibility, and presence of artifacts resem
bling treponemes often make identification dif-
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ficult. The modified Krajian procedure is one 
of many available silver impregnation methods 
and is described in detail by Miller ( 1971 ), along 
with techniques for tissue fixation, embedding, 
and sectioning. 

A discussion of nontreponemal and trepo
nema! tests in the serological diagnosis of tre
ponema! infection is beyond the scope of this 
chapter. However, an excellent detailed pre
sentation of the principles, procedures, inter
pretations of results, precautions, and potential 
problems associated with these serological as
says is contained in the review by Larsen et al. 
(1984). 

Treponemes Cultivable in or on 
Artificial Media 

NUTRITIONAL AND ATMOSPHERIC REQUIRE
MENTS FOR GROWTH. A summary of some key 
nutritional and atmospheric requirements of 
the cultivable treponemes is given in Table 3. 

Treponemes cultured in or on artificial media 
are strict anaerobes or microaerophiles. Growth 
and propagation require patience and an ap
preciation of their nutritional and metabolic re
quirements. These requirements differ for each 
species. Some treponemes need serum in the 
culture medium while others need short-chain 
fatty acids (Smibert, 1973, 1976a). Usually, any 
animal serum can be used in final concentra
tions ranging from 5 to 10%. All sera used in a 
medium must be inactivated at 60°C for 30 
min. The serum provides the required long
chain fatty acids. There is very little free fatty 
acid in serum, and the long-chain acids are part 
of the neutral fats and phospholipids present. 
Most treponemes have a lipase that acts to lib
erate fatty acids. The only phospholipid in 
serum found to be used by five species was ly
sophosphatidylcholine (Trevathan et al., 1982). 
Two different pathways of phospholipid metab
olism were proposed for two groups of the spe
cies studied. The long-chain fatty acids required 
by treponemes are not the same for all species 
studied. Van Horn and Smibert ( 1982) reported 
that T. denticola and T. vincentii require oleic 
acid (cis-18: 1 [9]). Elaidic acid (trans-18: 1 [9]) 
also supports growth but to a lesser extent than 
the cis form. No other short-or long-chain fatty 
acids support growth of these two species. The 
main component of serum containing the fatty 
acids that support growth is the alpha-globulin 
fraction. Serum albumin is also needed to "de
toxify" or bind the fatty acids in order to keep 
their concentration at a nontoxic level (van 
Horn and Smibert, 1982). Johnson and Egge
braten (1971) reported that T. phagedenis re
quires a pair of fatty acids, one being saturated 
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Table 3. Some nutritional and atmospheric requirements of cultivable treponemes. 

T. denticola 
T. vincentii 
T. skoliodontum 
T. phagedenis 
T. refringens 
T. minutum 
T. hyodysenteriae 
T. innocens 
Large treponemes from 

homosexual males 
Brachyspira aalborgi' 
T. socranskii 
T. pectinovorum 
T. bryantii 
T. succinofaciens 
T. sacchrophilum 

•Inactivated animal serum. 

Serum• 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

Volatile 
fatty 

acidsb 

+ 
+ 
+ 
+ 
+ 

bRumen fluid or volatile fatty acid mixture. 
'Addition of filter-sterilized TPP to medium. 

Thiamine 
pyrophosphate' 

+ 
+ 
+ 

Requires 
carbohydrated 

+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

Aerated 
medium' 

+ 
+ 
+ 

dNeeds a fermentable carbohydrate as an energy source for growth. 
'Addition of some air (oxygen) to prereduced medium. 
'Brachyspira aalborgi is included for convenience. 

with at least 14 carbons and the other acid un
saturated with at least 15 carbons with one, two, 
or three double bonds. Elaidic acid (trans-
18:1(9)) can be used in place ofthe pair of acids. 
Lemcke and Burrows ( 1980) reported that T. 
hyodysenteriae requires cholesterol for growth 
and that serum can be replaced by cholesterol 
and serum albumin. Sitosterol and cholestanol 
are the only sterols that can replace cholesterol. 
Stanton (1985) reported that the organism 
needs cholesterol and the phospholipid phos
phatidylcholine, (Stanton, 1987; Stanton and 
Cornell, 1987). The sterol can be obtained from 
serum or red blood cell membranes. Cholesterol 
is converted to cholestanol, which is incorpo
rated into the treponemal cell membrane. Thus, 
this organism can grow with only cholesterol 
and phosphatidylcholine added to the culture 
medium. The requirement for short-chain fatty 
acids can only be met by the addition of either 
rumen fluid or a mixture of short-chain fatty 
acids (Smibert, 1973, 1976a). 

Socransky et al. ( 1969) reported the isolation 
of an oral treponeme that needs isobutyric acid. 
Smibert and Claterbaugh ( 1972) reported iso
lates from pig rectal and intestinal samples that 
require glucose, heme, isobutyric acid, and n
valeric acid. Hardy and Munro (1966) described 
an oral isolate that needs isobutyric acid, and 
Wegner and Foster ( 1966) reported on a rumen 
isolate that needs both isobutyric acid and n
valeric acid. Rumen fluid from cattle will supply 

acetic acid, propionic acid, isobutyric acid, n
butyric acid, isovaleric acid, and n-valeric: acid 
as well as heme. A medium with rumen fluid 
can be autoclaved and is used in the medium 
at final concentration of 20 to 30%. The short
chain fatty acid requirement can also be met by 
an artificial rumen fluid (volatile fatty acid and 
heme mixture) described by Caldwell and 
Bryant (1966). (See also Holdeman et al., 1977, 
for the formula of medium 10, which contains 
the artificial rumen mix; and Smibert et al., 
1984, for the mixture used in oral treponeme 
cultures.) 

Artificial Rumen Fluid Mixture (Caldwell and 
Bryant, 1966) 

Acetic acid I 7 ml 
Propionic acid 6 ml 
n-Butyric acid 4 ml 
n-Valerie acid I ml 
Isovaleric acid I ml 
Isobutyric acid I ml 
DL-Methylbutyric acid I ml 

Adjust the pH to 7.0. 
Add 0.31 ml of the above to 100 ml of medium. 

Heme Solution 
Heme solution is prepared by combining 50 mg o:fheme 
or hemin, I ml of I N NaOH, and 100 ml distilled water. 
Add I ml to 100 ml of medium. 

While rumen fluid, the above artificial rumen 
fluid mixture, and the heme solution can be 
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autoclaved, serum must be filter sterilized using 
a 0.2-JLm-pore-size membrane filter. Both serum 
and rumen fluid (or fatty acid mixture and 
heme,) can be used together in the same me
dium in order to have a universal medium that 
can support growth of both kinds of trepo
nemes. 

Unfortunately, there are also other nutri
tional considerations to be considered. The 
serum-requiring oral treponemes require thia
mine pyrophosphate for growth (Austin and 
Smibert, 1982), while the short-chain fatty acid
requiring oral, intestinal, and rumen trepo
nemes need a fermentable energy source in the 
medium. Glucose will serve as an energy source 
for many strains while other carbohydrates may 
be the best energy source for others. Some or
ganisms have a need for a unique energy source; 
for example, T pectinovorurn, an oral species, 
requires pectin (or glucuronic or galacturonic 
acid) for growth (Smibert and Burmeister, 
1983); no growth occurs with other carbohy
drates. Even some serum-requiring treponemes 
may need a fermentable energy source for 
growth; T phagedenis needs glucose for growth 
in a serum-containing medium (George and 
Smibert, 1982a, 1982b ). 

Atmospheric conditions are also important 
factors to be considered for the growth of tre
ponemes. Most organisms require a highly re
duced medium for optimum growth, while 
others need either a less reduced medium or a 
small concentration of air in a reduced medium. 
As a rule of thumb, the short-chain fatty acid
requiring organisms need a highly reduced me
dium, while most of the serum-requiring tre
ponemes have a lesser need for a well-reduced 
medium. T hyodysenteriae and T innocens will 
not grow in a highly reduced medium. For 
growth in roll tubes, 1 ml of air is injected into 
each tube. Although, T hyodysenteriae will 
grow in a system containing 1 to 5% 0 2, max
imum cell yields occur when the culture is 
stirred in a 1% atmosphere. No growth occurs 
in a medium with less than 1% 0 2 or with more 
than 5% 0 2 (Stanton and Lebo, 1988). When 
growing these organisms on blood agar me
dium, it is best to use ordinary aerobic plates 
(not prereduced) and to incubate them in an
aerobic jars using conventional anaerobic meth
ods. The treponemes isolated from the intes
tinal tract of homosexual males with diarrhea 
(Jones et al., 1986) also require 1% 0 2 for 
growth. Two procedures for growing most tre
ponemes in order to attain high yields are the 
roll-tube and the anaerobic chamber methods 
(Rosebury and Reynolds, 1964); the roll tube 
method is the most convenient. 
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METHODS OF ISOLATION AND MICROSCOPIC OB
SERVATION. Isolation of treponemes can be ac
complished with an anaerobic chamber, anaer
obic jars, or roll tubes. When either a chamber 
or anaerobic jar system is used for isolation, 
solid media in agar plates are used. When a roll
tube system is used, the isolation medium is 
usually liquid or semisolid. Anaerobic jars 
should be used properly to ensure good anaer
obic conditions when isolating treponemes with 
strict anaerobic requirements. The cold catalyst 
should be changed after one or two uses and 
replaced with fresh catalyst. A used catalyst can 
be reactivated by placing the pellets in an oven 
at 110-130°C for several hours. The gas mixture 
used in anaerobic jars can be either a hydrogen
generating system, such as the GasPak (BBL) 
envelope, or a tank gas mixture containing H 2 

and C02, such as 95% H 2-5% C02• Samples for 
isolation of treponemes can be used directly or 
diluted in anaerobic broth. They can be either 
fecal, rumen, genital, intestinal, intestinal mu
cosal scrapings, or oral plaque. All samples to 
be cultured for treponemes should be examined 
by dark-field microscopy. The number and size 
of the treponemes should be noted, and the data 
matched with the results of isolation. Subse
quent observations for growth and multiplica
tion should be conducted by dark-field micros
copy. 

GENERAL METHODS. The following general 
methods have been used to isolate treponemes 
from samples that contain other faster growing 
bacteria: 

SELECTIVE MEDIA. These are media that con
tai? antibiotics to suppress other bacteria (Les
chme and Canale-Parola, 1980; Smibert et al., 
1984; Songer et al., 1976; Stanton and Canale
Parola, 1979). Samples are either streaked onto 
agar plates or inoculated into a broth medium 
containing antibiotics. This method will sup
press most of the oral, intestinal, or rumen flora 
and allow growth of the slower growing trepo
nemes in the selective medium (Fiehn and 
Fr~ndsen, 1984; Lee and Philips, 1978; Les
chme and Canale-Parola, 1980; Smibert et al., 
1984; Songer et al., 1976). 

Selective Method of Smibert for Isolation of Oral 
Genital, and Intestinal Treponemes (Smibert and' 
Burmeister, 1983; Smibert et al., 1984) 

The samples are placed in a tube with a prereduced 
buffer containing small glass beads, and the cells dis
persed on a Vortex mixer for 5-10 seconds. Serial 10-
fold dilutions are made and each dilution inoculated 
into tubes of prereduced Oral Treponeme Isolation 
(OTI) broth (see below) containing rifampin (2 ILgfml) 
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and polymyxin (800 Ujml). The cultures are incubated 
at 37°C for I to 2 weeks and the presence oftreponemes 
determined weekly by dark-field microscopy. 

OTI Medium of Smibert 
Polypeptone (BBL) 
Heart infusion broth (BBL) 
Yeast extract 
Pectin 
Glucose 
Soluble starch (Difco) 
Sucrose 
Maltose 
Xylose 
Ribose 
Fructose 
Sodium pyruvate 
K,HP04 

NaCl 
MgS04 

L-Cysteine-HCl 
Clarified rumen fluid 
Distilled water 
Adjust the pH to 7.0-7.2. 

5.0 
5.0 g 
5.0 g 
0.8 g 
0.8 g 
0.8 g 
0.8 g 
0.8 g 
0.8 g 
0.8 g 
0.8 g 
0.8 g 
2.0 g 
5.0 g 
0.1 g 
0.68 g 

500 ml 
500 ml 

OTI agar medium contains 0.8% purified agar (Oxoid), 
while OTI broth medium contains 0.16% agar. OTI base 
medium is boiled, and the broth base is put into tubes 
containing an atmosphere of nitrogen. The tubes are 
rubber stoppered and autoclaved in a rack, which is then 
placed into a press in order to keep the stoppers in place. 
OTI agar base medium is autoclaved in a flask, cooled 
to 45°C under a stream of N2• (See Holdeman et a!., 
1977, for details of preparing prereduced media.) The 
agar medium is poured into petri dishes, and then 
placed in anaerobe jars when the agar solidifies. The jars 
are evacuated and filled with a gas mixture of N,, H,, 
and CO,; GasPak (BBL) envelopes may be used. The 
plates are held prereduced in the jars until used. Heat
inactivated serum and thiamine pyrophosphate are 
added to OTI medium to a final concentration of 5-
10% and 0.75-1.5 mgjJOOml respectively (100 ml of 
serum and I ml of an aqueous solution of thiamine 
pyrophosphate, 500 mgjml). Occasionally, organisms 
require a filter-sterilized yeast autolysate, which is added 
to the medium at a final concentration of 5%. The yeast 
autolysate is prepared by adding 56 g of dry Bakers yeast 
to 200 ml of distilled water and incubating at 56°C for 
4 days. The yeast cells are centrifuged and removed and 
the clear supernatant fluid is filter sterilized. 

Selective Method of Stanton and Canale-Parola for 
Isolation of Rumen Treponemes (Paster and 
Canale-Parola, 1985; Stanton and Canale-Parola, 
1979) 

Rumen samples are serially diluted into agar medium 
tubes containing I ~-tgfml of rifampin. The gas phase of 
the prereduced medium is C02• After incubation at 
39°C, typical treponema! colonies are picked with a Pas
teur pipette and subcultured in broth medium. Colonies 
in agar tubes are described as round "cotton balls," a 
"veil-like" growth with denser center, and like a "trans
parent bubble." 
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Selective Rumen Fluid Cellobiose (RFC) Agar 
Clarified rumen fluid 30 ml 
Salt solution A 20 ml 
Salt solution B 20 ml 
Resazurin (0.1% solution) 
Distilled water 
L-Cysteine-H Cl 
Noble agar (Difco) 
Adjust the pH to 6. 7-7.0. 

0.1 ml 
19 ml 
O.lg 
0.7 g 

Salt solution A contains CaCI,, 0.45 g; MgS04 , 0.45 g; 
and 1 liter distilled water. Salt solution B contains 
KH,PO., 2.25 g; K,HP04, 2.25g; NaCI, 4.5 g; (NH4) 2So4, 

4.5 g; and 1 liter distilled water. The base RFC medium 
is boiled to reduce resazurin and dispensed into culture 
tubes using a gas phase of CO, after which the tubes are 
rubber stoppered and autoclaved. NaHCO, (5%) and 
cellobiose (10%) stock solutions are filter sterilized and 
pipetted into each tube. Rifampin (10 f.tg/ml) is added 
to the NaHCO, stock solution. One ml of the NaHCO, 
solution and 0.1 ml of the cellobiose solution is added 
to 8.9 ml of base medium. Final concentration ofrifam
pin is 1 f.tg/ml. RFC broth is made without agar. 

GM-1 and NOS Selective Method for Isolation of 
Oral Treponemes (Blackmore and Canale-Parola, 
1976; Leschine and Canale-Parola, 1980; Weber 
and Canale-Parola, 1984). 

Gingival samples are taken with sterile toothpicks, and 
the toothpicks placed into tubes containing either prer
educed GM-1 or NOS medium in aN, atmosphere. The 
tubes are shaken and serially diluted into tubes of 
melted GM-1 or NOS agar containing 2 f.tg/ml ofrifam
pin. After incubation at 37°C, colonies appearing like 
"cotton balls" and "transparent bubbles" are removed 
with a Pasteur pipette and subcultured. 

GM-1 Medium 
Trypticase (BBL) 
Yeast extract 
NaCI 
Sodium thioglycolate 
L-Cysteine-HCI 
Distilled water 

0.5 g 
0.25g 
0.25 g 
0.05 g 
0.1 g 

100 ml 

The medium is adjusted to a pH of7.4, autoclaved, and 
then cooled rapidly to 35°C. The sample is inoculated 
into the medium after adding the following suppkments 
(per 100 ml of medium): 0.2% thiamine pyrophosphate, 
0.3 ml; volatile fatty acid solution, 0.5 ml; 10% sodium 
bicarbonate, 0.5 ml; and heat-inactivated rabbit serum, 
0.3 mi. The volatile fatty acid solution consists of 0.5 
ml each of isobutyric, DL-2-methylbutyric, isovaleric, 
and valerie acids dissolved in 100 ml of 0.1 N KOH. 
Rifampin is added to the medium at a final concentra
tion of 2 ug/ml. 

NOS Medium 
Heart infusion broth (Difco) 
Trypticase (BBL) 
Yeast extract 
Sodium thioglycolate 
L-Cysteine-HCL 
L-Asparagine 

1.24 g 
1.0 g 
0.25 g 
0.05 g 
0.1 g 
O.Q25 g 
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Glucose 
Distilled water 
Noble agar (Difco) 

0.2 g 
100 ml 

0.7 g 

The base medium is supplemented with the following: 
0.2% thiamine pyrophosphate, 0.3 ml; volatile fatty acid 
mixture prepared as in GM-1 medium, 0.2 ml; 10% 
sodium bicarbonate, 2.0 ml; and heat-inactivated rabbit 
serum, 2.0 ml. Each of the supplements are filter ster
ilized and added to the prereduced base medium. Other 
carbohydrates such as pectin can be used in place of 
glucose in the NOS medium to isolate treponemes with 
different carbohydrate requirements. Fiehn and Frand
sen (1984) reported that rifampin 2 JLg/ml; polymyxin, 
800 Ujml; and nalidixic acid, 75 JLg/ml in GM-1 blood 
agar give the best recovery of oral treponemes and sup
press most other kinds of oral bacteria. 

Selective Method for Isolation of T. hyodysenteriae 
from Pigs with Swine Dysentery (Songer et al., 
1976) 

The mucosa of the large intestine of pigs is washed to 
remove intestinal contents. Colonic mucosal scrapings 
of lesions from pigs with acute swine dysentery are 
streaked onto selective isolation agar medium that has 
not been prereduced. The inoculated plates are incu
bated in anaerobic jars containing 80% H, and 20% CO,; 
a GasPak envelope (BBL) can also be used. The plates 
are examined after 2, 4, and 6 days of incubation for 
areas of beta hemolysis with little or no surface growth 
in the hemolytic zone. The hemolytic zone is scraped 
with a loop, streaked onto Trypticase soy agar plates 
supplemented with citrated bovine blood, and incu
bated in an anaerobic jar at 37°C for 3-5 days. 

TSA-5400 Selective Method for T. hyodysenteriae 
Trypticase soy agar (BBL) 100 ml 
Citrated bovine blood 10% 
Spectinomycin (Upjohn) 400 JLg/ml 

The agar plates are poured under aerobic conditions and 
can be stored like ordinary aerobic media. Other anti
microbial agents can be used in the medium for isolation 
of this organism. The medium can be supplemented 
with polymyxin B, 200 U/ml, or spectinomycin, 200 JLg/ 
ml; vancomycin, 25 JLg/ml; and colistin sulfate, 25 JLg/ 
ml (Jenkinson and Wingar, 1981; Kitai et al., 1987). 

Selective Method for Isolation of Large 
Treponemes from Human Feces (Hovind-Hougen 
et al., 1982; Jones et al., 1986; Sanna et al., 1982; 
Tomkins et al., 1986) I Stool specimens from homosexual males with diarrhea 

are examined by dark-field microscopy for the presence 
of treponemes. Positive samples are streaked onto se
lective medium. 

Selective Method of Jones et al. (1986) 
Trypticase soy agar (BBL) 
Citrated human blood or defibrinated 

horse blood 
Spectinomycin 
Polymyxin B 

100 ml 
5% 

400 ~tfml 
5 JLg/ml 

The Genus Treponema 3547 

Plates are incubated in anaerobic jars for 5-7 days at 
37°C. A haze of growth on the surface of the agar is 
examined for treponemes and subcultured onto fresh 
blood-agar selective plates; slight beta hemolysis is 
sometimes seen. Tomkins et a!. (1986) used a similar 
medium containing 400 JLg/ml of spectinomycin, while 
Sanna et a!. ( 1982) employed Trypticase soy-7% horse 
blood agar supplemented with 400 JLg/ml of spectino
mycin and 15 JLg/ml of rifampin. Houvind-Hougen et 
a!. (1982) used Trypticase soy-10% calf blood supple
mented with 40 JLg/ml of spectinomycin and 5 JLg/ml of 
Polymyxin B for the isolation of Brachyspira aalborgi. 

Selective Method of Lee and Philips ( 1978) for 
Isolation of Putative Treponemes from the 
Intestines of Mice and Rats 

Blood agar base no. 2 (Oxoid) 
Lysed horse blood 
Polymyxin B 

100 ml 
7% 

80 JLg/ml 

The cecum of mice and rats is removed and a piece of 
tissue washed in physiological saline. The mucosal sur
face is scraped and inoculated onto the selective me
dium. Plates are incubated for 2-3 days in anaerobic 
jars. 

MEMBRANE-FILTER METHODS. Membrane-filter 
methods have been described by Hardy et al. 
(1964); Hunter and Ross (1972); Loeche and 
Socransky (1962); Smibert and Burmeister 
(1983); Smibert et al. (1984); Smibert and Cla
terbaugh ( 1972); Socransky et al. (1969); and 
Taylor and Alexander ( 1971 ). They utilize the 
ability oftreponemes to move through the pores 
of a membrane filter that will hold back most 
other bacteria. These methods are limited, 
therefore, to the isolation oftreponemes smaller 
than most other bacteria. Samples are inocu
lated onto membrane filters that are placed on 
top of agar media, which may also contain anti
microbial agents that make the media selective. 
Motile treponemes migrate through the pores 
of the filter and grow in the agar medium. The 
unavailability oflonagar No. 2 from Oxoid has 
necessitated the substitution of Purified agar 
from Oxoid (R. Smibert, unpublished obser
vations). 

Membrane-Filter Method of Smibert for Isolation 
of Intestinal and Oral Treponemes (Smibert and 
Burmeister, 1983; Smibert and Claterbaugh, 1972; 
Smibert et al., 1984) 

Oral, intestinal, or rumen samples diluted 10-fold are 
mixed with a Vortex mixer for I min. Several drops of 
each dilution are placed onto the surface of a 45-mm 
diameter (0.22-JL pore size) membrane filter which is on 
the surface of any of the agar medium mentioned in this 
Chapter. A sterile 0-ring, I inch in diameter, is first 
placed on the filter, and a seal of sterile 2% agar is placed 
around the 0-ring. The 0-ring prevents other bacteria 
from swarming or being washed off the filter and grow
ing on the agar medium. The plates are incubated in an 
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anaerobic jar in a gas mixture containing 95% H2 and 
5% C02 at 37°C for 1-2 weeks. GasPak envelopes (BBL) 
or anaerobic chambers can also be used. The membrane 
filter is removed and a white haze of growth is seen in 
the depth but not on the surface of the agar. A plug of 
growth near the leading edge of the haze is cut out with 
a loop or Pasteur pipette and examined by dark-field 
microscopy for treponemes. A larger plug of agar is re
moved and placed in a tube of prereduced broth me
dium. The medium used for isolation oftreponemes by 
this method contains serum, rumen fluid, or volatile 
fatty acid-heme solution. The rumen fluid and/or vol
atile fatty acid solution can be omitted from the medium 
if culturing only for serum-requiring organisms. Short
chain fatty acid-requiring treponemes do not require 
serum in the medium. 

Agar plates with filter and 0-ring should be prered
uced by incubation in anaerobic jars prior to use. Un
inoculated and inoculated plates should be kept in sep
arate anaerobic jars under a stream of C02. This 
procedure prevents the medium from becoming oxi
dized and limits the plates' exposure to air. 

Antibiotics such as rifampin (2~t/ml) and polymyxin 
B (800 U/ml) can be included in the media; other anti
biotics such as nalidixic acid (75~t/ml) can also be used 
(Fiehn and Frandsen, 1984). 

Smibert and Claterbaugh (1972) Isolation Medium 
Polypeptone (BBL) 0.5 g 
Yeast extract 0.5 g 
Glucose 1.4 g 
Soluble starch 0.5 g 
Ammonium sulfate 0.5 g 
L-Cysteine-HCI 0.68 g 
Resazurin 1.6 mg 
Bovine rumen fluid 280 ml 
Distilled water 220 ml 
Salt solution 500 ml 
Purified agar (Oxoid) 8 g 
Adjust to pH 6.5 (yields a pH of 7.2-7.5 after auto
claving). 

The salt solution contains K2HP04, I g; KH2P04, I g; 
NaHCO,, 10 g; NaCI, 2 g; CoCI2, 0.0034 g; NaMo04, 

0.0034 g; MnS04 , 0.0034 g; CaCI2, 0.2 g; MgSO., 0.2 g; 
and I liter distilled water. 

Membrane-Filter Method of Taylor and Alexander 
( 1971) for Isolation of Pig Intestinal Treponemes 

Colon samples are diluted in prereduced peptone-yeast 
extract broth and centrifuged at 700 X for I 0 min. The 
supernatant fluid is filtered through a 0.65~t Millipore 
filter, and a few drops of the filtrate spread onto the 
surface of prereduced I 0% horse blood agar plates. The 
plates are incubated in an anaerobic jar for 48 hours. 
Areas of complete hemolysis with no apparent surface 
growth are examined for treponemes by dark-field mi
croscopy and subcultured. 

Membrane-Filter Method of Hunter and Ross 
( 1972) for Isolation of Pig Intestinal Treponemes I Pieces oflarge intestinal mucosa and mucosal scrapings 

from pigs with swine dysentery are suspended in a small 
volume of nutrient broth and incubated for 4 hours at 
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37°C. A sterile 0.22-~tm or 0.65-~tm membrane filter is 
placed on the surface of isolation agar medium. A ring 
of sterile petrolatum is placed around the filter and 2 
drops of the broth sample are placed on the center of 
the filter. Plates are incubated for 5 days at 37°C and 
examined for the typical haze of treponeme growth in 
the agar. 

Hunter and Ross (1972) Isolation Medium 
Brain heart infusion broth 50% volfvol 
Spirolate broth (BBL) 50% volfvol 
Purified agar (Oxoid) 0.8% 
Inactivated rabbit serum 10% 
Mucin (I%; filter-sterilized) 2 mlf I 00 ml 
Adjust the pH to 7.8. 

Membrane-Filter Method of Hardy et al. (1964) for 
Isolation of Oral Treponemes 

Gingival scrapings are spread over 0.45-~tm or 0.3-~tm 
membrane filters on isolation agar medium and the 
plates incubated for 7 days at 3 7°C. A hazy growth under 
the filter is plugged and fresh plates streaked and in
cubated for 14 days at 37°C. 

Hardy et al. (1964) Isolation Medium 
Spirolate broth (BBL) 3 parts 
Brain heart infusion broth (BBL) I part 
Sodium thioglycolate 0.1% 
Inactivated rabbit serum 10% 
Purified agar (Oxoid) 0.8% 
Adjust the pH to 7.0-7.2. 

Membrane-Filter Method of Blake (1968) for Oral 
Treponemes 

Oral samples are inoculated onto membrane filtt:rs that 
are placed on the surface of agar medium. Membrane 
filters are cemented to Lucite plastic rings in order to 
prevent other bacteria from being washed off the filter 
and contaminating the isolation medium agar. The 
plates are incubated for 5-7 days at 37°C and the agar 
under the filter examined for treponema! haze. 

Blake ( 1968) Isolation Medium 
Tryptone (Difco) 3% 
Yeast extract 0.5% 
NaCI 0.25% 
L-Cysteine-HCI 0.075% 
Glucose 0.5% 
Purified agar (Oxoid) 0.8% 
Inactivated horse serum 10% 
Adjust the pH to 7.4. 

Membrane-Filter Method of Socransky et al. 
(1969) for Oral Treponemes I Samples are inoculated onto the surface of0.22-~tm pore 

size Millipore filters placed on the surface of the agar 
and the plates incubated for 2-7 days at 37°C. 

Isolation Medium of Socransky et al. (1969) for T. 
macrodentium 

PPLO agar (BBL) 
Glucose 
Nicotinamide 

100 ml 
I mg/ml 

400 !Lg/ml 
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Spermine tetrahydrochloride 
Sodium isobutyrate 
Thiamine pyrophosphate 
Adjust the pH to 7.0. 

!50 !Lg/ml 
20 !Lg/ml 

5 !Lgjmi 

Isolation Medium of Socransky et a!. (1969) for T. 
denticola 

Spirolate broth (BBL) 
Brain heart infusion broth 
Sodium thioglycolate 
Asparagine 
Tryptone (Difco) 
Purified agar (Oxoid) 
Inactivated rabbit serum 
Adjust the pH to 7.0. 

45% voljvol 
45% voljvol 
0.025% 
0.025% 
0.025% 
0.7% 

10% 

WELL-PLATE METHODS. Many early investiga
tors used well-plate methods to isolate trepo
nemes from oral, genital, and fecal samples. 
These methods are based upon the ability of 
treponemes to migrate through agar and thus 
move away from other bacteria and colonize. 
The methods can be used with any of the media 
already described. Furthermore, antimicrobial 
agents can be added to make the medium se
lective and to reduce bacterial contamination 
(Hampp, 1957; Hanson, 1970; Hanson and 
Cannefax, 1964; Rosebury, 1962; Rosebury and 
Foley, 1942; Rosebury et al., 1951). 

Well-Plate Method of Hanson for Oral, Fecal, and 
Genital Treponemes (Hanson, 1970; Hanson and 
Cannefax, 1964) 

This method may be used to isolate treponemes or other 
spirochetes from the oral cavity, anus, and genitalia of 
the chimpanzee, monkey, dog, cat, rabbit, rat, mouse, 
hamster, guinea pig, gerbil, fox, raccoon, skunk, and 
opossum. Samples are collected with sterile swabs and 
held until used at 1-5°C in 3 ml of broth containing 20 
U of polymyxin B. The swab is then pressed against the 
side of the tube to remove excess broth and debris. Iso
lation agar medium in 14 X 100-mm petri dishes con
taining a well I 0 mm in diameter and 12-14 mm deep 
is inoculated with 0.2 ml of the holding broth. The plates 
are incubated at 37°C in an anaerobic jar. After 5-7 
days incubation, a white haze of growth is seen 1-3 em 
from the edge of the well. Agar plugs are cut from the 
hazy area with a Pasteur pipette and subcultured. The 
authors used a medium with 0.001% crystal violet for 
initial subculture and after several transfers omitted the 
dye from the medium. 

Hansen (1970) Holding and Isolation Medium 
Spirolate broth (BBL) 45% 
Brain heart infusion broth 45% 
Sodium thioglycolate 0.025% 
Asparagine 0.025% 
Tryptone (Difco) 0.025% 
Inactivated rabbit serum I 0% 
Agar 0.7%-0.8% 
The broth medium is the same but without the agar. 
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Twenty ml of agar medium is placed in a sterile 30-ml 
beaker. A well 5 mm in diameter and 15 mm deep is 
cut into the agar with a sterile pipette. The beaker is 
covered with a sterile cup or aluminum foil. At frequent 
intervals, the water of syneresis is removed from the 
well. The sample is placed in the well being careful not 
to touch the lip of the well. The beakers are incubated 
in anaerobic jars and examined after 4-7 days at 3 7°C 
for a hazy growth in the agar several em from the well. 

Well-Plate Method of Rosebury for Oral 
Treponemes (Rosebury, 1962; Rosebury and Foley, 
1942; Rosebury eta!., 1951) 

Ten ml of medium is placed into 50 X 14-mm dishes; 
the depth ofthe medium should be at least 7 mm. Prior 
to use, a well approximately 4 mm deep is cut in the 
center of the agar with a Pasteur pipette having a tip 
approximately 2 mm in diameter. The plate is inocu
lated by stabbing one side of the well obliquely about 2 
mm deep. Inoculated plates are inverted and incubated 
in anaerobic jars at 3 7°C. 

MISCELLANEOUS ISOLATION METHODS. Two 
other methods have been used for isolating tre
ponemes. The first is used in the laboratory of 
one of the authors (R. Smibert) either for pri
mary isolation or, mostly, to purify cultures of 
contaminating bacteria either not inhibited by 
antimicrobial agents in selective media or ca
pable of moving through membrane filters be
cause of their small size. A parabiotic chamber 
(Bellco Glass, Inc., Vineland, NJ, catalogue no. 
1945) with rubber stoppers on each tube is fitted 
with a 25-mm-diameter membrane filter. The 
pore size of the filters may be 0.15, 0.22, 0.30, 
or 0.45 ~tm. The sterile chamber is assembled 
and gassed with a stream of nitrogen while both 
tubes of the chamber are partially filled with 
sterile, prereduced, antibiotic-containing broth 
or semisolid medium. One tube is inoculated 
with the sample or contaminated culture, and 
the chamber incubated for 2-3 days at 37°C. 
The treponemes migrate through the filter sep
arating the two tubes of the chamber and grow 
in the broth in the other tube. The broth is ex
amined by dark-field microscopy for trepo
nemes. Any broth medium can be used with 
this method. 

The second method has been used by Stanton 
and Canale-Parola (1979) and Paster and Can
ale-Parola ( 1985) for the isolation of rumen tre
ponemes. Dilutions of a sample are inoculated 
into agar tubes composed of an agar medium 
containing rifampin, 1~-tg/ml. The fluffy, hazy 
colonies of treponemes are picked by stabbing 
through the agar into the colony with a Pasteur 
pipette. 
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Subculture Procedures 

The isolation procedures described above sep
arate treponemes from other kinds of bacteria, 
but not from different species of treponemes. 
Mixed treponema! cultures must be streaked for 
isolated colonies, identified to species, and, if 
not previously recognized, must be fully char
acterized prior to the conduct offurther studies. 
Inasmuch as the greatest number of motile and 
viable treponemes are found at the outer edge 
ofthe hazy colony, small plugs of agar near the 
leading edge of the haze are transferred to broth 
or semisolid medium. The best methods for 
subculture of most treponemes are the roll-tube 
method using prereduced media and the an
aerobic chamber method (Holdeman et al., 
1977). In the roll-tube system, a gas mixture of 
90% nitrogen and 10% carbon dioxide is used. 
Broth culture medium is usually the same as 
the isolation medium. Thus, any medium de
scribed in the "Isolation" section can be used 
for subculture. The agar is omitted or replaced 
with 0.16% agar if a semisolid medium is de
sired. When transferring cultures, it is best to 
use large inocula. For most treponemes, well
reduced culture media are necessary for good 
growth. 

Treponema hyodysenteriae, T. innocens, and 
the large treponemes isolated from the feces of 
homosexual male patients with diarrhea (Jones 
et al., 1986) will not grow in highly reduced 
media such as prereduced roll-tube media. They 
can be subcultured by streaking ordinary aero
bic (i.e., not prereduced) blood agar plates, such 
as Trypticase soy agar (BBL) with 5-7% blood. 
The plates are incubated in an anaerobic jar 
under anaerobic conditions for 4-5 days at 
37°C. The plates have areas of complete oral
most complete hemolysis. Faint growth of small 
clear colonies can be seen in the hemolytic area 
by examining the plates under oblique lighting. 
Cultures must be transferred once a week. 
Growth in broth requires the addition of 10% 
inactivated serum in place of blood. Kinyon 
and Harris (1974) described growth of T. hy
odysenteriae in Trypticase soy broth (BBL) with 
fetal calf serum. Aerobic Trypticase soy broth 
is pipetted into culture tubes gassed with C02• 

The tubes are rubber stoppered, the rack placed 
in a press, and autoclaved. After cooling, 10% 
fetal calf serum is added to each tube. Stanton 
and Lebo (1988) found that T. hyodysenteriae 
does not grow under strict anaerobic or normal 
aerobic conditions but requires between 1 and 
5o/o 0 2 with 1 o/o being necessary for optimal mul
tiplication. The air space above prereduced me
dia, such as Tryticase soy broth-serum or prer
educed brain heart infusion broth with 10% 
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inactivated bovine serum in culture tubes, is 
injected with 1 ml of air, after which the me
dium is inoculated with the culture, and the 
tubes are rubber stoppered and incubated. 
When using a VPI anaerobic inoculator, the gas 
flow is shut off and the tubes inoculated and 
restoppered. This allows sufficient air into the 
headspace of the culture tube to allow good 
growth of the organism. For mass culture in a 
flask of prereduced medium, air (30-40 ml/1-
liter flask containing 500 ml of medium) is in
oculated into the heads pace of the flask with a 
50- or 1 00-ml syringe fitted with a sterile 
membrance-filter holder so that approximately 
1 o/o 0 2 is in the heads pace. In order to obtain 
maximum cell yield, a stirring bar is placed into 
each tube or flask and the cultures stirred on a 
magnetic stirrer; a shaker may also be used. It 
is not known if the organisms are respiring or 
if they are able to grow only in a medium with 
a certain 0/R potential. One of us (R. Smibert, 
unpublished observations) has found that T. in
nocens and the large treponemes from homo
sexual male patients with diarrhea also need air 
injected into prereduced media for growth and 
stirring for maximum cell yields. 

Colonization 

After isolation and subculture, single colonies 
oftreponemes must be picked for further study. 
Obtaining single-colony, pure-culture isolates is 
most difficult, time consuming, and frustrating. 
Any medium mentioned in the isolation section 
of this chapter can be used to colonize trepo
nemes. In selecting a medium, there are several 
considerations. First, a medium with serum will 
only isolate treponemes that require long-chain 
fatty acids. Secondly, many oral treponemes re
quire thiamine pyrophosphate. Lastly, many 
oral, rumen, and intestinal treponemes require 
both short-chain fatty acids found in rumen 
fluid and a fermentable energy source. Trepo
nemes grow into the agar medium and spread 
into the agar. Surface colonies are not usually 
seen. Thus, the agar should be softer than the 
usual 1. 5% in order to allow the treponemes to 
migrate. Agar medium for colonization should 
contain 1.25-1.3% Bacto-agar or Noble agar. If 
Purified agar (Oxoid) is employed, 0. 7-0.8% 
should be used in the medium. When prered
uced agar plates are required, they should be 
prereduced in an anaerobic jar for several days 
prior to use. Two anaerobic jars are used, one 
containing the uninoculated prereduced media 
and the other to receive the plates as they are 
inoculated. Both anaerobic jars are gassed with 
a stream of 0 2-free C02 while they are open. 
C02 is heavier than air and prevents atmos-
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Table 4. Key characteristics of Treponema species. 
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T phagedenis bt. M s A A A A + 
reiter 

T phagedenis bt. M s A A A A + + 
kazan 

T socranskii s R A A A A A A v A v 
subsp. 
socranskii• 

T socranskii s R A A A A A v v A v 
subsp. bucca/is• 

T socranskii s R A A A A v v v 
subsp. paredis 

T pectinovorum M R A 
T succinifaciens M R A A A A A 
T bryantii M R A A A A A 
T saccharophilum L R A A A A A A A A 
T hyodysenteriaeb L s A A A A A A A + + 
T innocensb L s A A A A A A A A A + 
T dent icola bt. M s + + 

denticola 
T denticola bt. M s + 

comandonii 
T vincentii M s + v 
T refringens bt. M s + + 

refringens 
T refringens bt. M s + + 

calligyrum 
T minutum s s + + 
T skoliodontum s s 
Abbreviations: Size: S = small treponeme (0.15-0.24 J.Lm in diameter), M = medium treponeme (0.25-0.32 J.Lm), L = 
large treponeme (>0.35 J.Lm). Need rumen serum: S = serum, R = rumen fluid or volatile fatty acid mixture. A = acid 
production with a pH of 6.0 and below in 95% of strains; - = no acid production or negative test result; + = positive 
test result; V = variable result or test result negative in less than 90% of strains. 
•T socranskii subsp. socranskii and T socranskii subsp. bucca/is cannot be differentiated by a biochemical test. They can 
be differentiated by DNA homology and by a serologic (slide-agglutination) test. 
bT. hyodysenteriae produces a strong beta hemolysis on blood agar plates, while T. innocens produces a weak hemolysis 
on blood agar plates. Data in this table on T hyodysenteriae and T innocens are from tests done in aerated medium with 
the tubes shaken. 

Table 5. Some key characteristics of nonfermenting Treponema species. 

Produce Convert 
Growth acetate fumarate 
in 1% Produce and to 

Species Phosphatase H2S Indole glycine formate butyrate succinate 

T denticola bt. denticola + + + 
T denticola bt. comandonii + + v 
T vincentii + + + 
T refringens bt. refringens + + + 
T refringens bt. calligyrum + + + + 
T minutum + + + + 
Symbols: +, positive; -, negative; V, variable. 
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Table 7. GC content of the DNA of Treponema 
species. 

Species 

T. pallidum 
T. phagedenis bt reiter 
T. phagedenis bt. kazan 
T. refringens 
T. denticola 
T. vincentii 
T. succinifaciens 
T. pectinovorum 
T. hyodysenteriae 
T. innocens 
T. socranskii subsp. socranskii 
T. socranskii subsp. bucca/is 
T. socranskii subsp. paredis 
T. bryantii 
T. saccharophilum 
T. minutum 

GC content (mol%)• 

52-54 (1) 
39-39 (1,2) 
38-39 (1,2) 
39-43 (1,2) 
37-38 (2) 
44 (3) 
36 (4) 
39 (5) 
25-26 (6) 
25-26 (6,7) 
51-52 (8) 
50-51 (8) 
50-51 (8) 
36 (9) 
54 (10) 
37 (3) 

•The numbers in parentheses correspond to the following 
citations: 1, Smibert (1984); 2, Miao and Fieldsteel 
(1978); 3, Smibert (1985); 4, Cwyk and Canale-Parola 
( 1979); 5, Smibert and Burmeister ( 1983); 6, Miao et a!. 
( 1978); 7, Kinyon and Harris (1979); 8, Smibert et a!. 
(1984); 9, Stanton and Canale-Parola (1980); and 10, Pas
ter and Canale-Parola ( 1985). 

pheric 0 2 from seeping into the open jars. The 
streaked plates are incubated upright for 1 to 2 
weeks. Anaerobic chambers can also be used for 
colonizing treponemes. Another method used 
by one of the authors (R. Smibert) is prereduced 
agar medium in rubber stoppered 3-, 4-, or 6-
ounce prescription bottles. The bottle-plates are 
gassed with a stream of02-free N 2 or a mixture 
of 95% N2 and 5% C02, then streaked, restop
pered, and incubated for 1 to 2 weeks. Pour 
bottle-plates can also be used. Colonies of tre
ponemes are subsurface and become larger in 
diameter as the cultures grow. They may be sev
eral millimeters in diameter and appear as a 
white, translucent haze in the medium. Some 
have an irregular edge and appear like bits of 
cotton in the medium, while others have an en
tire edge that may or may not appear denser 
than the center of the colony. Colonies are 
picked with a loop or a plug is taken with a 
Pasteur pipette and subcultured. All cultures 
must be examined by dark-field microscopy to 
determine purity. 

One of us (R. Smibert) employs the OTI me
dium (see "Selective Media") as a general pur
pose medium for isolation, maintenance of 
stock cultures, and as an agar medium with 
0.7% Purified agar (Oxoid) for colonization of 
these organisms. 

Christiansen (1964) colonized T. phagedenis 
and T. refringens in the following medium: 

The Genus Treponema 

Medium of Christiansen 

I Fluid thioglycolate 
Purified agar (Oxoid) 
Inactivated rabbit serum 

100 ml 
0.7% 

10% 

3553 

Hardy et al. (1963) colonized T. denticola, T. 
refringens, T. phagedenis, and T. vincentii, using 
three different media. The plates are streaked 
and quickly put into anaerobic jars for 6-14 
days. 

Hardy Medium for T. phagedenis and Oral 
Treponemes I USP alternate thioglycolate broth 

Inactivated normal calf serum 
Purified agar (Oxoid) 

100 ml 
10% 
0.7% 

Hardy Medium for T. refringens and T. phagedenis 
Trypticase (BBL) 3% 
Yeast extract 0.5% 
Glucose 0.5% 
NaCI 0.25% 
L-Cysteine -HCI 0.2% 
Inactivated rabbit serum 10% 
Purified agar (Oxoid) 0. 7% 
Adjust the pH to 7.2. 

Hardy Medium for T. denticola and T. vincentii 
Thioglycolate broth 3 parts 
Brain heart infusion broth 1 part 
Inactivated rabbit serum 1 Oo/o 
Purified agar (Oxoid) 0. 7% 

Hanson and Cannefax ( 1965) colonized 48 
strains representing T. denticola, T. refringens, 
T. phagedenis and T. vincentii. Colonies ap
peared in 7-8 days. 

Medium of Hanson and Cannefax (1965) 
Spirolate broth 45% 
Brain heart infusion broth 45% 
Sodium thioglycolate 
Inactivated rabbit serum 
Agar 

0.05% 
10% 
2.5% 

Identification and Characterization 

During the last few years, several new trepo
nema! species have been created and their iden
tification accomplished using conventional bac
teriologic methods. Many other species of 
treponemes are yet to be isolated, characterized, 
and named. The base medium for identifying 
and characterizing treponemes can be any me
dium described in this chapter. One of us (R. 
Smibert) uses a prereduced peptone-yeast ex
tract-basal (PY) medium with a gas phase of 
either N 2 or 95% N2 and 5% C02• This medium 
and its preparation are described in the Ana
erobe Laboratory Manual (Holdeman et al., 
1977). Carbohydrates and other compounds 
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used in the study of treponemes are added to 
the PY medium. It is supplemented with 10% 
inactivated serum, thiamine pyrophosphate, 
and either 30% rumen fluid or the artificial ru
men fluid mixture. 

Basal PY Medium for Treponemes (Holdeman et 
al., 1977): 

Peptone 
Trypticase 
Yeast extract 
Resazurin 
L-Cysteine-HCl 

0.5 g 
0.5 g 

Salt solution (see below) 

1.0 g 
0.16 mg 
0.5 g 
4.0ml 

Distilled water 

Salt solution: 
CaCI,, anhydrous 
MgS04, anhydrous 
K,HP04 

KH,P04 

NaHCO, 
NaCl 
Distilled water 

100.0 ml 

0.2 g 
0.2 g 
1.0 g 
1.0 g 
10.0 g 
2.0 g 
I liter 

All media with carbohydrates are checked for acid pro
duction after 3 to 5 days incubation. A pH of 6.0 or 
below is considered positive for acid formation. A car
bohydrate-containing culture (preferably glucose) is kept 
for determining end products of fermentation by gas 
chromatography or high-pressure liquid chromatogra
phy. A culture must be examined for end products even 
if the pH is above 6.0 because some organisms metab
olize amino acids and neutralize an acid pH. 

Antibiotic susceptibility of these organisms 
can be determined by the addition of various 
concentrations of antibiotics to inoculated 
broth medium (Abramson and Smibert, 1971a, 
1971 b) or by the addition to the broth medium 
of one or more high-concentration susceptibility 
disks (Abramson and Smibert, 1972); after a 
suitable incubation period, the tubes are as
sayed for growth inhibition. 

Key characteristics for the identification of 
cultivable treponemes are described in Tables 
4-7. Additional information on identification of 
treponemes can be found in: Cwyk and Canale
Parola ( 1979); Holdeman et al. ( 1977); Kinyon 
and Harris ( 1979); Paster and Canale-Parola 
( 1985); Smibert ( 1973, 1976a, 1976b, 1984, 
1985); Smibert and Burmeister (1983); Smibert 
et al. (1984); and Stanton and Canale-Parola 
(1980). 

Preservation of Cultures 

Most cultivable treponemes are transferred to 
a suitable medium weekly for experimental use. 
However, T pallidum subsp. pallidum, per
tenue, and endemicum and T paraluiscuniculi 
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require propagation in the rabbit testis as a 
source of treponemes for the conduct of exper
iments. Cultures and rabbit testicular extracts 
of treponemes can be stored in the frozen state 
in liquid N2 or in a mechanical freezer at-70° 
to- 80°C. For preservation over several years, 
sterile cryoprotective agents such as 10-15% 
glycerol or 3% dimethylsulfoxide (DMSO) are 
added to the cultures and extracts in sterile plas
tic cryotubes. Prior to freezing, the cryotubes 
containing cultivable treponemes are gassed 
with N2 until the top is secured. In order to 
revive the cultures and extracts, they are re
moved from storage and thawed at room tem
perature. Cultivable treponemes are transferred 
to fresh medium and incubated at 37°C for 4-
6 days. The human and rabbit pathogens are 
inoculated into rabbit testes for growth and mul
tiplication. 
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CHAPTER 193 

The Genus Borrelia 

RUSSELL C. JOHNSON and CARRIE A. NORTON HUGHES 

The genus Borrelia is one of the four genera of 
the family Spirochaetaceae and is comprised of 
pathogenic spirochetes that are transmitted by 
arthropod vectors. With the exception oflouse
borne relapsing fever, the borrelioses are zoon
oses. In the past, due to the inability to culture 
the spirochetes and conduct the usual morpho
logical and physiological studies for their clas
sification, the borreliae have been classified into 
species solely on the basis of their arthropod 
vector. In addition, the antigenic variability as
sociated with some of the borreliae has pre
vented the use of serological methods for their 
identification. With the formulation of a culture 
medium by Kelly (1971 ), and with subsequent 
improvements by Stoenner (1974) and Barbour 
(1984), many of the borreliae can now be cul
tivated in vitro and taxonomic methods based 
on molecular biology can be applied to their 
classification. Nineteen species of Borreliae 
have been recognized. 

Borreliae are slender (0.2- 0.5 J.Lm X 8- 30 J.Lm) 
helically shaped bacteria (Fig. 1 ). They are con
sidered to be Gram-negative, but are visualized 
best with Giemsa's stain. Borrelia shares the 
same basic ultrastructural features as other 
members of the Spirochaetaceae (see also Chap
ter 191 ). These features include an outer mem
brane that encloses the protoplasmic cylinder 
and periplasmic flagella inserted subterminally 
and bipolarly in the protoplasmic cylinder. An 
amorphous slime layer has been observed on 
the surface of several borreliae (Hovind
Hougen, 1976). Muramic acid (Ginger, 1963) 
and ornithine (Kiaviter and Johnson, 1979) 
have been identified as components of the bor
relial cell wall. The periplasmic flagella are un
sheathed and overlap in the central region of 
the cell (Holt, 1978). The number of peri
plasmic flagella per cell end varies from 7 to 20 
(Hovind-Hougen, 1976). Because of the internal 
location of the peri plasmic flagella, cells main
tain their motility in environments of relatively 
high viscosity. 

Borrelia species are relatively slow-growing 
microaerophilic spirochetes. The cells contain 

Fig. I. Borrelia burgdorferi strain 297, human cerebral 
spinal fluid isolate, as seen by scanning electron microscopy. 
Bar = 5 ~tm. 

an iron superoxide dismutase, but not catalase 
or peroxidase (Austin et al., 1981 ), and are re
sistant to metronidazole (Johnson et al., 1984a). 
They grow well in the temperature range of 30-
350C with generation times of 12- 24 h at the 
latter temperature. Their nutritional require
ments have not been fully defined but appear 
to be complex. Borrelia require N-acetylglucos
amine (Kelly, 1971) and long-chain fatty acids, 
which are incorporated unaltered into cellular 
lipids (Livermore et al., 1978; Pickett and Kelly, 
1974). They utilize glucose as a major energy 
source, with lactic acid as the predominant met
abolic end product (Kelly, 1976). 
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Borrelia species do not produce any known 
toxins and may elicit an acute inflammatory 
response in the host. They are considered to be 
extracellular parasites, as they are predomi
nately confined to the plasma space of their 
mammalian hosts. The remittent fevers char
acteristic of relapsing fever borreliae are due to 
antigenic variations among the infecting pop
ulations of spirochetes. 

Habitats 

mary vectors are listed in Table 1. The validity 
ofthe assignment of some ofthe species of Bor
relia is questionable. For example, on the basis 
of DNA homology studies, a high degree of re
latedness (76% to 100%) was observed among 
B. hermsii, B. turicatae, and B. parkeri, indi
cating that these borreliae probably comprise a 
single species (Hyde and Johnson, 1984). Con
versely, some B. burgdorferi isolates from the 
United States and Europe appear to be geneti
cally dissimilar (LeFebvre et al., 1989). 

Presence in Lice All known borreliae are arthropod-borne path
ogens and are transmitted by the human body 
louse or various species of hard and soft ticks. 
The principle species of Borrelia and their pri-

B. recurrentis is the etiological agent of louse
borne (epidemic) relapsing fever and is the only 

Table I. Characteristics of Borrelia species of medical and veterinary significance. 

Species Disease Vector Geographic distribution 

B. recurrent is Louse-borne relapsing Pediculus humanus subsp. Worldwide 
fever humanus 

B. hermsii New World tick-borne Ornithodoros hermsi Canada, western USA 
relapsing fever 

B. turicatae New World tick-borne 0. turicata Southwestern USA 
relapsing fever 

B. parkeri New World tick-borne 0. parkeri Western USA 
relapsing fever 

B. mazzottii New World tick-borne 0. talaje Southwestern USA, 
relapsing fever Mexico, Central and 

South America 
B. venezuelensis New World tick-borne 0. rudis Central and South America 

relapsing fever 
B. duttonii Old World tick-borne 0. moubata Central, eastern, and 

relapsing fever southern Africa 
B. hispanica Old World tick-borne 0. marocanus Spain, Portugal, Morocco, 

relapsing fever Algeria, Tunisia 
B. crocidurae, B. merionesi, Old World tick-borne 0. erraticus Northern and eastern 

B. microti, B. dipodilli relapsing fever Africa, Near and Middle 
East, southeastern 
Europe 

B. persica Old World tick-borne 0. tholozani Middle East, Greece, 
relapsing fever Central Asia 

B. caucasica Old World. tick-borne 0. verrucosus Iraq, southwestern USSR 
relapsing fever 

B. latyschewii Old World tick-borne 0. tartakowskyi Iraq, Iran, Afghanistan, 
relapsing fever southcentral and 

southwestern USSR 
B. burgdorferi Lyme (borreliosis) Ixodes dammini Midwestern and eastern 

disease USA 
I. pacificus Western USA 
I. ricinus Europe 
I. persulcatus Asiatic USSR, China, 

Japan 
B. anserina Avian borreliosis Argas persicus and other Argas Worldwide 

spp. 
B. theileri Bovine borreliosis Rhipicephalus evertsi, Boophilus South Africa, Australia, 

microplus, B. annulatus, B. Brazil, Mexico 
decoloratus 

B. coriaceae (?) Epizootic bovine Ornithodoros coriaceus California 
abortion 
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species of borreliae that is louse-transmitted. 
The human is the only known reservoir of this 
spirochete. The human body louse, Pediculus 
human us subsp. human us, becomes infected af
ter feeding on a spirochetemic individual and 
remains infected during its life span of approx
imately 10 to 61 days. The ingested borreliae 
enter the louse midgut where they penetrate the 
gut epithelium to gain entrance to the hemo
lymph, in which they multiply. They do not 
infect the salivary glands or ovaries of the lice. 
Accordingly, the infection is not passed to off
spring of infected lice via transovarial trans
mission, nor do humans become infected via 
infectious saliva while the lice are feeding. 
Rather, infection is thought to occur when spi
rochetes are liberated from the lice and enter 
the host through the bite wound when the lice 
are crushed on the skin by scratching. Since 
body lice prefer the normal body temperature 
of 37°C, to higher temperatures they are likely 
to leave a febrile person to seek an afebrile per
son, which results in the rapid transmission of 
infection during epidemics. 

Presence in Ticks 

The borreliae are also parasites of both soft and 
hard ticks. Two human diseases caused by in
fected ticks are the tick-borne (endemic) re
lapsing fevers and Lyme (borreliosis) disease. 
Numerous species of Borrelia are responsible 
for the tick-borne relapsing fevers and are dis
tributed worldwide in both tropical and tem
perature climates (Table 1). Argasid (soft) ticks 
of the genus Ornithodoros serve as the vectors 
of these spirochetes, with wild rodents being the 
major reservoir for the borreliae. Occassionally, 
lizards, toads, turtles, and owls can harbor these 
spirochetes. The infection is maintained in res
ervoir animals by tick bites. Humans are acci
dental hosts, with the possible exception of in
fections by B. duttonii. In East Africa, this 
spirochete is carried by the domestic tick, 0. 
moubata, and the reservoir for the borreliae ap
pear to be humans. 

The course of development of relapsing fever 
borreliae in ticks varies considerably from that 
in lice. Ticks become infected while obtaining 
a blood meal from spirochetemic animals. A 
generalized infection ensues, and spirochetes 
can be found in a variety of tissues, including 
the salivary glands, the coxal glands on the legs, 
and the ovaries. Humans and animals become 
infected while the tick is feeding, either through 
infectious saliva and/or coxal fluid entering via 
the bite wound or skin. Ticks are durable vec
tors of borreliae, as they are able to survive 
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months to years without a blood meal. In ad
dition, the spirochetes are able to survive in the 
ticks for similar periods of time. In contrast to 
lice, female ticks can transmit borreliae tran
sovarially to their progeny, and the spirochetes 
can be maintained during transition from one 
developmental form to another (e.g., larvae to 
nymph to adult). 

The Ixodidae (hard) ticks are the primary 
vectors of B. burgdorferi, the etiological agent 
of Lyme disease (Table 1 ). The association be
tween B. burgdorferi and Ixodes dammini, the 
vector ofthis disease in northeastern and north
central USA, has been studied extensively (Ben
ach et al., 1987; Burgdorfer et al., 1982; Burg
dorfer et al., 1989; Ribeiro et al., 1987). This 
relationship is similar to that occurring in other 
ticks of the I. ricinus complex. The larval and 
nymphal forms of I. dammini commonly be
come infected with B. burgdorferi when obtain
ing a blood meal from infected rodents. The 
white-footed mouse, Peromyscus leucopus, is a 
primary reservoir for the spirochete. In contrast 
to the tick- and louse-borne relapsing fever bor
reliae that egress from the midgut a few days 
after ingestion and invade the hemolymph, B. 
burgdorferi remains in the midgut until the next 
blood meal (Burgdorfer, 1989; Ribeiro et al., 
1987). At that time, it penetrates the basal mem
brane of the midgut, invades the hemolymph 
and various tissues, including the salivary 
glands, and is transmitted to the host via in
fectious saliva. Transovarial transmission oc
curs less frequently in the Ixodes ticks as com
pared to the Ornithodoros ticks. 

Several species of Borrelia are of veterinary 
importance. However, little information is 
available on the development of these borreliae 
in their tick vectors. 

Medical Importance of Borreliae 

Relapsing Fevers 

Subsequent to exposure to an infected louse or 
tick, the relapsing fever borreliae gain access to 
the blood and the lymph. After an incubation 
period of 4 to 18 days and after the spirochetes 
have multiplied to levels of 106 to 108 cells per 
ml of blood, the illness begins abruptly with 
shaking chills, fever, headache, and fatigue, 
which persist for 3 to 7 days. Following an afe
brile period of 5 to 10 days, a second sympto
matic episode may occur. Additional relapses 
of decreasing time and intensity are character
istic of the tick-borne disease but are uncom
mon in the louse-borne disease. The relapses 
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are the result of antigenic variation in the bor
reliae. The borreliae are able to undergo a num
ber of cyclic antigenic variations. When anti
bodies to the prevailing antigenic type appear, 
the organisms "disappear" from the peripheral 
blood and are replaced by a different antigenic 
variant in a few days. If the host is untreated, 
this process may be repeated several times, de
pending upon the infecting strain of Borrelia. 

During the acute phases of the illness, bor
reliae may be seen in blood smears stained with 
Giemsa or Wright stain and counterstained 
with crystal violet (Felsenfeld, 1971 ). The mor
tality rate in louse-borne relapsing fever ranges 
as high as 40% in untreated cases, but can be 
less than 5% following antibiotic treatment. 
Oral tetracycline (30 mgjkg of body weight), 
given in four divided doses at 6-h intervals for 
10 days, is considered the drug of choice (Foster, 
1977). Shortly following the initiation of anti
biotic therapy, a Jarisch-Herxheimer reaction 
occurs, manifested by chills, fever, headache, 
and joint and muscle pains. This reaction is 
quite pronounced in louse-borne relapsing fe
ver. Clinical descriptions of relapsing fever in 
humans have been detailed by Bryceson et al. 
(1970). 

Louse-borne relapsing fever has been re
ported primarily from African countries, par
ticularly Ethiopia and Sudan. Some outbreaks 
have occurred in the South American Andes. 
Tick-borne relapsing fevers are more sporadic 
in occurrence. In North America, most of the 
cases occur within the distributional area of Or
nithodoros hermsi or 0. turicata (Table 1 ). In 
the United States, tick-borne relapsing fever is 
underreported because it is seldom diagnosed. 
Unless a patient history of wilderness exposure 
or camping in rodent-infected areas is given and 
the patient is aware of a tick bite, the illness is 
usually not suspected during the initial period 
of fever (Fihn and Larson, 1980). 

Lyme (Borreliosis) Disease 

Lyme disease is a multisystem illness that pri
marily affects the skin, nervous system, heart, 
and joints (Steere, 1989). The disease was 
brought to the attention of the medical com
munity as the result of an outbreak of arthritis 
in adults and children in Lyme, CT, USA, and 
the adjacent communities of Old Lyme and 
East Haddam. The resulting epidemiological 
and clinical investigations led to the identifi
cation of a new disease entity, Lyme disease 
(Steere et al., 1977). 

The hallmark skin lesion of Lyme disease, 
erythema chronicum migrans, was first de-
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scribed in Europe in 1908 (Afzelius, 1921) and 
in the USA in 1969 (Scrimenti, 1970). Accord
ing to the CDC, Lyme disease is the most com
mon vector-borne infection in the USA. Cases 
have been reported in 43 states, with three areas 
of concentration: from Massachusetts to Mary
land in the northeast; Wisconsin and Minnesota 
in the midwest; and California and Oregon in 
the west. Most European countries have also 
reported cases, as have republics in the USSR. 
In addition, the disease has been reported in 
China, Japan, Africa, and Australia. 

Lyme disease can be divided into early and 
late infection. Approximately 7 to 9 days fol
lowing the initial tick bite, the early (localized) 
infection is marked by the pathognomonic skin 
lesion, erythema migrans (in 60 to 80% of pa
tients), and accompanied by fever, regional 
lymphadenopathy, or minor constitutional 
symptoms (Steere, 1989). The erythema mig
rans lesions usually fade within 3 to 4 weeks, 
even when untreated, but they may recur. Weeks 
to months later (disseminated disease), patients 
may develop meningoencephalitis, Bell's palsy, 
myocarditis, migrating musculoskeletal pain 
and intermittent attacks of arthritis, especially 
in the large joints such as the knee. As the in
fection progresses (late or persistent infection), 
the episodes of arthritis last for months rather 
than weeks. Also, syndromes ofboth the central 
and peripheral nervous system may occur more 
than a year after the initial infection. Persistent 
infections in Lyme disease may also develop as 
acrodermatitis chronicum atrophicans (ACA), 
the late skin manifestation of the disease, which 
has primarily been observed in Europe (As brink 
and Hovmark, 1988; Kaufman et al., 1989). The 
skin lesion typically begins as a bluish-red dis
coloration of swollen skin on an extremity. This 
lesion may occur at an earlier site of erythema 
migrans. The inflammatory stage of ACA may 
persist for years or decades and may lead to 
atrophy of the skin. Transplacental transmis
sion of B. burgdorferi has been reported; how
ever, congenital infection with adverse out
come, such as perinatal death, appears to be 
unusual (Schlesinger et al., 1985; Weber et al., 
1988). 

After the first several weeks of infection, most 
patients have a positive antibody response to 
the spirochete. The specific IgM response is de
tectable after the third week and peaks after 6 
to 8 weeks (Steere et al., 1983). The B. burg
dorferi-specific IgG response peaks during the 
second to third month of infection and may per
sist for years. Since the direct visualization and 
culture of B. burgdorferi from patient specimens 
is difficult, serologic determinations are cur
rently the most practical mode of laboratory 



3564 R.C. Johnson and C.A. Norton Hughes 

diagnosis. False negative results occur early in 
the disease, whereas false positives may occur 
in patients with a variety of other diseases, in
cluding syphilis, Rocky Mountain spotted fever, 
autoimmune disease, and neurologic disorders. 
Differential diagnosis is difficult. 

Early Lyme disease usually responds well to 
antimicrobial therapy. However, cases with per
sistent joint or central nervous system compli
cations tend to be more resistant to treatment. 
Adults with the early manifestations generally 
respond to doxycycline (100 mg orally, 2X 
daily, 10-30 days) or amoxicillin (500 mg orally, 
4X daily, 10-30 days). Children younger than 
8 years of age are generally treated with amox
icillin (250 mg orally, 3 X daily, 10-30 days). 
Neurologic manifestations and other abnor
malities are treated with ceftriaxone (Rocephin) 
(2 g, intravenously, 1 X daily, 14 days). Treat
ment failures have occurred with all of these 
regimens, and retreatment may be necessary. 
Since patients who have already developed a 
mature anti-borrelia lgG response often remain 
seropositive after apparently successful anti
biotic therapy, the presence or absence of cir
culating antibodies to Borrelia following treat
ment is not a reliable indicator of cure 
(Dattwyler et al., 1989). Descriptions of clinical 
presentations and the medical progress of Lyme 
disease have been reviewed by Steere (1989). 

Veterinary Diseases 

Borrelia anserina, the type species of the genus, 
is the etiological agent of avian borreliosis, a 
highly fatal disease of geese, ducks, turkeys, and 
chickens. Mammals are resistant to this infec
tion. The disease is widespread, occurring in 
many countries including Europe, Asia, Aus
tralia, and South, Central, and North America. 
The vectors of B. anserina are species of Argas 
ticks. The disease begins with a high fever; then 
the birds become cyanotic and develop diar
rhea. Spirochetes are present in the blood early 
during the disease and relapses do not occur. 

Borrelia coriaceae is the putative etiological 
agent of epizootic bovine abortion, a disease of 
major economic importance in California 
(Lane et al., 1985). This recently recognized spe
cies of Borrelia (Johnson et al., 1987) is carried 
by the soft tick Ornithodoros coriaceus (Lane et 
al., 1985). 

Borrelia theileri is responsible for a mild dis
ease of cattle, horses and sheep. The illness is 
characterized by one to two episodes of fever, 
weight loss, weakness, and anemia. The vectors 
of this spirochete are species of the hard ticks 
Rhipicephalus and Boophilus. The disease has 
been reported in South Africa and Australia. 
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Isolation 

The study of Borrelia was greatly facilitated by 
the development of a culture medium by Kelly 
(1971) that would support the growth of the 
spirochetes. Stoenner enriched the basic for
mulation of Kelly with the addition of yeast 
extract and tissue culture medium (Stoenner et 
al., 1982). Subsequent modifications by Bar
bour (1984) resulted in BSK (Barbour-Stoen
ner-Kelly) medium, which has allowed the iso
lation ofborreliae from a variety of tissues. The 
success of in vitro culture of Borrelia is usually 
dependent on the quality of the animal serum 
or albumin used in the media preparation (Cal
lister et al., 1990). 

Liquid BSK II Medium for Growth of Borrelia 
(Barbour, 1984) 

1. To 900 ml of glass-distilled water, add the following: 

N-2-hydroxyethylpiperazine-N-2- 6.0 g 
ethanesulfonic acid (HEPES, Sigma) 

Neopeptone (Difco) 5.0 g 
Sodium citrate 0.7 g 
Glucose 5.0 g 
Sodium bicarbonate 2.2 g 
TC Yeastolate (Difco) 2.5 g 
Sodium pyruvate 0.8 g 
N-acetyl glucosamine (Sigma) 0.4 g 
Bovine serum albumin, fraction V 50.0 g 

2. Adjust pH of medium at 20-25°C to 7.6 with 1 N 
NaOH. 

3. Sterilize by filtration with air pressure (0.2-l'm mem
brane filter). 

4. Add 100 ml of sterile lOX concentrate CMRL 1066 
without glutamine (Gibco). 

5. Add 200 ml of sterile 7% gelatin (Difco), which has 
been dissolved in boiling water. 

6. Add 64 ml of sterile, heat-inactivated rabbit serum 
(Pel-Freeze Biologicals, Inc., Rogers, AR). 

7. Dispense to glass or polystyrene tubes or bottles. Fill 
to 90% capacity and cap tightly. 

8. Store complete medium at 4°C. 
Semisolid medium is prepared by the addition of I 00 
ml of sterile 1.89% Seakem LE agarose (Gibco}, which 
has been dissolved in boiling water. The agarose solution 
is added just prior to dispensing the medium. 

Borrelia can be isolated from Ornithodoros 
and Ixodes ticks using semisolid BSK medium. 
The hemolymph and most tissues of Ornitho
doros ticks can be used as a source of the re
lapsing fever borreliae and B. coriaceae. In con
trast, B. burgdorferi is usually restricted to the 
midgut of Ixodes ticks. Susceptible animals 
(young mice, rats, or hamsters) can be used for 
the isolation of borreliae by inoculation of tick 
tissue suspensions or by allowing infected ticks 
to feed on the animals. The borreliae may be 
isolated from the blood during the first 7 days 
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of infection and from the kidney, spleen, and 
bladder after 14 days using the procedures de
scribed below. 

Borrelia strains are isolated from blood by 
inoculating one to two drops per 10 ml of semi
solid BSK medium. Tissue samples are ho
mogenized in liquid BSK medium ( 10% wtjvol) 
with a Stomacher Lab Blender (Tekmar, Cin
cinnati, OH). Larger tissue debris is allowed to 
settle and duplicates of 1: 1 0-dilutions of the su
pernatant are made in the semisolid BSK me
dium. Cultures are incubated at 30-35°C and 
examined by darkfield microscopy for spiro
chetes at weekly intervals. 

B. burgdorferi has been isolated and subcul
tured from blood, CSF, synovial fluid, and skin 
specimens from Lyme disease patients. In con
trast to relapsing fever, very few borreliae are 
present in the acute stage of Lyme disease. They 
cannot be detected visually in the blood, and 
most isolation attempts have been unsuccessful 
(Rawlings et al., 1987; Steere et al., 1983). Only 
one successful isolation and subculture has been 
reported for the synovial fluid (Schmidli et al., 
1988). Spirochetes are more readily isolated 
from the CSF when central nervous system in
volvement occurs and from biopsy specimens 
of the skin lesion of erythema migrans and ac
rodermatitis chronicum atrophicans (Asbrink 
and Hovmark, 1988; Berger et al., 1985; Rawl
ings et al., 1987). B. burgdorferi has not been 
isolated from the urine of patients with Lyme 
disease. Despite successes in isolating B. burg
dorferi from patient specimens, no standard 
method for processing samples can be recom
mended at this time. Although borreliae usually 
can be detected in culture media within 1 to 3 
weeks of incubation, some isolates may not be 
visible for several months. 

Borreliae are best preserved by the addition 
of glycerin (final concentration, 10%) to blood 
or plasma from infected animals, or to culture 
media, and stored at -70°C or in liquid nitro
gen. 

Identification and Characterization 

Members of the genus Borrelia have been iden
tified by ecological and biochemical character
istics. All species in this genus are transmitted 
to vertebrates by hematophagous arthropods. 
In most cases, borreliae differentiation was 
based on identification of the specific vector 
that transmits the spirochete, on the host (hu
mans, animals, or birds), and on the variable 
infectivity of isolated borreliae for different spe
cies of laboratory animals (Burgdorfer, 1976; 
Davis, 1956; Felsenfeld, 1971 ). More recently, 
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genetic techniques have been used to charac
terize these spirochetes. 

Borrelia DNA has a GC content of 27 to 32 
mol%, which is lower than that reported for Tre
ponema and Leptospira (Hyde and Johnson, 
1984). DNA homology studies have shown that 
the three North American relapsing fever bor
reliae, originally speciated on the basis of vector 
specificity, constitute a single species of Borrelia 
(Hyde and Johnson, 1984). In addition, the 
Lyme disease spirochete and the 0. coriaceus 
spirochete were determined to be new species 
of Borrelia (Johnson et al., 1984b; Johnson et 
al., 1987). Through the use of restriction endo
nuclease analyses and hybridization studies, it 
has been possible to detect similarities and dif
ferences among strains of B. burgdorferi (Le
Febvre et al., 1989). The detection and identi
fication of Borrelia has also been accomplished 
through the use of DNA probes (Schwan et al., 
1989). 

Molecular Biology 

The DNA organization of the Borrelia appears 
to be unique in the Spirochaetaceae and perhaps 
among the prokaryotes as well in having linear 
DNA plasmids. In contrast to other spirochetes, 
the Borrelia species were found to contain plas
mids (Hyde and Johnson, 1984). Plasmids were 
detected in all of the Borrelia examined, which 
include B. hermsii, B. parkeri, B. turicatae, B. 
crocidurae, B. burgdorferi, B. coriaceae, and B. 
anserina, the type species of this genus (Hyde 
and Johnson, 1986). A small 9.2-kb supercoiled 
plasmid present in a fresh tick isolate of B. burg
dorferi was found to exist as a stable dimer and 
to contain methylated DNA (Hyde and John
son, 1988). In addition to circular plasmids, 
Borrelia species contain linear plasmids, a form 
of DNA that was previously thought to be 
unique to eukaryotes (Barbour and Garon, 
1987; Plasterk et al., 1985). Also, the linear plas
mids of B. burgdorferi were shown to have co
valently closed termini, another form of DNA 
thought to be restricted to eukaryotes and vi
ruses (Barbour and Garon, 1987). 

Linear plasmids of B. hermsii are believed to 
carry silent copies of serotype-specific variable 
major proteins (VMP) of the organism (Meier 
et al., 1985). The expression locus and the active 
copies of the VMP genes are located on different 
linear plasmids ofthe cell (Plasterk et al., 1985). 
Antigenic variation (switching) occurs due to 
the transposition of the structural genes to the 
expression locus. In contrast, the DNA of B. 
duttonii, another agent of relapsing fever, was 
reported to consist of a number of distinct seg
ments (Hayes et al., 1988). DNA sequences that 
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coded for the VMPs of B. duttonii appeared to 
be present on high-copy-number segments. 
However, recent experiments using in situ lysis 
procedures provide evidence that B. duttonii 
contains a circular chromosome, in addition to 
at least two linear plasmids and one supercoiled 
plasmid (Perng et al., 1990). B. burgdorferi is 
similar to B. hermsii in that they both have the 
genes for surface proteins located on a linear 
plasmid. Genes encoding outer-surface protein 
A and outer-surface protein B are present on a 
49-kb linear plasmid of this spirochete (Barbour 
and Garon, 1987). The organization and expres
sion of these genes have been studied exten
sively (Bergstrom et al., 1989; Bundoc and Bar
bour, 1989; Howe et al., 1986). B. burgdorferi 
will lose plasmids, as a result of in vitro culti
vation (Barbour, 1988), as well as infectivity for 
hamsters (Johnson et al., 1984c). Schwan et al. 
( 1988) reported that a fresh B. burgdorferi tick 
isolate carried nine plasmids, including seven 
linear plasmids ranging in size from 49 to 16 
kb and two circular plasmids of 27 and 7.6 kb. 
Continuous cultivation of this strain in BSK 
medium resulted in the loss of both a 7.6-kb 
circular plasmid and a 22-kb linear plasmid, in 
addition to a corresponding loss of infectivity 
in mice. Other genes of B. burgdorferi that have 
been isolated and characterized include those 
encoding a 60-kb common antigen (Hansen et 
al., 1988) and a major flagellin protein (Gass
man et al., 1989). 

Ferdows and Barbour (1989) examined the 
genome of B. burgdorferi cells using pulsed-field 
gel electrophoresis. The results of their studies 
indicated that Borrelia spirochetes have linear 
chromosomes. However, similar studies con
ducted at another laboratory concluded that 
members of the genus Borrelia contain the cir
cular chromosome typical of prokaryotic or
ganisms (Perng et al., 1990). 
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The Genus Leptospira 

SOLLY PAINE 

Bacteria of the genus Leptospira are ubiquitous, 
associated with most mammals, and with mar
supials and certain amphibia, or found free-liv
ing in soil and surface waters. Some strains of 
leptospires can cause an acute generalized in
fection, characterized by fever and hemor
rhages, called leptospirosis. Leptospires may re
main and grow in the kidneys of animals that 
recover from the acute infection but remain 
renal excretors or carriers, shedding leptospires 
in their urine. Humans may be infected but do 
not remain carriers and are thus not natural 
hosts. 

The disease leptospirosis is economically im
portant because it causes loss of productivity in 
livestock. It also causes loss through illness and 
death in humans in contact with either domes
tic livestock or wildlife carriers. It is thus a sig
nificant occupational hazard for people in rural 
or agricultural communities and in selected oc
cupations in direct or indirect contact with an
imals (see "Economic Importance of Leptospi
rosis"). 

The leptospires are unusually thin, coiled, 
aerobic or microaerophilic bacteria, which can
not be stained easily for light microscopy, do 
not grow as surface colonies on conventional 
media, and are usually observed in wet prepa
rations by darkfield microscopy. They are thus 
studied almost exclusively in fluid cultures, 
leading to special difficulties in characteriza
tion, identification, and nomenclature, many of 
which have now been overcome with the de
velopment of techniques that are independent 
of culture on solid media. 

As a result of hesitation to define the genus 
and its species in inappropriate and nondefi
nitive terms, a system of classification and no
menclature based on serology was adopted, 
linked with primary division into animal path
ogens and nonpathogens. This system has been 
satisfactory, if not ideal, for diagnosis, prog
nosis, epidemiology, and treatment of lepto
spirosis in animals and humans. The patho
genic leptospires were grouped into an 
"interrogans" complex, later the interrogans 

species, comprising numerous serovars with in
dividual names, arranged by serological rela
tionships into serogroups. The nonpathogens 
were part of a "biflexa" complex, later the bi
j/exa species, similarly grouped by serovar 
(Paine and Stallman, 1982). The official de
scription is thus of two species, Leptospira in
terrogans, and L. biflexa. The names of the 
component serovars of each species are conven
tionally written in italics. Serologically related 
serovars are grouped for convenience into ser
ogroups, which have no formal taxonomic sta
tus, and whose names are written in capitalized 
Roman letters. Yasuda et al. (1987) classified 
leptospires into genospecies, based on the GC 
content of the DNA and on DNA homology 
groups. Some of the genospecies were given new 
names while existing names were used for 
others. This classification is still incomplete be
cause the GC content and consequent gena
species status of many serovars has not yet been 
published. Among those strains designated by 
Yasuda et al. (1987), there are relationships 
which do not correspond entirely with their se
rological classification (see "Genetic Composi
tion, and Classification," below, and Table 2). 

A third species, believed to be nonpathogenic, 
formerly described as Leptospira illini (Hanson 
et al., 1974), was reclassified into a new genus, 
Leptonema, according to its morphology, ge
netics, and growth characteristics (Hovind
Hougen, 1979). Another species, L. parva, was 
defined by Hovind-Hougen et al. ( 1981 b) on the 
basis of morphology, growth, and DNA com
position. In addition, there are halophilic water 
leptospires, classified as members of L. biflexa, 
which differ from other biflexa type leptospires 
mainly in their salt tolerance (see Table ll). Ta
ble 1 lists characteristics of a number of species 
of Leptospira. 

Most studies assume that all leptospires are 
similar, that findings on any strain can be com
pared with any other of the same or different 
serovars, and that any differences related to ser
ovar truly reflect serovar classification. The hy
pothesis that differences may be related to geno-
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Table I. Characteristics of species of the genera Leptospira and Leptonema. 

Growth' 

Species GC content (mol%)• Pathogenicb 110 37° cuso.• 8AZe DApr Lipase• 

Leptospira interrogans: 
L. interrogansh 34.9±0.9 to + + v 

40.7±0.6 
L. interrogans' 34.9±0.9 + + v 
L. borgpeterseni' 39.8±0.3 + + + 
L. inadai' 42.6±0.9 + + + + + 
L. noguchii' 36.5 ± 1.2 + + 
L. santarosai' 40.7±0.6 + + + 
L. weilii' 40.5±0.7 + 

Leptospira biflexa: 
L. biflexah 33.5±0.2 to + v + + + + 

37.6±0.7 
L. biflexa' 36.0+0.3 + v + + + + 
L. meyeri' 33.5±0.2 v + + + + + 
L. wo/bachii' 37.2±0.5 + + + 
L. parvah 48.7 ± 0.4 + + + + 
Leptonema i//inih.b 54.2±0.2 + + + + 

Symbol: +, has the characteristic; -, does not have the characteristic; V, variable, or literature conflicts. 
•From Yasuda et a!. (1987). 
b+, some or all serovars are known pathogens; -, none are pathogenic. 
'Growth in Tween-albumin medium. 
•100 mg/1 added to growth medium•. 
'225 mg/ml 8-azaguanine added to gro"'1h medium•. 
'10 mg/1 2,6-diaminopurine added to growth medium•. 
•Trioleinase activity. 
hA currently designated species (Kmety and Dikken, 1988). 
'Characteristics and nomenclature for new genospecies• derived by genetic grouping ofleptospires included in the currently 
designated species. 

species rather than serovar remains to be 
explored. 

Ecophysiology 

Cell Structure 

Members of the genus Leptospira (Faine and 
Stallman, 1982; Johnson and Faine, 1984) are 
thin helicoidal bacteria with a coil amplitude of 
approximately 0.1 to 0.15 J.Lm and a wavelength 
of about 0.5 J.Lm. Frequently one or both ends 
are hooked in fluid cultures, but straight var
iants occur (Faine and van der Hoeden, 1964). 
Unspecified nuclear material, ribosomes, and 
mesosomes are enclosed in a peptidoglycan 
complex wound in a helix and surrounded by 
an outer envelope (OE). An outer membrane, 
(variously described as three or five layers de
pending on the method of fixation), totally en
closing each leptospire, is composed of protein, 
lipid, and lipopolysaccharide (LPS). Extrusions, 
presumably of LPS, and blebs can be seen to 
originate from the OE in some preparations. 
Heat (Faine et al., 1964), ethanol, sodium de-

oxycholate (Yanagawa and Faine, 1966), lyso
zyme, detergents (Auran et al., 1972), and NaCl 
all can remove OE to produce spherical sacs 
approximately 1.5-2 J.Lm in diameter, some
times seen as granules in aging cultures. The 
OE is necessary for leptospiral integrity; in in
tact organisms antibodies react only with sur
face antigens of the OE, which prevents access 
to subsurface antigens. OE preparations are im
munogenic and have been used as vaccines. 
Nothing is known of the details of membrane 
structure. 

Leptospiral flagella (previously known as "ax
ial filaments"), presumed to mediate motility 
(see Chapter 191 ), are inserted into the cell wall 
in a manner typical of a Gram-negative cell, 
with insertion of a knob, two pairs of discs con
nected by a rod, and a hook area. However, Lep
tonema has a Gram-positive type of flagellar 
insertion with a single pair of discs (Hovind
Hougen, 1979). Each leptospire or leptoneme 
has two flagella within the helix, apparently in 
a groove in the cell wall, each originating near 
one end, closer to the tip in straight forms of 
leptospires compared with hooked forms. Fla
gella removed mechanically (Nauman et al., 
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Table 2. Classification of selected serovars of Leptospira. 

Serogroup 

Interrogans group 
Australis 

Autumnalis 

Ballum 
Bataviae 

Canicola 

Celledoni 
Cynopteri 
Djasiman 
Grippotyphosa 

Hebdomadis 

Icterohaemorrhagiae 

Javanica 
Louisiana 
Manhao 
Mini 

Panama 
Pomona 
Pyrogenes 

Ranarum 
Sarmin 
Sejroe 

Shermani 
Tarassovi 

Biflexa group 
Andamana 
Codice 
Holland 
Semaranga 

Serovars 

australis•, bratislava, fugis, 
jalna•, lora, muenchen 

autumnalis•, bim, bulgarica, 
butembo, erinaceiauriti, 
fortbraggc, mooris, rachmati 

arboreae, bal/um•, castel/onis 
bataviae•, brasiliensis, claytoni, 

paidjan 
benjamini, broomi, canicola•, 

portlandvere, schueffneri• 
cel/edoni•, whitcombi 
cynopteri, tingomaria 
djasiman•, sentot 
canalzonae, grippotyphosa•, 

valbuzzi 
borincanae, hebdomadis•, 

kremastos 
birkini, copenhageni•, 

icterohaemorrhagiae•, lai, 
naam, smithi• 

javanica•, poi, sofia, sorexjalna 
louisiana< 
lincang, manhao 
beye, georgia, mini•, perameles, 

szwajizak 
cristobali, panamac 
kunming, pomona•, proechimys 
mycastoris, pyrogenes•, 

robinsoni, zanoni• 
evansi, ranarum' 
sarmin•, waskurin, weaveri 
balcanica, caribe, dikkeni, 

hardjobovis•, hardjoprajitno•, 
istrica, medanensis, 
saxkoebing•, sejroe•, wo/ffi• 

shermani< 
atlantae<, bakerie, navete, rama, 

tarassovi•, tunis 

andamana• 
cdc (or codice)" 
holland, zoo 
semaranga', patoc• 

•L. interrogans (Yasuda et al., 1987). 
•L. borgpeterseni (Yasuda et al., 1987). 
c£. noguchii (Yasuda et al., 1987). 
•L. weilii (Yasuda et al., 1987). 
e£. santarosai (Yasuda et al., 1987). 
'L. meyeri (Yasuda et al., 1987). 
•L. bijlexa (Yasuda et al., 1987). 
• L. wolbachii (Yasuda et al., 1987). 
Data from literature sources including Yasuda et al. (1987) 
and Kmety and Dikken ( 1988). 

1969; Chang and Paine, 1974) and purified by 
differential centrifugation (Kelson et al., 1988) 
appear as coiled structures, approximately 15-
18 nm in cross-sectional diameter and of vari
able length, some of which are sheathed. The 
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core contains presumably protein globular 
structures arranged regularly, either linearly or 
helically, for the length of the flagellum. Fla
gellar antigens, assumed to be peptides, cross
react widely in contrast to the high specificity 
of LPS agglutinating antigens (Kelson et al., 
1988). 

A cell wall (Yanagawa and Paine, 1966) sur
rounded by a cytoplasmic membrane (Hovind
Hougen, 1979) contains the cytoplasmic con
tents and determines the helical leptospiral 
shape. Microfibrils originating in the cell wall 
(Yanagawa and Paine, 1966) were isolated from 
L. bif/exa and characterized by Yanagihara and 
Mifuchi ( 1968) as a 72-kDa homogeneously mi
grating protein, which also contained carbo
hydrates in a protein:CHO ratio of 1 :0.8. Cy
toplasmic microtubules are characteristic of 
Leptonema (Hovind Hougen, 1979). Inclusions 
of NaCl were seen in a halophilic strain (Mug
gia) of L. bif/exa (Hovind-Hougen et al., 1981a). 

Chemical Composition 

The chemical composition ofleptospires, which 
includes a relatively high proportion of lipids 
(Johnson, 1976) and long-chained fatty acids 
(including the unusual positional isomer cis-11-
hexadecanoic acid) (Johnson et al., 1970), is in
fluenced by strain, growth conditions, and cul
ture medium. Various pentoses, hexose:s, hep
toses, and hexosamines are found; fatty acids 
include hydroxylauric, palmitic, and oleic acids 
as major constituents in L. interrogans serovar 
copenhageni (Johnson, 1976; Vinh et al., 
1986a). The cell wall contains diaminopimelic 
acid and 4-a-methyl mannose (Yanagihara et 
al., 1983). Some of the constituent lipids are 
responsible for the endotoxin-like properties of 
a specific cytotoxic glycolipoprotein (GLP) ob
tained from copenhageni leptospires with ly
sozyme and acetic acid precipitation (Vinh et 
al., 1986b). 

LPS and surface protein antigens (Nunes-Ed
wards et al., 1985) are found in OE, along with 
variety of OE proteins, with significant differ
ences among the strains of the serovars copen
hageni, pomona, and hardjo. A group of non
agglutinating monoclonal antibodies to 
copenhageni reacted solely with a 37-kDa pro
tein localized in the OE (Jost et al., 1988). 

Leptospiral LPS prepared by hot phenol
water methods and extracted from either water 
or phenol phases or both, differs from the LPS 
of many other Gram-negative bacteria because 
it is not toxic and was reported not to contain 
authentic 2-keto-3-deoxyoctonic acid (KDO) 
(Shimizu et al., 1987; Vinh et al., 1986a), al
though electron microscopically it had a similar 
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ribbon form and globular ultrastructure. Sig
nificant variation in LPS occurs among sero
vars; the LPS of hardjo bovis contains KDO, 
which needs prolonged acid hydrolysis to re
lease it in at least some serovars or genospecies, 
possibly because of the presence of substituted 
sugars (Vinh et al., 1989). Equivalents to 
"rough" or "smooth" type bacterial morphol
ogy are not recognized in leptospires, but their 
LPS bands in electrophoretic gel patterns are 
analogous to those of either rough or smooth 
organisms (Vinh et al., 1986a). The lipid A frac
tion analog has not been studied in detail, but 
preparations from the serovars copenhageni and 
hardjo lack hydroxymyristic acid. 

Alkali treatment of LPS produces soluble 
erythrocyte-sensitizing antigenic and protective 
polysaccharides (Hindle and White, 1934; 
Faine et al., 1974), whereas antigenic and im
munogenic polysaccharides, including oligosac
charides comprising four or more residues, were 
derived by acid hydrolysis. Among them, man
nosamine has been characterized as an epitope 
reacting with monoclonal antibodies to serovar 
hardjo (Vinh et al., 1989; Jost et al., 1989). 

Metabolic Activities 

Various metabolic enzymes, not in use as dif
ferentiating criteria, have been identified in lep
tospires, including catalase, originating intra
cellularly; oxidase, which can be used to identify 
colonies in agar; fatty-acid desaturating en
zymes; 13-oxidative enzymes; lipases and phos
pholipases; aminopeptidases; tricarboxylic acid 
cycle enzymes; glyoxylate cycle and isoleucine 
deaminase enzymes; glycosidases; esterases; 
and various arylamidases. Four strains of hal
ophilic leptospires were all oxidase-positive, but 
otherwise variable in enzyme activities (Cinco 
et al., 1975). 

Phospholipases specific for erythrocyte mem
brane phospholipids (sphingomyelin, lecithin, 
and phosphatidyl choline) have been identified 
both by enzyme and hemolytic activities in L. 
interrogans serovars bataviae, canicola, grip
potyphosa, pomona, and other pathogens, as 
well as in L. biflexa serovars; (Kasarov, 1970). 
Saprophytic leptospires contain phospholipases 
A and C, while the pathogens have only phos
pholipase A. There are two phospholipase 
groups among pathogenic leptospires: those 
containing a calcium-dependent sphingomye
linase and lecithinase, and those with neither; 
saprophytes produced a calcium-independent 
lecithinase alone (Kasarov and Addamiano, 
1970). A sphingomyelinase C hemolysin from 
serovar hardjo (del Real et al., 1989) and an 

The Genus Leptospira 3571 

uncharacterized hemolysin from serovar po
mona (Dain et al, 1988) have been cloned re
cently. Lipase activity groups have also been 
recognized (sec Table 1). 

Lipases may allow leptospires attached to sur
faces to "graze" on nutrient fatty acids at a 
solid-liquid interface (Kefford et al., 1983), to 
which they are attracted by a chemotactic gra
dient. 

Genetic Composition and Variation 

Leptospiral DNA may be used in genetic studies 
like other bacterial DNA. Cloned DNA or nu
cleotide sequences complement enzyme defects 
or deletions (Zuerner and Charon, 1988; Yelton 
and Cohen, 1986), or are expressed as antigenic 
leptospiral proteins (Doherty et al., 1989); 
either DNA fragments or specific sequences 
(Zuerner and Bolin, 1988; Yelton and Peng, 
1989) have been used as probes for identifica
tion or diagnosis (see below), and leptospiral 
protein antigens have been cloned and ex
pressed in recombinant Escherichia coli (Doh
erty et al., 1989). 

Neither bacteriophages nor plasmids have 
been identified in Leptospira or Leptonema, but 
transformation between leptospires in fluid cul
ture has been reported. The absence of an 
understood means of genetic transfer between 
leptospires handicaps research and knowledge 
of leptospiral genetics. 

The GC content of leptospiral DNA falls in 
the range of about 33.5-40.7% (Yasuda et al., 
1987). On the basis of genetic and other char
acterisitics (Table 1 ), six new species were de
fined among leptospires classified serologically 
in the species L. interrogans. These were named 
L. borgpeterseni, L. inadai, L. interrogans, L. 
noguchii, L santarosai, and L. weilii. Three new 
genospecies, L. biflexa, L. meyeri, L. wolbachii, 
were also identified by DNA-DNA homology 
and similarity in GC content of their DNA 
among leptospires classified serologically as L. 
biflexa (see "Classification and Nomenclature," 
this chapter) (Table 2). Leptonema illini and 
Leptospira parva each fell into separate new spe
cies (Table 1 ). 

Closely related or apparently identical sero
vars may have different restriction endonuclease 
patterns (Hathaway et al., 1985), especially 
when a variety of restriction endonucleases is 
used, and conversely, antigenic variants selected 
by monoclonal antibodies may have similar 
endonuclease profiles (Yamaguchi et al., 1988) 
compared with their parent strains. Neverthe
less, grouping of leptospires by their restriction 
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endonuclease patterns broadly follows the con- Physiology 
ventional serological groups. 

Classification and Nomenclature 

The genus name Leptospira, given by Noguchi 
in 1917, means a "very thin spiral ( = helical)" 
form (Faine and Stallman, 1982). As new types 
of Leptospira, obviously different pathogeni
cally and ecologically but indistinguishable 
morphologically or culturally with the methods 
then available, were recognized in the 1920s and 
1930s, the only criteria for identification and 
classification of these slowly growing, metabol
ically sluggish, hard-to-see bacteria, was serol
ogy. The serovar was adopted as the basic taxon, 
and an arbitrary criterion-10% residual titer of 
standardized hyperimmune rabbit sera after 
carefully controlled cross-absorption-was 
adopted for definition of a new serovar. There 
is currently sufficient partial cross-reaction to 
be able to group different but similar serovars 
together in 23 serogroups which have ecological, 
diagnostic, pathogenic, and epidemiological sig
nificance, but no formal taxonomic status. (Dik
ken and Kmety, 1978; Faine, 1982; Faine and 
Stallman, 1982; Johnson and Faine, 1984; 
Kmety and Dikken, 1988). In general, patho
genic leptospires are in separate groups on the 
basis of their genotype, serotype, lipase, and 
other characteristics from saprophytes (Table 
1 ). The pathogenic leptospires are all placed in 
a single provisional species, L. interrogans, and 
all non-pathogenic types in a provisional spe
cies, L. biflexa. Within these are over 200 in
dividually-named serovars, resulting in a cum
bersome if unavoidable trinomial nomenclature 
(Table 2). Some serovars identical by serotyping 
are not homogeneous when compared by DNA
DNA homology, GC content, and DNA restric
tion endonuclease patterns, and sometimes also 
by lipopolysaccharide composition and struc
ture (Le Febvre and Thiermann, 1986; Vinh et 
al., 1989). This causes as yet unresolved prob
lems in identification, nomenclature, and clas
sification, particularly because of the practical 
relevance of serological classification. Taxo
nomic applications of monoclonal antibodies 
(Terpstra et al., 1985; Ono et al., 1987) reveal 
one or more serogroup-specific epitopes in some 
serogroups (Farrelly et al., 1987; Vinh et al., 
1989), while in others there appears to be amos
aic of epitopes whose relative quantitative dis
tribution corresponds with and probably me
diates serovar specificity (Adler et al., 1989). 
Common serogroup antigens, identified quali
tatively by the techniques of ELISA or immu
noblotting, are useful for broad classification. 

Growth 

Leptospires grow by elongation of the cell body 
followed by a constriction and pinching off at 
a flexible joint in the middle of the cell. Even
tually, the two halves separate. A new flagellum 
develops at the new free end and grows in 
toward the middle of each daughter cell. Pairs 
are common. Under some poorly-understood 
culture conditions, separation fails and chains 
of leptospires are formed. Very long forms also 
occur, sometimes in chains, particularly where 
amounts or types of fatty acid in the medium 
are inadequate. Thus, there are different re
quirements for cell division and for separation. 

Leptospires well adapted to their environ
ment grow with a doubling time of 6-8 h in 
fluid or solid laboratory media at 28-30°C, or 
in vivo. Freshly isolated pathogens or environ
mental strains may take days or weeks to adapt 
to laboratory conditions, with doubling times 
as long as 14-18 h. The lag phase may last for 
days, especially for new isolates, but is short or 
imperceptible with laboratory cultures grown 
from relatively large inocula (approximately 5-
10% of culture volume) subcultured from vig
orously growing cultures. The stationary phase 
is reached at culture densities of approximately 
108 cells/ml in serum media and 108-109 cells/ 
ml or more in cultures in Tween-albumin me
dia. The culture density is especially enhanced 
if the culture is well aerated, and it can persist 
at these levels for days or weeks. The growth 
rate in solid or semisolid medium is not known. 
Cultures stored in the dark at room temperature 
may be viable for years. 

L. bif/exa and related saprophytic strains tend 
to grow faster. Leptonema illini grows to max
imum culture densities of about 109 cellsjml in 
about 24-48 h at 30°C in trypticase soy broth 
or leptospiral media. 

Nutritional Requirements 

The basic nutritional requirements for the 
growth of leptospires include nitrogen in the 
form of ammonia, derived from its salts or from 
the deamination of asparagine by asparaginase 
in serum in the medium; carbon in the form of 
long-chain (C15_ 18) fatty acids; thiamine; cya
nocobalamin; and oxygen. Pyruvate enhances 
growth from small inocula in some strains. In 
general, sugars are not metabolized, and short
chain fatty acids cannot be utilized unless long
chain fatty acids are also available. Although 
these are general requirements throughout the 
genus, there are differences between the: sapro-
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phytic and the parasitic members, and some 
variability within the latter. 

Some of the parasitic leptospires, identified 
so far by serovar rather than species, require 
long-chain unsaturated fatty acids, while all the 
others and the saprophytic group utilize satu
rated fatty acids. Members of the latter group 
also produce lipases, while only some of the 
parasitic ones do. Long-chain fatty acids are re
quired for growth, but are broken down by ~
oxidation; leptospires contain relatively high 
concentrations of long-chain saturated, and 
some unusual unsaturated, fatty acids, mainly 
as constituents of their lipopolysaccharides. 

Energy requirements of leptospires are de
rived from oxidation of fatty acids. End prod
ucts of metabolism are undefined. The meta
bolic enzymes described are assumed to act as 
mediators of conventional metabolic pathways, 
but there is little direct evidence, virtually none 
of it recent. In addition to a need for thiamine 
(5-25 mg/1) and cyanocobalamin (20 J.Lg/1), op
timum iron concentrations (10-5M) and traces 
of copper and manganese are required. Lepta
spires synthesize their own pyrimidine bases, 
allowing 5-fluorouracil (100 mg/1) to be used as 
a selective agent in culture media (Johnson, 
1981 ). 

Metabolism 

Leptospires have an aerobic or a microaero
philic metabolism. Addition of approximately 
1: 100,000 concentration of a redox indicator, 
such as 1-naphthol-2-sodium sulfonate indo-
2,6-dichlorophenol (Eh -0. 180 mY at pH 7.2) 
or 2,6-dichlorophenol-indophenol (Eh -0.200 
mv at pH 7 .2) (Lawrence, 1951), to semisolid 
or solid media results in discoloration of the 
medium below the disk, or at and for a few mm 
around the subsurface colony sites before and 
when colonial growth appears. The optimum 
pH for growth of leptospires and leptonemes is 
in the region 7.2-7.4. Acid, even at pH 6.8-6.9, 
is rapidly lethal, whereas alkaline conditions up 
to pH 7.8-7.9 are tolerated. Growth in labora
tory media at those extremes is poor. An acid 
urinary pH, as in some carnivores or omni
vores, will prevent the urinary excretion of live 
leptospires, but not necessarily their continued 
growth in renal tubules. Soil composition and 
pH have important ecological effects on the sur
vival of excreted pathogenic leptospires and 
their spread to new hosts via surface waters 
(Elder et al., 1986). 

Leptospires and leptonemes appear to be es
sentially aquatic organisms. Dry conditions are 
lethal, and they cannot be recovered from cul
tures, body fluids or tissues, or surface waters 
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after drying under normal conditions. They will 
survive rapid freezing as in lyophilization, at 
-20 to -70°C in blocks of tissue, or for a few 
days in chilled meat (Peet et al., 1983). They do 
not survive for long under anaerobic conditions, 
nor do they appear to survive intracellularly fol
lowing ingestion by phagocytes. Nevertheless, 
they appear to flourish in nature in reducing 
environments where oxygen levels are low, as in 
swamp water, soil, the renal tubules of mam
malian hosts, and intercellularly or interstitially 
in the tissues of a host animal during the acute 
stages of infection. 

Leptospires are very sensitive to the action of 
detergents, including sodium deoxycholate and 
soaps. Since long-chain fatty acids essential for 
growth and metabolism are also toxic, they must 
be made available to the leptospires at nontoxic 
concentrations. They are usually absorbed to a 
detoxifying absorbent such as serum albumin, 
charcoal, or, in nature, particles or surfaces 
from which they are released to the leptospire. 
Leptospires may be attracted to such surfaces 
by a nutrient gradient. In laboratory media 
serum albumin used as an additive in powder 
form or in animal serum serves as the absorb
ent. 

Saprophytic leptospires and leptonemes will 
grow at temperatures as low as 11-13 oc, a prop
erty useful for identification (Table 1 ). Their 
optimum temperature for growth is in the range 
25-28°C. Pathogenic serovars will not grow at 
13°C, and have an optimum around 28-30°C 
after adaptation in the laboratory. Recent mam
malian isolates can be maintained at 37°C for 
many subcultures, provided they are transferred 
frequently while growing vigorously. Non-path
ogens and avirulent pathogens do not survive 
0.85% NaCl in Korthof medium at 37°C but 
can grow at 30°C. Halophilic leptospires require 
sodium concentrations from 0.22-0.44 M and 
can tolerate up to 0.65-0.75 M (Cinco et al., 
197 5). Under these conditions, their oxidases 
and tributyrinases are active, and they are 
otherwise similar to other bif/exa serovars. 

None of the leptospires survive in the labo
ratory at temperatures above 41-42°C. Lepta
spires have been preserved in liquid nitrogen 
for at least 3 years (Alexander et al., 1972). All 
the non pathogens, including the halophiles, can 
grow in the presence of 10 mg/1 ofCuS04• The 
salt concentration of optimum culture media 
for leptospires contains only about one-1Oth of 
the salt concentration of physiological saline, 
which is lethal to many strains. Very low salt 
concentrations are well tolerated; leptospires 
survive long periods in stream or tap water, but 
washing in water or dilute buffer accompanied 
by strong centrifugation for laboratory studies 
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removes the outer envelope. All the nonpatho
gens will grow in the presence of 225 mg/1 of 
8-azaguanine or 5-10 mgj 1 of 2-6-diamino
purine; some of the pathogens will also grow in 
the latter. 

Most leptospires are susceptible in vitro to a 
wide variety of antibiotics at low, therapeuti
cally useful, levels (Faine and Kaipainen, 1955; 
Broughton and Flack, 1986; Oie et al., 1983; 
Alexander and Rule, 1986). Resistance to neo
mycin allows its use as a selective agent. Re
sistance to penicillin or streptomycin develops 
readily in culture but is not considered to be a 
problem clinically. Mutual antagonistic activity 
between leptospires in solid media in petri 
dishes has been described but not characterized. 

Sera from animals apparently never infected 
with pathogenic leptospires contain lgM mol
ecules capable of reacting with surface receptors 
in the OE ofnonpathogens (biflexa type) (John
son and Muschel, 1966) and avirulent patho
gens (Faine and Carter, 1968). This reaction 
may determine survival after entry to an animal 
host. Immunoglobulins appear in the animal 
urine in the acute stage of infection and in early 
convalescence, as a result of overflows of serum 
antibodies through damaged kidneys. Urinary 
antibodies may also occur in animals which are 
renal carriers, even though they are excreting 
leptospires, in the absence of detectable struc
tural or functional renal abnormality. Lepta
spires excreted in urine may be coated with host 
immunoglobulin and be refractory to agglutin
ation by serum antibodies. 

Pathogenicity in Relation to Habitat 

The reason why some leptospires are patho
genic and some are not is still unclear. It has 
not been proven that all the biflexa type lep
tospires isolated from animal urine were path
ogenic. All the recognized pathogens and non
pathogens fall into distinct genetic groups. 
(Table 1 ). Among the pathogenic varieties there 
are unanswered questions of why some animals 
are resistant, or conversely, why they are sus
ceptible to infection with certain serovars. Eco
logical considerations will determine the 
chances ofleptospires surviving in the environ
ment after excretion from their hosts, and thus 
the chances of infection of a fresh susceptible 
animal. 

After entry and growth in the host animal, 
pathogenic leptospires must have mechanisms 
to evade host defenses and to produce the some
times severe damage to host tissues. Both vir
ulent and avirulent leptospires attach to cell sur
faces (Vinh et al., 1984), and virulent 
leptospires may attach preferentially by their 
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ends to fibronectin, collagen, and laminin in the 
extracellular matrix of cells (Ito and Yanagawa, 
1987a and 1987b). Details ofleptospiral attach
ment to the surfaces of renal tubular epithelial 
cells and the relationship of the mechanisms to 
those described by Kefford et al. (1983) for at
tachment of L. biflexa to noncellular surfaces 
are obscure (Ballard et al., 1986), but the issue 
remains central to the understanding of the 
pathogenesis, epidemiology, and prevention of 
leptospirosis. 

Among pathogens, virulence for any or all an
imals may be lost on culture passage, because 
avirulent organisms better able to grow in cul
ture conditions are selected. Virulence may be 
regained by animal passage, or by selecting or
ganisms better adapted to survive and grow in 
vivo (Faine, 1957). Susceptibility to serum-in
nate lgM antibody may be a mechanism deter
mining virulence. The effector on the leptospire 
may be a carbohydrate found in virulent or
ganisms. 

Although leptospiral LPS is not significantly 
pyrogenic and lacks some other typical endo
toxic properties, a glycolipoprotein from L. in
terrogans serovar copenhageni was toxic for 
mice and cytotoxic for cultured cells, acting by 
means of constituents that were uniquely lep
tospiral long-chain fatty acids, possibly by com
petitively inhibiting the incorporation of nat
urally occurring lipids in the cell membrane. 
The toxicity in vitro was obscured in the pres
ence of serum albumin, which absorbed the 
toxic lipids (Vinh et al., 1986b ). A similar action 
of this or another toxin on platelet membranes 
could account for platelet aggregation and con
sequent coagulation defects, which are features 
of severe leptospirosis. Phospholipase activity 
is related to selective hemolytic activity for var
ious animal species, consistent with the host 
range of pathogenic leptospires being deter
mined by the specificities of their phospholi
pases for the phospholipids of the cell mem
brane of the host species. While hemolytic 
activity in vivo has not been proven directly, 
the hemolysins are specifically neutralized by 
post-infection immune serum. Changes resem
bling punched-out holes were found by electron 
microscope in erythrocytes of calves with lep
tospirosis and are consistent with either cyto
toxin or hemolysin activity (Thompson and 
Manktelow, 1986), and autoimmune hemolysis 
may occur from the absorption of complement 
and antibody binding to leptospiral antigens on 
erythrocytes (van der lngh and Hartmann, 
1986). 

Specific immunity in leptospiroses is me
diated by humoral (antibody) means alone. 
Very low levels of specific immunoglobulins are 
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protective if they are surface-active (agglutin
ating) on leptospires and are opsonic. Increased 
resistance with age in animals parallels matu
ration of the B-cell immune response. The rate 
at which antibodies are formed in relation to 
the rate of growth of the leptospires in the host 
is a major determinant of the outcome of in
fection (Faine, 1957, 1962). 

The only known determinants of immunity 
in leptospirosis are opsonization and phagocy
tosis. In both cases, the only leptospiral com
ponents recognized as reacting are LPS and its 
constituents; the reacting molecules, identified 
using opsonic and protective monoclonals, are 
polysaccharides of the side chains of the LPS 
and are located in the outer envelope (Jost et 
al., 1988, 1989). Serovar specificity depends on 
the nature of the LPS antigen polysaccharides. 

Isolation 

Special techniques are used for the isolation of 
any type of leptospire from environmental or 
clinical sources (Johnson, 1981; Faine, 1982, 
1988) because leptospires grow comparatively 
slowly and are relatively susceptible to acids 
and other metabolic products of accompanying 
and contaminating bacteria or fungi. Fluid me
dia are usually used, with filtration or selective 
agents to eliminate contaminants. Growth is 
less reliable in solid media which can be used 
in some circumstances but are likely to dry out 
during prolonged incubation. 

Leptospires (including pathogenic varieties) 
and leptonemes have been isolated from surface 
waters (rivers, streams, lakes, soil water, mud). 
In these sites they pose a hazard to anglers, 
farmers, military personnel, and boaters. There 
are sometimes suprisingly high concentrations 
even in fast-flowing rivers. Sensitive culture 
methods and freedom from contamination are 
essential for isolation from these sources. Suit
able specimens are water, soil, or mud samples 
collected into dry containers (to avoid contam
ination with leptospires in water in the con
tainers). Although direct inoculation into selec
tive culture medium, with or without prior 
serial dilution, may be used, it is usually desir
able to concentrate the specimen and necessary 
to remove or reduce contaminating microor
ganisms. Cultures need to be checked in case 
more than one type of leptospire is present. 

In general, leptospires, but not other bacteria, 
will pass through a membrane filter of 0.22 ~tm 
pore size; the filtrate is cultured. Preliminary 
passage through a prefilter or a 0.45 ~tm mem
brane will facilitate filtration. An older, effec
tive, but less acceptable, method is to use rapid 
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biological filtration of leptospires into the 
bloodstream from the peritoneal cavity of mice, 
hamsters, or guinea pigs (Faine, 1982). The 
same methods of filtration, growth on solid me
dia, or animal inoculation may be used to purify 
contaminated cultures. 

Leptospires may be isolated from the kidneys 
of renal carriers or from alkaline urine, as well 
as from blood and all other tissues and body 
fluids of acutely infected animals or humans. 
Autolysed or contaminated specimens or acid 
urine are unsuitable for examination. Speci
mens collected aseptically are desirable. The 
urine is centrifuged, and the sediment inocu
lated into fluid standard or selective medium. 

Blood taken aseptically from human or ani
mal sources in the acute stages of infection may 
be cultured by adding 0.1-0.5 ml to 10-50 ml 
of EMJH medium and incubating at 30°C. 
Blood specimens for culture may be transported 
after aseptic addition of EDTA or other anti
coagulants (see below). Tissues removed asep
tically at autopsy can be ground and extracted 
with buffered saline or culture medium, and the 
supernatant, after settling, can be used for in
oculation of culture media or animals (whose 
blood can then be cultured). Details of methods 
can be found in the references cited above. 
(Alexander, 1985; Faine 1982, 1988). 

Culture Media-Principles and Preparation 

Traditional leptospiral media were dilutions of 
8-10% vjv serum, usually from rabbits, in a 
diluted nutrient broth or peptone solution. The 
development of bovine albumin detoxicant and 
polysorbate 80 (Tween 80) as a nutrient source 
(Johnson, 1981) allowed the isolation of more 
exacting strains and the maintenance of cul
tures under reproducible conditions. Water used 
to dissolve nonautoclavable filter-sterilizable 
additives must be previously heat sterilized, and 
containers used for filtration should be dry and 
preferably sterilized by heat to avoid contami
nation from filter-passing leptospires. 

Details of the composition, recipes, and 
methods of preparation of commonly used cul
ture media may be found in recent references 
(Johnson, 1981; Faine, 1982; Alexander, 1985; 
Faine, 1988). Serum media, e.g., Korthof me
dium, Stuart medium, or Schiiffner-Verwoort 
medium, commonly contain approximately 
0.8-1.0 g/1 peptone and 8-10% pooled slightly 
hemolysed rabbit serum, phosphate-buffered at 
approximately 0.01M to a final pH in the range 
7.2-7.6. The serum is added to the autoclaved 
base medium and the final mixture sterilized by 
passing through a 0.22 ~tm filter membrane, or 
sterile serum may be added aseptically to the 
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autoclaved base. Protein media without serum 
use bovine serum albumin (BSA) as a detoxi
cant and are based on the oleic-acid-albumin 
media of Ellinghausen and MacCulloch, mod
ified by Johnson and Harris (EMJH medium) 
(Johnson, 1981). The quality of the water and 
the albumin (fatty acid content, dryness) are 
critical. Albumin should be from batches tested 
for suitability, from known manufacturers. In 
an extreme, the albumin and the Tween may 
be purified before use by extraction with sol
vents (Adler et al., 1986). 

Growth is indicated by a birefringent swirl in 
the medium on shaking; some strains never 
achieve greater density, while others reach vis
ible turbidity, seldom opacity, indicating 
growth to approximately 109 cells/ml or greater. 
Cotton plugs should not be used because toxic 
fatty acids may be leached from the cotton into 
the medium. 

Many laboratory strains will grow in protein
free medium (Bey and Johnson, 1978; Adler et 
al., 1986) with careful attention to water quality, 
if the Tweens are purified by extraction of free 
fatty acids, their further oxidation minimized, 
and the proportions of different Tweens (Tween 
20, Tween 40, Tween 80) are balanced for the 
specific strain. Frequent subculture is necessary 
during growth on protein-free medium. In cul
tures without protein detoxicants, some strains 
produce lipases whose end products are espe
cially toxic to leptospires, including themselves. 
Strains need to be subcultured in gradually re
ducing protein concentrations to adapt to pro
tein-free media, which are generally not suitable 
for attempts at fresh isolations from clinical or 
environmental sources. A limited range of 
adapted strains are maintained under protein
free conditions and used for vaccine production. 
Leptonema can grow in trypticase soy broth to 
reach concentrations approximating 109 cells/ 
ml in 24-48 h at 30°C, although there are no 
studies of growth rates or nutritional require
ments. Sodium-dependent leptospires were 
grown in a medium containing 0.25 g NH4Cl, 
0.25 g Tween-85, 10.0 g BSA, 10 mg thiamine, 
and 1 mg cyanocobalamin in 1 liter of artificial 
sea water (Cinco et al., 1975). 

SoLID MEDIA AND SEMISOLID MEDIA. Most lep
tospires will grow in or on media solidified with 
agar (Faine, 1982), provided the agar is not toxic 
and fungal contamination and dehydration dur
ing storage and incubation are avoided. Follow
ing surface or stab inoculation of semisolid or 
solid media (0.2-0.8% agar), leptospires grow in 
disks (Dinger disks) below the surface, although 
colonies may appear at first in the depths. In 
solid medium (0.8-1% agar), poorly visualized 
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colonies appear in the depths of the medium in 
2-20 days, depending on the leptospire and the 
quality of the medium, and the colonies may 
spread centripetally as gray transparent spheres 
up to 2 mm in diameter with defined edges. In 
shallow media, as in a petri dish, a colony may 
form a white-edged ring covering several cen
timeters, representing a spreading, inverted 
hemispherical colony. The advancing edge of 
the spreading growth, which can be stained with 
oxidase reagent, is dense with leptospires, and 
can be picked as a plug with a sterile pasteur 
pipet for transfer or for microscopic examina
tion. These colonies, which are the analogs of 
the Dinger disks, were first described by Larson 
and Cox (1957). Growth on or in solid media 
is brownish-grey by transmitted light, but whit
ish by reflected light and very hard to detect in 
uncolored media. Incorporation of a 1: 100,000 
concentration of a redox indicator (see "Phys
iology," this chapter) enhances visibility. The 
potential of growth in colonies on the Slllrface 
of solid (2%) agar (Wood et al., 1981) has not 
been exploited. 

L. biflexa strains will grow at a lower con
centration of serum or BSA, more quickly (vis
ible or even maximum growth in 24 h at 30°C), 
and more densely, than most L. interrogans 
strains. The reasons for these differences have 
not been elucidated. 

SELECTIVE AND DIFFERENTIAL MEDIA. Knowl
edge of special growth requirements has allowed 
the development of selective culture media, 
containing 2-6-diaminopurine, 8-azaguanine, 
or neomycin, for growing leptospires in the 
presence of contaminants (Faine, 1982, 1988). 
An enriched medium for better isolation of lep
tospires from animals was described by Ellis et 
al. (1982). 

Tissue cultures may be contaminated with fil
ter-passing L. biflexa in solutions made with 
unheated tapwater used for culture media or 
with pathogenic leptospires introduced with 
primary cultures of animal kidneys, inadvert
ently derived from carrier animals. 

Techniques of Culture and Subculture 

Recent accounts and full details of special tech
niques demanded by the special characteristics 
ofleptospires and their media are given in John
son (1981); Faine (1982, 1988). Culture purity 
and density may be checked under darkfield mi
croscopy (see below). 

Identification 
Methods and Techniques 

Leptospires are poorly visualized after staining 
with strong carbol fuchsin or other dyes. Silver 
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may be deposited on the surface but the tech
niques are exacting and details are easily ob
scured. Stains are not used for light microscopy, 
except silver, although immunofluorescence or 
immunoperoxidase can be used in sections of 
human or animal tissues. The usual routine 
method is darkfield microscopy. Electron mi
croscopy is useful for identification and classi
fication, and immunoelectron microscopy, es
pecially with immunogold, has been used for 
experimental identification of structures whose 
antigens have been recognized serologically. 

Low-power darkfield microscopy using a dry 
condenser is the standard method for checking 
growth in cultures, and for reading agglutination 
tests (Faine, 1982). To observe fine details of 
morphology at the limits of optical microscopy, 
it is necessary to use a high-resolution oil im
mersion objective (N.A. 1.25-1.3) equipped 
with a diaphragm or funnel stop to match the 
corresponding oil immersion condenser (N.A. 
1.2-1.4). A thin slide, a very thin cover glass, 
both extremely clean, and a thin preparation 
sealed against movement resulting from drying 
currents are necessary for technically satisfac
tory conditions. Phase contrast, which can re
veal some detail in leptospires and the spherical 
"granules" (Faine et al., 1964) derived from 
them, is unsuitable for routine observation of 
cultures. Immunostains are useful for both cul
tures and tissue or environmental specimens if 
the serovar is known or if a broadly cross-re
acting antiserum is used, and also as a tool for 
research on the specificity of antigens, on mon
oclonal antibodies, and for localization of an
tigenic sites. Electron microscopy is not usually 
used for the routine identification ofleptospires 
or related genera (except for Leptonema) but 
combined with negative staining and immu
nogold-labeled polyclonal or monoclonal anti
bodies, it has demonstrated the location of an
tigens and epitopes corresponding to flagella 
(Kelson et al., 1988), lipopolysaccharides, and 
the outer envelope (Jost et al., 1989). 

Characteristics and Criteria 

There are no reliable criteria to differentiate var
ious types of Leptospira from one another or 
from Leptonema by darkfield microscopy 
(Faine and Stallman, 1982; Johnson and Faine, 
1984). Leptospires are typically thin, bright, 
beaded, motile, rodlike structures, about 0.2 ,urn 
in diameter, ranging from approximately 8-25 
,urn in length; when viewed with very high mag
nification they are seen to be helical. The rod 
appears rigid except at the ends distal to the 
flagellar insertions where it is flaccid. There is 
rapid, but sometimes irregular and erratic, 
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translational movement in either direction. 
Rapid rotation on the long axis causes the ends 
to bend against the direction of translational 
movement to give a hooked appearance at one 
or both ends. Straight (not hooked) variants 
have a much shorter flaccid portion and flagellar 
inserts much closer to the end. Flagella, the 
outer envelope, and other structures cannot be 
seen by light microscopy, but can sometimes be 
visualized with difficulty following specific im
munostaining with appropriate selective anti
bodies. Internal contents in granular forms can 
be seen by darkfield and by phase contrast mi
croscopy; electron microscopy shows that these 
are rolled-up, protoplasmic cylinders within a 
membrane. 

In semisolid media, leptospires move with a 
characteristic screw-like motility, flexing and 
winding around obstacles. The rigid form is re
sumed immediately in fluid media. Motility is 
enhanced proportionately with the viscosity of 
the medium. 

Leptospira can be differentiated from Lep
tonema by electron microscopy and by growth 
in trypticase soy broth (TSB) medium, and Lep
tospira interrogans serovars from those of L. 
biflexa by growth at 13°C and in 8-azaguanine 
(Table 1 ). All Leptospira require long-chain 
fatty acids, usually detoxified with serum al
bumin in culture, but Leptonema illini grows 
in TSB medium. A monoclonal antibody re
acting exclusively with nonagglutinating anti
gens in members of the Leptospira interrogans 
group in ELISA tests (J ost et al., 1988) is useful 
for rapid identification. Other genera of spiro
chetes (see Chapter 191) are readily differen
tiated from Leptospira and Leptonema by their 
morphology, motility, and number of flagella, 
and by serology (Johnson and Faine, 1984; 
Baker-Zander and Lukehart, 1984; Magnarelli 
et al., 1987). 

"Bacterial restriction endonuclease analysis" 
(BRENDA) (Robinson et al., 1982) is useful for 
relatively rapid presumptive identification and 
classification of isolates and for subclassifica
tion and revision of taxonomic categories, as is 
the determination of the GC content and DNA 
homology grouping. 

The officially recognized classification is se
rological (Faine and Stallman, 1982; Johnson 
and Faine, 1984; Kmety and Dikken, 1988) 
measured by agglutination oflive cultures, with 
antibodies against heat-labile antigens (Dikken 
and Kmety, 1978). Details of the serological 
methods are in the references above and in 
Faine ( 1982). For the microscopic agglutination 
test (MAT), serial dilutions of sera are mixed 
with an equal volume of culture, incubated at 
30-37°C for 1 h or longer, and a loopful of each 
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dilution examined by darkfield microscopy for 
agglutination, taking 50% agglutination as the 
endpoint. Cross-reactions between serovars are 
common. The strain reacting to the highest titer 
is not necessarily the homologous serovar for 
the antiserum being used. Serovar classification 
cannot be done without cross absorption. LPS 
patterns after gel electrophoresis and immu
noblotting may assist in identification of sero
logically apparently identical strains. (Vinh et 
al., 1989). 

Mouse monoclonal antibodies produced 
against most of the main serogroups of Lepto
spira following immunization with whole lep
tospires, sonicated suspensions, or chemical 
fractions include all classes of murine immu
noglobulins, with cross-reacting serovar speci
ficities often different from rabbit, human, bo
vine, or other animal immunoglobulins. 
Generally, these reactions confirm taxonomic 
relationships that have been revealed by agglu
tination absorption studies (Ono et al., 1982; 
Farrelly et al., 1987; Terpstra et al., 1987; Jost 
et al., 1988). Species-reactive antigens (L. in
terrogans) and serogroup- as well as serovar-spe
cific and other epitopes, some of them not in
volved in agglutination, have been identified by 
ELISA, thus solving some classification prob
lems. Judiciously chosen monoclonals can ex
pedite the tedious serological identification of 
isolates. 

Applications 

Diagnosis of Leptospirosis 

The same diagnostic principles apply for human 
or animal leptospirosis. Ideally, the infecting 
agent should be recognized, cultivated, and 
identified, but this is infrequently achieved be
cause of inadequate or late clinical suspicion, 
slow growth, and the need for specialized tech
niques. Indirect, usually serological, evidence of 
infection is commonly used, but tests of mo
lecular diagnosis by DNA or RNA probes are 
currently being explored. Additional, nonetiol
ogical tests such as histological, hematological, 
and biochemical changes may assist diagnosis. 

The diagnosis of illness requires different 
techniques from screening for epidemiological 
surveillance. Rapid, generic diagnosis is often 
urgently required in humans or animals to de
cide whether or not an illness is leptospirosis, 
and, if so, which type (for management, ther
apeutic, prognostic, and epidemiological rea
sons) at a time when therapeutic intervention 
and management can affect the progress of the 
disease. Screening tests provide evidence of an 
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underlying level of subclinical infection in a 
population, in addition to those diagnosed as 
clinical cases, but speed is seldom vital in these 
cases. Low titer reactors are significant because 
they indicate previous infection. 

The techniques of specimen selection, mi
croscopy, cultivation, agglutination, immuno
fluorescence, ELISA, and identification are de
scribed above and in Faine (1982) and Faine 
(1988). 

CuLTURE OF SPECIMENS. Usually blood, urine, 
and cerebrospinal fluid (CSF), but sometimes 
necropsy and biopsy tissues are cultured. A sig
nificant dilution of at least 1:50 of blood illl me
dium is recommended. Urine should not be 
acid. Growth is seen as a birefringent swirl, con
firmed by darkfield microscopy, with care to 
ensure that similar looking fibrin threads are 
not mistaken for leptospires. 

Tissues such as kidney or liver should be cut 
or ground aseptically into very small fragments, 
and no more than approximately 5% (w/v) in
oculated, to avoid anaerobiosis in the medium. 
Fragments or suspensions of tissues may also 
be inoculated directly onto the surface of solid 
medium in plates. Growth is recognized by the 
appearance of small gray-white subsurface col
onies or by a ring of growth around the inoc
ulum site. 

MicRoscoPY. Darkfield microscopy is generally 
used for direct examination of specimens:, elec
tron microscopy is seldom valuable. Properly 
controlled and interpreted histological exami
nation of tissues stained for leptospires by sil
ver, immunofluorescence, or immunoperoxi
dase assay offers a presumptive, though 
frequently accurate, diagnosis. Attempting di
rect identification of leptospires in body fluids 
or tissues by darkfield microscopy is not rec
ommended, especially for novices, although cer
tain identification ofleptospires by microscopy 
can speed diagnosis and management. 

SEROLOGICAL DIAGNOSIS. Most leptospirosis is 
diagnosed by serology, using MAT. ELISA tests 
for IgM or IgG or both, sometimes used in par
allel, or immunoblots or immunobeads have not 
yet gained acceptance as substitutes for agglu
tination because their diagnostic interpretation 
is still unclear. MAT antibodies react with LPS 
polysaccharides and are relatively specific for 
the infecting serovar and serogroup, although 
the highest titer does not necessarily indicate 
the infecting serovar because there are cross
reactions between serovars and individual dif
ferences in immunoglobulin response to the an
tigens. Only isolation and identification of the 
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infecting leptospire can prove its identity. Un
less the infecting serovar is known, it is neces
sary to test sera against a battery of serovars 
representative of the serogroups known to exist 
locally, preferably using locally isolated strains. 

A titer of 1:400 or higher in a single serum 
specimen or a rising 4-fold titer between con
secutive specimens is considered significant in 
an acute infection, although there are extreme 
differences in titers in acute leptospirosis caused 
by different serovars. Very high titers of I 0,000 
or more with the serovars icterohaemorrhagiae 
or copenhageni and low responses of 800-1600 
with hardjo are typical both in humans and an
imals. Antibodies in humans last for months to 
years. There is little reliable data on persistence 
in animals. Effects on persistence of antibody 
titers of antibiotic treatment, initial height of 
titer, infecting serovar, immunoglobulin class, 
or possible continuous or repeated exposure to 
the same or other leptospires have not been ad
equately assessed, although this information is 
vital for understanding immunity and for eval
uating immunization. 

ELISA tests have been more valuable in 
screening than in diagnosis, possibly because of 
the current lack of standardization and expe
rience in interpretation. Serum lgM antibodies 
in carrier pigs correlate with urinary shedding 
(Ballard et al., 1984). The immunoblot test us
ing culture or LPS on nitrocellulose is a sensi
tive method now being developed for rapid di
agnosis (Watt et al., 1988), and DNA restriction 
endonuclease patterns expedite preliminary 
classification of isolates. Direct diagnosis by us
ing gene probes, including polymerase chain re
action, for recognition of leptospires in tissues 
or body fluids, or for identification of isolates 
has been explored recently (Millar et al., 1987; 
van Eys et al., 1988, 1989; Zuerner and Bolin, 
1988). 

PROSPECTS FOR IMPROVED SERODIAGNOSIS. Se
rological diagnosis always depends on the pres
ence of detectable antibody. No tests, however 
sensitive, can detect antibody in the first day or 
two of infection in a novice patient before it has 
been produced, yet when diagnosis is needed 
most urgently. Monoclonal antibodies with 
either genus or serovar specificity can aid iden
tification of isolates. Their main potential use 
in diagnosis is primarily in research for char
acterizing specific or generic antigens for faster, 
more sensitive, or more appropriate tests. Gen
otypic classification of leptospires by DNA ho
mology is discussed above. 

Vaccines: Principles of Immunity 
and Immunization 

All evidence shows that immunity to initial in
fection or to reinfection is humorally derived 
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and is specific for the serovar (sometimes sera
group). Such immunity is mediated by any class 
of immunoglobulin with the appropriate epi
tope specificity (Jost et al., 1989). Immunity fol
lows both infection and vaccination; its dura
tion is uncertain, but experimentally it 
coincides with detectable agglutinating anti
body, even at very low levels. Killed vaccines 
of whole leptospires are widely used for animals 
(dogs, pigs, cattle), and, in Asia, for humans, 
conventionally in two initial injections about a 
month apart, followed by an annual booster. 
Vaccines of outer envelope preparations and 
leptospires grown in protein-free media are ef
fective and believed to cause fewer side effects, 
but still probably owe their efficacy to their LPS 
content. Experimentally, both leptospiral LPS 
alone (Jost et al., 1989; Masuzawa et al., 1989) 
and a derived polysaccharide containing the 
protective antigen (Jost et al., 1989) are effective 
vaccines. At present there is no evidence of any 
protein or peptide protective antigen; none of 
the proteins cloned into recombinants have 
been protective. Conversely, none of the genes 
for the known protective LPS or polysaccharide 
antigens have been cloned. The biological dis
parity between the leptospires and the expres
sion vectors tested makes expression of cloned 
genes especially difficult. 

Economic Importance of Leptospirosis 

The main economic importance of Leptospira 
lies in their ability to produce infection in an
imals and humans. The economic factors in lep
tospirosis (Faine, 1982, 1990) include direct or 
indirect costs of 

abortion, failure to thrive, loss of milk produc
tion, and associated veterinary costs in do
mestic and commercial livestock and dogs, 
with potential for malnutrition and impov
erishment in individuals and communities 
dependent upon animal sources of protein, 
especially in subsistence economies; 

vaccination and surveillance (vaccines, veteri
nary attention, laboratory tests, evaluation 
and administration), including testing and 
certification of serum samples from large 
numbers of livestock before international 
transport; 

human illness, suffering, medical care, and loss 
of productive working time and capacity; 

production and evaluation of vaccines and vac
cination programs for animals and humans; 

rodent control in livestock management, pas
tures (including sugar cane plantations and 
ricefields ), and food processing; 

occupational disease surveillance and control, 
protective clothing, and insurance for work-
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ers in industries where there is a significant 
risk (e.g., milkers of cows, slaughterers, as
sistants, inspectors, and laborers at abbatoirs, 
military personnel). 

Biotechnological applications are confined to 
the production and development of vaccines 
and diagnostic reagents at present. 
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The Family Chlorobiaceae 

HANS G. TRUPER and NORBERT PFENNIG 

The species and genera included in the physi
ological and ecological group of the green sulfur 
bacteria ( Chlorobium and related genera; the 
Chlorobiaceae) share a number of particular 
characteristics which suggest that these genera 
may be genetically related. However, until now 
only a few strains have been studied with respect 
to the similarities of the oligonucleotide se
quences of their 16S rRNA (Woese, 1987) and 
their 5S rRNA (van den Eynde et al., 1990). 
Thus, the Chlorobiaceae cannot yet be consid
ered as a family of genetically related genera 
comparable to the Chromatiaceae (Fowler et al., 
1984) (see also Chapter 170). The closest rela
tives of the Chlorobiaceae analyzed so far form 
a cluster containing Bacteroides fragilis and 
other Bacteroides species; with respect to all 
other groups of anoxygenic phototrophic bac
teria, the Chlorobiaceae appear to be a well
isolated group (SAa value < 0.25). 

Habitats 

Freshwater Habitats 

In contrast to bacteria of the Chromatiaceae, 
visible, mass accumulations of green sulfur bac
teria are rare in freshwater habitats. The first 
reports are from Szafer ( 191 0) and Strzeszewski 
(1913) who described layers of green bacteria in 
the effluents of sulfur springs in Poland. Chloro
biaceae occurred at the highest sulfide concen
trations, while purple sulfur bacteria appeared 
downstream at lower sulfide concentrations. 
Nonetheless, Chlorobium species are widely 
distributed in the anoxic mud and sediments of 
all freshwater habitats where their presence can 
be established, using an appropriate enrichment 
culture method. 

The largest blooms of green sulfur bacteria in 
freshwater enrichments occur at the chemocline 
of stratified holomictic or meromictic lakes. 
Czeczuga ( 1968) reported that the green layer 
at the chemocline in Wadolek Lake, Poland, was 
dominated by Chlorobium limicola. In the Bol-

schoje-Kichier Lake, USSR, the green layer was 
formed by Ancalochloris perfilievii and Pelo
dictyon luteolum (Gorlenko and Lebedeva, 
1971 ). A very dense layer of a green Pelodictyon 
species at a depth of 2m in Knaak Lake, Wis
consin, was studied by Parkin and Brock ( 1981 ). 
In many lakes, green and purple sulfur bacteria 
occur together in the layer, for example, in the 
Pluss-See (Northern Germany; Anagnostidis 
and Overbeck, 1966) and in the Schleinsee and 
Buchensee (Lake Constance region, Vetter, 
1937; Overmann and Tilzer, 1989). In these 
lakes, the Chlorobiaceae are represented by spe
cies of Ancalochloris and Pelodictyon, and by 
the Pelochromatium and/or Chlorochroma
tium consortium. It is not uncommon for the 
green sulfur bacteria to proliferate just below 
the Chromatiaceae (Caldwell and Tiedje, 1975; 
Gorlenko et al., 1983). This can be understood 
if it is considered that the Chlorobiaceae, with 
their highly effective light-harvesting chloro
somes, are unique with respect to their modest 
radiation requirements. In order to grow at 
comparable growth rates, Chlorobiaceae require 
only about one-fourth of the light intensity of 
the purple bacteria (Biebl and Pfennig, 1978). 

Lakes with Chromatiaceae and brown 
Chlorobiaceae species have also been studied by 
Bergstein et al. (1979) and Veldhuis and van 
Gemerden (1986). 

SYMBIOTIC CONSORTIA OF GREEN SULFUR BAC
TERIA IN FRESHWATER HABITATS. One of the 
outstanding features of the green sulfur bacteria 
is their participation in the only known sym
bioses between bacteria. In these so-called con
sortia, a central chemoorganotrophic, usually 
motile, bacterium is covered by synchronously 
dividing, green sulfur bacteria. Although these 
consortia were originally given binominal 
names, such names are illegitimate as long as 
they are applied to symbiotic associations 
(Pfennig and Triiper, 1974; Triiper and Pfennig, 
1971 ). At present the following consortia are 
known: Chlorochromatium aggregatum, 
Chlorochromatium glebulum, Cylindrogloea 
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bacterifera, Pelochromatium roseum, and Pel
ochromatium roseoviride (Gorlenko and Kuz
netsov, 1971 ). 

The Chlorochromatium consortium (Lauter
born, 1915; Chloronium mirabile, Buder, 1913) 
consists of a single, rod-shaped, polarly flagel
lated, motile, colorless, central bacterium which 
is covered by 6-12 regularly attached, rod
shaped, nonmotile, green cells of the Chloro
bium limicola type. A high degree of metabolic 
interdependence is indicated by the synchron
ous growth and division of all cells of the con
sortium. Furthermore, the nonmotile photo
trophic Chlorobium symbionts produce a 
positive phototactic response in the motile cen
tral bacterium: the consortia are capable of ac
cumulating at the illuminated side of the culture 
vessel. Thus, because of the symbiosis, the non
motile Chlorobium cells attain the ecologically 
significant capacity to respond to different light 
intensities, as do the motile Chromatiaceae 
(Pfennig, 1980). 

In addition to the green Chlorochromatium 
consortium, there are two other brown ones. 
Lauterborn (1915) and U termohl (1925) first 
described the brown Pelochromatium roseum 
consortium. Here, the symbiotic phototrophic 
bacterium is a strain of Chlorobium phaeobac
teroides. For the Pelochromatium roseoviride 
consortium (Gorlenko and Kuznetsov, 1971 ), 
the motile central bacterium is surrounded by 
an inner layer of 6-12 cells of Chlorobium 
phaeobacteroides and a second outer layer con
sisting of Pelodictyon luteolum-like cells. 

Until now, the symbiotic consortia have only 
been studied in enrichment cultures. While the 
phototrophic components can readily be iso
lated in pure culture, all attempts to grow or 
identify the motile chemotrophic central bac
teria have been unsuccessful (Pfennig, 1980). 

The symbiotic consortia thrive in all kinds of 
freshwater habitats containing anoxic, sulfide
bearing mud and water: ditches, pools, ponds, 
and stratified lakes. Usually, they occur together 
with motile and/or gas-vacuole-containing, pur
ple sulfur bacteria (Anagnostidis and Overbeck, 
1966; Caldwell and Tiedje, 1975; Dubinina and 
Kuznetsov, 1976; Gorlenko et al., 1983). 

MEROMICTIC LAKES. A special environment be
tween holomictic freshwater lakes and shallow 
marine habitats are the deeper meromictic 
coastal lakes. Since the interface between the 
stagnant anoxic and sulfide-containing seawater 
and the overlying fresh or brackish water is very 
stable, the blooms of phototrophic sulfur bac
teria are almost permanently present through
out the year. In many of these lakes, the brown 
Chlorobiaceae, in particular, Chlorobium 
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phaeobacteroides and C. phaeovibrioides, are 
the dominant species. Examples are Lake Faro, 
Messina, Sicily (Triiper and Genovese, 1968); 
Lake Mogilnoye, Kildin Island, USSR (Gor
lenko et al., 1978); Spanish Mediterranean 
coastal lakes (Guerrero et al., 1987); and Bietri 
Bay of Ebrie Lagoon, Ivory Coast (Caumette, 
1984). Other meromictic lakes with reddish
brown layers are Fayetteville Green Lake (USA; 
Culver and Brunskill, 1969) with Chlorobium 
phaeobacteroides, and Repnoe Lake (USSR; 
Gorlenko et al., 1973) with the brown Pelo
dictyon phaeum. 

Montesinos et al. (1983) determined the se
lective conditions under which the brown Chlo
robiaceae compete successfully with the green 
species for the formation of blooms in lakes, 
studying the ratio between the green Chloro
bium limicola and the brown Chlorobium 
phaeobacteroides in eight Spanish lakes. The re
sults were compiled, together with data from 22 
other lakes from around the world; the presence 
of the green or the brown species was compared 
with the depth at which the phototrophic bac
terial plate was located. It is obvious from their 
list that green Chlorobiaceae were dominant in 
lakes with blooms near the surface (2-4 m) 
whereas, in blooms between 5- to 9-m depth, 
green and/or brown species developed. If the 
blooms occurred between 9- and 25-m depth, 
they were exclusively formed by the brown spe
cies. 

Water selectively removes certain wave
lengths of light and Montesinos et al. ( 1983) 
confirmed the distributions seen in their field 
data by laboratory experiments with pure and 
combined cultures of green and brown Chlo
robium species in filtered light. The brown 
Chlorobiaceae have a selective advantage over 
the green species in the narrow band of blue
green radiation (450-550 nm) that penetrates 
deepest in the water column. Only the light
harvesting carotenoids of the brown species, iso
renieratene and !3-isorenieratene have a broad 
absorption band between 450 and 550 nm, al
lowing these species to effectively absorb the 
available blue-green radiation (Pfennig, 11989). 
The carotenoids of the purple sulfur bacteria 
also absorb in this region. However, these bac
teria require higher radiation intensities for 
comparable growth rates (Biebl and Pfennig, 
1978) and, therefore, cannot compete with the 
brown Chlorobiaceae at limiting light intensi
ties. 

Marine Habitats 

An impressive example of the capacity ofbrown 
Chlorobium species to survive on incredibly low 
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amounts of blue-green radiation is the recent 
discovery of bacteriochlorophyll (bchl) e at an 
80-m depth in the Black Sea. On the RV Knorr 
cruise 134, leg 9 in May 1988 (US-Turkish 
Oceanographic Expedition to the Black Sea) 
hy~rogen sulfide was detected at depths of 80 
m m the western basin (42°50'N, 32°00'E). In 
the acetone extracts of filtered samples from the 
sulfide interface between 68- and 92-m depth, 
four homologs of bchl e and the carotenoids 
isorenieratene and 13-isorenieratene were iden
ti~ed (Repeta et al., 1989). These pigments in
d!cated the presence of brown Chlorobium spe
Cies. From cultures prepared from parallel 
membrane-filter samples of water from the 80-
m depth, bacteria resembling Ch/orobium 
phaeo~acteroides have been obtained by N. 
Pfenmg and J. Overmann (unpublished obser
vations). 

In shallow marine lagoons, stagnant seawater 
pools, and salt marsh environments, mass de
v_elopments of green sulfur bacteria may occa
siOr;tally oc~ur. Even if not bloom-forming, the 
typical manne green sulfur bacterium, Prosthe
cochloris aestuarii (Gorlenko, 1970), can almost 
always be isolated from anoxic water and mud. 
Two other typically marine species have been 
described: Ch/orobium vibrioforme, (Triiper, 
1970; Caumette, 1984, 1986) and Ch/oroher
peton thalassium (Gibson et al., 1984). 

Isolation 

Preparation of Culture Media 

Suitable culture media for the Chlorobiaceae 
are very similar to those for the Chromatiaceae. 
The medium composition and preparation pro
cedures given in Chapter 170 for the Chroma
tiaceae can be used. Instead of trace element 
solution SL 12, however, the following EDTA
free solution SL 10 has also been successfully 
used (Overmann and Pfennig, 1989). 

Trace element stock solution SL 10 
Distilled water I liter 
HCI (37%) 8.5 ml 
FeC1,.4H20 1.5 g 
H,BO, 6 mg 
CoC12·6H20 190 mg 
MnC12·4H20 100 mg 
ZnCI2 70 mg 
Na2Mo0.-2H20 36 mg 
NiC12·6H20 24 mg 
CuCI2·2H20 2 mg 

The salts are dissolved in the order given, and the so
lution is sterilized by autoclaving. This solution is used 
at I ml per I liter of medium. 

The Family Chlorobiaceae 

Selective Enrichment of Green 
Sulfur Bacteria 
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Water, mud, or sediment samples from anoxic 
sulfide-containing natural habitats (freshwater 
or marine samples) usually contain both green 
and purple sulfur bacteria, even if the color of 
the sample may suggest the presence of only one 
group. Chlorobiaceae are selectively enriched in 
medium 1 or 2 (see Chapter 170) at pH values 
between 6.6 and 6.9 (not above pH 7.0). The 
~ottles are continuously illuminated with a day
light-fluorescent lamp at light intensities be
tween 5 and 300 lux and an incubation tem
perature of 20 to 30°C. At high light intensities 
(500-2,000 lux) and temperatures between 30 
and 35°C, green Ch/orobium and Prostheco
chloris species (marine; Triiper, 1970; Matheron 
a?d Baulaigne, 1972) will be selectively en
f!Che~ over purple sulfur bacteria. At very low 
hght mtensitles (5-50 lux), the Chlorobiaceae 
are selectively enriched (even with tungsten 
lamps) due to their unique capacity to grow at 
light intensities that are too low to support the 
growth of other phototrophic sulfur bacteria 
(Biebl and Pfennig, 1978). 

Low-light intensities, together with diurnal 
light and dark changes and temperatures 
around 20°C, may be used to enrich for certain 
species <?f Chlorobiaceae that are outgrown by 
Chl~r?bzum or ~rosthecoch/oris at high-light in
tensities and high temperatures. The enrich
ment ?fthe gas-vacuole-containing green sulfur 
bactena of.the genus Pe/odictyon (Pfennig and 
Cohen-Baztre, 1967; Overmann and Pfennig, 
1989) and of the Chlorochromatium and Pel
ochromatium consortia can be expected at low 
sulfide concentrations ( < 2 mM) in medium 1 
between 20 and 100 lux, and at 15 to 20°C. 
. With the. amount of sulfide initially present 
m the medmm, only very limited growth can 
be expected. After all the sulfide and sulfur are 
p~otooxidized, the bacteria stop growing and 
will be damaged by further illumination. In or
d~r to .keep the ~nrichments growing and to ob
tam htgh cell yields, it is necessary to feed the 
cultures several times with a sterile neutralized 
sulfide solution, as described in Chapter 170. 
. If the green or brown Chlorobiaceae to be 
Isolat~d ~ere first detected by microscopic ob
servatiOn m a water or mud sample from nature 
liquid enrichment cultures should not be used: 
Such enrichment cultures may select for species 
that are not ~he dominant form in the sample. 
In order to Isolate the various bacteria in the 
~arne proportions as they are present in the orig
mal sample, the latter is used directly as an in
oculum for deep agar dilution series. Medium 
1 (Chapter 170) is used with the addition of 3 
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mM acetate, which serves as an additional car
bon source and results in the development of 
much larger colonies. The agar tubes are incu
bated at room temperature and at light intens
ities (fluorescent light) not higher than 50-200 
lux to provide the least selective conditions. 

Identification 

The properties of the species of the Chlorobi
aceae are listed in Table 1. Members of the 
Chlorobiaceae lack assimilatory sulfate reduc
tion and require a reduced sulfur compound as 
a sulfur source. They can assimilate some sim
ple organic carbon compounds in the presence 
of sulfide and carbon dioxide. Many strains 
need vitamin B12• Cell multiplication occurs by 
binary fission; only Pelodictyon clathratiforme 
and P. phaeoclathratiforme show ternary fission 
leading to the formation of three-dimensional 
nets. Chloroherpeton thalassium is the only mo
tile species of the Chlorobiaceae; it consists of 
unicellular gliding filaments. Fig. 1 shows the 
morphology of some typical species of the Chlo
robiaceae. 

The most conspicuous difference between the 
Chlorobiaceae and the purple sulfur bacteria 
(Chromatiaceae and Ectothiorhodospiraceae) is 
the bacteriochlorophyll pigments. Thus, despite 
their trivial names of green and purple bacteria, 
it is not the color of colonies or cell suspensions, 
because there exist green and brown species in 
the Chlorobiaceae as well as brown, orange, pur
ple, red, and green species in the purple sulfur 
bacteria. The easiest differentiation between the 
Chlorobiaceae and the purple sulfur bacteria is 
by recording the absorption spectra ofliving cell 
suspensions, as described in Chapter 170. The 
wavelengths typical for the three presently 
known bulk (antenna) bacteriochlorophylls in 
living cells of Chlorobiaceae (and some of the 
Chloroflexaceae) are: bchl c, 745-755 nm; bchl 
d, 715-745 nm; and bchl e, 710-725 nm (Gloe 
et al., 1975; Pfennig and Triiper, 1977). Fig. 2 
shows absorption spectra of living cell suspen
sions of two Chlorobium species. The in vivo 
absorption characteristics of bchls c and e, as 
well as of the most common carotenoids, are 
represented. In such spectra the typical maxima 
of the reaction center bchl a of the Chlorobi
aceae does not show up due to its minute 
amount as compared with the amount of an
tenna bacteriochlorophylls. 

When physiology, morphology, and pigments 
of a newly isolated strain have been determined, 
identification with a known species is possible 
in most cases; if not, further properties of the 
new strain must be studied. We recommend the 
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determination of the GC content of the DNA 
and a study of ultrathin sections under the elec
tron microscope, in order to verify the presence 
of chlorosomes (see later for discussion of these 
unique structures of the green bacteria). 

The description of a new species ofthe Chlo
robiaceae should be based on pure cultures and, 
if possible, on more than one strain. Besides 
nomenclatural items, a new description should 
contain detailed information about cell mor
phology (color, size, shape, motility, mode of 
division, presence of gas vacuoles, slime cap
sules, sheaths); occurrence of cell aggregates; 
fine structure; photosynthetic pigments (color 
of cell suspensions, types of bchl and carot
enoids); and GC content. The following phys
iological data should be given: oxygen tolerance; 
sulfide tolerance; salinity requirements: opti
mum growth temperature and pH; sulfur, ni
trogen, and carbon sources utilized; vitamins or 
other growth factors required; and capacity for 
photo-versus chemotrophy, organo- versus lith
otrophy, and hetero-versus autotrophy. An in
dication of natural habitats is also necessary. 

Finally, a type strain must be designated and 
deposited in one of the recognized national type 
culture collections, preferably ATCC, DSM, 
NCIB, or NTHC, as required by the Interna
tional Code of Nomenclature of Bacteria (La
page et al., 1975). 

Physiology 

During photosynthetic metabolism in the Chlo
robiaceae, light is harvested in special organ
elles, the chlorosomes. These are lens- to cigar
shaped bodies that are attached to the inner side 
of the cytoplasmic membrane in direct associ
ation with the plasma membrane. The chloro
somes contain the antenna bacteriochlorophylls 
and transfer energy to the reaction center bac
teriochlorophyll in the plasma membrane. The 
reaction center bacteriochlorophyll is always 
bchl a in the Chlorobiaceae. 

Although cyclic photophosphorylation in the 
Chlorobiaceae works like that in the Chroma
tiaceae (Drews, 1989), the mechanism for 
NAD+ reduction is quite different. In the Chlo
robiaceae, the primary photosynthetic electron 
acceptor is not a bacteriopheophytin like in the 
purple bacteria, but an iron-sulfur protein with 
a reduction potential of - 540 m V. This allows 
the green sulfur bacteria to directly reduce 
NAD+ via reduced ferredoxin. The electron re
moved by noncyclic electron flow is replaced by 
external electrons entering the system at a less 
electronegative site via cytochrome c555, which 
again donates them to the reaction center bac-
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Fig. 1. Morphology of the Chlorobiaceae (phase contrast micrographs). Bars = 10 ~tm . (a) Chlorobium limicola. (b) 
Chlorobium phaeovibrioides. (c) Prosthecochloris aestuarii. (d) Pelodictyon clathratiforme. 

teriochlorophyll. Cytochrome c555 behaves in 
analogy to cytochrome c2 in purple bacteria, 
whereas menaquinones replace ubiquinones as 
mobile intramembranous hydrogen carriers. 
For further details, see Drews ( 1989). 

Lippert and Pfennig ( 1969) demonstrated 
that in the Chlorobiaceae, molecular hydrogen 
utilization occurs in the majority of species and 
strains. Autotrophic growth in the green sulfur 
bacteria is, however, dependent on the presence 
of a reduced source of sulfur, as these organisms 
are not capable of assimilatory sulfate reduc
tion. 

The uptake hydrogenases of Chlorobium spe
cies are not yet fully understood (Gogotov, 

1986). In general, the enzymes appear to be 
membrane-bound and probably contain nickel 
and iron-sulfur clusters. The natural electron ac
ceptors ofhydrogenases in Chlorobium are rub
redoxin or cytochromes (Gogotov, 1986). 

All species of the Chlorobiaceae utilize sulfide 
and elemental sulfur as photosynthetic electron 
donors (Triiper, 1981 a, 1989). The stoichiom
etry of sulfide oxidation with respect to C02 

fixation is more variable than that of the Chro
matiaceae due to incomplete formation of sul
fate (Van Niel, 1931). 

During oxidation of sulfide, hydrophilic "el
emental sulfur" appears in the form of globules 
outside the cells. 
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Fig. 2. Absorption spectra ofliving cell suspensions of green 
and brown Chlorobium species. (A) Chlorobium limicola, 
with bchl c (756 nm) and the carotenoid chlorobactene (457 
nm). (B) Chlorobium phaeobacteroides, with bchl e (723 
nm) and the carotenoids chlorobactene (458 nm) and iso
renieratene (517 nm). 

Utilization of thiosulfate as a photosynthetic 
electron donor by Chlorobiaceae is restricted to 
the "thiosu/fatophilum" biovars of the two spe
cies Chlorobium limicola and C. vibrioforme. 
Of these, only C. vibrioforme biovar thiosulfa
tophilum forms extracellular sulfur globules 
from thiosulfate (Steinmetz and Fischer, 1982). 
The thiosulfate-utilizing biovars form thiosul
fate as free intermediate during phototrophic 
sulfide oxidation, and they are able to dispro
portionate elemental sulfur in the light in the 
absence of carbon dioxide (Triiper et al., 1988). 

The enzymology of sulfur metabolism in the 
Chlorobiaceae is not yet fully resolved. It ap
pears that the oxidation of sulfide to "elemental 
sulfur" is mediated by c-type cytochromes. The 
formation of thiosulfate from sulfide is cata
lyzed by flavocytochrome c (Fischer, 1984). Ad
enylylsulfate reductase was shown to occur in 
Chlorobium species (Triiper and Peck, 1970) 
and was purified by Kirchhoff and Triiper 
(1974). Splitting of adenylylsulfate and libera
tion of sulfate is performed by ADP sulfurylase 
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in C. vibrioforme (Triiper and Fischer, 1982; 
Khanna and Nicholas, 1983; Bias and Triiper, 
1987) and exclusively by ATP sulfurylase in C. 
limicola (Bias and Triiper, 1987). 

In the Chlorobiaceae, autotrophic C02 fixa
tion occurs via a reverse tricarboxylic acid cycle, 
as was first proposed by Evans et al. ( 1966). Key 
enzymes ofthis cycle are the ferredoxin-depen
dent a-ketoglutarate and pyruvate synthases, 
and an ATP-dependent citrate lyase (Sintsov et 
al., 1980; I vanovsky et al., 1980). The careful 
14C-labeling studies by Fuchs et al. (1980a, 
1980b) and respective 13C-NMR studies by 
Paalme et al. (1982a, 1982b ), together with the 
characterization of the citrate lyase (Antrani
kian et al., 1982), have provided unequivocal 
final evidence for this distinctive mechanism of 
autotrophic C02 fixation. 

With respect to the utilization of organic car
bon, the Chlorobiaceae show little versatility 
(Triiper, 1981 b). They are obligately photoli
thoautotrophic even when utilizing acetate or 
pyruvate (so far the only organic carbon sources 
known to be used) showing a strict dependence 
upon a simultaneous supply ofbicarbonate and 
sulfide or thiosulfate. 

Although the best nitrogen source for growth 
is the ammonium ion, the majority of strains 
of the Chlorobiaceae are able to fix dinitrogen 
(for reviews, see Vignais et al., 1985; Hallen
beck, 1987). 

Further aspects of ultrastructure, energy 
transfer, metabolism, phylogeny, physiology, 
and ecology are dealt with in a book on green 
photosynthetic bacteria edited by Olson et al. 
(1988). 

Applications 

Chlorobiaceae have been used for the removal 
of the obnoxious (and poisonous) smells of hy
drogen sulfide during anaerobic waste treatment 
(Kobayashi et al., 1983). Cork and Cusanovich 
(1979) presented a process for the continuous 
disposal of sulfate by a mutual bacterial system 
consisting of Desu/fovibrio desulfuricans and 
Chlorobium limicola. Cork (1982; Cork and 
Ma, 1982; Cork et al., 1983, 1985) developed a 
system using C. limicola as the biocatalyst in 
the production of elemental sulfur and organic 
carbon (biomass) from acid gas (containing H2S 
and C02), an alternative to the Claus desulfur
ization process used in cleaning sour natural 
gases. 
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The Genus Bacteroides and Related Taxa 

HAROUN N. SHAH 

History 

Bacteroides fragilis, type species of the genus 
Bacteroides was first described by Veillon and 
Zuber (1898) as Bacillus fragilis but was later 
transferred to the genus Bacteroides by Castel
lani and Chalmers (1919). B. fragilis has been 
referred to as Fusiformis fragilis (Tapley and 
Wilson, 1929), Ristella fragilis (Prevot, 1938) 
and Bacteroides fragilis subspecies fragilis 
(Holdeman and Moore, 1974). Studies on more 
than 300 morphologically and physiologically 
similar isolates which were saccharolytic and 
showed growth stimulation with bile revealed 
phenotypically discernible groups within a 
"continum of variants" (Holdeman and Moore, 
1970). As a result, Bacteroides fragilis was re
garded as a single species which comprised the 
following; B. fragilis subspecies fragilis, B. fra
gi/is subspecies distasonis, B. fragilis subspecies 
eggerthii, B. fragilis subspecies ovatus, B. fra
gilis subspecies thetaiotaomicron, B. fragilis 
subspecies uniform is, and B. fragilis subspecies 
vulgatus (Holdeman and Moore, 1974). 

All subspecies were later shown to be genet
ically distinct by DNA-DNA hybridization 
(Johnson, 1973) and were reinstated to species 
rank by Cato and Johnson (1976). Similar stud
ies by Johnson et al. (1986) led to the recog
nition of three additional related species, B. cac
cae, B. merdae, and B. stercoris. Biochemical, 
chemical, and molecular biological data indi
cate that this group of 10 species form a taxo
nomically coherent group of species that differs 
so markedly from other taxa within the cur
rently defined genus (Holdeman et al., 1984) 
that they require separate generic status. Ac
cordingly, the description of the genus Bacte
roides was amended recently to restrict it only 
to the "B. fragilis group of species" (Shah and 
Collins, 1989) and includes all the above taxa. 

The moderately saccharolytic, pigmented/ 
nonpigmented organisms comprise a large 
group of 15 species which share many common 
phenotypic properties. The earliest reported 
member of this group, Bacteroides melanino
genicus was described by Oliver and Wherry 

(1921 ). Previously regarded as a single species 
(see Chapter 197) with one asaccharolytic sub
species (B. melaninogenicus subspecies asac
charolyticus) and two moderately saccharolytic 
subspecies (B. melaninogenicus subspecies me
laninogenicus and B. melaninognicus subspe
cies intermedius), all subspecies or serogroups 
(Lambe, 1974) have been elevated to species 
rank (Holdeman and Moore, 1974). The species 
B. ora/is (B. ora/is var. ora/is and B. ora/is var. 
elongatus) was separated from B. melaninogen
icus almost exclusively on the basis of pigment 
production by the latter (Loesche et al., 1964). 
This heavy reliance on pigmentation, together 
with poor circumscription of the species B. or
a/is, led to the species becoming a repository 
for a large and varied collection of strains which 
could not be accommodated elsewhere. Fur
thermore, the only three available reference 
strains of B. ·ora/is (ATCC 15930 [VPI9085], 
7CM, and Jl) were all assigned to new species 
(Fig. 1 ). Strain ATCC 15930 was assigned to B. 
melaninogenicus because of the formation of 
black pigment (Holbrook and Duerden, 1974; 
Holbrook et al., 1977) and later to B. loescheii 
(Holdeman and Johnson, 1982). J1 was de
scribed as "B. ruminicola-like" due to its ca
pacity to ferment xylose and arabinose (a spe
cific property which B. ora/is does not possess) 
while strain 7CM was transferred to B. vulgatus 
on the basis of DNA-DNA hybridization data 
and its growth stimulation of bile (Shah and 
Collins 1981 ). Two strains, HS4 and VPI 
8906D, which conformed to the description of 
B. ora/is had high interstrain DNA-DNA ho
mology but low genetic relatedness with a newly 
proposed neotype strain of B. ora/is (ATCC 
33269). Strains HS4 (NCDO 2354) and VPI 
8906D were shown to comprise the nucleus of 
a new species, B. bucca/is (Shah and Collins, 
1981 ), while B. veroralis (Watabe et al., 1983) 
and B. oulorum (Shah et al., 1985) were pro
posed for phenotypically similar but genetically 
distinct species. Biochemical and chemical 
studies showed that strain J 1 and two related 
stains NP333 (NCDO 2352) and WPH61 were 
genetically similar but differed sufficiently from 
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~- bivius 
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B. pentosaceus (1981)}--
B. capillus (1981) B. buccae 
B. buccae (1982) 

Fig. I. Current status of isolates that previously belonged to Bacteroides ora/is. 

other species to warrant their placement in a 
new species, B. pentosaceus (Shah and Collins, 
1981 ). Phenotypically and genetically similar 
strains, for which the species B. capillus was 
proposed, were isolated from localized perio
dontitis sites (Kornman and Holt, 1981 ). B. 
pentosaceus, B. capillus, and the newly pro
posed B. buccae (Holdeman et al., 1982) were 
reported to be genetically similar and the spe
cific epithet B. buccae took precedence (John
son and Holdeman et al., 1985). B. oris (Holde
man et al., 1982) and B. heparinolyticus (Okuda 
et al., 1985) share many common properties 
with these species but are generally less fer
mentative. The description of B. denticola 
(Shah and Collins, 1981) was emended to in
clude both pigmented and nonpigmented 
strains (Holdeman and Johnson, 1982). The 
less saccharolytic pigmented species B. inter
medius was shown to comprise another genet
ically distinct taxon for which the name B. cor
poris was proposed (Johnson and Holdeman, 
1983). B. bivius and B. disiens are phenotypi
cally similar to B. intermedius but do not form 

pigment on blood agar (Holdeman and John
son, 1977). This large group of species, generally 
referred to as the "B. melaninogenicus-B. ora/is 
group," form a biochemically related group of 
species which differs from B. fragilis and other 
recently proposed genera and should be as
signed to a new genus (Shah and Collins, 1989). 
Most species ofthe "B. melaninogenicus-B. or
a/is" group are frequently isolated from the oral 
cavity and are moderately fermentative.* 

In contrast to the above species, most of the 
remaining taxa do not colonize the oral cavity 
and are generally nonfermentative (Holdeman 
et al., 1984). They represent a diverse collection 
of species quite unrelated to the type species B. 
fragilis or to each other. Consequently, several 
new genera have been proposed, many of which 
are monospecific (see Shah and Collins, 1989). 
Examples of some species which have long been 
established and since reclassified, include Tis
sierella praeacuta (Collins and Shah, 1986b) for 
B. praeacutus ( 1908); Anaerorhabdus furcosus 

*Recently reclassified in a new genus Prevotella. 
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(Shah and Collins, 1986) for B. furcosus ( 1898); 
Sebaldella termitidis (Collins and Shah, 1986a 
for B. termididis ( 1962); Fibrobacter succi no
genes (Montgomery et al., 1988) for B. succin
ogenes (1950); Megamonas hypermegas (Shah 
and Collins, 1982a for B. hypermegas ( 1963); 
Mitsuokella multiacidus (Shah and Collins, 
1982b for B. multiacidus (1974); Rikenella mi
crofusus (Collins et al., 1985) for B. microfusus 
( 1978), and Ruminobacter amylophilus (Stacke
brandt and Hippe, 1986) for B. amylophilus 
(1956). Although several other species such as 
B. capillosus, B. coagulans, and B. ureolyticus 
have not been reclassified, biochemical and 
chemical properties so far examined indicate 
that they warrant separate generic status (see 
reviews by Shah and Collins, 1983, and Collins 
and Shah, 1987). 

Recently, many new species have been pro
posed as members of the genus Bacteroides. 
Many of these species bear little resemblance to 
classical Bacteroides and their current taxo
nomic positions remain uncertain. Table 1 
(from Shah and Collins, 1989) gives an over
view, and where possible the taxonomic posi
tion of these species, while Fig. 2. gives the dis
tribution of mol% GC values among these 
orgamsms. 

General Characteristics 

More than 50 species of Bacteroides are cur
rently listed in Bergey's Manual of Systematic 
Bacteriology (Holdeman et al., 1984) and the 
Approved Lists of Bacterial Names (Moore et 
al., 1985) In the past, any Gram-negative, ob
ligately anaerobic, nonsporeforming rod which 
could not be assigned to the genus Fusobacter
ium or Leptotrichia has been placed in the genus 
Bacteroides. Poor definition of the genus, in
cluding its wide range in DNA-base composi
tion (about 28-61 mol% GC) (Holdeman et al., 
1984) has allowed isolates which share only a 
few common properties to be deposited in the 
genus Bacteroides. Previously we have sug
gested (Shah and Collins, 1983; Collins and 
Shah, 1987) that the generic description should 
be emended to include only the type species B 
fragilis and related taxa. Thus, the genus Bac
teroides should be restricted to those species 
which fulfill the following criteria: 

1. Obligately anaerobic, Gram-negative, non
sporeforming rods. 

2. Saccharolytic, and produce major levels of 
acetate and succinate as metabolic end prod
ucts. 

3. Contain enzymes of the hexose monophos
phate shunt-pentose phosphate pathway such 
as. glucose-6-phosphate dehydrogenase 

Bacteroides and Related Taxa 3595 

(G6PDH) and 6-phosphogluconate dehydro
genase (6PGDH), in addition to malate de
hydrogenase (MDH) and glutamate dehydro
genase (GDH). 

4. Have a DNA-base composition within the 
range 40-48 mol% GC. 

5. Possess sphingolipids. 
6. Contain a mixture of long-chain fatty acids 

with predominantly straight-chain saturated, 
anteiso-methyl branched and iso-methyl 
branched acids. 

7. Possess menaquinones with MK-10 and MK-
11 as major components. 

8. Contain meso-diaminopimelic acid as the 
diamino acid of its peptidoglycan. 

On the basis of the above criteria the follow
ing species are currently considered to consti
tute the revised genus Bacteroides: B. fragilis 
(type species), B. caccae, B. distasonis, B. eg
gerthii, B. merdae, B. ovatus, B. stercoris, B. 
thetaiotaomicron, B. uniform is, and B. vulgatus. 
This more restricted definition of the genus Bac
teroides (Shah and Collins, 1989) contains only 
saccharolytic, nonpigmented species. The 
growth of all species is stimulated by bile and, 
with the exception of B. splanchnicus, are the 
only Gram-negative, anaerobic, nonsporeform
ing rods which possess high levels of both 
G6PDH and 6PGDH (Shah and Collins, 1989). 
Although B. splanchnicus superifically resem
bles members of the "B. fragilis" group, bio
chemical, chemical, and genetic data indicate 
that they are taxonomically unrelated. B. 
splanchnicus differs from the "B. fragilis" group 
in producing propionic acid as a major meta
bolic end product, possessing menaquinones 
with nine isoprene units, and containing mainly 
13-methyl-tetradecanoic acid (see review, Shah 
and Collins, 1983). Subsequent rRNA-homol
ogy studies by Johnson and Harich (1986) re
vealed less than 20% relatedness between B. 
splanchnicus and the "B. fragilis" group, which 
further supports the exclusion of B. splanchin
cus from the genus Bacteroides sensu stricto. 

The group of species referred to above as the 
"B.melaninogenicus-B.oralis" group comprises 
many of the species commonly isolated from the 
oral cavity, and which have DNA-base com
positions between 40-50 mol% GC (Shah et al., 
1990; Reddy and Bryant, 1977). Using the re
vised definition of the genus Bacteroides, it is 
evident that this group constitutes a new genus, 
quite unrelated to B.fragilis, for which the name 
Prevotella has been proposed (Shah and Collins, 
1990). These species are moderately saccharo
lytic, produce mainly acetic and succinic acids 
in a glucose medium, and do not grow in media 
containing 20% bile. The pigmented species such 
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Table l. Outline of the current taxonomic positions of Bacteroides species and related taxa. 

Species Taxonomic status or comment 

Species currently designated Bacteroides 
B. caccae, B. distasonis, B. Bacteroides (emended definition) 

eggerthii, B. fragilis, B. 
merdae, B. ovatus, B. stercoris, 
B. thetaiotaomicron, B. 
uniformis, B. vulgatus 

B. bivius, B. buccae, B. bucca/is, B. 
corporis, B. denticola, B. 
disiens, B. intermedius, B. 
heparinolyticus, B. loescheii, 
B. melaninogenicus, B. ora/is, 
B. oris, B. oulorum, B. 
ruminicola, B. veroralis, B. 
zoogleoformans 

B. levii, B. macacae, B. sa!ivosus 

B. ureolyticus, B. gracilis 

B. capillosus 

B. ce!lulosolvens 

B. coagulans 

B. forsyth us 

B. galacturonicus 

B. helcogenes 

B. nodosus 

B. pectinophilus 

B. pneumosintes 

B. polypragmatus 

B. putredinis 

B. pyogenes 

B. splanchnicus 

B. suis 

B. tectum 

B. xlanolyticus 

New genera for reclassified species 
Anaerorhabdus 
Fibrobacter 
Megamonas 
Mitsuokella 
Porphyromonas 

Rikenella 
Ruminobacter 
Sebaldella 
Tissierella 

B. melaninogenicus-B. ora/is group; 
(now reclassified as Prevotella 
gen. nov.) 

Not Bacteroides; possibly related to 
Porphyromonas 

Not Bacteroides; possibly related to 
Campylobacter or Wo!inella 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Not Bacteroides; generic position 
uncertain 

Formerly B. furcosus 
Formerly B. succinogenes 
Formerly B. hypermegas 
Formerly B. multiacidus 
Formerly B. asaccharolyticus, B. 

endodontalis, and B. gingiva/is 
Formerly B. microfusus 
Formerly B. amy!ophilus 
Formerly B. termiditis 
Formerly B. praeacutus 

Reference( s) 

Shah and Collins, 1989 

Collins and Shah, 1987; Shah and 
Collins, 1983; Shah and CoHins, 
1990 

Collins and Shah, 1987; Love et a!., 
1987; Shah and Collins, 1983 

Paster and Dewhirst, 1988 

Collins and Shah, 1987; Shah and 
Collins, 1983 

Murray et a!., 1984 

Collins and Shah, 1987; Shah and 
Collins, 1983; Elleman, 1988 

Tanner et a!., 1986 

Jensen and Cana1e-Parola, 1986 

Benno et a!., 1983 

Collins and Shah, 1987; Shah and 
Collins, 1983 

Jensen and Cana1e-Parola, 1986 

Collins and Shah, 1987; Shah and 
Collins, 1983 

Moore et a!., 1985 

Collins and Shah, 1987; Hammann 
and Werner, 1983; Shah and 
Collins, 1983 

Benno et a!., 1983 

Hammann and Werner, 1983; Shah 
and Collins, 1983; Collins and 
Shah, 1987 

Benno et a!., 1983 

Love et a!., 1986 

Scholten-Koerselman et a!., 1986 

Shah and Collins, 1986 
Montgomery et a!., 1988 
Shah and Collins, 1982a 
Shah and Collins, 1982b 
Collins and Shah, 1987; Shah and 

Collins, 1983, 1988 
Collins et a!., 1985 
Stackebrandt and Hippe, 1986 
Collins and Shah, 1986a 
Collins and Shah, 1986b 
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B. ureolylicus Porphyromonas 

Rikenella 

Anaerorhabdus 

B. melaninogenicus - B. oralis 
(Prevotella) 

Fig. 2. Distribution of GC content of the DNA of Bacteroides and related genera. 

as B. melaninogenicus, B. loescheii, B. corporis, 
B. intermedius, and some strains of B. denticola 
produce both protoheme and protoporphyrin 
pigments. B. melaninogenicus, B. loescheii and 
pigmented strains of B. denticola fluoresce bril
liantly under ultraviolet (UV) radiation (365 
nm) due to the production of mainly protopor
phyrin (Shah et al., 1979). These species have 
the ability to demetallate the iron-containing 
protoheme molecule leaving a highly conjugated 
structure which fluoresces under UV radiation 
(Shah et al., 1979). The darker pigmented col
onies of B. intermedius and B. corporis accu
mulate an excess of protoheme over protopor
phyrin. Before these colonies become entirely 
black the nonpigmented cells at the center of the 
colonies also fluoresce. This property is, there
fore, useful for recognizing at least some species 
of the "B. melaninogenicus-B. ora/is" group and 
has been of major consequence in elucidating the 
taxonomic interrelationships of this group of 
species. Other members of this large cluster in
clude B. bivius, B. buccae, B. bucca/is, B. disiens, 
B. heparinolyticus, B. ora/is, B. oulorum, B. oris, 
B. ruminicola, B. veroralis, and B. zoogleofor
mans. These species differ from the "B. fragilis 
group" in that they are sensitive to bile and lack 
G6PDH and 6PGDH (Shah and Williams, 
1982). 

B. levii and B. macacae resemble Porphyro
monas species in producing mainly protoheme 
and possessing a similar dehydrogenases pat
tern (Shah and Collins, 1988). The similarity in 
metabolic end products (butyric and acetic 
acids) and a compatible GC content of 45-48 
mol further reinforces the similarity between B. 
levii and Porphyromonas (Shah and Collins, 
1988). However, like B. macacae, B. levii is 
weakly saccharolytic. B. macacae further differs 
from the rest of this group in producing mainly 
propionic and succinic acids as major metabolic 

end products and possessing a lower GC content 
of 42-44 mol. Two broad groups of species are 
further discernible by DNA-base composition: 
a high GC group with base compositions within 
the range 56-61 mol% and a low GC group of 
28-37 mol%. The high GC group, which com
prises Mitsuokella multiacidus (Shah and Col
lins, 1982b), Mitsuokella dentalis (56-58 mol%) 
(Haapasalo et al., 1986), Rikenella microfusus 
(60-61 mol%) (Collins et al., 1985), and Bac
teroides capillosus (60 mol%) share few com
mon properties with each other or Bacteroides 
sensu stricto. Mitsuokella multiacidus is a 
highly saccharolytic organism that produces 
major levels of lactic acid in addition to acetic 
and succinic acids (Holdeman et al., 1984). B. 
capillosus is asaccharolytic, producing only low 
levels of acetic and succinic acids, while R. mi
crofusus is very weakly saccharolytic but pro
duces major levels of similar acids (Kaneuchi 
and Mitsuoka, 1978). 

Microorganisms with DNA-base composi
tions within the range 28-37 mol% GC are phe
notypically and genetically so different from 
eac~1 other and from B. fragilis as to warrant 
their placement in several new genera. With the 
exception of Megamonas hypermegas and Se
baldella termitidis, all species are nonfermen
tative. The metabolic end products of these spe
cies/genera vary considerably, in accord with 
their chemotaxonomic heterogeneity (see re
view, Collins and Shah, 1987). 

Habitat 

Members of the genus Bacteroides and related 
taxa normally colonize the upper respiratory, 
intestinal, and female genital tracts. Normal 
feces for example, contains 1011 "Bacteroides 
fragilis group" species per gram compared to 
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facultative anaerobes which approximate 108 

per gram (Drasar and Hill, 197 4 ). Other species 
such as the "B. melaninogenicus-B. ora/is 
group" are associated with dental plaque. Al
though these organisms are normally consid
ered as part of the normal commensal flora of 
the mucous membranes of humans and ani
mals, they are the most important anaerobic 
bacteria associated with human infections (Fi
negold et al., 1985). The infections caused by 
these organisms are often related to their pri
mary site of isolation. Thus, species of the "B. 
fragilis group" account for between 15-54% of 
the anaerobic flora in intra-abdominal infec
tions, between 32-68% in perirectal abscesses, 
and between 26-50% in decubitus ulcers (Fi
negold et al., 1985). Conversely, their numbers 
reach only 3% of the anaerobic flora in infec
tions of the head and neck, do not occur in 
dental diseases, and are less than 4% of the an
aerobic flora of transtrachael aspirates and 
pleural fluid (Finegold et al., 1985). In contrast, 
members ofthe "B. melaninogenicus-B. ora/is 
group" can account for up to 72% of the an
aerobic flora of head and neck infections and 
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can reach up to 50% in pleural fluid (Finegold 
et al., 1985). However, they account for less than 
10% of the anaerobic flora of infections below 
the waist. This pattern of infection suggests that 
the source of these organisms in soft tissue in
fections are probably derived from their natural 
habitat. The normal site of isolation of these 
species and others are given in Table 2. 

Isolation 

Methods available for specimen collection, 
transport, and anaerobic culture have been dealt 
with in detail by Dowell and Hawkins (1974), 
Holdeman et al. ( 1977), and Sutter et al. ( 1985). 
The following media have been selected from 
various recommended media (Sutter et al., 
1985) for primary isolation of anaerobic bac
teria, with particular reference to Bacteroides 
and Gr~I?--negative, anaerobic bacteria of hu
man ongm. 

Total Counts 

This can be carried out on either Brucella blood 
agar supplemented with vitamin K, and hemin 

Table 2. Normal site of isolation of Bacteroides and other Gram-negative, nonsporeforming 
anaerobes. 

Species/genus 

"Bacteroides fragilis group" 
"B. me/aninogenicus-B. ora/is group" 
B. bivius, B. disiens 
Other species labelled "Bacteroides" 

B. capil/osus 
B. ce//u/oso/vens 
B. coagulans 
B. forsythus 
B. gracilis 
B. he/cogenes 
B. /evii 
B. macacae 
B. nodosus 
B. pneumosintes 
B. po/ypragmatus 
B. putredinis 
B. pyogenes 
B. ruminico/a species 
B. suis 
B. tectum 
B. ureo/yticus 

"Bacteroides" spp. that have been reclassified 
Anaerorhabdus furcosus 
Fibrobacter succinogenes 
Megamonas hypermegas 
Mitsuoke//a multiacidus 
Rikene//a microfusus 
Ruminobacter amy/ophi/us 
Seba/de//a termitidis 
Tissiere//a praeacuta 

•Except where stated, sites refer to humans. 

Normal site of isolation• 

Colon 
Oral cavity 
Female genital tract 

Mouth and colon of humans and animals 
Sewage sludge 
Intestinal and urogenital tract 
Dental plaque 
Oral cavity 
Swine intestinal tract 
Bovine rumen 
Oral cavity of macque monkey 
Infected hoofs of sheep and goats 
Naso-pharyngeal, gingival crevice 
Sewage sludge 
Colon of humans and animals 
Swine intestinal tract 
Rumen of sheep, cattle, and other ruminants 
Swine intestinal tract 
Oral flora of dogs and cats 
Respiratory, intestinal, and genital tracts 

Colon of humans and animals 
Rumen of sheep, cattle, and other ruminants 
Intestinal tract of poultry 
Colon of humans and pigs 
Ceca of poultry 
Rumen contents of cattle 
Intestinal contents of termites 
Intestinal tract 
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Table 3. Presumptive identification of Gram-negative, anaerobic, nonsporeforming rods. 

Kanamycin (1 mg) Colistin (1 0 !Lg) Growth in Nitrate Urease Pigment/ 
susceptibility susceptibility 20% bile reduction production fluorescence 

B. fragilis R R + 
group 

Pigmented R v +(-) 
species 

Nonpigmented R v 
species 

B. ureo!yticus- s s + v 
like group 

Fusobacterium- s s -(+) -(+) 
Leptotrichia 

R, resistant; S, susceptible; V, variable; +, all strains positive; -, all strains negative; + (- ), most strains positive, few 
negative; -( + ), most strains negative, few positive. 
Adapted from Sutter et al. ( 1985). 

solution or Wilkins-Chalgren agar. The com
position of these media is as follows: 

Brucella Blood Agar (BBL or Difco) 
Pancreatic digest of casein 1.0 g 
Peptic digest of animal tissue 1.0 g 
Glucose 0.1 g 
Yeast autolysate 0.2 g 
NaC1 0.5 g 
Sodium bisulfite 0.01 g 
Agar 1.5 g 
Distilled water 100.0 ml 

Adjust to pH 7.0, boil agar to dissolve, then sterilize at 
121 oc for 15 min. The medium is then cooled to 50°C 
and defibrinated sheep blood ( 5% [ v /v] added aseptic
ally and dispensed. 

Wilkins-Chalgren Agar 
Trypticase 1.0 g 

1.0 g 
0.5 g 
0.1 g 
0.5 g 

Gelysate 
Yeast extract 
Dextrose 
NaCI 
L-arginine-free base 
Sodium pyruvate 
Vitamin K 
Hemin 
Agar 
Distilled water 

0.1 g 
0.1 g 
0.05 mg 
0.05 mg 
1.5 g 

100.0 ml 

Boil to dissolve agar and autoclave at 121 oc for 15 min. 

The addition of kanamycin and vancomycin 
to laked blood Brucella agar medium (KVLB) 
inhibits most facultative anaerobic bacteria and 
permits the selection of mainly Bacteroides spe
cies. Its composition is as follows: 

Kanamycin-Vancomycin Laked Blood Agar 
(KVLB) 

I 
Brucella agar 
Hemin solution (5 mg/ml) 
Vitamin K, solution (10 mg/ml) 
Kanamycin solution (100 mgjml) 

4.3 g 
0.1 ml 
0.1 ml 
0.075 ml 

Distilled water 100.0 ml 

The medium is autoclaved at 121 oc for 15 min, then 
cooled to 50°C, and 1 ml of a vancomycin solution (7.5 
!Lgjml) and laked sheep blood (blood frozen overnight 
and then thawed) added. 

Bile-containing media are generally used to 
selectively isolate members of the "B. fragilis 
group" of species. The growth of microorga
nisms such as those of the "B. melaninogenicus
B. ora/is group" of species, which colonize the 
oral cavity, is inhibited on these media. Bac
teroides Bile Esculin Agar is one such medium 
which is successfully used (Sutter et al., 1985) 
to isolate B.fragilis and related species. Its com
position is as follows: 

Bacteroides Bile Esculin Agar 
Trypticase soy agar 
Oxgal 
Esculin 
Ferric ammonium citrate 
Hemin solution 
Gentamicin solution (40 mg/ml) 
Distilled water 

40.0 g 
20.0 g 

1.0 g 
0.5 g 
2.0 ml 
2.5 ml 
I liter 

The pH is adjusted to 7.0, and the medium autoclaved 
at 121 oc for 15 min and dispensed. 

When successfully isolated, organisms can be 
maintained by weekly subculture on blood agar 
plates. Cultures for long-term storage are best 
kept at -70°C in liquid nitrogen, or lypholized. 

Growth in Liquid Media 

Most of the species described above use both 
carbohydrates and nitrogenous substrates as en
ergy sources. Consequently, all media designed 
for the bulk growth of these microorganisms 
generally contain glucose and either proteose 
peptone or some other commercial protein hy
drolysate. NaCl (0.5%) is generally required 
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Table 4. Differentiation of B. fragilis and related species by sugar fermentation and other diagnostic tests. 

Fermentation Indole Catalase 
Sucrose Rhamnose Arabinose Trehalose Salicin production formation 

B. fragilis + 
B. distasonis + + 
B. vulgatus + + + 
B. ovatus + + + 
B. thetaiotaomicron + + + 
B. uniformis + + 
B. caccae + + + 
B. merdae + + 
B. stercoris + + 
B. eggerthii + + 
B. splanchnicus 

+, property present; -, property absent. 

while cysteine is used both as a reducing agent 
and a growth requirement. Heme (for cyto
chrome production) replaces the need for whole 
blood while vitamin K is used as a precursor 
for menaquinone biosynthesis (Shah and Col
lins, 1980). Species that colonize the rumen 
often require either volatile fatty acids or rumen 
fluid. Details of culture media such as PYG or 
medium 10 (Caldwell and Bryant, 1966) are 
given by Holdeman et al. (1977). Medium BM 
(Shah et al., 1976), which is simple in compo
sition and has been used very successfully for 
the culture of nearly all such species isolated 
from humans is given below: 

BM 
Trypticase 
Proteose peptone 
Yeast extract 
NaCI 
Glucose 
Cysteine hydrochloride 
Distilled water 

1.0 g 
1.0 g 
0.5 g 
0.5 g 
0.5 g 
0.075 g 

100.0 ml 

Sterilize, cool, then add I% ( v jv) of filter sterilized 
hemin-menadione solution (see below). 

Hemin-Menadione Solution 
Hemin solution is first prepared by adding 1 ml of 1 N 
NaOH to 50 mg of crystalline heme, followed by 98 ml 
of water. To this is added I ml of menadione solution 
(5 mgjml in 95% ethanol) and the mixture filter steri
lized and stored at - 20°C. The hemin and menadione 
solution is added aseptically at I% (vjv) to sterilized 
media. 

Identification of Bacteroides 
and Other Gram-negative, 
Anaerobic Rods 

The system of Sutter et al. ( 1985) involves the 
use of Gram stain, cell and colonial morpho
logy, susceptibility to special antibiotic disks 

+ 
+ 

+ + + 
+ + + 
+ + + 
+ 
+ + 

+ 
+ 
+ 

(placed on the first quadrant of a streaked plate), 
and tests for nitrate reduction, growth in bile, 
urease production, and observation of pigment 
productionjUV fluorescence, This system en
ables a preliminary grouping of isolates (Table 
3) into the following major categories: 

1. B. fragilis group, 
2. Pigmented group, 
3. B. ureolyticus-like group, 
4. Nonpigmented group, 
5. Fusobacterium-Leptotrichia group. 

Commercially available multitest systems 
such as API 20A and RAP-ID ANA can be used 
for most of the test listed above (see, for ex
ample, Hofstad, 1980). However, for many of 
these systems, the database for identification is 
still inadequate and cannot be relied upon en
tirely. Gas-liquid chromatography (GLC) of the 
acidic end products (AEP) of isolates is neces
sary for accurate identification to the species 
level and is employed in all current identifica
tion schemes. 

Leptotrichia bucca/is, which produces major 
levels of lactic acid, and Fusobacterium spe
cies, which produce predominantly butyric 
acid, could be readily separated from the re
maining species, which produce mainly acetic 
and succinic acids and occasionally lower lev
els of other volatile short-chain acids. Growth 
in the presence of bile and pigment production 
on blood agar are major characteristics for 
delineating these taxa to recognizable groups 
(see Fig. 3). 

Some species possess unique properties 
which make them readily recognizable. Thus, 
the growth of B. gracilis is stimulated by for
mate or hydrogen and fumarate or nitrate (Tan
ner et al., 1981 ). B. zoogleoformans grows as a 
very viscous, ropy-like mat in liquid medium 
(Cato et al., 1982). Both B. ureolyticus and B. 
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Table 6. Distinguishing characteristics of species of the B. melaninogenicus-B. oralis group. 
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Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i Cl:i 

Pigment• + + v + + 
Xylose + + + v v 
Arabinose + + + +JW v 
Cellobiose + + + + + + +JW + + 
Rhamnose +· + 
Salicin + + + + +JW v 
Sucrose + + + + + + + + + + + + 
Lactose + + + + + + + + + + +JW + + 
Indole + + 
Esculin + + + + +- + + + + + 

hydro!. 
NAGb + + + + + v + + + + + + + 
a-Fucc +- + + + + +- + + + + + + 
13-Xy!• + + + 
13-Glu• + + + +- + + + v 
Gly' + + + + 

W, weak reaction; +, positive reaction; -, negative; V, positive or negative reaction; +-, most reactions positive; -•, 
most reactions negative. 
•Pigment, pigment production on blood agar. 
bNAG, N-acetylglucosamineidase. 
<a-Fuc, a-Fucosidase. 
•13-Xyl, 13-Xylosidase. 
•13-Glu, 13-Glucosidase. 
'Gly, glycine aminopeptidase. 

forsythus often form pits on the surface ofblood 
agar plates (Tanner et al., 1986); the former also 
possesses urease activity (Jackson and Good
man, 1978). Other species which bear the label 
"Bacteroides, " such as B. cel!ulosolvens, fer
ment only cellulose and cellobiose (Murray et 
al., 1984). B. tectum, an oral isolate from cats 
and dogs, atypically grows in the presence of 
bile (Love et al., 1986), whereas the swine in
testinal species B. he/cogenes grows only poorly 
(Benno et al., 1983). The growth of other swine 
colonic species B. pyogenes and B. suis, is, how
ever, inhibited by bile (Benno et al., 1983). 
Some major characteristics of these taxa are 
given below. 

Differentiation of Species 

A combination of biochemical/chemical tests 
can be used to obtain unequivocal identification 
of species within the "B.fragi/is group," the "B. 
melaninogenicus-B. ora/is group," and other 
Gram-negative nonsporeforming, anaerobic 
rods. For convenience, the biochemical and 

chemical tests are listed separately here, but in 
practice they may be carried out in parallel. 

The production of indole and catalase and the 
fermentation of sucrose, salicin, rhamnose, and 
arabinose can be used to differentiate members 
of the "B. fragi/is group" (Table 4). Species of 
this group possess DNA-base compositions 
within the range 40-48 mol% GC, have meso
diaminopimelic acid in their peptidoglycan, 
contain enzymes ofthe hexose monophosphate 
shunt-pentose phosphate pathway, possess ma
jor levels of 12-methyl-tetradeconic acid (an
teiso-C15) and contain predominantly mena
quinones with 10 and 11 isoprene units (Table 
5). B. sp/anchnicus differs from this group in 
producing butyric acid as a metabolic end prod
uct, contains predominantly 13-methyl-tetra
decanoic acid (iso-C15), and possesses mena
quinones with nine isoprene units (MK-9) 
(Table 5). 

Members of the "B. melaninogenicus-B. or
a/is group" can be identified to the species level 
by a combination of fermentation reactions and 
the production of specific constitutive enzymes 
(Table 6). These species have DNA-base com
positions within the range 40-52 mol% GC (Ta-
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ble 5) but differ significantly from those of the 
"B.fragilis group" in the absence ofthe pentose 
phosphate pathway enzymes (G6PDH and 
6PGDH). The menaquinone composition of 
some species are highly distinctive. Thus, the 
principal respiratory quinone of B. melanino
genicus, B. intermedius and B. oulorum is MK-
10, whereas for B. denticola and B. veroralis it 
is MK-11 (Shah et al., 1985). B. pentosaceus 
possesses almost equal levels of MK-12 and 
MK-13, while B. bucca/is contains predomi
nantly MK-12 (Shah and Collins, 1981) and B. 
ora/is MK-13 (Shah et al., 1985). 

Members of the remaining species/genera 
have not been studied in such detail as the above 
species, but they can be readily identified from 
available data. Table 7 highlights the major bio
chemical reactions for differentiating these spe
cies. Many of these microorganisms are non
fermentative, thus the metabolic end products 
produced are probably derived from the fer
mentation of nitrogenous substrates in the me
dium. The DNA-base compositions, dehydro
genase enzymes pattern, cellular fatty acid 
composition and major menaquinones of var
ious taxa are given where known (Table 5). 
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Outlook for Biotechnology 

Industrially important compounds synthesized 
by a range of Gram-negative, anaerobic bacteria 
have not been exploited commercially due to 
difficulties encountered in genetic manipulation 
of these organisms, and poor expression of their 
genes in distantly related cloning systems such 
as phage lambda in E. coli (see Salyers et al., 
1987; Shoemaker et al., 1986). B. fragilis is clin
ically the most important member of this large 
group of microorganisms (Finegold et al., 1985), 
consequently the physiology and pathogenicity 
of this species has been widely studied. B. fra
gilis grows on a simple defined medium, has a 
fast generation time (1-2 h) and several poten
tial cloning vectors have been described. These 
include bacteriophages (Tartera and Jofre, 
1987; Tartera et al., 1989), antibiotic resistant 
conjugative plasmids (Callihan et al., 1983; 
Shoemaker et al., 1986), and cosmids which are 
genetically engineered to promote the expres
sion and transfer of genes to and from members 
of the Bacteroidaceae (Shoemaker et al., 1986). 
Thus, the shuttle vector p£5-2 has been used to 
transfer genes to P. gingiva/is and B. interme
dius (Progulske-Fox et al., 1989). It should, 

Table 7. Salient features of species currently or formerly referred to as Bacteroides. 

B. capil/osus 
B. cel/uloso!vens 
B. coagu!ans 
B. forsyth us 
B. ga!acturonicus 
B. gracilis 
B. helcogenes 
B. nodosus 
B. pectinophilus 

B. pneumosintes 
B. po!ypragmatus 
B. putredinis 
B. pyogenes 
B. suis 
B. tectum 
B. xylanolyticus 

Reclassified Species: 
Anaerorhabdus furcosus 
Fibrobacter succinogenes 
Megamonas hypermegas 
Mitsuokella multiacidus 
M. dentalis 
Rikenel/a microfusus 
Ruminobacter amy!ophilus 
Sebaldella termiditis 
Tissierel/a praeacuta 
B. ureo!yticus 

NF; AEP trace, A, S; 60 molo/o GC 
NF, except for cellobiose and cellulose; 43 molo/o GC 
NF; produces indole, gelatin digested; AEP, low levels of A 
NF; a-fucosidase positive, trypsin and {3-galactosidase by API ZYME; 44-48 mollo/o GC 
WF; pectin and polygalacturonate fermented to produce F, A, and L; 36 molo/o GC 
NF; nitrate reduced to nitrite; AEP, S 
F; ~-hemolysis; AEP, A, S 
NF; highly proteolytic; AEP, low levels of A, P, and S; 45 molo/o GC 
WF; pectin and polygalacturonate fermented to F, A, and L; o-fructose positive; 45 

molo/o GC 
NF; AEP, low level of A 
F; motile; indole produced; trehalose positive; AEP, A 
NF; indole produced, gelatin digested; AEP, iV, S; Phe; 50-52 molo/o GC 
F; growth inhibited on bile; xylan negative; AEP, A, S 
F; growth inhibited in bile; xylan positive; AEP, A, S 
WF; growth on bile; cellobiose positive; APE, A 
WF; pectin and polygalacturonate fermented to F, A, and L; o-fructose positive; 45 

molo/o GC 

NF; some strains, ferments glucose weakly cells may beY-shaped; AEP, L 
WF; glucose, cellobiose, and lactose weakly fermented; AEP, A, S 
F; growth in bile, large cells 2 to 3 by 5 to II ,urn; AEP, A, P, L 
F; nitrate reduced to nitrite; AEP, A, L, S 
NF; AEP, A, S 
WF; spindle-shaped cells; growth in bile; AEP, A, S 
F; ferments carbohydrate polymers such as starch (few monomers); AEP, F, A, S 
F; ferments xylose but not arabinose; AEP, F, A, L 
NF; cells motile, peritrichous flagella; gelatin weakly digested; AEP, A, B, iV 
NF; nitrate reduced; urease produced; AEP, A, S 

F, fermentative; WF, weakly fermentative; NF, nonfermentative; AEP, acid end product; A, acetic; B, butyric; F, formic; 
iV, isovaleric; L, lactic; Phe, phenylacetic acid; S, succinic acid. 
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therefore, be possible to clone such genes as the 
elastase of B. coagulans or B. nodosus or the 
fibrinolysin of B. putredinis for clinical use, uti
lizing B. fragilis to obtain high expression of 
these enzymes. 

Unlike the above species, genetic transfer and 
expression has been achieved between B. no
dosus and the phylogenetically unrelated spe
cies Psuedomonas aeruginosa for the develop
ment of a pili-based B. nodosus vaccine (Stewart 
and Elleman, 1987). This approach offers a 
means of large-scale production of pili thus 
avoiding problems associated with culturing the 
fastidious anaerobic parent organism, B. no
dosus. 

Many of the species isolated from the rumen 
of sheep have important industrial properties 
(Bryant and Robinson, 1962; Hentges and 
Smith, 1985). Thus, Fibrobacter succinogenes or 
B. cellulosolvens may find application for the 
anaerobic digestion of cellulose. Recently, the 
cellodextrinase gene from F. succinogenes has 
been cloned in E. coli (Gong et al., 1989). B. 
ruminicola subspecies ruminicola and B. xy
lanolyticus may find useful application in the 
degradation of xylan while other plant macro
molecules such as pectin could be fermented by 
B. pectinophilus and B. ruminicola subspecies 
ruminicola. The pigmented species, particularly 
B. melaninogenicus, B. loescheii, and B. den
ticola produce significant levels of protopor
phyrin (see Chapter 197) from the demetalla
tion of protoheme (Shah et al., 1979). 
Porphyrins are both difficult and expensive to 
synthesize but have important uses in biomed
icine. These organisms could, therefore, be used 
directly to produce such compounds, or their 
genes could be inserted either into B. fragilis 
and then into E. coli to circumvent the diffi
culties encountered in large-scale production 
with anaerobic bacteria. 
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The Genus Porphyromonas 

HAROUN N. SHAH 

History 

Black-pigmented bacteria resembling bacte
roides were first reported by Oliver and Wherry 
( 1921 ). The distinctive pigment produced on 
blood agar was considered to be melanin and 
consequently the organism was called Bacte
roides melaninogenicum. Because of its require
ment for X and V growth factors, the species 
was described as Haemophi/us melaninogeni
cus in the third edition of Bergey's Manual of 
Determinative Bacteriology (Bergey et al., 
1930). However, in the fifth edition of Bergey's 
Manual (Roy and Kelly, 1939), the generic 
name Bacteroides was adopted, as suggested by 
Castellani and Chalmers ( 1919), and H. melan
inogenicus was reclassified as Bacteroides me
laninogenicus (Roy and Kelly, 1939). 

Prevot ( 1938), however, considered the genus 
name invalid and used the generic name Ris
tella; hence B. melaninogenicus is often referred 
to in earlier literature as Ristella melaninogen
ica. Schwabacher et al. ( 194 7) reported that the 
black pigment produced by this species was in
correctly identified as melanin and suggested 
that the specific epithet be altered to B. nigres
cens. Wilson and Miles (1945) considered these 
organisms as belonging to the group Fusiformis 
and adopted the name Fusiformis nigrescens for 
the pigmented species. Subsequently, the ge
neric name Bacteroides took precedence in the 
seventh edition of Bergey's Manual (Kelly, 
1957). 

Despite its biochemical heterogeneity (see, 
for example, Courant and Gibbons, 1967; Saw
yer et al., 1962), it was suggested that B. me
laninogenicus be retained as a single species 
with both nonfermentative and saccharolytic 
strains. In the eighth edition of Bergey's Manual 
(Holdeman and Moore, 197 4 ), B. melaninogen
icus was therefore regarded as a single species, 
with three subspecies based on saccharoly):ic po
tential and types of metabolic end products. 
Thus, saccharolytic strains were assigned to B. 
melaninogenicus subspecies melaninogenicus, 
moderately saccharolytic strains to B. me/ani-

nogenicus subspecies intermedius, and nonfer
mentative strains to B. melaninogenicus sub
species asaccharolyticus. 

Heterogeneity within B. melaninogenicus 
subspecies asaccharolyticus was first demon
strated by electrophoretic mobility patterns of 
malate dehydrogenase (MDH) and differences 
in DNA base compositions (Shah et al., 1976). 
Strains with the slower MDH mobility and 
lower GC content were of oral origin whereas 
strains with the faster MDH mobility and 
higher GC content were isolated from nonoral 
sites. Studies of the same strains by polypeptide 
patterns by SDS gel electrophoresis revealed 
two distinct profiles (Swindlehurst et al., 1977), 
one with major bands in the low molecular 
weight region (the slow MDH, low GC group) 
while isolates of the other group possessed a 
more evenly dispersed polypeptide pattern (the 
fast MDH, high GC group). As a result, strains 
of the latter group of B. melaninogenicus sub
species asaccharo/yticus were then elevated to 
species rank by the ICSB Taxonomic Subcom
mittee as B. asaccharolyticus (Finegold and 
Barnes, 1977). Genetic heterogeneity between 
this group of isolates was confirmed (Shah and 
Hardie, 1979) and oral strains were reclassified 
in a new species, B. gingiva/is (Coykendall et 
al., 1980). Studies of their cellular fatty acids 
(Shah and Collins, 1980; Mayberry et al., 1982), 
menaquinone composition (Shah and CoUins, 
1980), and DNA-DNA hybridization (Shah and 
Collins, 1983; van Steenbergen et al., 1982) fur
ther supported the placement of these organ
isms into separate species. 

Studies of the asaccharolytic, pigmented oral 
isolates from endodontal infections and in
fected root canals with periapical destruction 
(Sundqvist, 1976) led to the recognition of an
other genetically distinct species, B. endodon
talis (van Steenbergen et al., 1984), and the: ten
tative proposal of B. dentalis (Haapasalo t~t al., 
1984). Both taxa appeared to be synonymous 
and the validly published B. endodontalis took 
precedence. The asaccharolytic, pigmented spe
cies B. asaccharo/yticus, B. gingiva/is. and B. 
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endodontalis form a biochemically and/or 
chemically coherent group of species quite dis
tinct from other pigmented bacteroides or the 
type species of the genus, B. fragilis. Ribosomal 
RNA homology (Johnson and Harich, 1986) 
and 16S rRNA cataloging (Paster and Dewhirst, 
1988) data have confirmed the distinctiveness 
of these asaccharolytic taxa, for which the genus 
Porphyromonas has now been proposed (Shah 
and Collins, 1988). Major contributions that led 
to the establishment of this genus are shown in 
Table 1. 

General Characteristics 

Members of the genus Porphyromonas are char
acterized by the production of porphyrin pig
ments (Shah et al., 1979). The dark brown/black 
pigment, originally thought to be melanin, has 
been identified as protoheme and the light 
brown, UV-fluorescent compound as protopor
phyrin (Shah et al., 1979). These pigments are 
produced on blood agar plates from 3-10 days 
after subculture. Extracted as their dimethyl es
ters, the electronic spectrum of the brown/black 
protoheme dimethyl ester shows a major band 
(Soret) at 385 nm with additional maxima at 
512, 541, and 643 nm (Fig. 1 ). By contrast, the 
UV-fluorescent, protoporphyrin dimethyl ester 
has its Soret band at 407 nm and additional 
maxima at 505, 541, 575, and 629 nm (Shah et 
al., 1979; Fig. 1 ). 

Growth in a liquid medium is confluent with 
cells being typically coccobacilli to rods (0.4-
0.8 by 1.0-3.5 p.m. All members of the genus 
produce indole or catalase and do not hydrolyze 
esculin or starch (Holdeman et al., 1984). The 
three species are nonfermentatitive and utilize 
nitrogenous substrates such as trypticase or pro
teose peptone as energy sources (Shah and Wil
liams, 1987a). Members of the genus produce 
a complex mixture of acidic end products, with 
butyric acid being particularly distinctive 
(Holdeman et al., 1984). Unlike other pig
mented species or members of the genus Bac
teroides, which contain predominantly 12-
methyl-tetradecanoic acid (anteiso-C 15:0 ) as 
their long-chain fatty acid, Porphyromonas spe
cies possess mainly 13-methyl-tetradecanoic 
acid (iso-C 15:0) (Shah and Collins, 1980). The 
latter taxa also contain MDH and glutamate 
dehydrogenase (GDH) but differ from Bacte
roides sensu stricto in lacking enzymes of the 
hexose monophosphate shuntjpentose phos
phate pathway (i.e., glucose-6-phosphate dehy
drogenase, 6-phosphogluconate dehydrogenase) 
(Shah and Williams, 1982). The peptidoglycan 
of all strains so far examined lacked diamino-
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pimelic acid. The electron transport system 
comprises mainly cytochrome b while mena
quinones are the sole respiratory quinones pres
ent. Members of the genus Porphyromonas pos
sess a GC content of DNA within the range 46-
54 mol%. 

Habitats 

Although studies of the habitat of Porphyro
monas species are still inconclusive, current evi
dence indicates that these species colonize dif
ferent sites in the body. The type species P. 
asaccharolytica can be isolated from a wide 
range of nonoral sites such as the cervix, ear, 
intestine, genitalia, and from a variety of infec
tions (Dowell and Lombard, 1981; Finegold et 
al., 1985). Strains have been isolated from 
blood, amniotic fluid, umbilical cord, em
pyema, peritoneal and pelvic abscesses, endo
metritis, and wound infections (Duerden, 
1980a, 1980b; Goldstein et al., 1984; Lambe, 
1974; Slots and Genco, 1979). There are only 
very limited reports of P. asaccharolytica strains 
from the oral cavity (Mayrand et al., 1984; Shah 
et al., 1976). P. gingiva/is appears to colonize 
solely subgingival sites of the oral cavity but has 
also been recovered from the tongue, tonsils, 
saliva, and rarely from supragingival dental 
plaque (Shah et al., 1976; van Winklehoff et al., 
1988). P. gingiva/is was shown to constitute less 
than 5% of the cultivable subgingival flora of 
individuals with gingivitis (Slots, 1982; Slots et 
al., 1978; White and Mayrand, 1981; Zambon 
et al., 1981) but its numbers can increase dra
matically in advanced periodontitis (Duerden, 
1980b; Newman, 1979; Speigel et al., 1979; Tan
ner et al., 1979; White and Mayrand, 1981 ). It 
is therefore widely accepted that P. gingiva/is is 
present below detectable levels in periodontally 
healthy sites but that their numbers reach mea
surable levels with disease development. P. en
dodontalis appears to colonize an even more 
restricted niche than the two other species. Al
though it has been isolated from mixed oral in
fections, it is mainly recovered from infections 
of endodontal origin (Duerden, 1980b; van 
Winklehoff et al., 1988) and has been reported 
widely from root canal infections (Haapasalo, 
1986). Since both P. gingiva/is and P. endodon
talis are recovered almost exclusively from dis
eased sites, its primary source of infection re
mains unknown. These organisms are not 
present in the healthy oral cavity before devel
opment of permanent teeth (Slots, 1982) but 
may become important with the onset of per
iodontitis. Phenotypically related species have 
been reported from a wide range of animals, 
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Table I. Major contributions that led to the proposal of the separation of the genus Porphyromonas from "Bacteroides" 
me/aninogenicus subspecies "asaccharo/yticus." 

References Results Comments 

Shah et al. (1976) 

Swindlehurst et al. ( 1977) 

ICSB Taxonomic 
Subcommittee report, 
Finegold and Barnes 
(1977) 

Shah and Hardie (1979) 

Mayrand ( 1979) 

Shah and Collins ( 1980) 

Coykendall et al. (1980) 

van Steenbergen et al. 
(1984) 

Haapasalo et al. (1984) 

Johnson and Harich (1986) 

Shah and Collins ( 1988) 

MDH mobility; strains with either 
slow and fast migrating enzymes; 
GC content; 46-48 and 52-54 
mol% 

Differences in SDS polypeptide 
pattern; two group discernible 

High MDH mobility cluster and high 
GC group regarded as a distinct 
entity 

DNA-DNA hybridization, less than 
I 0% difference between both 
groups of strains 

Phenylacetic acid reported as a new 
metabolic end product 

Differences in cellular fatty acids and 
menaquinone composition 

DNA-DNA hybridization data 

GC and DNA-DNA hybridization 
data 

GC, electrophoretic mobilities, and 
ultrastructure 

Ribosomal RNA homology studies 
among the Bacteroides species 

Biochemical and chemical 
heterogeneity 

First evidence of heterogeneity, two centers of 
variation evident 

Further evidence of heterogeneity, the pattern 
of profiles corroborated earlier data (Shah et 
al., 1976) 

Bacteroides me/aninogenicus subsp. 
asaccharo/yticus elevated to species rank as 
B. asaccharo/ytyicus 

Evidence for separate species now unequivocal. 
Strains now assigned to group 1 (low GC, 
slow MDH). Group 2 (high GC, fast MDH), 
B. asaccharolyticus) 

Strains which correspond to group 1 produce 
phenylacetic acid 

Group 1 strains shown to have high levels of 
iso-C15,0 and MK-9. Group 2, B. 
asaccharo/yticus had low levels of iso-C15,0 

and MK-10 
Low GC (group I strains) proposed as B. 

gingiva/is 
B. endodonta/is sp. nov. from dental root 

canals proposed 
New pigmented, asaccharolytic variant from 

dental root canals, "B. denta/is" tentatively 
proposed 

B. asaccharo/ytics and B. gingiva/is recovered 
in a distinct cluster. B. endodonta/is was not 
tested 

Data show the three species form a coherent 
group that differed significantly from B. 
fragi/is (type species). The new genus 
Porphyromonas proposed for B. 
asaccharolyticus, B. gingiva/is and B. 
endodonta/is. The type species is P. 
asaccharo/ytica 

MDH, malate dehydrogenase; iso-C 150, 13-methyl-tetradecanoic acid; MK-9 and MK-10, menaquinones with nine <(MK-
9) or 10 (MK-10) isoprene units. 

such as cats, monkeys, jaguars, horses, pigs, 
guinea pigs, and herbivors, but the genetic re
latedness of these microorganisms is still un
known. Among these animal isolates, several 
genotypes and phenotypes have been reported 
(Laliberte and Mayrand, 1983; Love et al., 
1984). Further studies are therefore necessary 
to ascertain whether at least the "oral" human 
species are indigenous or exogenous to the oral 
cavity. 

Isolation 
Growth on Solid Media 

Porphyromonas species can be isolated and 
maintained on blood agar base with 5% (wt/ 

vol) horse or defibrinated sheep's blood. Nei
ther of its normal cofactors, hemin or mena
dione, are required if the blood agar plates are 
freshly made or stored at 4 oc for less than 1 
week. Other media such as modified Brucella 
agar or Wilkens-Chalgren agar are commonly 
used. Prior to 1976, vancomycin-kanamycin 
blood agar plates (7.5 JLgfml) were routinely 
used for primary isolation of these organisms 
from dental plaque. Studies in our laboratory 
first showed that vancomycin inhibited the 
growth of the saccharolytic strains whereas col
istin (10 JLg/ml) inhibited the growth ofthe sac
charolytic taxa such as B. melaninogenicus and 
B. intermedius (Shah et al., 1976). In subse
quent studies, vancomycin was therefore ex
cluded and colistin (1 0 JLg/ml) was added to 
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blood agar plates. Other workers have con
firmed the inhibitory effects of vancomycin on 
the growth of these organisms (van Winklehoff 
and de Graaff, 1983) and a selective medium 
containing colistin, bacitracin, and nalidixic 
acid has been reported for P gingiva/is (Hunt 
et al, 1986). The composition of some of these 
media are as follows: 

Modified Brucella Agar 
Brucella agar (BBL/Difco) 
Hemin solution (5 mg/ml) 
Vitamin K solution (10 mg/ml) 
Distilled water 

4.3 gm 
0.1 ml 
0.1 ml 

100 ml 

The medium is autoclaved at 121 ac for 15 min and 5 
ml of sterile defibrinated sheep's blood is added asep
tically. 

Wilkins-Chalgren Agar 
Trypticase 
Gelatin peptone 
Yeast extract 
Dextrose 
NaCI 
L-Arginine-free base 
Sodium pyruvate 
Vitamin K 
Hemin 
Agar 
Distilled water 

1.0 g 
1.0 g 
0.5 g 
0.1 g 
0.5 g 
0.1 g 
0.1 g 
0.05 mg 
0.5 mg 
1.5 g 

100.0 ml 

The medium is autoclaved at 121 ac for 15 min. 

Selective Medium for P. gingiva/is (Hunt et a!., 
1986) 

Columbia agar base 
Agar (BBL) 
Colistin sulfate 
Demineralized water 
Heat to dissolve agar, then add 
Hemin-nalidixic acid (prepared by 

dissolving 5.0-mg hemin and 15.0 mg 
of nalidixic acid in 5 ml I N NaOH) 

Vitamin K, (1% (wt/vol) in alcohol) 

42.5 g 
6.5 g 

10.0 mg 
1,000 ml 

1.0 ml 

10.0 mg 

The pH is adjusted to 7.3, and the medium is autoclaved 
at 121 ac for 15 min. The medium is cooled to 50°C, 
and 50 ml of defibrinated sheep blood and filter-sterlized 
bacitracin solution (I J.Lg/ml final concentration) is 
added aseptically and dispensed as required. 

Growth in Liquid Media 

Nutritional studies have shown that Porphyro
monas species require nitrogenous substrates as 
a source of energy (Shah and Williams, 1987a). 
Peptides are the preferred energy source but 
limited growth is possible on amino-acid-con
taining media, such as casamino acids or a de-
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fined medium (Shah and Williams, 1987a, 
1987b; Seddon et al., 1988). Unlike some Bac
teroides species that colonize the rumen, Por
phyromonas species cannot replace its nitrogen 
requirement with ammonia (H. N. Shah, un
published observations). Thus, all media re
ported to date contain a commercial source of 
peptides such as trypticase, proteose peptone, 
yeast extract, or tryptone at approximately 1% · 
(wt/vol). Glucose is not catabolized, but up to 
50% of it can be utilized by some species as a 
source of carbon. Cysteine is used both as a 
reducing agent and as a growth requirement. 
Heme (for cytochrome production) replaces the 
need for whole blood while vitamin K is added 
as a precursor for menaquinone biosynthesis 
(Shah and Collins, 1980). Some of the com
monly employed growth media include BM 
(Shah et al., 1976), tryptone-yeast extract broth 
(TYB), and proteose peptone-yeast extract glu
cose broth (PYG) (Holdeman and Moore, 
1970). The composition of some ofthese media 
are given below. 

BM Medium (Shah et a!., 1976) 
Trypticase 1.0 g 
Proteose peptone 1.0 g 
Yeast extract 0.5 g 
NaCI 0.5 g 
Glucose 0.5 g 
Cysteine hydrochloride 0.075 g 
Distilled water 100.0 ml 

The medium is cooled and a solution of I% (vol/vol) 
filter sterilized hemin-menadione solution is added. 

Hemin-menadione solution: Hemin solution is first pre
pared by adding I ml of I N NaOH to 50 mg of crys
talline heme, followed by 98 ml of water. To this add I 
ml of menadione solution ( 5 mg/ml in 95% ethanol) and 
filter-sterilized and store the mixture at - 20°C. The 
hemin-menadione solution is added aseptically at I% 
(vol/vol) to sterilized media. 

Tryptone-Yeast Extract Broth 
Tryptone 1.0 g 
Yeast extract 0.5 g 
Cysteine hydrochloride 0.05 g 
Hemin 0.5 mg 
Vitamin K 0.05 mg 
Distilled water 100.0 ml 

The medium is adjusted to pH 7.2 and autoclaved at 
121 oc for 15 min. Bovine serum (2.0 ml) is added asep
tically after the medium has cooled. 

A chemically defined medium for P gingi
va/is has been described (Seddon et al., 1988). 
This medium yields poor growth but may be 
used as a basal medium for physiological stud
ies. Minimal media can be formulated from it 
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by the addition of protein hydrolysates (Seddon 
et al., 1988). The composition is as follows. 

Synthetic Medium 
Aspartic acid 
Glutamic acid 
Phenylalanine 
Alanine 
MgS0.-7H20 4 

KH2PO• 
KH2PO• 
CaCl 2 

NaCl 
L-Cysteine hydrochloride 
Hemin 
Menadione 

lOOmg 
100 mg/1 
100 mg/1 
100 mg/1 
700 mg/1 
200 mg/1 

1000 mg/1 
100mgfl 
100 mg/1 
75 mg/1 

5 mg/1 
0.5 mg/1 

The pH of the medium is adjusted to 7.4 and is auto
claved at 121 •c for 15 min. 

Identification 
The genus Porphyromonas belongs to the family 
Bacteroidaceae; a large family of Gram-nega
tive, obligately anaerobic, nonsporing, nonmo
tile rods. In the current edition of Bergey's Man
ual of Systematic Bacteriology (Holdeman et 
al., 1984), three genera, Bacteroides, Fusobac
terium, and Leptotrichia, are described on the 
basis of their characteristic metabolic end-prod
uct profile. Thus, Fusobacterium produces 
mainly butyric and acetic acids, Leptotrichia 
produces lactic acid, while strains that possess 
neither profile are assigned to the genus Bac
teroides. Work throughout the 1980s has shown 
that the genus Bacteroides (Shah and Collins, 
1983; Collins and Shah, 1987) contains an ex
tremely heterogenous collection of species that 
differ significantly in cellular morphologies and 
are biohemically and physiologically very di
verse. The host specificity of these species and 
their pathogenic potential vary considerably 
and this diversity is reflected in the wide range 
in GC content of the DNA approximately 28-
61 mol%). The type species of Bacteroides, B. 
fragilis ( 42 mol% GC), differs from Porphyro
monas species ( 46-54 mol% GC) in DNA base 
composition and in major metabolic properties 
(Table 2). 

Porphyromonas species can be readily distin
guished from other members of the family Bac
teroidaceae by the distinctive black, pigmented 
colonies on blood agar plates after 2-5 days 
growth. In contrast to the pigmented sacchar
olytic species such as Bacteroides intermedius, 
B. denticola, or B. melaninogenicus, Porphy
romonas species form smooth, slightly mucoid, 
wet, shiny, convex colonies, 1-3 mm in diam-

CHAPTER 197 

eter, that darken progressively from the edge of 
the colony towards the center after 6-10 days 
incubation. Eventually the whole colony be
comes black due to protoheme production. 
Growth in liquid media is not significantly af
fected by the addition of carbohydrates and the 
terminal pH remains near neutral irrespective 
of its presence. Protein hydrolysates such as 
proteose peptone, trypticase, or yeast extract 
markedly enhance growth. The optimum tem
perature for growth is 37°C. The major meta
bolic end products from BM or PYG medium 
are acetic and butyric acids, together with lower 
levels of propionic, isobutyric, and isovaleric 
acids (Table 2). 

Malate dehydrogenase and glutamate dehy
drogenase are present whereas glucose-6-phos
phate dehydrogenase and 6-phosphogluconate 
dehydrogenase are absent (Table 2). Proteinases 
are produced but the range of substrates hydro
lyzed varies. Amino acids, such as aspartate and 
asparagine, are fermented but these species gen
erally possess only a limited ability to ferment 
amino acids. Indole is produced but nitrate is 
not reduced to nitrite nor is starch or esculin 
hydrolyzed. 

Studies by Caroff et al. (1987), Johne et al. 
(1988), Kumada et al. (1988), and Brondz et al. 
(1989) have demonstrated the presence of 3-
deoxy-o-manno-2-octulosonic acid (KDO) 
(previously believed to be absent) in the lipo
polysaccharide of Porphyromonas. The peptid
oglycan does not contain diaminopimelic acid 
as the diamino acid. The principal respiratory 
quinones are unsaturated menaquinones with 9 
or 10 isoprene units. Both nonhydroxylated and 
3-hydroxylated long-chain fatty acids are pres
ent. The nonhydroxylated fatty acids are com
posed of predominantly isomethyl branched 
types (iso-C15,0) and lower levels of straight
chain saturated acids. The 3-hydroxylated fatty 
acids are the straight-chain saturated types. The 
GC content of the DNA ranges from 46-54 
mol%. Characteristics that may be useful in dis
tinguishing Porphyromonas from other com
monly occuring genera of the Bacteroidaceae 
are shown in Table 2. 

Differentiation of Porphyromonas Species 

Though DNA-DNA hybridization clearly sep
arates the three species of Porphyromonas, 
physiological tests for distinguishing these spe
cies are still limited. Phenotypically related taxa 
such as Bacteroides levii and B. macacae can 
be separated from these species by their ability 
to weakly ferment glucose, lactose, and/or man
nose (Holdeman et al., 1984). B. salivosus, a 
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Fig. I. Absorption spectra of Porphyromonas pigments (a) protohaemin dimethyl ester and (b) protoporphyrin dimethyl 
ester. Calibrations at 418, 536 and 638 nm were done with holmium glass. 

phenotypically similar species isolated from 
cats (Love et al., 1987) resembles P. gingiva/is 
in producing phenylacetic acid and has hydro
lytic activity to a-N-benzoyl-L-arginine-4-ni
troanalide (L-BAPNA) but differs by its low GC 
content (42-44 mol%) and its inability to ag
glutinate sheep erthrocytes. Most strains of P. 
asacharolytica so far tested possess a-fucosidase 
activity, thus distinguishing them from P. gin-

givalis and P. endodonta/is. P. gingiva/is strains 
are characterized by the presence of menaqui
nones with nine isoprene units whereas P. a
saccharo/ytica possesses menaquinones with 10 
isoprene units. The polyprenyl side chain of P. 
endodontalis is not yet known. The electropho
retic mobility ofMDH and differences in DNA 
base compositions (Table 3) further differen
tiates the three species of Porphyromonas. 
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Table 3. Major differential characteristics of species of the genus Porphyromonas. 

Characteristics 

Phenylacetic acid produced as a metabolic end product in 
glucose broth 

Haemagglutination 
Cysteine proteinase 
a-Fucosidase 
N-acetyl glucosaminidase 
Menaquinone composition 
Malate dehydrogenase electrophoretic mobility 
GC content (molo/o) 

P. asaccharolytica is the type species. 
•Most strains positive. 

P. asaccharolytica 

±• 

MK-10 
Moderate 

52-54 

P. gingivalis 

+ 

+ 
+ 

+ 
MK-9 
Slow 
46-48 

P. endodontalis 

+b 
Fast 

49-51 

bMenaquinone present but number of isoprene units not determined. 

Clinical Importance and Outlook 
for Biotechnology 

Members of the genus Porphyrornonas have 
been isolated from a wide range of infectious 
sites (see reviews, Moore, 1987; van Winklehoff 
et al., 1988). In general, animal model experi
ments have shown that P. gingiva/is produces 
spreading lesions that nearly always result in 
death of the animal whereas P. asaccharolytica 
and P. endodontalis lesions are localized and do 
not cause death (see review, Mayrand and Holt, 
1988). Most studies relating to virulence and 
pathogenicity of these species have therefore fo
cused on P. gingiva/is partly for these reasons 
and partly because of its clearer association with 
disease. However, despite extensive investiga
tions throughout the 1980s, the pathogenic 
mechanisms involved in the initiation and de
velopment of periodontal disease, for example, 
are still not fully understood. Current evidence 
indicates that virulence is multifactorial and a 
broad approach to the study of this subject is 
necessary to elucidate the underlying mecha
nisms involved in periodontal disease devel
opment. Contributions have therefore come 
from a wide range of disciplines and a number 
of interesting functions have been identified (re
viewed by Mayrand and Holt, 1988). 

Putative virulence factors so far proposed in
clude surface components such as fimbriae, sur
face receptors (e.g., hemagglutinins), capsular 
material, membrane vesicles/blebs, and lipo
polysaccharide, in addition to a wide spectrum 
of both extracellular and intracellular tissue
degrading enzymes such as collagenases, pro
teinases, glycosaminoglycan-depolymerizing 
enzymes, heparinases, and nucleases (see Mayr
and and Holt, 1988). Capsular material and cul
ture supernatants of P. gingiva/is have been 
shown to decrease the chemotactic response of 
polymorphonuclear leukocytes. Resistance to 

phagocytosis is strongly associated with the 
presence of a capsule (Okuda and Takazoe, 
1973, 1988; Okuda et al., 1987) and encapsu
lated strains were shown to remain viable dur
ing abscess formation (Takazoe et al., 1971 ). 
Mutants that lack a capsule are rapidly phag
ocytosed but such mutants are pleiotrophic, 
being deficient in several other properties (Shah 
et al., 1989). Differences, however, occur in 
chemical composition and antigenicity of P. 
gingiva/is capsules and further studies are re
quired to demonstrate a clearer association 
(Okuda and Takazoe, 1988). About 50% of P. 
gingiva/is strains possess fimbriae but differ
ences in antigenic specificity occurs (Suzuki et 
al., 1988). Unlike many bacterial species, these 
structures are not associated with hemagglutin
ating activity but appear to function in attach
ment to both host and bacterial cells (Grenier 
and Mayrand, 1987). Fimbriae were recently 
shown to bind specifically to gingival fibroblasts 
resulting in subsequent stimulation of thymo
cyte activating factor, which in turn stimulated 
mytogen-induced thymocyte proliferation 
(Hanazawa et al., 1988). 

Unlike that of many Gram-negative bacteria, 
the lipopolysaccharide of P. gingiva/is has been 
shown to possess relatively low toxicity (Koga 
et al., 1985). Initially this was considered to be 
due to the absence of KDO and other core sug
ars but is now attributed to the lack of phos
phorylation in the lipid A backbone of the mol
ecule (Johne et al., 1988). Both P. gingiva/is and 
P. endodontalis possess vesicles (Shah et al., 
1976; Haapasalo et al., 1984; Grenier and May
rand, 198 7). Their small size (approximately 
50-150 nm) allows them to cross epithelial bar
riers, which cannot be penetrated by whole cells. 
They promote bacterial attachment between ho
mologous cells and can mediate attachment be
tween species that do not normally aggregate 
(Grenier and Mayrand, 1987). Vesicles possess 
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many of the properties of the parent cell, such 
as proteinase and collagenase activities or hem
agglutination, and it is now widely believed that 
they deliver potent hydrolytic enzymes into 
subgingival sites, with the potential to cause tis
sue damage. Furthermore, vesicle-bound en
zymes may function to release peptides (from 
host tissue and secretions) to support the nu
tritional requirements of these species in vivo. 

It is therefore evident that due to the multi
factorial nature of virulence ofthis species, mo
lecular genetic techniques must be used to in
vestigate the role of each putitive virulence 
factor separately to enable assessment of their 
relative contribution. Such studies are now 
being undertaken in several laboratories. 

The biotechnological potential of Porphyro
monas species is probably limited to P. gingi
va/is because of its wide spectrum of hydrolytic 
enzymes. However, all species utilize proto
heme and under certain conditions are able to 
demetallate it to produce protoporphyrin (Shah 
et al., 1979, Fig. 2). Porphyrin compounds have 

a 

COzH COzH 

Protoporphyrin 

b 

Protoheme 

Fig. 2. Major porphyrins produced by Porphyromonas spe
cies (a) protoporphyrin and (b) protoheme. 
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wide application in biomedicine but are expen
sive to synthesize chemically. The potential 
therefore exists to utilize these organisms for 
the production of porphyrins to which various 
residues could be chemically attached. 

Although the hydrolytic enzyme activity of P. 
gingiva/is is now well documented, the useful 
biotechnological features of these enzymes are 
not yet fully realized. The proteinases comprise 
several types, of which the cysteine proteinase 
has now been characterized (Shah et al., 1990). 
Others such as the serine proteinase, the gly
cylprolyl peptidase, glycosaminoglycan-depo
lymerizing enzymes, and nucleases, have been 
purified but await detailed characterization be
fore they can be commercially exploited. For 
example, it may be possible to treat septic 
thrombophlebitis (in which heparin, a naturally 
occurring acidic mucopolysaccharide inhibits 
the clotting of blood) with the heparinase of P. 
gingiva/is. Several such examples exist where 
the hydrolytic enzymes of P. gingiva/is may lind 
biomedical applications. However, before this 
can be achieved, an understanding of the reg
ulation and expression both in the host and in 
genetic vectors need investigation. Such studies 
on the thiol proteinase of P. gingiva/is are in 
progress (Roberts et al., 1990). Recently the 
hemagglutinin of P. gingiva/is has been suc
cessfully cloned into Escherichia coli (Pro
gulske-Fox et al., 1989a, 1989b ). This study rep
resents the first successful transfer of P. 
gingiva/is genes into a vector, and thus opens 
the field to further genetic manipulation of spe
cific macromolecules. 
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The Genera Flavobacterium, Sphingobacterium, 
and Weeksella 

BARRY HOLMES 

The name Flavobacterium was proposed in 
1923 for a genus of the family Bacteriaceae, en
compassing the rod-shaped, nonendospore
forming, chemoorganotrophic bacteria (Bergey 
et al., 1923). Most of the pigmented bacteria of 
the family were segregated in the tribe Chro
mobactereae, which contained four genera of 
aerobic bacteria separated from each other by 
differences in color. These genera were Chro
mobacterium, Flavobacterium, Pseudomonas, 
and Serratia, for the purple, yellow, green fluo
rescent, and red strains, respectively. This em
phasis on pigmentation (a character shared by 
genetically diverse bacteria [Weeks, 1969]) for 
taxonomic assignment to Flavobacterium has 
given the genus a dubious reputation in the past 
(McMeekin et al., 1972; Weeks, 1969), and as 
a consequence the genus has served too fre
quently as a repository for pigmented bacteria 
that possess the general attributes of Flavobac
terium but had not been subjected to detailed 
classification studies. Taxonomic heterogeneity 
and general uncertainty have characterized Fla
vobacterium from its inception, and its history 
is a record of proposals to achieve credibility 
for the genus. 

Stanier (1947) recognized that the cytophagas 
have more than a casual phenetic resemblance 
to pigmented, Gram-negative eubacteria such 
as Flavobacterium and the relationship to the 
cytophagas has dominated the taxonomic con
sideration of Flavobacterium. Differentiation of 
flavobacteria from cytophagas has depended 
primarily upon demonstration of the gliding 
movement and colonial translocation charac
teristic of the latter bacteria, but absence of 
these features has not deterred assignment of 
flavobacterial species to Cytophaga (Mitchell et 
al., 1969). Freshly isolated cytophagas have the 
unusual ability to use a great variety of complex 
natural polymers, e.g., agar, alginates, cell walls, 
cellulose, chitin, DNA, keratins, lipids, pectin, 
porphyrins, proteins, RNA, and starch, as nu
trients. This ability is not a general property of 
flavobacterial species, although strains of some 

species may hydrolyze casein, chitin, gelatin, or 
starch. 

The problem of differentiating Flavobacter
ium from Cytophaga has been discussed exten
sively (Christensen, 1977a; McMeekin e1t al., 
1972; Mitchell et al., 1969; Weeks, 1969). An 
outcome would be more nearly possible if two 
issues were resolved. These are the heteroge
neity of Flavobacterium and the differentiation 
of nonmotile flavobacteria from cytophagas. A 
primary requirement for the resolution of both 
issues is an acceptable definition of Flavobac
terium. The concept of Flavobacterium was 
hardly altered in successive editions of Bergey's 
Manual of Determinative Bacteriology until the 
fifth (Bergey et al., 1939), which eliminated 
from the genus the least well-described species 
and the polarly flagellated strains. Those known 
to be Gram-positive were excluded in the sev
enth edition (Weeks and Breed, 1957). In the 
eight edition (Weeks, 1974) the genus remained 
heterogeneous, as evidenced by the two di:spar
ate reported ranges of GC content of the DNA: 
30-42 and 63-70 mol%. Only in Bergey's Man
ual of Systematic Bacteriology (Holmes et al., 
1984a) did the genus at last become reasonably 
homogeneous by including only nonmotile low 
GC strains. Interspecies DNA-DNA hybridi
zation studies of the latter organisms showed a 
background level of hybridization of about 20%, 
which may represent a common DNA comple
ment (Callies and Mannheim, 1980; Owen and 
Holmes, 1981 ). 

Despite sharing several features, the low GC 
flavobacteria nevertheless show some hetero
geneity and fall into four natural groups (A-D, 
Table 1 ), as previously suggested by Holmes and 
Owen (1981). The strains of group D, so far 
found only on mammalian mucus membranes, 
are susceptible to penicillin and are nonpig
mented; they now comprise the genus Week
sella. Strains of the remaining groups are free
living, show resistance to a wide range of anti
microbial agents and are yellow-pigmented (Ta
ble 1 ). These organisms constitute the genus 
Flavobacterium and they can be divided into 
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Table I. Differentiation of the flavobacteria. 

Resistant to 
antimicrobial Yellow Indole Oxidation of Proteolytic 

Character Habitat agents pigment production carbohydrates activity 

Group A: Free-living + + + + + 
Flavobacterium balustinum, 
F breve, Flavobacterium 
species group lib (F gleum, 
F indologenes), 
F indoltheticum, F 
meningosepticum 

Group B: 
Flavobacterium odoratum 

Group C:• 
Flavobacterium mizutaii, 
F multivorum, 
F spiritivorum, 
F thalpophilum, 
F yabuuchiae 

Group D: 
Weeksella virosa, 
W zoohelcum 

Free-living 

Free-living 

Strict 
saprophyte 

+, character present; -, character absent. 

+ + + 

+ + + 

+ + 

•Yabuuchi et al. (1983) have proposed that F mizutaii, F multivorum, and F spiritivorum should be placed in a separate 
genus Sphingobacterium. 

groups A-C on the basis of differences in indole 
production, oxidation of carbohydrates, and 
proteolytic activity (Table 1). A detailed taxo
nomic study of these organisms by techniques 
such as DNA-rRNA hybridization is necessary 
to determine their phylogenetic relationships 
and therefore whether they all belong in the 
same genus. Pending such a study, it seems 
undesirable to divide the genus further or to 
admit to it taxa of uncertain affiliation, other
wise the genus is in danger once more of be
coming heterogeneous. The limited data avail
able from DNA-rRNA hybridizations (Bauwens 
and De Ley, 1981) indicate that F breve, F men
ingosepticum, and F. odoratum may not be 
closely related, and that F. aquatile, the type 
species of the genus (and itself represented by 
a single strain), is not closely related to the 
above three species. For other reasons, F. aqua
tile had been considered unrepresentative of the 
genus. Consequently, Holmes and Owen (1979) 
requested that F breve be made the type species 
instead. Their request was subsequently denied, 
and thus if the genus is further subdivided in 
the future the name Flavobacterium will remain 
with F. aquatile and the majority of organisms 
currently recognized as Flavobacterium will be 
transferred to one or more new genera. For the 
above reasons, F. aquatile is not considered in 
the tables in this paper (its characters are given 
by Holmes et al., 1984a). Perhaps prematurely, 
the genus Sphingobacterium has been proposed 
by Yabuuchi et al. (1983) for organisms in group 

C (Table 1) based on the fact that most of these 
organisms have been shown to possess novel 
sphingolipids in their cell walls. As this char
acter is not easily determined routinely, and 
pending further study and possible revision of 
the genus as a whole, the group C strains are 
here retained in Flavobacterium. (Although all 
strains in group C have valid combinations of 
their specific epithets with Flavobacterium, 
there has as yet been no proposal to transfer F. 
thalpophilum or F. yabuuchiae to Sphingobac
terium.) 

With Flavobacterium better defined, it is now 
possible to reassess the differentiation of this 
genus from Cytophaga. It has been suggested 
that organisms of both these genera, which 
share a distinctive cellular fatty acid composi
tion, a characteristic menaquinone system, and 
a low GC content, should all be included in 
Cytophaga (Oyaizu and Komagata, 1981). 
However, this view does not take into account 
the heterogeneity of the Flavobacterium-Cy
tophaga group as revealed by the preliminary 
DNA-rRNA hybridization results of Bauwens 
and De Ley (1981). More recent DNA-DNA 
hybridization studies (Bernardet, 1989) reveal 
no appreciable homology between Cytophaga 
johnsonae and Flavobacterium species of 
groups A, B, and C. Oligonucleotide cataloging 
(Paster et al., 1985) places C. johnsonae and F. 
aquatile in the same group while finding that F. 
breve is only peripherally related to the same 
group. Cataloging also places Cytophaga and 
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Flavobacterium in the same eubacterial "phy
lum" as Bacteroides. 

In summary, while Flavobacterium is now 
more homogeneous than it has ever been, fur
ther work is necessary to group the species into 
additional genera so as to reflect their phylo
genetic relationships. Among the flavobacteria 
of clinical origin at least, these generic groupings 
may well be reflected by the groups A-C as de
fined in Table 1. While these organisms would 
appear to be distinct from Cytophaga, other fla
vobacteria, including F. aquatile, may be more 
closely related to Cytophaga. The latest arrange
ment of including the families Bacteroidaceae 
and Cytophagaceae plus a newly proposed fam
ily "Flavobacteriaceae" in the order Cytopha
gales (Reichenbach, 1989) is a good reflection 
of our present knowledge of the phylogenetic 
relationships of these organisms. 

Habitats 

Yellow-pigmented, nonfermentative, Gram
negative, nonmotile, rod-shaped bacteria, which 
have been placed in the genus Flavobacterium 
or have been termed flavobacteria, have been 
isolated from fresh and marine waters, soil and 
ocean sediments, foods and food-processing 
plants, and clinical materials. These bacteria are 
widely distributed in nature and are especially 
common in water, which would explain their 
seeming omnipresence. 

Non clinical Sources 

Flavobacterial strains have been isolated most 
commonly from freshwater and marine envi
ronments, and many general bacteriological sur
veys of such habitats have reported their pres
ence (for example, ZoBell and Upham, 1944). 
The numerical taxonomic studies of Hayes 
(1963) and ofFloodgate and Hayes (1963) used 
marine strains isolated from fish surfaces, sea 
water, and marine mud; the samples were taken 
from the north Atlantic region, western North 
American coast, and Florida. Comprehensive 
investigations of dairy and meat-processing in
dustries have shown numerous flavobacteria 
(McMeekin et al., 1971, 1972; Jooste et al., 
1985), including Weeksella-like organisms 
(Botha et al., 1989). The bacteria have also been 
found in chlorinated cooling water of vegetable 
canning plants and were the cause of charac
teristic spoilage following post-sterilization con
tamination (Bean and Everton, 1969). F. mul
tivorum has been isolated from soil (Hayward 
and Sly, 1984; Pichinoty et al., 1985). 
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Clinical Sources 

Flavobacteria have consistently been found 
among the nonfermentative, Gram-negative 
bacteria isolated from clinical specimens such 
as blood, urine, infected wounds, and feces 
(Pickett and Manclark, 1970; Pickett and Ped
ersen, 1970a, 1970b; Tatum et al., 1974). Their 
frequency of occurrence is usually low, 1% or 
less, and their pathogenicity is low-grade or 
doubtful. They are, however, extremely resistant 
to many antimicrobial agents (and so may well 
colonize the patient on intensive chemotherapy 
for an infection caused by some other organ
ism). Such resistant strains are found in each 
of groups A-C: F. breve (Holmes et al., 1978); 
F. meningosepticum (King, 1959); Group lib of 
King (Tatum et al., 1974; this taxon includes F. 
gleum [Holmes et al., 1984b] and F. indologenes 
[Yabuuchi et al., 1983]); F. odoratum (Holmes 
et al., 1977, 1979); F. multivorum (Holmes et 
al., 1981 ); F. spiritivorum (Holmes et al., 1982) 
and F. thalpophilum (Holmes et al., 1983). 

F. meningosepticum, the best-known patho
gen in the genus, is associated with a sometimes 
fatal meningitis of infants and has been isolated 
from their throats, spinal fluid, and blood as 
well as from throats of normal adults (King, 
1959; Holmes, 1987). F. odoratum has also been 
a cause ofventriculitis (Macfarlane et al., 1985). 
Both F. multivorum and F. odoratum have been 
reported as a cause ofbacteremia (Freney et al., 
1987; Potvliege et al., 1984; Prieur et al., 1988), 
while both F. odoratum and F. thalpophilum 
have been described in wound case reports 
(Davis et al., 1979; Hansen et al., 1988). Week
sella virosa appears to be almost exclusively as
sociated with the female genital tract (Holmes 
et al., 1986a; Reina et al., 1989), and it seems 
more prevalent in sexually promiscuous women 
(Mardy and Holmes, 1988). W. zoohelcum is 
commonly found in the canine oral cavity and 
has been isolated from human dog-bite wounds 
(Holmes et al., 1986b). However, one strain has 
been reported as a cause of meningitis in a child 
following a dog-bite (Bracis et al., 1979) and 
another as a cause of septicemia (Noell et al., 
1989). 

Isolation 

Non clinical Flavobacterium 

Flavobacteria are chemoorganotrophic and not 
difficult to isolate, although maintenance of the 
cultures sometimes presents a problem. 

General studies do not require enrichment 
procedures and usually nutrient agar-type me
dia are used. Studies of marine, pigmented bac-
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teria, for example, have used seawater-agar me
dia, such as the following: 

Marine Flavobacterium Medium (Hayes, 1963) 
Beef extract (Lab Lemco) 10 g 
Peptone (Evans) 10 g 
Agar (Difco) 15 g 
Aged seawater 750 m1 
Distilled water 250 m1 

Adjust pH to 7.2-7.3. 

Isolation of yellow-pigmented bacteria from 
food and food-processing equipment used a 
similar medium: 

Food Flavobacterium Medium (McMeekin et al., 
1971) 

Beef extract (Oxoid L20) 
Peptone (Oxoid L37) 
NaCl 
Agar (Oxoid No. 3) 
Distilled water 

10 g 
10 g 
5g 

12 g 
1 liter 

Incubation temperatures were similar to that 
of the environment, i.e., 20-25°C., and incu
bation times were about 4 days. 

Weeks (1955) used medium M1, which con
tains lesser amounts of nutrients, for both iso
lation and maintenance of flavobacterial cul
tures. 

Medium M1 (Weeks, 1955) 
Proteose peptone (Difco) 
Yeast extract (Difco) 
Beef extract (Difco) 
NaCJ 
Agar 
Distilled water 

pH 7.2-7.4. 

5g 
1 g 
2g 
3 g 

12 g 
1 liter 

It is not unusual to find that media containing 
relatively large amounts of the individual nu
trients, such as those used by Hayes (1963) and 
McMeekin et al. ( 1971 ), are not as well suited 
to maintenance of flavobacterial cultures as are 
media with lower concentrations. A study on 
maintenance by Christensen and Cook ( 1972) 
dealt primarily with the isolation of cytophagas 
but flavobacteria were included. In general, me
dia such as PMYA II containing small amounts 
of nutrients were superior. 

PMYA II (Christensen and Cook, 1972) 
Peptonized milk 1 g 
Yeast extract 0.2 g 
Sodium acetate 0.02 g 
Agar 15 g 
Distilled water 1 liter 

This medium was excellent for detection of 
cytophagal gliding and colonial swarming, 
which is useful in differentiating between fla
vobacteria and cytophagas. 

Hint (1985), when developing a selective agar 
medium for the enumeration of Flavobacterium 
species in water, found that on nutrient agar 
alone less than 10% of colonies recovered were 
yellow-pigmented; however, when a nutrient 
agar medium containing kanamycin at 50J.Lg/ml 
was used, this figure increased to 70%. 

Clinical Flavobacterium 

Tatum et al. (1974) have described in detail the 
procedures for isolation of flavobacteria from 
clinical sources, such as those of F. meningo
septicum and Group lib. Primary plating of a 
clinical specimen is usually onto blood, choc
olate, eosin-methylene blue, or MacConkey 
agar, but other media may be used. Incubation 
temperature is 35-37°C, but the bacteria will 
grow at room temperatures (20-25°C}. Other 
workers have found ordinary nutrient agar quite 
satisfactory (for example, Holmes et al., 1977, 
1978). 

Preservation of cultures 

Pickett and his colleagues have used cystine
trypticase agar (BBL) for maintenance of cul
tures of the clinical flavobacteria. Long-term 
preservation was carried out using brucella 
broth (BBL) containing 10% glycerol and the 
cultures were stored at - 50°C (Pickett and 
Pedersen, 1970a). Isolates can also be stored 
freeze-dried. 

Identification 

Assignment of a culture to Flavobacterium now 
rests primarily upon the attributes ascribed to 
the genus (Holmes et al., 1984a). Strains are 
strictly aerobic, Gram-negative, nonmotile, yel
low-pigmented, free-living nonfermenters with 
low GC content and do not show gliding mo
tility; clinical strains at least are highly resistant 
to a wide range of antimicrobial agents. Since 
these features are quite general, the personal 
judgment of the investigator is a major contri
bution, especially for the nonclinical strains 
which have not been studied as thoroughly as 
clinical strains. 

Clinical isolates can usually be identified by 
assigning them initially to one ofthe groups A
D on the basis of the characters given in Table 
1 and then using the appropriate table for spe-
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cies determination. Methods for determining 
some characters useful in the differentiation of 
flavobacteria (indole formation, hydrolysis of 
DNA, starch, and urea, and pigment produc
tion) have been compared by Pickett ( 1989). 
Just as the flavobacteria may eventually com
prise several genera, so new species are set to 
emerge from the existing recognized species. It 
is apparent from Tables 2-4 that many species 
are heterogeneous in phenotypic characters and 
such is the genomic diversity among the fla
vobacteria that many recognized species com
prise very few known strains. Indeed, several 
are represented by a single strain. 

Among the taxa in group A, F. balustinum 
(from heart blood of fish) and F. indoltheticum 
(from the marine environment) are represented 
by single strains and extensive DNA-DNA hy
bridization studies of phenotypically similar 
strains have ascribed no additional strains to the 
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former and only three to the latter (A. G. Steig
erwalt and D. J. Brenner, personal communi
cation). Similar DNA relatedness studies reveal 
that in F. breve there is a "core" of closely re
lated strains with other strains showing lower 
levels of relatedness to the "core" strains (Owen 
and Holmes, 1980). Owen and Snell (1976) 
showed that of the strains representing the then 
six serovars of F. meningosepticum, the type 
strain of the species, which represented serovar 
A, showed much lower levels of relatedness to 
strains of the other serovars (B-F) than did 
these strains to each other. Work on this species 
was extended by Ursing and Bruun (1987), who 
found only three other strains that showed ap
preciable homology to the type strain; the re
maining 48 strains could be divided into four 
subgroups. Despite the genomic differentiation 
of these 52 strains into two major groups, no 
correlation of these groups could be found with 

Table 2. Characteristics for practical identification and differentiation of the Flavobacterium taxa of group A. 

F. F. F. Flavobacterium 

Test 
balustinum 
(I strain) 

F. breve (7 
strains) 

indoltheticum 
(I strain) 

Acid from ammonium 
salt-sugar medium 
containing: 
Glucose 
Arabinose 
Cellobiose 
Ethanol 
Glycerol 
Lactose 
Maltose 
Mannitol 
Sucrose 
Trehalose 
Xylose 

Esculin hydrolysis 
Growth at 42°C 
Indole production (Ehrlich 

reagent) 
Nitrate reduction 
Nitrite reduction 
Starch hydrolysis 
Urease production 
,S-o-Galactosidase 

production 
GC content (mol%) 
Number of strains tested 

for GC content 

+ 

+ 

+ 

+ 

+ 

33.1 
I 

6j7• 

6!7 

+ 

32.4 ± 0.6b 
10 

+, all strains tested positive; -, all strains tested negative. 
•Number of strains showing characteristic/number of strains tested. 
bMean ± standard deviation. 

+ 

+ 

+ 

+ 

33.8 
I 

meni ngosept icum 
( 49 strains) 

42/49 
1/49 
4/49 

28/49 
38/49 
27/49 
46/49 
31/49 

42/49 
3/49 

47/49 
6/49 
24/49 

2/49 
18/49 

16/49 
48/49 

37.0 ± 0.5 
8 

species group 
lib (55 strains) 

+ 
13/55 
3/55 
9/55 

35/55 

+ 
3/55 
12/55 
48/55 
9/55 
52/55 
15/55 
53/55 

16/55 
14/55 
36/55 
11/55 
15/55 

35 to 38.5 
13 

The phenotypic results were derived from previous work at the National Collection of Type Cultures, as follows: F. 
balustinum. F. indoltheticum, Flavobacterium species Group lib (Holmes, 1983), F. breve (Holmes et al., 1978), and F. 
meningosepticum (Holmes, 1987). The GC values were derived as follows: F. balustinum and F. breve (Owen and Holmes, 
1980), F. meningosepticum (Owen and Lapage, 1974; Owen and Snell, 1976), F. indoltheticum and Flavobacterium species 
group lib (B. Holmes and R. J. Owen, unpublished observations). 



CHAPTER 198 The Genera Flavobacterium, Sphingobacterium, and Weeksella 3625 

Table 3. Characteristics for practical identification and differentiation of the group C flavobacteria.• 

F. mizutaii F. multivorum F. spiritivorum F. thalpophilum F. yabuuchiae 
Test (3 strains) (28 strains) (II strains) (7 strains) (2 strains) 

Acid from ammonium salt-
sugar medium containing: 
Adonitol 2/3b + 
Arabinose 1/3 + 3/11 + 
Ethanol + + 
Glycerol 27/28 + + + 
Mannitol + + 
Rhamnose + 13/28 1/11 + 

Gelatinase production (plate 1/3 4/28 + 6/7 + 
method) 

Growth at 42°C + 
Hydrolysis of 2-napththyl NT + + + 

phosphate at pH 5.4c 
Nitrate reduction + 
Nitrite reduction + 
Urease production 1/3 27/28 + + + 
Extracellular deoxyribonuclease 17/28 + 6/7 + 

production 
GC content (mol%) 41.0 ± 0.8d 39.6 ± 0.5 41.4 ± 0.4 45.0 ± 0.8 41.4 ± 0.5 
Number of strains tested for 3 II 6 7 2 

GC content 

+, all strains positive; -, all strains negative; NT, not tested. 
•These organisms are also known as the sphingobacteria. 
bNumber of strains showing characteristic/number of strains tested. 
<Tested in standard API ZYM gallery. 
dMean ± standard deviation. 
The phenotypic results for F. mizutaii were taken from National Collection of Type Cultures records (B. Holmes, un
published observations}, and the GC contents for these strains were obtained from Yabuuchi et a!. (1983). The results 
for F. multivorum were derived from Holmes eta!. (1981}, those for F. thalpophilum from Holmes eta!. (1983), and those 
for F. spiritivorum and F. yabuuchiae from Holmes et a!. (1988). 

Table 4. Characteristics for practical identification and 
differentiation of Weeksel!a species. 

Test 

Urease production 
Growth at 42°C 
Growth on MacConkey agar 
Growth on {3-

hydroxybutyrate 
GC content (mol%) 
Number of strains tested for 

GC content 

W virosa 
(29 strains) 

+ 
+ 
+ 

37.3 ± 0.5b 
4 

w 
zoohelcum 

(30 
strains) 

+ 
lj3Qa 

35.7 ± 0.8 
4 

+, all strains tested positive; -, all strains tested negative. 
•Number of strains showing characteristic/number of 
strains tested. 
bMean ± standard deviation. 
The phenotypic results and GC values for W virosa were 
derived from Holmes et a!. (1986a) and those for W zoo
he/cum from Holmes et a!. (1986b ). 

antimicrobial susceptibility (Bruun, 1987), 
crossed immunoelectrophoresis (Bruun and 
Hoiby, 1987), or phenotypic characters (Bruun 
and Ursing, 1987). The name F. indologenes 

was proposed for all strains of group lib (Ya
buuchi et al., 1983), despite the fact that it is 
genomically heterogeneous (Owen and Snell, 
1976). The name F. gleum was proposed for 
several group lib strains that show a high level 
of DNA-DNA relatedness (Holmes et al., 
1984b). More recent DNA-DNA hybridization 
studies of group lib strains (A. G. Steigerwalt 
and D. J. Brenner, personal communication) 
show that, while several strains display high lev
els of relatedness to the respective type strains 
of either F. gleum or F. indologenes, as many 
strains again remain to be assigned to one or 
more genomic groups. Until this problem is fur
ther investigated, it would seem prudent to con
tinue referring to the taxon by its original des
ignation of Flavobacterium species group lib. 

Group B comprises only F. odoratum, easily 
recognized by its fruity odor (Holmes et al., 
1977). Although only ten strains have been stud
ied by DNA-DNA hybridization, there is again 
genomic heterogeneity in the taxon with the 
strains falling into three genomic groups (Owen 
and Holmes, 1978). 

With the exception of F. multivorum, all the 
other species in groups C and D have been ex-
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amined for DNA-DNA relatedness (F. mizutaii, 
F. spiritivorum, and F. yabuuchiae [Holmes et 
al., 1988]; F. thalpophilum [Holmes et al., 1983]; 
Weeksella virosa [Holmes et al., 1986a]; W 
zoohelcum [Holmes et al., 1986b]). These stud
ies showed that the species were genomically 
homogeneous except for F. spiritivorum, which 
contained two strains showing high levels of re
latedness to each other but lower levels to other 
strains of F. spiritivorum; these two strains now 
constitute F. yabuuchiae (Holmes et al., 1988). 

Although there is clear evidence for addi
tional genospecies in Flavobacterium (perhaps 
in Weeksella also [Botha et al., 1989]), some of 
these may not be recognized formally as new 
species unless phenotypic characters can be 
found to differentiate them. In addition, there 
are phenotypically discernible taxa which re
main unnamed pending a full taxonomic study. 
These organisms are groups lie, lie, IIh, and 
IIi; they are all saccharolytic and the last three, 
at least, are indole producers (Rubin et al., 
1985). They may therefore well be additional 
members of Flavobacterium group A, especially 
as strains of Groups lie and IIh are known to 
contain menaquinone 6 and lack sphingolipids 
(Dees et al., 1986), which would also exclude 
them from group C (the sphingobacteria). Some 
differentiation of the flavobacteria can be 
achieved by gas liquid chromatographic analy
sis of volatile fatty acids produced in culture 
(Rasoamananjara et al., 1988). Serology has 
only been applied to F. meningosepticum, where 
types A-0 are recognized; however, strains rep
resenting some of these serotypes are biochem
ically atypical of the species and may be strains 
of F. breve (Holmes et al., 1984a). 

Identification of the non clinical flavobacteria 
seems to be essentially a matter of deciding 
whether nonmotile flavobacteria are cytopha
gas. In this connection, it is a requirement to 
know whether or not an isolate demonstrates 
gliding movement and colonial translocation as 
defined by Henrichsen ( 1972). It is also neces
sary to know the DNA base composition and 
whether the culture can utilize a variety of com
plex macromolecules in its nutrition. Cultures 
that display properties of typical cytophagas do 
not present a problem since these would not be 
classified as flavobacteria; cultures not having 
such properties could be considered flavobac
teria. Isolates that do not display cytophagal 
gliding but do demonstrate colonial transloca
tion would not be cytophagas according to Hen
richsen ( 1972). Cultures that are believed to dis
play gliding motion but which do not show 
colonial translocation probably should not be 
assigned to the Cytophagaceae. Christensen 
( 1977b) believed that colonial spreading would 
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occur in such cultures if the correct experimen
tal conditions were used. 

It has already been stated that F. aquatile 
(from water) is not included in the identification 
scheme given in this chapter. Also not included 
are the more recently described species F. ther
mophilum (Loginova and Egorova, 1978) and F. 
branchiophila (Wakabayashi et al., 1989), the 
latter of which causes bacterial gill disease in 
freshwater fishes. The former is a thermophile, 
probably a Thermus species (see Chapter 205) 
and the latter, like F. aquatile, neither grows at 
37°C nor grows well on nutrient agar. Two fur
ther new species, both halophiles from an Ant
arctic Lake, "F. gondwanense" and "F. sale
gens, " may be proposed (T. A. McMeekin, 
personal communication). Whether these more 
recently described organisms truly belong in the 
genus remains to be determined. DNA-DNA 
hybridization studies (Bernardet, 1989) reveal 
that F. branchiophila has higher levels of relat
edness to Cytophaga species than to Flavobac
terium species. The other validly published spe
cies in the genus that are not mentioned here 
are of uncertain taxonomic position and do not 
belong in Flavobacterium for the reasons given 
by Holmes et al. ( 1984a). 

Physiological properties 

Within the group A flavobacteria, the mailtl cel
lular fatty acid components in F. breve are iso
C15,0 and 3-0H iso-C17,0 acids (as they are also 
present in F. aquatile); F. meningosepticum con
tains in addition, significant amounts of 2-0H 
iso-C15,0 and is similar to Flavobacterium spe
cies group lib (Moss and Dees, 1978; Oyaizu 
and Komagata, 1981 ). F. odoratum (group B) 
differs from members of group A in containing 
iso-C15,0, iso-C 17,1, 3-0H iso-C15,0 and 3-0H iso
C17,0 acids (Oyaizu and Komagata, 1981). 
Among the group C flavobacteria (or sphingo
bacteria), F. multivorum at least contains iso
C15,0 and 2-0H iso-C15,0 as major fatty acid com
ponents while the main cellular lipids are sphin
gophospholipids (Yabuuchi et al., 1981 ), as in
deed they also are in F. mizutaii, F. spiritivorum, 
and F. thalpophilum (Dees et al., 1985; Yabu
uchi et al., 1983). The group C organisms also 
contain major quantities of menaquinone 7 but 
no menaquinone 6, in contrast to the flavobac
teria of groups A and B which contain major 
amounts of menaquinone 6 but no menaqui
none 7 (Dees et al., 1985). These characters fur
ther support the case for classifying the group 
C organisms in the separate genus Sphingobac
terium but they rely on characters not easily 
determined routinely. 



CHAPTER 198 The Genera Flavobacterium, Sphingobacterium, and Weeksella 3627 

Cells of all Flavobacterium species are non
motile in both hanging drop preparations and 
in soft agar; it is generally accepted that they 
lack flagella. However, Weeks ( 1955) examined 
the type strain of F. aquatile by electron mi
croscopy and observed structures that he 
thought were like "pseudoflagella." By light mi
croscopy, Webster and Hugh (1979) observed 
what they thought to be nonfunctional flagella 
on both the type strain of F. aquatile and that 
of F. meningosepticum, but this was not con
firmed by Thomson et al. (1981) using electron 
microscopy (although extracellular appendages 
of a nonflagellar nature, like those on gliding 
bacteria, were seen in F. aquatile). 

The yellow pigments produced by these or
ganisms are nonfluorescent and insoluble in 
growth media; in F. aquatile the pigment is ca
rotenoid (principally zeaxanthin; 0. B. Weeks, 
unpublished observations) whereas in F. breve 
and F. odoratum they are not carotenoid but are 
probably of the flexirubin type. 

Clinical strains are generally resistant to 
many antimicrobial agents, including amikacin, 
ampicillin, carbenicillin, gentamicin, kanamy
cin, polymyxin B, streptomycin, and tobramy
cin. Although an R plasmid conferring resist
ance to ampicillin, carbenicillin, and 
erythromycin has been reported in a strain of 
F. odoratum (Kono et al., 1980), detectable plas
mids have been rarely reported (Owen and 
Holmes, 1981) and resistance in these organ
isms is therefore possibly associated with chro
mosomal genes. 

Applications 

No applications for strains of the genera Fla
vobacterium, Sphingobacterium, or Weeksella 
are yet known. However, suitable strains of 
"Flavobacterium keratolyticus" (isolated from 
soil in Japan), an organism not only without 
standing in nomenclature but possibly also not 
even a member of the genus Flavobacterium, 
naturally produce an endo-13-galactosidase. This 
enzyme exposes the human red blood cell crypt
antigen Tk and is therefore potentially useful 
in blood transfusion laboratories for determin
ing the type of end-link sugar on the red cell 
membrane that carries the blood group antigen 
(Liew et al., 1982). Growth measurements with 
a supposed Flavobacterium strain have proved 
useful in determining the concentration of mal
tose- and starch-like compounds in drinking 
water, where these compounds may contribute 
to undesirable bacterial growth in distribution 
systems (Van Der Kooij and Hijnen, 1985). 
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The Order Cytophagales 

HANS REICHENBACH 

In the past decade much has been learnt about 
the order Cytophagales and about some of the 
organisms belonging to it, although the majority 
of its members are as unfamiliar as ever. On 
the basis of 16S rRNA studies, we can now de
limit the group with some confidence and have 
a well-founded idea of its phylogenetic position 
(Paster et al., 1985; Woese et al., 1985). Ac
cordingly, the Cytophagales appear to be dis
tantly related to the Bacteroides group, and 
these two together comprise one of the main 
branches, perhaps a phylum, in the bacterial 
phylogenetic system. The substructure of the 
Cytophaga branch of the phylum is more dif
ficult to evaluate. There is a main line on which 
we find unicellular gliders-Cytophaga ( Cy. *) 
johnsonae, Cy. lytica, Cy. aquatilis = Flavo
bacterium (Fv.) aquatile, and Sporocytophaga 
(Sp.) myxococcoides-but at a lower level uni
cellular nonmotile bacteria (Fv. breve, i.e., low 
GC, true flavobacteria) are also found. At a still 
lower level, a cluster branches off which com
prises the unicellular gliders-Flexibacter (Fx.) 
filiformis = Fx. elegans Fx el, Cy. heparina, 
and Taxeobacter = Myx 21 05), unicellular non
gliding flavobacteria (Fv. ferugineum), but also 
filamentous, multicellular, gliding (Saprospira) 
and nonmotile bacteria (Haliscomenobacter). It 
is obvious from these data that our present def
inition of genera does not reflect the phyloge
netic situation, and also that the grouping in 
families and perhaps orders needs to be recon
sidered. Before that is done, however, 16S rRNA 
sequences of further species should be deter
mined. 

From what has been said above it is clear that 
only a preliminary characterization of the order 
is possible at present. In this chapter, the order 
Cytophagales is restricted to unicellular gliding 

*In this chapter, the following abbreviations sometimes are 
used for the genera of the order Cytophagales: CLB, Cy
tophaga-like bacteria; Cp., Capnocytophaga; Cy., Cytoph
aga; Ft., Flexithrix; Fv., Flavobacterium; Fx., Flexibacter, 
Me., Microscilla; Sa., Saprospira; Sp., Sporocytophaga; Tx., 
Taxeobacter. 

bacteria; the relevant genera are listed in Table 
1. Filamentous, gliding bacteria of the genus 
Saprospira may or may not belong to the order, 
and they are sufficiently different to justify a 
separate treatment (see Chapter 200); contrary 
to earlier suggestions, these organisms are not 
apochlorotic cyanobacteria (Reichenbach et al., 
1986). Unicellular, gliding bacteria of the genus 
Lysobacter have been found to be closely linked 
to the xanthomonads and thus belong to the 
gamma branch of the Pro teo bacteria (Woese et 
al., 1985); consequently they are discussed sep
arately (see Chapter 176) It should be men
tioned that, in the past, lysobacters have often 
erroneously been classified as cytophagas; this 
is discussed in Chapter 176. On the other hand, 
the cytophagas have been regarded as myxo
bacteria for some time and accordingly named; 
Cy. co/umnaris has even been classified in the 
myxobacterial genus Chondrococcus (now Cor
allococcus). However, as pointed out above, the 
two groups are not phylogenetically related. The 
nonmobile bacteria that cluster with the Cy
tophagales are discussed in Chapter 198 (Fla
vobacteria) and Chapter 201 (Haliscomenobac
ter). 

The Cytophagales as outlined above are all 
unicellular, gliding, Gram-negative bacteria. All 

Table I. Survey of the taxonomy of the order 
Cytophagales of the Bacteroides-F/avobacterium
Cytophaga branch. 

Order: Cytophagales 
Family: Cytophagaceae 

Genera: Cytophaga 
Sporocytophaga 
Unnamed Cytophaga-like bacteria (several 

genera) 
Flexibacter 
Microscil/a 
Flexithrix 
Capnocytophaga 
Taxeobacter 
(Saprospira)• 

•Saprospira may or may not belong to the order. It is dis
cussed separately in Chapter 200. 
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have rod-shaped cells, which may differ sub
stantially in shape. They may be short or long, 
delicate or stout, with tapering or rounded ends 
(Fig. 1 ). Two genera exhibit a controlled and 
cyclic shape change: Sporocytophaga produces 
resting cells in the form of spherical microcysts, 
and some Flexibacter species alternate between 
very long and extremely agile thread cells and 
very short, almost spherical and nonmotile rod 
cells (Fig. 2). Many of the other species are more 
or less pleomorphic, with cell populations that 
consist of short and very long rods and chains 
of cells, particularly in older cultures. 

The typical colonies are spreading swarms 
(Fig. 3). Sometimes they are filmlike and may 
cover the whole culture plate within a few days. 
In other cases, they only expand slowly or re
main more or less compact. In a few instances 
there is also rhizoid growth. Many Cytophagales 
produce brightly colored colonies in shades of 
yellow, orange, or brick red. The yellow and 
orange colonies often change immediately into 
red, purple, or brown if covered with a 10% 
KOH solution. This color change is due to flex
irubin-type pigments (Fig. 4), which have so far 
only been found in organisms of this group (in
cluding flavobacteria). The organisms belonging 
to the Cytophagales may be aerobic, microaer
ophilic, capnophilic (C02-requiring), or facul
tatively anaerobic. They are all organotrophs, 
many of them able to degrade biomacromole
cules like proteins, chitin, pectin, agar, starch, 
or cellulose. They are ubiquitous, abundant, 
and probably play a major role in the turnover 
of matter in nature (e.g., Ruschke, 1968; 
Ruschke and Rath, 1966). Some may also be of 
practical interest. 

A few reviews on the Cytophagales and their 
subgroups have been published since the first 
edition of The Prokaryotes and can be recom
mended here for further information (several 
chapters in Bergey's Manual of Systematic Bac
teriology, vol. 3, 1989, for detailed discussions 
of the taxonomic problems; also, Reichenbach 
and Weeks, 1981; Shewan and McMeekin, 
1983; and on practical aspects: Reichenbach, 
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1988; see also: Bernardet, 1989; J ooste, 1985; 
Kath, 1990). 

Habitats 

The Cytophagales are by far the most common 
of all gliding bacteria. They are found in enor
mous numbers in certain habitats, mainly those 
rich in organic material. They can adapt, how
ever, to rather low nutrient levels (Hofle, 1982, 
1983) and probably usually subsist on bioma
cromolecules, which they are specialized to de
grade. The main habitats of the Cytophagales, 
and thus convenient sources for their isolation, 
are soils at or close to neutral pH, decaying 
plant material, and dung of animals, particu
larly that of herbivores. In freshwater environ
ments, they are found on river banks and lake 
shores, in estuaries, aerobic bottom sediments, 
and algal mats. Certain Cytophaga-like bacteria 
(CLB) have also been found in large numbers 
freely floating in water, especially during the 
cold season, e.g., in Lake Constance, the Min
delsee, and the Feldsee in southwestern Ger
many (Graf, 1962a; Reichardt, 1974; Ruschke 
and Rath, 1966). The principal cellulose decom
posers in southern Canadian lakes appear to be 
cytophagas (Hoeniger, 1985). CLB are common 
in sewage plants where, in the aerobic regions, 
CLB may constitute 5 to 10% of the total cul
tivatable bacterial population (Giide, 1980). 
Here, too, a seasonal variation in the number 
of CLB can be observed, with a maximum in 
the winter months. Typically, the CLB are par
ticularly enriched in those stages at the end of 
the purification process, where only recalcitrant 
organic molecules remain. 

In marine environments, the Cytophagales 
are abundant near the shores: on living and 
dead seaweeds, in aerobic and anaerobic bottom 
sediments, and on decaying sea animals, such 
as crustaceans with their chitin exoskeleton. 
Marine cellulose degraders have been found on 
fishing nets in Japan where they once were a 
serious problem in the deterioration of the fab-

______________________________________________________________________________. 
Fig. I. Cell shape of the Cytophagales in phase contrast. (a) A brick red, marine, agar decomposer, probably a Microscilla 
species, in chamber culture; the long, flexible, thread cells have tapered ends. Bar = 25 !Lm. (b) CLB from soil, in chamber 
culture, showing the typical arrangement of cells at the swarm edge. Bar = 10 !Lm. (c) Cytophaga lytica, a yellow, marine, 
agar-digesting CLB, from SP2liquid medium. Bar= 5 !Lm. (d) Cytophaga succinicans, a facultatively anaerobic freshwater 
CLB, from AO agar. Bar = 5 !Lm. (e and f) Cytophaga aurantiaca type strain, a cellulose-degrading true Cytophaga, from 
glucose-glutamate agar. The population in (e) consists of delicate, flexible rods, which are pleomorphic with very long 
and with slightly swollen cells; in (f), cells from older parts of the colony begin to produce dark, lemon-shaped inflations, 
which later degenerate to spheroplasts. Bar = I 0 !Lm in both pictures. (g) Flexibacter flexilis type strain, from starch agar; 
one of the thread cells (top edge of the photograph) shows the beginning of branching at one end. Such branching is not 
uncommon among the Cytophagales. Bar = 5 !Lm. (h) Taxeobacter species, cells in situ on water agar with a streak of 
living E. coli, showing a characteristic palisade pattern. Bar = 5 !Lm. 
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ric (Kadota, 1956). Cellulose degraders seem, 
however, not to be common in marine habitats; 
at least we have failed so far to isolate any from 
European coasts. Little is known about the dis
tribution of CLB in the open sea, and a careful 
investigation of this point would be desirable. 
As CLB are not likely to form spreading colo
nies on rich media, the "flavobacteria" that are 
often observed in ecological studies of various 
aquatic environments perhaps may frequently 
really be CLB instead. 

In estuarine habitats in the upper Chesapeake 
Bay, CLB were found to constitute a substantial 
proportion of the chitin-degrading bacterial 
flora (Reichardt et al., 1983), among them many 
facultatively anaerobic, flexirubin-positive 
strains resembling Cy. johnsonae and Cy. aqua
til is. These organisms tolerated various levels 
of salt, but did not depend on elevated salt con
centrations. 

However, the boundaries between land and 
sea appear in general to be rather sharp for CLB. 
This may be concluded from the observation 
that virtually all strains ofCLB and Flexibacter 
isolated by us from terrestrial and freshwater 
habitats contain, in addition to carotenoids, 
flexirubin-type pigments, while strains isolated 
from the sea coast usually produce carotenoids 
exclusively and only exceptionally produce flex
irubin-type pigments (Reichenbach et al., 
1981 ). Since enormous numbers of terrestrial 
CLB must constantly be washed or blown into 
the sea, this can only mean that terrestrial 
strains cannot easily adapt to and become es
tablished in the marine environment. An inter
esting exception may be Cy. flevensis. This is 
an agar-decomposing organism that does not 
produce flexirubin-type pigments, both char
acteristics which would speak for a marine or
igin. It has, however, been isolated from fresh 
water ofthe Isselmeer in the Netherlands (van 
der Meulen et al., 1974). Since the lsselmeer is 
a part of the North Sea that has been separated 
from the open sea for decades and has gradually 
become constituted with fresh water, marine 
bacteria would have had ample time to adapt 
to gradually changing conditions and thus may 
have had a chance to survive. These observa
tions also suggest that marine and terrestrial 
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CLB may be less closely related than was 
thought before; this is indeed supported by 16S 
rRNA analyses (Paster et al., 1985). 

In recent years, it has been discovered that 
CLB may also occur in milk and dairy products 
and perhaps occasionally contribute to deteri
oration (Jooste, 1985; Jooste et al., 1985). Even 
more serious are sporadic reports of CLB as 
human pathogens. CLB in the air humidifier 
system of a textile plant was found to be re
sponsible for a hypersensitivity pneumonitis of 
workers; it was later described as a new species, 
Cy. al/erginae (Flaherty et al., 1984; Liebert et 
al., 1984). The Capnocytophaga species live in 
the tooth pockets of humans (Leadbetter et al., 
1979). Although a role for them in periodontic 
disorders has been discussed, it seems that the 
contribution of capnocytophagas to that disease 
is only a minor one at the most. But life-threat
ening septicemias and other kinds of general 
infections have been observed repeatedly, and 
not only in immunocompromised patients as 
has originally been thought (e.g., Forlenza et al., 
1980; Paerregaard and Gutschik, 1987; Shlaes 
et al., 1982). Fortunately, the organisms re
spond well to antibiotics (Forlenza et al., 1981; 
Graf and Morhard, 1 966). 

An economically serious problem are the fish
pathogenic CLB. These organisms are gaining 
even more importance as fish cultivation is in
tensified. First discovered in aquarium fishes in 
the USA (Davis, 1922), infections with CLB be
came a major concern in the 1940s in the west
ern USA, where they caused severe losses 
among salmonid fishes in rivers and lakes and 
in fish hatcheries. The infections were then in
tensively studied, and it was discovered that 
more than one species of CLB was involved, 
causing several different diseases with diverse 
symptoms. The two most important diseases 
were columnaris disease, brought about by Cy. 
columnaris ( = Fx. columnaris = Chondrococ
cus co/umnaris), and cold water disease by Cy. 
psychrophi/a. One factor that may have con
tributed to these outbreaks may have been the 
warming of the water by electric power plants, 
mainly along the Columbia River. It appears 
that, as a rule, unfavorable living conditions for 
the fish, like confinement, crowding, andl sub-

II> 

Fig. 2. Cytophagales with a cyclic change in cell shape, shown in phase contrast. (a and b) Sporocytophaga myxcococcoides 
from a membrane of regenerated cellulose on ST6 agar; in (a), most cells are still vegetative rods, but young microcysts 
and intermediary stages of cell conversion can already be seen; in (b), mature, optically refractile microcysts are present. 
(c to e) Flexibacterfiliformis (formerly called Fx. elegans Fx el) from VY/2 agar; (c) a slide mount from the very edge 
of the swarm colony shows very long, delicate, flexible, and extremely agile thread cells without, or with only very few, 
cross walls; (d) at some distance from the edge, the thread cells have become much shorter by fragmentation; (e) finally, 
the cell population consists mainly of very short rods which are also clearly fatter and darker and are no longer motile. 
Bars = I 0 !Lm. 
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Fig. 3. Colonies of various diverse Cytophagales. (a) Spreading colony of a CLB from soil, growing in chamber culture, 
dark field. Bar = 100 I'm. (b) Flexibacter fi liformis Fx el, swarm colony on agar plate. Bar = 3 mm. (c) CLB from soil; 
typical swarm colonies emerge at the side of a streak on an agar surface. Bar = I mm. (d and e) CLB from soil growing 
on two different agar media. (d) On the poorer substrate, the colonies are relatively large and show some spreading; (e) 
they remain small and compact on the rich medium. Bar = 1 mm in both. (f) CLB from soil, swarm colony on CY agar 
showing a distinct surface pattern. Bar = I mm. (g) Cytophaga flevensis, an agar-digesting CLB from freshwater; as a 
relatively rich agar substrate was used, the colonies remained rather compact. Bar = 2 mm. (h) Flexibacter filiformis Fx 
el, chamber culture; dense clusters of cells are sitting in conspicuous slime tracks; phase contrast. Bar = 30 I'm. (i) CLB 
from soil, chamber culture, edge of a swarm colony with a network of slim tracks; phase contrast. Bar = 30 I'm. (j and 
k) Cytophaga columnaris, a fish-pathogenic CLB from freshwater; swarm colonies on MYX agar (j) and AO agar (k), 
showing the typical growth pattern of the organism. Bar = 1 mm in both. (I to n) Taxeobacter ocellatus Tx ol ( = Myx 
21 05): (I and m) on water agar with a streak of living E. coli, the organism typically spreads out, producing long, tendril
like strips; (m) at a higher magnification, the unusual palisadelike arrangement of the cells becomes apparent; both phase 
contrast; (n) after plating on CY agar, relatively compact, brick red colonies begin to spread out. Bar = 100 I'm in (1), 
10 I'm in (m), and 2 mm in (n). 

optimal water temperature, favor infections by 
CLB (e.g., Anacker and Ordal, 1959; Becker and 
Fujihara, 1978; Bullock, 1972; Colgrove and 
Wood, 1966; Collins, 1970; Davis, 1949; Fuji
hara and Hungate, 1972; Fujihara et al., 1971; 
Garnjobst, 1945; Ordal and Rucker, 1944; Pa
cha, 1968; Pacha and Ordal, 1970; Pacha and 
Porter, 1968; Rucker et al., 1953; Snieszko and 
Bullock, 1976). Fish diseases caused by CLB are 
now known worldwide, and they often are a se
rious threat to fish culturists (e.g., Ajmal and 
Hobbs, 1967; Bootsma and Clerx, 1976; Deufel, 
1974; Ghittion, 1972; Lehmann, 1978; Song et 

al., 1988; Wakabayashi and Egusa, 1974; Wak
abayashi et al., 1970a, 1970b ). In Europe, CLB 
diseases have been observed only since about 
1965, but it is not clear whether the pathogens 
were there before but had previously been over
looked, or whether infections have finally be
come established on a larger scale because en
vironmental conditions have deteriorated. It 
appears that in the past few years Cy. psychro
phila has begun to spread through Europe; 
again, the reasons are not known (Bernardet, 
1989; Bernardet and Kerouault, 1989). Very re
cently, flavobacteria have also been found to be 
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Fig. 4. Flexirubin-type pigments characteristic for members 
of the Cytophagales. (a) Cytophaga-flexirubin from CLB. 
(b) Chloroflexirubin from a Flexibacter species. 

involved in fish diseases (Fv. branchiophila), 
and it will be interesting to see ifthey are related 
to fish pathogenic CLB. The data on DNA
DNA hybridization with Cy. co/umnaris were 
insignificant (Wakabayashi et al., 1989). Fur
ther, CLB diseases have been encountered in 
marine environments (e.g., Anderson and Con
roy, 1969; Bullock, 1972; Campbell and Bu
swell, 1982; Hikida et al., 1979), apparently due 
to infections by Fx. maritimus (Bernardet et al., 
1990; Wakabayashi et al., 1986). CLB and fla
vobacteria obviously belong to the bacterial 
flora that colonize the eggs of cod and halibut, 
but in this case detrimental effects have not been 
demonstrated (Hansen and Olafsen, 1989). 
However, CLB may have a role in disorders of 
other marine animals; they have been linked to 
the destruction of the hinge ligaments of cul
tivated oysters (Dungan et al., 1989). Based on 
what is known so far, it may be concluded that 
the infection mechanism of the CLB pathogenic 
for fish is connected to their very strong protease 
activity, and in some, also DNase activity. 

Isolation 

There are no selective methods that are uni
versally applicable for the enrichment and iso
lation of the diverse members of the Cytopha
gales. The general strategy for their isolation is 
to provide conditions that promote spreading 
growth on surfaces, and then to pick organisms 
that produce spreading colonies or swarms (Fig. 
3) for subcultivation. The nutrient level is usu
ally kept low in the medium used for crude and 
enrichment cultures in order to stimulate glid
ing motility and delay development of contam
inants. By combining this approach with the use 
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of special substrates in the isolation medium, 
nutritional specialists among the Cytophagales 
may be enriched more specifically, e.g., cellulose 
and chitin degraders. The isolation procedure 
thus always requires the use of plate cultures. 
Liquid media have only been used successfully 
for baiting cellulose decomposers (see below). 

With some experience, it will often be pos
sible to recognize members of the Cytophagales 
microscopically, because many have a charac
teristic cell morphology (Fig. 1 and 2). If that 
is not the case, the appearance of the colonies 
may provide a clue. The property of swarming 
presents some difficulties since some organisms 
cannot be or, only with difficulty, can be in
duced to form spreading colonies, even when 
gliding motility can be recognized unequivo
cally by microscopic examination of wet 
mounts or by the occurrence of slime trails in 
chamber cultures. This is why quite a few CLB 
were originally classified as Flavobacterium spe
cies. On the other hand, spreading growth is, of 
course, shared by other gliding bacteria. But 
there are only two other groups of organo
trophic, unicellular gliders: the myxobacteria, 
which usually show a totally different swarm 
morphology and typically produce fruiting bod
ies in crude cultures (see Chapter 188); and the 
lysobacters, which have a peculiar cell mor
phology, which is, however, shared by some 
CLB (see Chapter 176). In many cases, pig
mentatim~ may be a useful criterion. As already 
mentioned, many, although not all, members of 
the Cytophagales are bright yellow, orange, or 
red. These pigments are always cell-bound (in 
contrast to some or all of the Lysobacter pig
ments, which, in addition, are usually much 
paler). If growth is heavy, pigmentation can al
ready be easily recognized in the colonies; al
ternatively it may be observed after the cells 
have been concentrated by scraping them to
gether. A large group of soil and freshwater 
strains of Cytophaga, Sporocytophaga, CLB, 
and Flexibacter produce flexirubin-type pig
ments that, upon addition of alkali, turn from 
orange to purple (Achenbach et al., 1978; Rei
chenbach et al., 1974) This test can easily be 
applied to culture plates. In this case, the yellow 
or orange colonies will turn a much deeper 
color, either red, purple-violet, or brown, when 
spotted with 10% KOH solution. The color 
change differs from that of the pure pigments 
because of the presence of other pigments, usu
ally carotenoids, which alter the flexirubin ab
sorption spectrum. The color change reaction is 
reversible upon addition of HCI. If a gliding 
bacterium gives a positive result with this color 
test, one can be certain that it belongs to one 
of the above-mentioned groups of organisms. 
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The only nongliding bacteria known to contai~ 
flexirubin-type pigments are the phylogeneti
cally related, low GC (true) flavobacteria (Rei
chenbach et al., 1980; Weeks, 1981). It should 
be understood, however, that the described 
color change is a phenolate reaction that can 
also be observed with other pigment types. In 
fact a similar color reaction has been found in 
Bre~ibacterium linens, which contains the phe
nolic carotenoid 3,3'-dihydroxy-isorenieratene 
(Kohl et al., 1983). Nonmotile, Gra~-positive 
Brevibacterium, of course, cannot easily be con
fused with the organisms discussed here. 

Sources for the isolation of Cytophagales will 
be found in the section on "Habitats." If a broad 
representation of those organisms is desired, the 
samples should be processed soon after colle~
tion, especially if the samples are from aquatic 
or humid environments, because m such sam
ples, oxygen depletion and desicc~ti<.m i~ par
ticular can quickly lead to the ehmmatwn of 
sensitive species. Thus, in my experience, the 
cellulose-degrading Cytophaga species are eas
ily lost in this way. On the other hand, ma~y 
species of Cytophagales are completely. desic
cation resistant; I have been able to Isolate 
strains of Sporocytophaga, Flexibacter, CLB, 
and Taxeobacter from samples that had been 
air-dried and stored for 5 to 10 years at room 
temperature. 

Methods for the Isolation of Cytophagales 

Small samples of promising natural material are 
inoculated either as individual spots or as one 
to three well-separated streaks onto the surface 
of dry water agar (WAT agar) plates. For marine 
samples, seawater agar (MSl or SW2 agar) is 
used. Alternatively, media with a very low nu
trient content may be used (CYT, MS4, SP2, 
SP6 agar). Finely divided samples such as soil 
may also be sprinkled over the plate, as a way 
of multi-spot inoculation. This can be advan
tageous because the organisms .ten~ to st~ck to 
tiny particles and thus may be distnbuted m the 
sample very unevenly. To reduce the growth of 
fungi, cycloheximide (2.5 mg/100 ml) should be 
added to the isolation medium (not necessary 
with marine samples). 

WAT Agar and WCX Agar 
CaCI,·2H,O 0.1% 
Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 
After autoclaving, 25 llg cycloheximide may be added 
per ml from a filter-sterilized stock solution for WCX 
agar. 

MSI Agar 

I Agar 1.5% 
In natural seawater. 

The Order Cytophagales 3639 

The pH is not adjusted. The medium is autoclaved. 

SW2 Agar 
Na acetate 0.002% 
NH4CI 0.1% 
Agar 1.5% 
In artificial seawater (see below). 

The pH is adjusted to 7.2. The medium is autoclaved. 

Artificial Seawater (Dawson et a!., 1969) 
NaCI 24.7g 
KCI 0.7g 
MgS0.-7H,O 6.3g 
MgCI2·6H20 4.6g 
CaCI, anhydrous l.Og 
NaHCO, 0.2g 

Dissolve in I liter water. To prevent precipitation, CaCI, 
and NaHC03 are autoclaved as separate stock solutions. 

CYT Agar 
Casitone (Difco) 0.1% 
Yeast extract (Difco) 0.05% 
CaCI,·2H20 0.05% 
MgCI,·7H,O 0.05% 
Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 

MS4 Agar 
(NH4) 2S04 0.1% (autoclaved separately) 
Glucose 0.2% (autoclaved separately) 
Agar 1.5% 
In natural seawater. 

The pH is not adjusted. The medium is autoclaved. 

SP2 Agar 
Casitone (Difco) 
Yeast extract (Difco) 
Na acetate 
Agar 
In artificial seawater. 

0.1% 
0.02% 
0.002% 
1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 

SP6 Agar 
Casitone (Difco) 0.03% 
Yeast extract (Difco) 0.01% 
Agar 1.5% 
In artificial seawater. 

The pH is adjusted to 7.2. The medium is autoclaved. 

The plates are incubated at 30°C, at room 
temperature, or at 12°C, depending on the or
igin of the samples. Cultures started from 
aquatic sources are usually incubated at the 
lower temperature range because many aquatic 
CLB will not grow above 25 to 27°C. 

The cultures are checked at regular intervals 
of 1 to 2 days for spreading colonies. It takes 
between 24 h and several weeks for spreading 
organisms to appear, depending on the organ-
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ism, the incubation temperature, and the nu
trient concentration in the culture, which may 
have been substantially augmented by the in
troduced sample material. As the spreading 
swarms are often filmlike and extremely deli
cate, the plates must be examined with a dis
secting microscope equipped with a til table mir
ror so that side illumination can be used from 
below. Some experience is required before glid
ing organisms can be reliably distinguished 
from flagellated bacteria, which occasionally 
also spread out (Fig. 3b and 3d). A good dis
tinguishing characteristic is usually the pattern 
of the swarm edge which, for gliding bacteria, 
is usually dentate with fine flamelike projec
tions, while for flagellated organisms, it tends 
to be entire or coarsely lobed. However, certain 
Bacillus strains that form long filaments may 
also spread out with flamelike tongues at the 
edge of their colonies. Amebae or, in marine 
samples, gliding diatoms like Nitzschia putida 
may mislead the investigator. Usually a look 
through the microscope will quickly dispel all 
doubts; thus, e.g., no gliding bacterium is known 
that is able to swim actively (that is move with
out being in contact with a surface). 

The baiting technique used for the isolation 
of myxobacteria (see Chapter 188) also often 
yields members of the Cytophagales. Living 
cells of Escherichia coli are streaked cross-wise 
or in three parallel lines onto water agar and 
inoculated with a suitable sample. The organ
isms develop along the E. coli streaks, often 
without lysing them, and spread as an extremely 
thin film, usually a monolayer, far out over the 
agar surface between the streaks. The technique 
is in essence nothing else than an enrichment 
in a low nutrient medium. 

If the Cytophagales are present in sufficiently 
high numbers, the samples can be suspended in 
sterile water, diluted, and plated. Media with 
low nutrient concentrations, like CYT and SP6 
agar, are well suited. Media with a somewhat 
higher nutrient concentration, like CY, SP2, and 
SAP2 agar may also be used. They result in 
higher colony counts, but spreading of the glid
ing bacteria may be reduced or suppressed com
pletely (Fig. 3i and 3j). Here, the color of the 
colonies may provide a useful lead. It should be 
kept in mind, however, that dilution plating is 
often not very successful, because the organisms 
tend to stick to particles and may be lost during 
the first few dilution steps. 

CY Agar, CYG2 Agar, and CYCX Agar 
Casitone (Difco) 0.3% 
Yeast extract (Difco) 0.1% 
CaC12·2H20 0.1% 
Agar 1.5% 
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The pH is adjusted to 7.2. The medium is autoclaved. 
The medium may be supplemented with 0.3% glucose, 
which is separately autoclaved, for CYG2 agar. If the 
medium is used for plating of dilution steps, 25 ILg cy
cloheximide may be added per ml after autoclaving from 
a filter-sterilized stock solution, for CYCX agar. 

SAP2 Agar 
Tryptone (Difco) 0.1% 
Yeast extract (Difco) 0.1% 
Agar 1.5% 
In artificial seawater. 

The pH is adjusted to 7.2. The medium is autoclaved. 

Water samples may be plated directly or upon 
dilution. Often, however, it will be necessary to 
concentrate the bacteria by passing the sample 
through a membrane filter. The filter is then 
incubated right-side up on a suitable culture 
plate, either as a whole or after having been cut 
into several sectors; the latter approach in
creases the chance of isolating several different 
organisms. If media with somewhat higher nu
trients are used, like CY or SAP2 agar, tht~ in
cubation time is shortened and, thus, the danger 
of overgrowth reduced. But spreading of the or
ganisms may become more or less suppressed, 
so that members of the Cytophagales can only 
be recognized by their color and cell shape. The 
strategy that is best applied depends on the load 
of contaminants expected. Some ofthe smallest 
gliding bacteria can move through the 1ilter 
pores (at 0.3- to 0.5-JLm pore size) and form 
colonies on the agar surface below. This can be 
used as a selective technique. In this case, the 
filter should be removed from the agar surface 
after about one day to prevent contaminants 
from also moving through the filter. 

Isolation of Nutritionally 
Specialized Organisms 

AGAR DECOMPOSERS. Agar decomposers are 
very common in marine environments and can 
be obtained by the methods outlined above. 
They are easily recognized, because their colo
nies rest in shallow craters or in deep pits, and 
are surrounded by large, uncolored, "gelase" 
zones if the plate is flooded with iodine solution 
(Stanier, 1941; Veldkamp, 1961 ). Some organ
isms liquify the agar very quickly so that they 
can only be isolated if widely separated colonies 
are obtained after plating. Here, the filter mi
gration technique described above is sometimes 
useful. A few agar-decomposing CLB have also 
been found in freshwater habitats near the sea 
coast, viz. Cy. jlevensis (van der Meulen et al., 
1974) and Cy. saccharophila (Agbo and Moss, 
1979). 
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CHITIN DECOMPOSERS. Chitinolytic bacteria are 
very common among the Cytophagales. Sam
ples are streaked out on chitin agar, e.g., CT6 
or CT7 agar (for marine strains, on CT8 or CT9 
agar). The chitin is only added in a thin top 
layer in order to conserve chitin, which is rel
atively laborious to prepare, and to prevent the 
chitin from settling on the bottom of the dish 
out of reach of the organisms; in addition, su
perior results are obtained in this way because 
the cleared zones in the opaque chitin layer ap
pear sooner and become more pronounced 
(Stanier, 1947; Veldkamp, 1955, 1965). Good 
sources for chitin decomposers are soil, mate
rial from sewage plants, and the shells of dead 
crustaceans. All known chitin-degrading Cy
tophagales can also grow very well without chi
tin, e.g., on CY agar, and they can be isolated 
by the general techniques described above. 
Thus, they can be purified by plating on, e.g., 
CY or SAP2 agar. 

CT6 Agar 
Top layer: 
MgS0.-7H20 0.1% 
K2HP04 0.02% 
Agar 1.5% 

The pH is adjusted to 7.5. After autoclaving, enough 
chitin is added to give an easily recognizable turbidity, 
which should be achieved with about 0.5% chitin. The 
chitin is taken from an autoclaved stock suspension of 
reprecipitated material; the suspension must be dense 
enough so that the volume to be added to the medium 
does not exceed 30% The preparation of the chitin is 
described in Chapter 176. The medium is poured as a 
thin layer on top of the following: 

Base agar: 
Casitone (Difco) 0.1% 
Yeast extract (Difco) 0.05% 
MgS0.-7H20 0.1% 
Agar 1.2% 

The pH is adjusted to 7.2. The medium is autoclaved. 

CT7 Agar I Top layer as for CT6 agar. The base agar is WAT agar. 
On this medium only organisms that can use chitin as 
the only carbon and nitrogen source are able to grow. 

CT8 Agar 
Top layer: 
K2HP04 (autoclaved separately) 0.02% 
Agar 1.5% 
In artificial seawater. 

The pH is adjusted to 7.5. After autoclaving, chitin is 
added, as for CT6 agar. The medium is poured on SW2 
agar plates. 

CT9 Agar 
I Top layer as for CT8 agar; base agar is SP2 agar. 
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CELLULOSE DECOMPOSERS. Decaying plant ma
terial or soil is sprinkled on filter paper that has 
been placed on mineral salts agar, e.g., ST6 agar 
(for marine organisms, SW5 agar may be used). 

ST6 Agar and ST6CX Agar 
(NH.)2so. 0.1% 
MgS0.-7H20 0.1% 
CaCI2 · 2H20 0.1% 
MnS0.-7H20 0.01% 
FeC13·6H20 0.02% 
Yeast extract (Difco) 0.002% 
Agar 1% 
K2HP04 0.1% (autoclaved separately) 

After autoclaving, a filter-sterilized trace element solu
tion is added, and, for crude cultures, 25 J.lg cyclohex
imide per ml from a filter-sterilized stock solution, for 
ST6CX agar. A recipe for a trace element solution is 
found in Chapter 188. 

SW5 Agar 
(NH.)2so. 0.1% 
Yeast extract (Difco) 0.02% 
Agar 1% 
K2HP04 (autoclaved separately) 0.1% 
In artificial seawater. 

The medium is autoclaved. 

It appears that the type of filter paper used 
does not make much difference; we get good 
results with thin, moderately dense, high-qual
ity filter paper ( 68 g/m2, ash 0.1 to 0.2%, more 
than 9 5% a-cellulose). Growth of cytophagas on 
mineral salts agar with cellulose is usually con
siderably stimulated by Ca2+, Mn2+, and FeZ+/3+ 
(Bortels, 1956). While media with N03- as the 
nitrogen source are often recommended in the 
literature, in my· experience, media with NH/ 
are far superior for the isolation of cytophagas 
and sporocytophagas, at least on agar media. 

As an alternative, enrichment cultures may 
be started with strips of filter paper immersed 
in a mineral salts solution, e.g., Dubos medium 
or ST5 medium, in test tubes, so that part of 
the filter paper remains above the surface of the 
liquid. The tubes are then inoculated. After in
cubation for 1 to 3 weeks, glassy, translucent 
yellow to orange or red spots on the paper at 
the air-liquid interface indicate growth of cel
lulose-decomposing cytophagas and sporocy
tophagas. The yellow and orange spots usually 
give the flexirubin reaction when a drop of 10% 
KOH solution is added, but some (terrestrial) 
Cytophaga strains are flexirubin-negative. It ap
pears that, in general, enrichment on plates 
gives better results because it allows the use of 
a heavier inoculum. However, an enrichment in 
liquid medium may be useful when habitats are 
investigated that are poor in cellulose degraders, 
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such as marine environments. For the latter, 
good results have been reported with KM7 min
eral medium and incubation at 25°C (Kadota, 
1956). As already mentioned, fresh samples 
should be used for isolating Cytophaga strains. 

Dubos Mineral Medium (Dubos, 1928) 
NaN03 0.05% 
K2HP04 (autoclaved separately) 0.1% 
MgS0.-7H20 0.05% 
KCI 0.05% 
FeS0.-7H20 0.001% 

The pH is adjusted to 7.2. The medium is autoclaved. 

ST5 Mineral Medium (Starrier, 1942) 
(NH.)2so. o.I% 
K2HP04 (autoclaved separately) 0.1% 
MgS0.-7H20 0.02% 
CaCI,.7H20 0.01% 
FeCI, 0.002% 

The pH is adjusted to 7.0 to 7.5. The medium is au
toclaved. For enrichment cultures, 25 l'g cycloheximide 
is added per ml from a filter-sterilized stock solution. 

KM7 Mineral Medium (Kadota, 1956) 
NaNO, 0.05% 
K2HP04 0.1% 
MgS0.-7H,O 0.05% 
FeS0.-7H20 0.01% 
In natural seawater. 

The pH is adjusted to 7.2. The medium is autoclaved. 
This medium was originally developed for a different 
purpose, which explains the inclusion of relatively small 
amounts of MgS04 in a seawater medium. 

The purification of cellulose decomposers 
may be a tedious procedure that requires skill 
and considerable patience, and it almost always 
takes several weeks or months. The first sub
cultures are best started on filter paper placed 
on mineral salts agar. Now, however, small 
(about 10 X 15 mm) rectangular filter strips are 
usually used and inoculated independently 
from different sites of the crude culture. The 
filter paper pieces, three or four per plate, are 
kept well separated to prevent the passage of 
contaminants from one to the other. Of course, 
organisms such as flagellated bacteria, amebae, 
ciliates, and nematodes will spread quickly 
within the water-soaked filter pad. Before fur
ther purification is attempted, they should first 
be eliminated. To get rid of amebae, which are 
almost always abundant in cultures started from 
soil, the plate is exposed to the vapors of a 5% 
ammonia solution for 2 min (M. Aschner, per
sonal communication). After another one to two 
minutes of incubation, the cytophagas are trans
ferred to a fresh plate. If there are very many 
amebae, the procedure may have to be repeated 
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after the cellulose decomposers have grown up. 
If nematodes are still there, the plate is frozen 
at - 80°C for 2 days. The cellulose decomposers 
are transferred to a fresh plate as soon as pos
sible after thawing. Next, contaminating bac
teria have to be removed, which is the most 
difficult step. After the load of contaminants has 
been reduced by repeated transfers to filter pa
per on mineral salts agar, the cellulose decom
poser may be transferred to cellulose overlay 
agar; we have often had good results with CELl 
agar. 

CELl Agar 
Top layer: 
(NH.)2so. 0.1% 
Cellulose powder 0.5% 
Agar 1.0% 
Cellulose powder MN300 from Macherey and Nagel 
(Duren, Germany) works well. 

The pH is adjusted to 7.2. The medium is autocllaved 
and then poured as a thin layer on top ofST6 agar plates. 

The cellulose decomposers penetrate the agar 
medium and spread within the cellulose layer, 
concommitantly producing a clear lysis zone. 
Most or all of the contaminants stay close to 
the inoculation site, so that after 1 to 3 weeks, 
a pure, or at least improved, inoculum can be 
obtained from the edge of the lysis zone. 

Favorable results are sometimes obtained by 
inoculating a small rectangle of filter paper that 
has been placed on top of cellulose overlay agar, 
preferably close to one side of the plate. In this 
case, the cellulose decomposers grow profusely 
on the filter paper, and from there they spread 
within the cellulose agar, while the contami
nants tend to remain in the macerating Jilter 
paper where they find higher nutrient concen
trations. 

We also find carboxymethyl cellulose media, 
like ST 10 agar, useful for purification of cellu
lose decomposers. On this medium, too, they 
spread within the substrate; this can be recog
nized from a slowly increasing, shallow depres
sion in the surface of the plate. Growth is usu
ally very thin and can barely be seen, if at all; 
but bacterial cells are found under the micro
scope if slide mounts are made from the: de
pressed area. Transfers are made from the edge 
of the depression zone after some time. 

STIO Agar 
(NH.)2so. 0.1% 
MgS0.-7H20 0.1% 
CaC12·2H20 0.1% 
FeCI, 0.02% 
K2HP04 (autoclaved separately) 0.1% 
Casitone (Difco) 0.2% 
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Carboxymethyl cellulose 1.5% 
Agar 0.6% 
Carboxymethyl cellulose Sigma no. C-50 13, sodium salt, 
high viscosity, works well. 

After autoclaving, standard trace elements (see Chapter 
188) and, if used for contaminated strains, 25 J.Lg cy
cloheximide per ml are added from filter-sterilized stock 
solutions. 

Another technique for purification is to trans
fer the cellulose decomposers to a membrane 
filter (cellulose nitrate, 0.3 to 0.4 ~m pore size) 
on cellulose overlay agar or, better, on a mem
brane of regenerated cellulose (e.g., no. 11604/ 
50/N, pore size 0.8 ~m, from Sartorius, Gottin
gen, Germany) on ST6 agar. The cytophagas 
will migrate through the membrane filter and 
produce colonies on the substrate below. If re
generated cellulose is used, these colonies ~p
pear particularly early and show a sharp margm. 
It may, however, still take from 1 to 3 w~eks 
before colonies develop. They are often bnght 
yellow and spread very slowly. With this tech
nique, the time of removal of the top membrane 
is crucial, because other bacteria may s_oon grow 
through the membrane and contammate the 
cellulose degraders again. Therefore, it is best 
to start several parallel cultures and to remove 
the top membrane at various different times, 
e.g., after incubation at 30°C overnight, for 1 
day, and for 2 days. 

With sporocytophagas, final purification is 
often possible by cautious heating of microcysts 
suspended in water. The heat resistance seems 
to vary substantially from strain to strain, and 
probably also depends on the maturation stage. 
For example, the thermal death point was 
reached after 10 min at 68°C with one strain of 
Sp. myxococcoides, while another strain sur
vived 10 min at 70°C; a strain of Sp. ellipso
spora was killed after 10 min at 58°C (Imshe
netsky and Solntseva, 1936; Sijpesteijn and 
Fahraeus, 1949). We found that occasionally a 
strain may even survive boiling for 10 min. Re
sults are usually satisfactory in our laboratory 
if we incubate microcysts at 58°C and take sam
ples after 10, 20, and 40 min. The heated sam
ples may be streaked on CELl agar, on filter 
paper on CY agar, or on CA2, CA 13, or HP 18 
agar. 

CA2 Agar (Mullings and Parish, 1984) 
Base agar: 
Agar 1.5% 

Stock solution A: 
KNO, 7.5 g 
K 2HP04 7.5 g 
Dissolved to give 100 ml. 

Stock solution B: 
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MgS0.-7H20 1.5 g 
Dissolved to give 100 ml. 

Stock solution C: 
CaCI2·2H20 0.27 g 
FeCI, 0.15 g 
Dissolved to give 100 mi. 
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After autoclaving, the base agar is supplemented with: 
(a) I% (v/v) of each of the three stock solutions: (b) 1% 
(w/v) of glucose (from an autoclaved 20% stock solu
tion); and (c) standard trace elements (see, e.g., Chapter 
188). 

CA13 Agar 

I As for CA2 agar, but the KNO, in stock solution A is 
replaced by 0.5 g of (NH4) 2SO •. 

HP18 Agar 
Na glutamate 0.1% 
MgS0.-7H20 0.1% 
Agar 1.5% 

The pH is adjusted to 7 .2. After autoclaving, 0.1% glu
cose (from an autoclaved stock solution) and standard 
trace elements are added. 

Of course, plating of diluted cell suspensions 
would seem to be the method of choice for the 
purification of cellulose-degrading cytophagas. 
However, this can only be done if the organisms 
are already enriched to near purity since colo
nies composed of single cells are apparently not 
produced by these organisms, not even on glu
cose-containing media, such as those just men
tioned, that allow massive growth of pure cul
tures. Whenever isolated colonies are obtained 
upon plating, these colonies probably always 
start from cell clusters, and these are normally 
contaminated when heavily contaminated cul
tures are used to prepare the suspension. Fur
ther, the cellulose degraders produce a lot of 
slime which makes it difficult to suspend the 
cells uniformly in a liquid. After plating on cel
lulose-overlay agar, colonies which are sur
rounded by a lysis zone appear only after weeks 
of incubation, and this gives contaminants am
ple time to develop and overgrow the cellulose 
degraders. Gliding and spreading bacteria be
come a particular nuisance under such condi
tions. It may be mentioned here that, when glu
cose is used in a medium, care has to be taken 
to sterilize the glucose separately, either by fil
tration or by autoclaving since cellulose-de
grading cytophagas are extremely sensitive to 
toxic products arising when glucose is auto
claved together with other medium compounds 
(Stanier, 1942). Cellulose-degrading sporocy
tophagas and cytophagas have been known for 
many years (Hutchinson and Clayton, 1919; 
Winogradsky, 1929), but relatively few pure 
strains are available. They are very common in 
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soil and decaying plant material (for their oc
currence, isolation, and cultivation, see Fah
raeus, 1947; Imschenezki, 1959; Imshenetski 
and Solntseva, 1936; Kadota, 1956; Krzemien
iewska, 1930, 1933; Stanier, 1942; Stapp and 
Bartels, 1934; Veldkamp, 1965). 

PECTIN DECOMPOSERS. Pectin-decomposing 
CLB can be obtained by plating samples, e.g., 
lake water, on pectin overlay agar like PEK1 
agar or on PEK 7 agar. Pectolytic organisms 
cause shallow depressions in the pectin gel or 
liquefaction; on PEK7 agar, the colonies are sur
rounded by clearing zones in a background of 
finely divided, dispersed pectin flakes or gran
ules, which may be clearly seen, however, only 
under a dissecting microscope. If such plates are 
flooded with iodine solution, colonies of pec
tolytic organisms are surrounded by light yellow 
halos in a brown plate. The preparation of pec
tin media is somewhat tricky, and the results 
depend decisively on the type of pectin used. 
We found pectin from apple, 38% esterified 
(from Roth, Karlsruhe, Germany), useful. 

PEK1 Agar (Giide, 1973) 
Base agar: 
Part A: 
NH4CI 
CaCI,·2H,O 
In I 00 ml water. 

Part B: 
K,HP04 

In 50 ml water. 

Part C: 
MgS0.-7H20 
Agar 
Tris HCI buffer, I M, pH 8.0 
In 750 ml of water. 

I g 
3 g 

0.5 g 

0.2 g 
15 g 

100 ml 

After autoclaving the solutions are combined, standard 
trace elements (see Chapter 188) are added, and plates 
are poured. 

Top layer: 
12 g pectin is slowly dissolved in 300 ml water of 70°C, 
the pH is adjusted to 7.2, and the medium is autoclaved 
for exactly I 0 min at II ooc. The solution is poured as 
a thin layer on base agar plates and will form a gel within 
5 h. During autoclaving, the medium may become dark, 
but this does not interfere with its usefulness. 

PEK7 Agar 
Top agar: 
Casitone (Difco) 0.2% 
Pectin 0.5% 
MgS0.-7H20 0.1% 
CaCI,·2H20 0.1% 
Agar 1.2% 

The pH is adjusted to 7.2. The medium is autoclaved 
and poured on CY agar plates. 
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Pectolytic CLB are very common in fresh
water (Giide, 1973). They have also been iso
lated from soil samples after enrichment by per
colation of a 1% pectin solution through the 
samples (Dorey, 1959; his Fv. pectinovorum is 
actually a CLB: Christensen, 1977b ). The pec
tolytic CLB do not depend on pectin but may 
be stimulated by the presence of a carbohydrate 
like glucose. They can easily be purified by plat
ing a diluted cell suspension on, e.g., CY agar 
+ 0.3% glucose ( = CYG2 agar) or on MYX 
agar. 

MYX Agar 
Na glutamate 0.5% 
Yeast extract (Difco) 0.1% 
MgS0.-7H,O 0.1% 
Glucose (autoclaved separately) 0.2% 
Agar 1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 

FISH PATHOGENS. CLB pathogenic for fish can 
usually be isolated and cultivated on relatively 
simple media. For freshwater strains, AO agar 
has been used with good results (e.g., Anacker 
and Ordal, 1955, 1959; Bullock, 1972; Pacha 
and Ordal, 1967; Snieszko and Bullock, 1976). 

AO Agar (Anacker and Orda1, 1955) 
Tryptone (Difco) 0.05% 
Yeast extract (Difco) 0.05% 
Beef extract 0.02% 
Na acetate 0.02% 
Agar 1.2% 

The pH is adjusted to 7.2. The medium is autoclaved. 
The agar concentration may be varied depending on the 
purpose for which the medium is used; a reduction to 
0.9% is recommended for the first isolation from fish 
(for AOW agar), and to 0.4% for stock cultures (for AOS 
agar). 

Infested material from gills, skin lesions, or 
from internal organs, such as kidney or spleen, 
is streaked on agar plates and incubated at 12 
to 18°C or at 30°C depending on the origin of 
the fish. Initially, media containing diluted fish 
infusion were used for isolation (Ordal and 
Rucker, 1944 ), but this seems not to be re
quired, at least not in all cases, because similar 
results have been obtained with beef extract 
(Bernardet, 1989). However, sometimes, the 
fish pathogens grow very slowly at first, and 
need an adaptation period before they can con
veniently be handled (Ordal and Rucker, 194). 
This is not totally unusual, for it has been ob
served that a CLB that had been growing for a 
long time in a chemostat lost its ability to grow 
on plates, so that the plate count dropped to 
20% of the viable cell count (Hofle, 1983). The 
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medium used for isolation is, of course, not ex
clusive for pathogenic CLB, or CLB at all, and 
many kinds of saprophytic bacteria will grow on 
it as well. This may become a problem espe- · 
cially if the fish has already been dead for some 
time, because it is quickly colonized by putre
fying organisms. A study of the drug resistance 
of a collection of Cy. columnaris strains re
vealed that the organism is resistant to a num
ber of antibiotics (Fijan and Voorhees, 1969), 
and by the addition of neomycin (5 1-Lg/ml) + 
polymyxin B (10 units/ml) to AO agar, the iso
lation yields could be improved (Fijan, 1969). 
The pathogenic CLB can be recognized on the 
plate by their yellow to orange colonies, which 
give a positive flexirubin reaction, and, in the 
case of Cy. columnaris, by a very typical, rhi
zoid-colony morphology. Spreading of the col
onies is not always well pronounced, especially 
with Cy. psychrophila; but this organism can 
easily be recognized, because it does not grow 
at 30°C and, in contrast to environmental CLB, 
does not utilize sugars. 

For isolating CLB pathogenic for marine fish 
AOW agar prepared with artificial seawater ( = 
MAOW agar) or, for estuarine sources, with 
one-third-strength artificial seawater ( = BAOW 
agar) are useful. Also, a richer medium, Marine 
Agar (Difco), which is a peptone (0.5%)-yeast 
extract (0.1%) agar (1.5%) in artificial seawater, 
has been used with good results (Hikida et al., 
1979; Campbell and Buswell, 1982). In another 
case, the pathogen proved more fastidious and 
could only be isolated and cultivated on an agar 
medium containing 5% of an enzymatic digest 
of fish muscle in addition to peptone (0.1%) and 
yeast extract (0.1%) in seawater (Anderson and 
Conroy, 1969). In this case it was also shown 
that the organism depended on a high salt con
centration, and that a NaCl solution could not 
replace seawater. In fact, the fish-rainbow trout 
with severe lesions on the jaws and snout ("er
roded mouth disease")-could be healed simply 
by transfer to fresh water. Cy. columnaris, on 
the other hand, is completely inhibited by 1% 
NaCl (Fijan and Voorhees, 1969; Pacha and Or
dal, 1970). 

THE GENus CAPNOCYTOPHAGA. The capnocy
tophagas are normal inhabitants of the human 
oral cavity where they can be found in tooth 
pockets and in the dental plaque. They may also 
occur in large numbers in periodontal disorders 
and infected lesions in the mouth. The genus 
was established by Leadbetter et al. (1979), but 
the organisms are very probably identical with 
the fast-gliding, anaerobic, slender rods discov
ered 20 years earlier during a study of fusos
pirilloses of the human oral cavity, which were 
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described under the name Sphaerocytophaga 
(Graf, 1961). In fact, they were known even be
fore that time, but as Bacteroides species. Al
though the capnocytophagas have a strictly fer
mentative metabolism, they are not particularly 
sensitive to oxygen and grow both in the pres
ence and the absence of oxygen, provided an 
elevated level of C02 is supplied. The capno
cytophagas are not fastidious at all and can eas
ily be isolated and cultivated (Forlenza and 
Newman, 1983; Graf, 1961; Leadbetter et al., 
1979). Originally they were isolated on 10% 
sheep's blood agar. The samples were streaked 
onto the agar surface, and the cultures were in
cubated for 7 to 8 days at 37°C in Fortner plates, 
i.e., a co-culture with a facultative anaerobe. 
Spreading colonies were obtained, which 
showed a reddish hue and consisted of cells that 
were more or less yellow when scraped together 
(Graf, 1961 ). 

Leadbetter et al. ( 1979) recommended the fol
lowing procedure: The sample material is 
quickly transferred to a screw-cap tube contain
ing a modified Ringer's solution (NaCl, 0.9%; 
KCl, 0.042%; CaC12·2H2, 0.025%). Plaque ma
terial may be homogenized by a short burst of 
ultrasound (5 to 10 sec). Within 30 min after 
sampling, streaks are made on trypticase soy 
broth agar (TSB agar), which may be supple
mented with 5% sheep's blood; the blood is, 
however, not essential. The cultures are incu
bated at 37°C in an atmosphere of H2 + C02 

+ N2 (GasPak, Baltimore Biological Labora
tories = BBL). After 2 to 3 days, spreading col
onies may be observed, but higher yields are 
obtained after 5 days (1 00% rather than 45%: 
Forlenza and Newman, 1983). There are three 
types of colonies-grey, pink, and yellow-but 
the cell masses of all three are yellow when 
scraped together. The shapes of the colonies de
pend critically on the ingredients used for pre
paring the medium: With stocks from other 
suppliers than BBL, nonspreading, small, com
pact colonies were obtained on the same type 
of medium (variations of this kind could, how
ever, also be a result of using different batches 
of a medium component from the same sup
plier). The strains are purified by repeatedly 
streaking out material from swarm edges. 

TSB Agar (Leadbetter et al., 1979) 
Trypticase soy broth (BBL) 3% 
Agar 3% 
The pH is 7.3 (unadjusted). The medium is autoclaved. 

Trypticase soy broth consists of: 
Trypticase peptone I. 7% 
Phytone peptone 0.3% 
NaCI 0.5% 
K2HP04 0.25% 
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Glucose 0.25% 

TSB agar may be supplemented with 5% sheep's blood 
(for TS-blood agar). 

The capnocytophagas may also be first en
riched by suspending sample material in tryp
ticase soy broth without glucose in screw-cap 
tubes. After tightening the lids, the tubes are 
incubated at 37°C for 3 days. After that, large 
numbers of slender fusiform rods may be found 
in the liquid. Isolates are obtained by streaking 
the cell suspension on the media mentioned 
above. 

It may be mentioned here that free-living 
CLB are also known that require C02 for fer
mentative growth on glucose-for example, the 
facultative anaerobe Cy. succinicans (Anderson 
and Ordal, 196la, 196lb). 

In addition to capnocytophagas, CLB that are 
not obligatory fermentative and that do not re
quire C02 have also been found in dental plaque 
(London et al., 1982). The organisms could be 
isolated on blood agar media similar to those 
mentioned above, e.g., Columbia blood agar 
(BBL) or modified Schaedler agar with 5% de
fibrinated horse blood. The plates were incu
bated at 37°C in a GasPak atmosphere, but the 
bacteria can grow equally well in a normal at
mosphere. The organisms were recognized by 
their spreading swarm colonies. 

Purification 

Purification of most members of the Cytopha
gales is relatively uncomplicated. It is usually 
sufficient to suspend, dilute, and plate samples 
from enrichment cultures by conventional 
methods. In some instances, e.g., with Cy. col
umnaris, the preparation of homogeneous sus
pensions may be difficult because the cells are 
embedded in a tenacious, sticky slime, but use 
of a small tissue homogenizer normally solves 
this problem. The plating medium should con
tain somewhat higher nutrient concentrations 
than the enrichment medium because high plat
ing efficiency is desirable, and spreading growth 
is not required and should in fact be repressed. 
Some suitable media are CY agar, sometimes 
better with glucose (e.g., CYG2 agar); MYX 
agar; and, for marine strains, SAP2 agar. Often, 
pure strains are quickly obtained by repeatedly 
transferring material from the edges of spread
ing swarm colonies. These transfers should be 
made carefully, preferably by cutting out a little 
block of agar with the swarm edge using the 
sharp needle of a 1-ml disposable syringe. For 
this technique, media that favor gliding motility 
are, of course, preferable. The specific problems 
encountered with certain groups of the Cyto
phagales have already been discussed. 
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Cultivation 

Most bacteria of the order Cytophagales can be 
cultivated on relatively simple media. VY/2 
agar and CY agar have proved useful for all ter
restrial and freshwater organisms except the cel
lulose decomposers. Cultures usually remain 
viable longer on VY/2 agar because growth is 
lighter and the pH is not changed as much as 
on CY agar. VY/2 agar is also useful for deciding 
whether an organism is a glider because it stim
ulates spreading growth. If heavier growth is de
sirable, CY agar may be enriched with glucose 
as, e.g., in CYG2 agar. Growth of some CLB is 
much stimulated by the presence of a carbo
hydrate. The cellulose decomposers grow very 
well on filter paper placed on CY agar. Other 
media suitable for their cultivation are listed 
above. If these gliding bacteria are cultivated on 
mineral salts-glucose media (CA2 and CA13 
agar) they often grow only if a heavy inoculum 
is applied. 

VY/2 Agar 
Bakers' yeast (by fresh weight of 

commercial yeast cake) 
CaC12·2HzO 
Cyanocobalamin 
Agar 
The cyanocobalamin is usually not required. 

0.1% 
0.5 ~<g/ml 
1.5% 

The pH is adjusted to 7.2. The medium is autoclaved. 
The yeast may be stored as an autoclaved stock sus
pension for several weeks. A uniform distribution of the 
yeast is obtained if the medium is melted before the 
yeast is added. 

Many bacteria of the Cytophaga group pro
duce heavy growth on HP6 agar, MYX agar, and 
similar media. Many will also grow well on min
eral salts-glucose media like CA2 and CA13 
agar. Special media that allow the detection of 
the ability of a strain to decompose certain ma
cromolecules have already been mentioned. A 
medium useful for the demonstration of starch 
decomposition is STK2 agar. 

HP6 Agar 
Na glutamate 1% 
Yeast extract (Difco) 0.1% 
MgS0.-7H20 0.1% 
Cyanocobalamin 0.5 !Lg/ml 
Glucose (autoclaved separately) 0.5% 
Agar 1.5% 
The cyanocobalamin is usually not required. 

The pH is adjusted to 7.2. The medium is autoclaved. 

STK2 Agar 

I Base agar: 
Casitone (Difco) 0.1% 
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Yeast extract (Difco) 0.05% 
MgS041H,O 0.1% 
Agar 1.2% 
The pH is adjusted to 7.2 The medium is autoclaved. 

Top agar: 
As base agar, but agar concentration increased to 1.5%. 
The medium is prepared with only about 85% of the 
total water volume. In the remaining water are dis
solved, referring to the total volume of the top agar, the 
following: 

Soluble starch 0.2% 
K,HP04 0.02% 

The starch solution should be heated on a water bath 
before autoclaving in order to prevent clumping of the 
starch. The two solutions are combined after autoclav
ing, and the mixture is poured as a thin layer on plates 
of the base agar. Starch degradation can be discovered 
if, after a suitable incubation time, the culture plates are 
flooded with an iodine solution, e.g., Lugol's solution 
diluted 1:5. 

The fish pathogens can be cultivated on AO 
agar but usually also grow well on CY, MYX, 
and HP6 agar. Most strains do not utilize car
bohydrates at all. The capnocytophagas grow on 
TSB agar with or without sheep's blood. 

The same types of media can be used for the 
marine Cytophagales, only prepared with nat
ural or artificial seawater instead of distilled 
water. No case is known in which the latter 
would not do, but a simple NaCl solution is 
often not suitable (e.g., Anderson and Conroy, 
1969). The tolerated salinity range differs de
pending on the organism and often depends on 
the origin of the strain (e.g., Lewin and Louns
bery, 1969; Reichardt et al., 1983). Marine cel
lulose decomposers may be cultivated on filter 
paper placed, e.g., on SW5 agar. Alternatively, 
the mineral salts-glucose media as described for 
the terrestrial organisms may be used, when 
prepared with seawater. 

The type of peptone added to a medium is 
not as crucial in the case of the Cytophagales 
as it is for myxobacteria; nevertheless, very dif
ferent results may be obtained with different 
preparations and even with different batches. 
An example has already been given for the cap
nocytophagas. In our experience, enzymatic di
gests of casein, e.g., casitone (Difco) or peptone 
from casein (Marcor, Merck, and Oxoid) are the 
most universally useful peptones. Soy peptones 
also often give excellent results. Addition of 
yeast extract may stimulate growth appreciably. 
Again, not all preparations are equally satisfac
tory; good results are obtained, e.g., with Difco 
yeast extract. Further, it should be kept in mind 
that quite a few bacteria of this group grow on 
inorganic nitrogen sources, and it is always 
worthwhile to test an isolate for that possibility 
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As a rule, members of the Cytophagales im
mediately produce homogeneous cell suspen
sions when inoculated into liquid media and 
shaken. Typically, the liquid shows a silky shim
mer when rotated. Rarely, the bacteria grow in 
tiny granules or flakes, and then probably al
ways are surrounded by thick capsules or slime 
layers. The medium sometimes becomes more 
or less viscous, especially when sugars are in
cluded, and harvesting the cells by centrifuga
tion may then make difficulties. In one such 
case, the addition of 10% (NH4) 2S04 (w/v) re
sulted in satisfactory separation (Verma and 
Martin, 1967). 

Most Cytophagales grow well in liquid media 
that contain peptone, e.g., CAS liquid medium 
or FXA liquid medium, and for marine organ
isms, SP5 liquid medium. Addition of a sugar, 
such as in FXAG liquid medium, may stimulate 
growth considerably and may even be a prereq
uisite for cultivation. Glucose, galactose, man
nose, saccharose, and maltose are often readily 
utilized. The sugar has two effects: it is a con
venient carbon and energy source, and it is 
partly transformed into acids that delay the rise 
of pH of the medium that results from ammonia 
production. Shifts of pH may cause problems 
in shake cultures. Concentrations ofbuffers high 
enough to stabilize the pH reliably are often 
inhibitory to growth. With Fx. filiformis 
(former Fx. elegans Fx el), appreciable inhibi
tion was observed at the following buffer con
centrations (at a pH of about 7.0): citrate above 
15 mM; phosphate, Tris HCl, and Tris-maleic 
acid-KOH above 20 mM; 3-morpholino-pro
pane sulfonic acid ( = MOPS) above 50 mM (E. 
Fautz, personal communication). 

CAS Liquid Medium 
Casitone (Difco) 1 o/o 
MgS041H,O 0.1% 

The pH is 6.8 and needs no adjustment ifDifco casitone 
is used. The medium is autoclaved. 

FXA Liquid Medium 
Casitone (Difco) 1 o/o 
Yeast extract (Difco) 0.2% 
MgS0,-7H,O 0.1% 

Other similar, enzymatically digested, casein peptones 
may also be used, e.g., Peptone from casein, tryptically 
digested (Merck, Darmstadt, Germany). 
The pH is adjusted to 7.0. After autoclaving, 0.2% of 
separately autoclaved glucose may be added, for FXAG 
liquid medium. 

SP5 Liquid Medium 

I Casitone (Difco) 0.9% 
Yeast extract (Difco) 0.1 o/o 
In artificial seawater. 



3648 H. Reichenbach 

The pH is adjusted to 7.2. The medium is autoclaved. 

The fish pathogens can be cultivated in the 
same media mentioned for their isolation, e.g., 
AO broth (AO agar without agar) (e.g., Bernar
det and Kerouault, 1989; Bullock, 1972; Pacha, 
1968). A supplement to AO broth of 5% fish 
peptone, prepared from brook trout, has been 
recommended and gave superior results with 
some isolates, although it was not strictly re
quired; it may sometimes be useful with fresh 
isolates (Kincheloe, 1962). For marine fish 
pathogens, AO broth in seawater or TCY liquid 
medium may be used (e.g., Hikida et al., 1979). 

TCY Liquid Medium (Hikida et al., 1979) 
Tryptone (Difco) 0.1% 
Casamino acids, technical (Difco) 0.1% 
Yeast extract (Difco) 0.02% 
NaCl 3.13% 
KCl 0.07% 
MgCl,-2H20 1.08% 
CaC12·2H20 0.1% 
In distilled water. 

The pH is adjusted to 7.0 to 7.2. The medium is au
toclaved. 

One study showed that growth of Cy. col
umnaris can be substantially improved by a 
fine-tuning of the medium formulation (Song et 
al., 1988). The optimal medium was SO broth, 
which was a modification of a medium used by 
Shieh (1980), from which glucose, pyruvate, 
and citrate have been omitted, because these 
compounds had no effect on growth. The me
dium was much superior to tryptone-yeast ex
tract and tryptone-yeast infusion broth. The 
generation time was reduced to 150 min com
pared to 210 min in the next-best medium. 

SO Liquid Medium (Song et al., 1988) 
Peptone 0.5% 
Yeast extract 0.05% 
Na acetate 0.001% 
BaC12·H20 0.001% 
K 2HP04 0.01% 
KH2P04 0.005% 
MgS0.-7H20 0.03% 
NaHC03 0.005% 
CaC12·2H20 6.7 mgjliter 
FeS0.-7H20 1.0 mgjliter 

The capnocytophagas are obligatory fermen
ters and grow luxuriantly in trypticase soy broth 
(TSB agar without agar) supplemented with 1 °/o 
glucose; the cultures are incubated under the 
exclusion of oxygen (Forlenza et al., 1981 ). 

Many Cytophagales can also be cultivated in 
simple synthetic media, e.g., SY liquid medium. 
Stabilization of the pH is especially difficult in 
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this case and is effectively achieved only in bio
reactors. 

SY Liquid Medium 
KH 2P04 0.07% 
Na2HP0.-2H20 0.14% 
(NH.)2SO. 0.2% 
MgS0.-7H,O 0.02% 
FeS04 5 mg/1 
MnS04 5 mg/1 

After autoclaving, I% glucose is added from a separately 
autoclaved stock solution. 

Cellulose decomposers grow well in liquid 
media with powdered cellulose, e.g., in CELl 
liquid medium or in Dubas liquid medium with 
0.5% cellulose. We use, with good success, a 
peptone-mineral salts medium with cellulose 
powder ( = M9 liquid medium). Also, CAS liq
uid medium with cellulose powder (0.5%) often 
allows good growth. Further, many strains of 
cellulose degraders may be cultivated in glu
cose-containing liquid media such as GLU liq
uid medium (Kath, 1990; Verma and Martin, 
1967). 

CELl Liquid Medium I ST5 liquid medium is supplemented with 0.1 o/o pow
dered cellulose (e.g., MN300 for chromatographic pur
poses from Macherey and Nagel, DUren, Germany), au
toclaved separately as a stock suspension. 

M9 Liquid Medium 
Base medium: 
NH4Cl 
K 2HP04 

Casitone (Difco) 
Yeast extract (Difco) 

Supplement A: 
MgS0.-7H20 

Supplement B: 
CaC12·2H,O 
FeCl,-6H20 
MnSO.-H,O 

Supplement C: 
Cellulose powder 

0.1 o/o 
0.075% 
0.3% 
0.09% 

4.5% 

0.2% 
0.15% 
0.15% 

10% 

After autoclaving all solutions, I% (v jv) of supplements 
A and B, 5% (vjv) of supplement C, and filter-sterilized 
standard trace elements (see, e.g., Chapter 188) are 
added to the base medium. 

GLU Liquid Medium (Kath, 1990) 
The percentages indicated for each ingredient are with 
respect to the final volume of the medium. 

Solution A: 
NH4Cl 
K 2HP04 

Casamino acids (Difco) 
Na-Fem-EDTA 

0.1 o/o 
0.075% 
0.3% 
0.002% 
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HE PES 1.19% 
In 90% of the total volume. 
The pH is adjusted to 7.2. 

Solution B: 
MgS041H,O 0.045% 
CaCl,-2H,O 0.01% 
Glucose 0.5% 
In 10% of the total volume. 

After autoclaving, solutions A and B are combined, and 
standard trace elements are added from a filter-sterilized 
stock solution (see, e.g., Chapter 188). 

Most members of the Cytophagales can be 
grown without difficulties on a large scale in 
bioreactors. In ordinary batch cultures, typical 
yields obtained are between 10 and 15 g wet 
weight, or 2 to 4 g dry weight per liter on pep
tone media with sugar; the ratio of dry to wet 
weight is 0.20 to 0.25. Generation times are in 
the range of one to several hours. Thus, e.g., Fx. 
filiformis Fx el grows in peptone media at 30°C 
with a doubling time of 2 h and 15 min; in 
mineral salts-glucose medium (SY liquid me
dium) it grows with a doubling time of 6 h and 
20 min (H. Fink, personal communication). Tx. 
ocel!atus grows at 30°C with generation times 
of 1 h and 50 min in peptone liquid medium, 
2 h in dilute peptone medium, and 3 h and 30 
min in casamino acids-glucose medium. 

Little is known about specific mineral and 
vitamin requirements by members of the Cy
tophagales. At least, they appear not to be par
ticularly fastidious in that respect. In a study 
on trace element effects on cellulose-degrading 
Sporocytophaga growing in a mineral salts-cel
lulose medium, a stimulation of cellulose de
composition by Ca2+, Fe2+, Mn2+, and some
times Cu2+ was demonstrated (Bartels, 1956). 
Certain Zn salts (ZnO, ZnS, 0.1%) were found 
to encourage growth of a series of cytophagas 
and CLB; ZnS04 (0.1%) suppressed swarming 
and slime production on plates, and its use in 
isolation media was suggested (Mehra et al, 
1967). In a comparative study of a large number 
of different marine Cytophagales, a dependence 
on thiamine and cyanocobalamin was found in 
a few instances (Lewin and Lounsbery, 1969). 

Except for the capnocytophagas, the Cytoph
agales are strict aerobes. Those that are known 
to grow anaerobically are usually facultative an
aerobes. Some are able to respire on nitrate. Not 
one of the tested strains could use fumarate as 
an electron acceptor (Callies and Mannheim, 
1978). Several Cytophagales require carbon 
dioxide for fermentative metabolism, so that 
care should be taken that enough C02 is present 
in the atmosphere when strains are being tested 
for anaerobic growth (GasPak, candle jar, Fort
ner plates, carbonate in the medium). The only 
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strictly fermentative Cytophagales known so far 
are the capnocytophagas, which are, however, 
not oxygen sensitive but do require an increased 
level of C02 ; if that is provided, they can grow 
even under aerobic conditions (Leadbetter et al., 
1979). They need C02 because they depend on 
the activity of phosphoenolpyruvate carboxy
kinase for growth (Kapke et al., 1980). There 
seem also to be Capnocytophaga strains that 
grow at C02 levels found in air. The existence 
of strictly anaerobic Cytophagales is not yet ex
cluded. 

All known Cytophagales are restricted to pH 
values between 6 and 8. Their temperature 
range is wide, from about ooc to more than 
40°C. On plates, most strains will grow more 
or less at 30°C. In contrast, liquid cultures of 
many strains, particularly those isolated from 
aquatic environments, grow only, or grow much 
better, at lower temperatures (usually between 
18 and 26°C). 

Preservation 

Agar cultures of many Cytophagales stay viable 
for months when stored at low temperatures (2 
to 8°C). At room temperature or higher, plate 
cultures can usually be kept for 2 to 6 weeks. 
In general, organisms from aquatic environ
ments are more sensitive than those from soil. 
Media that are rich in peptone or contain higher 
concentrations of a sugar are always less suitable 
for stock cultures, because they produce heavier 
growth and lead to unfavorable pH shifts. Good 
media for stock cultures are often VY/2, CYT, 
and SAP2 agar. For the fish pathogens, a re
duction of the agar concentration in AO me
dium to 0.4% is advantageous. Cellulose de
composers are kept best on filter paper on top 
of CY or ST6 agar. 

For long-term storage, essentially all standard 
methods for the preservation ofbacteria can be 
applied to the Cytophagales. In our experience, 
the following methods give excellent results. 

Drying in Skim Milk 

From a young plate culture, a heavy cell sus
pension is prepared in about 0. 7 ml of sterile 
skim milk. Three to five drops of this suspen
sion are placed on a plug of skim milk predried 
by lyophilization in an ampule. The plug must 
not become solubilized but only wetted by the 
amount of added cell suspension. The loaded 
ampules are stored at 4 to 6°C until the whole 
set has been finished (not longer than one h), 
and are then dried in a desiccator over silica gel 
at a good vacuum for about 4 h at room tern-
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perature. The desiccator is kept overnight under 
vacuum, then pumped again for 15 min, and 
filled with nitrogen gas (preferably by attaching 
it to a nitrogen-filled balloon). Then the am
pules are sealed and stored at room temperature 
or at 4 to 6°C (we do not yet know whether 
there is a difference in survival times). So far, 
organisms have been revived by us after up to 
10 years of storage at room temperature. Suc
cessful lyophilization is also reported for Cy. 
columnaris (Anacker and Ordal, 1959). Lyoph
ilized cultures of Cy. columnaris and Cy. psy
chrophila which had been kindly supplied to us 
by Dr. R.E. Pacha (Ellensburg, Washington) 
could be reactivated without problems after 26 
and 20 years, respectively. 

Skim Milk Preparation (for Preservation) 
40 g of powdered skim milk (e.g., Oxoid L31; must be 
free of antibiotics) are dissolved in 200 ml water and 
filtered through gauze. The solution is distributed into 
tubes (5 ml per tube) or ampules (I ml per 5-ml ampule), 
and autoclaved at exactly II5°C for 15 min. May be 
stored in the cold for several weeks. 

Storage at Ultra-Low Temperatures 

From a dense liquid culture, e.g., in FXA or 
CAS liquid medium, 2-ml amounts are pi petted 
into screw-cap tubes and placed directly into a 
deep freeze at -70 to - 80°C. Samples of ma
rine organisms, e.g., in SP5 liquid medium, 
should be kept in an inclined position during 
freezing to prevent cracking of the tubes. Cel
lulose decomposers have been successfully fro
zen in CELl liquid medium. 

Alternatively, a heavy loopful of cells from a 
plate culture is deposited in 1 ml of a peptone
containing liquid medium, like the ones men
tioned above, and frozen in the same way. The 
peptone medium can also be used for cellulose 
decomposers. Fish pathogens can be frozen at 
-70°C as agar cultures in AO agar with 0.9% 
agar; they were found to remain viable for at 
least one year (Fijan and Voorhees, 1969). Of 
course, all cultures for preservation should be 
young, well-growing cultures in an optimal 
state. 

Alternatively, cell suspensions in peptone liq
uid media may be stored frozen in liquid nitro
gen. A special freezing program is not required. 
We routinely add 5% dimethyl sulfoxide 
(DMSO) to the suspension medium, although 
our experience suggests that this is not neces
sary. In a systematic study on cryopreservation 
ofCytophagales, mainly marine ones, good sur
vival in liquid nitrogen was demonstrated when 
the cells were suspended in a medium contain
ing 10% glycerol, while 10% DMSO proved less 
suitable. Also without additives, at least one cy-
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cle offreezing and thawing was usually well tol
erated. Many strains remained viable even for 
some weeks at - 22°C without additives, but 
eventually, after varying storage times, most 
strains died (Sanfilippo and Lewin, 1970). 

For revival, the frozen tube or ampule is 
quickly thawed, best by placing it into cold 
water. Immediately after the medium has be
come liquid, the bacteria are transferred to a 
suitable growth medium. For reviving a culture, 
it is advisable to use several different agar and 
liquid media in parallel, because one or the 
other may be more appropriate depending on 
the organism. Also, we found that facultative 
anaerobes are occasionally better reactivated 
under anaerobic conditions; they sometimes re
fuse to start to grow in an aerobic atmosphere, 
even when they thrive ordinarily very well un
der such conditions. Thus far we have tested 
survival at - 80°C for up to 15 years, and in 
liquid nitrogen for up to 10 years and have not 
yet observed any losses. 

Storage in 50% Glycerol at -25 oc 
Using a young plate culture, a heavy cell sus
pension is prepared in 50 mM phosphate buffer, 
pH 7.2. Of this suspension, 1 ml is transferred 
to a screw-cap tube that contains 2 ml of 87% 
glycerol precooled to -25°C. The suspension 
is thoroughly mixed and stored at -25°C in an 
ordinary household deep freeze. Marine organ
isms may be suspended in SP5 liquid medium; 
1 ml of the suspension is then transferred to 2 
ml of precooled 87% glycerol. Alternatively, a 
heavy loopful of cells is suspended directly in 
precooled SP5 liquid medium + 87% glycerol 
( 1 :2, voljvol). 

To start an active culture, a loopful of the 
suspension is streaked on a suitable agar me
dium. The remaining suspension may be re
turned to the deep freeze, provided the tem
perature was kept low during handling. CLB 
preserved by this method may survive for at 
least several years (1. Hirsch, personal com
munication), but we have in some cases ob
served losses, particularly with marine strains, 
so this technique is advisable for long-term stor
age, especially when better alternatives are 
available. 

Storage in 0. 9% Saline or in Distilled Water 

Starting from young plate cultures, cell suspen
sions are prepared in 0. 9% saline or in distilled 
water. The cell density should not be very high; 
we usually prepare a suspension of about 107 to 
108 cellsjml (a suspension just faintly turbid), 
and this stock suspension is then diluted five
fold. Then, 0.5-ml amounts ofboth suspensions 
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are transferred in parallel to 1-ml ampules, 
which are sealed under air and stored at room 
temperature (18 to 22°C) in the dark. Marine 
organisms may be suspended in artificial sea
water. In our laboratory, a number of Flexi
bacter and CLB strains stored in saline for 7 
years could be reactivated with ease and pro
duced heavy growth within 2 days; it is likely 
that they would have survived for even longer 
periods. However, the organisms probably are 
not completely at rest in such suspensions and 
continue to grow, even if extremely slowly, so 
that over a long period variant strains may arise. 

Characterization 

Cell Morphology and Cytology 

The cells of all Cytophagales without exception 
are rod-shaped (Fig. 1 and 2). The proportions 
and dimensions of the rods vary, however, over 
a wide range. The CLB have very short to mod
erately long rod cells; the short ones are often 
relatively fat, and the longer ones may be rather 
slender; they typically measure 0.5 to 1.0 X 2 
to 8 ,urn; the cell ends are usually slightly ta
pered. The cells of Capnocytophaga resemble 
those of CLB with moderately long rods. Tax
eobacter has relatively plump cylindrical rods 
with rounded ends. The rod cells of the cellulose 
decomposers (Sporocytophaga, Cytophaga) 
tend to be moderately long and very delicate, 
measuring 0.3 to 0.7 X 3 to 8 ,urn; Cytophaga 
cells are often spindle-shaped. Flexibacter and 
(Microscilla) have long thread cells which con
tain either very few or no cross-walls, and typ
ically measure 0.4 to 0.8 X 10 to 50 ,urn. Many 
species readily form spheroplasts. Especially in 
cultures of cellulose-decomposing true cytopha
gas, large numbers of lemon-shaped interme
diary forms can often be seen (Fig. 1 f). This 
was a source of much confusion for the early 
investigators (who had no phase contrast mi
croscopes), and fancy developmental cycles 
have been constructed on such observations (for 
a review, see Imschenezki, 1959). Inflated, spin
dle-shaped rods may still be motile and viable 
and may recover, but it is doubtful whether such 
stages are of any advantage for the organism, 
e.g., for a rearrangement of the genetic appa
ratus, as has been suggested. Lemon-shaped de
generation forms are also typical for Taxeobac
ter. Under starvation, a Cy. johnsonae strain 
was observed to produce coccoid cells which 
looked like spheroplasts, did not show a pep
tidoglycan layer, often had lost most of their 
cytoplasm, and were osmotically stable (Rei
chardt and Morita 1982). Nevertheless, they 
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were found to be viable, and at least some of 
them could grow out again into rods. It was 
suggested that they represent survival forms. 
Spheroplastlike cells have also been interpreted 
as resting stages in several other Cytophagales 
(e.g., Graf, 1961, 1962; Bauer, 1962), and ge
neric names have even been proposed based 
on such observations ("Sphaerocytophaga," 
"Sphaeromyxa"). But the evidence for a func
tion as resting forms is not convincing in any 
of those cases. 

Several Cytophagales change their cell mor
phology in response to environmental condi
tions. Marine Flexithrix dorotheae is described 
to grow quasi-mycelially with long, sheathed fil
aments that release short, gliding fragments, 
which may again grow into filaments (Lewin, 
1970). Unfortunately, the type strain, which is 
the only known strain of that organism, does 
not show this behavior any more; at least I have 
not been able to verify it in spite of many efforts. 

The vegetative cells of Sporocytophaga may 
convert by shortening and fattening into small 
(diameter 1.2 to 1.4 ,urn), spherical, optically 
refractile microcysts. The microcysts are desic
cation resistant; we have isolated strains from 
dry soil samples that had been stored for up to 
9 years at room temperature. Their high heat 
tolerance, which allows them to survive at 
60°C, in some cases even at 1 oooc for a short 
time, has already been mentioned. 

Fx. filiformis (Fx el) and related species go 
through a spectacular shape change in the 
course of culture development (Fig. 2c to 2e). 
When inoculated into a liquid medium, e.g., 
CAS or MDI liquid medium, the organism 
grows into long ( 15 to 50 ,urn and more), slender, 
flexible cells. These cells are not the usual fil
aments or trichomes, for they contain no cross
walls or septa, or only very few widely separated 
ones (10 to 30 ,urn); I therefore call them thread 
cells. The thread cells are extremely agile and 
can glide, bend, twist, and wriggle like little 
worms. When the culture ages, the cells become 
shorter and shorter and may finally end up a 
very short coccobacilli (this stage is not always 
reached). The shorter rods also become slightly 
fatter and darker, which clearly indicates that 
the shortening is not simply a fragmentation of 
the thread cells. Under certain conditions the 
organism may grow exclusively in the long or 
in the short form. One factor that determines 
the length of the cells is obviously population
density connected. The same cycle can also be 
observed in plate cultures, e.g., on VY/2 agar, 
on which fast-spreading swarms are produced. 
Here, agile thread cells are found at the edge, 
while shorter and shorter rods are found moving 
towards the center of the colony. Below a certain 
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length, the rods become nonmotile. The same 
developmental cycle has been described for Chi
tinophaga, only there the coccobacilli were in
terpreted as microcysts (Sangkhobol and Sker
man, 1981); this appears, however, not to be 
correct. A study on the length control of Flex
ibacter strain FS-1 revealed that the long thread 
cells grew exponentially with a generation time 
of90 min at 30°C. When the culture was shifted 
to 35°C they divided into three or four cells 
within the following 120 min. The culture con
tinued to grow exponentially with about the 
same growth rate, but with shorter cells. When 
the culture was shifted back to 30°C, the shorter 
cells stopped dividing immediately but contin
ued to grow, and the thread cells reappeared. 
When the thread cells divided, the constriction 
always occurred in the middle of the cell. The 
biochemical and genetic mechanisms that con
trol all these fascinating morphogenetic pro
cesses are not at all understood and have not 
been thoroughly studied. In particular, Fx. fil
iformis should provide a beautiful model system 
for such investigations (Humphrey and Mar
shall, 1980; Poos et al., 1972; Reichenbach et 
al., 1974; Simon and White, 1971). 

The fine structure of the cells of the Cyto
phagales is essentially that oftypical Gram-neg
ative bacteria, with a few remarkable peculiar
ities. The outer surface of the cells is usually 
corrugated or undulated and densely covered 
with cushionlike knobs and folds (e.g., Boval
lius, 1979; Follett and Webley, 1965; Humphrey 
et al., 1979; Oyaizu et al., 1982; Strohl, 1979; 
van der Meulen et al., 1974). Often, vesicular 
and long, uneven, tubular extensions of the 
outer membrane and LPS can be seen (e.g., Fol
lett and Webley, 1965; Holt et al., 1979a; Kuhrt 
and Pate, 1973; London et al., 1982; Martin et 
al., 1968; Pate and Ordal, 1967a; Pate et al., 
1967; Simon and White, 1971). These strands 
may become as long as 0.5 ~m and have been 
shown to contain LPS components, like 2-keto-
3-deoxyoctonate (Humphrey et al., 1979). All 
Cytophagales excrete slime, sometimes in sub
stantial quantities, and this slime can usually 
be distinguished as a dense network of fine fibril 
surrounding the cells (e.g., Bovallius, 1979; 
Humphrey et al., 1969; Martinet al., 1969; Pate 
and Ordal, 1967b; Ridgway and Lewin, 1973; 
Ridgway et al, 1975; Strohl and Tait, 1978; 
Verma and Martin, 1967). The microcysts of 
Sp. myxococcoides are encased in a massive, 
fibrillar capsule, about 180 nm thick (Holt and 
Leadbetter, 1967; the diameter of the micro
cysts as determined in this study was an aston
ishing 2 to 2.5 ~m, which is much greater than 
is usually measured in the light microscope [ 1.2 
to 1.4 ~m]). 
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The cell envelope of the Cytophagales con
sists of a thin peptidoglycan layer and the usual 
outer membrane. In marine, filamentous Fx. 
polymorphus (clearly different from Flexibacter 
as defined here, and of uncertain taxonomic po
sition), an unusual S-layer was discovered on 
top of the outer membrane (Ridgway, 1977; 
Ridgway and Lewin, 1973, 1983; Ridgway et al., 
197 5) The layer consists of densely packed, gob
let-shaped subunits, which have a complicated 
structure and are perhaps rooted in the cyto
plasmic membrane. Another very interesting 
structural detail has been detected in the cell 
envelope of certain CLB (Pate and Chang, 
1979). Here, tiny rings were seen and could be 
isolated from celllysates. The rings were about 
20 nm wide and 10 nm thick, and were arranged 
in long chains that seem to form a large, regular, 
netlike superstructure. It was hypothesized that 
these rings might be homologous with the fla
gellar rotors, and that their rotation would 
somehow propel the cell. It may be added here 
that the mechanism of gliding motility has been 
studied for many years with several Cytopha
gales, but so far without a clear answer (e.g., 
Burchard, 1984; Chang et al., 1984; Duxbury et 
al., 1980; Glaser and Pate, 1973; Godwin et al., 
1989; Lapidus and Berg, 1982; Pate, 1985; 
Speyer, 1953; Wolkin and Pate, 1984). What can 
be said is that there is some motility apparatus 
in the cell surface, because latex beads move 
along the surface of immobilized cells (Lapidus 
and Berg, 1982); that the excreted slime is es
sential for gliding because it acts as a Stefan 
adhesive allowing easy translocation but pre
venting efficient detachment of the cells from 
the substrate (Humphrey et al., 1979); that the 
cells rotate around their long axis during gliding 
(Godwin et al., 1989); and that the energy for 
gliding may not be provided by ATP, at lleast 
not exclusively (Pate and Chang, 1979; Ridg
way, 1977). The speed of gliding may be on the 
order of 100 to 150 ~m/min, with large devia
tions in both directions, depending both on the 
organism and on environmental conditions 
(e.g., Duxbury et al., 1980; Garnjobst, 1945; 
Lapidus and Berg, 1982; Speyer, 1953; Stanier, 
1942). 

Fine longitudinal fibrils, which were arranged 
in wide bands just below the outer membrane, 
have been discovered in Cy. columnaris (Pate 
and Ordal, 1967b). They were suggested to rep
resent the machinery of gliding motility. The 
fibrils could indeed not be seen in nonmotile 
mutants (Glaser and Pate, 1973). In freeze
etched preparations, tiny beads of about the 
same diameter as the fibrils can be seen on the 
inner surface of the outer membrane (Burchard 
and Brown, 1973). When the cells are fixed with 
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glutaraldehyde before being fractured, those 
beads arrange themselves in long lines which 
resemble fibrils. Thus it seems possible that the 
fibrils seen in ultrathin sections are merely fix
ation artifacts. 

Lysing cells of Cy. columnaris release unusual 
tubular structures that appear to derive by in
vagination from the cytoplasmic and mesoso
mal membranes (Pate et al., 1967). They are 
composed of lipid and protein, although the 
number of protein bands is much reduced in 
comparison with the cytoplasmic membrane 
(Kuhrt and Pate, 1973). Similar tubules are also 
known from other Gram-negative bacteria in
cluding Sporocytophaga (e.g., Holt and Lead
better, 1967; Martin et al., 1968; Yamamoto, 
1967); they are not identical with rhapidosomes 
as has occasionally been suggested. The latter 
were originally observed in Saprospira (see 
Chapter 200 for a detailed discussion); they 
were later found also in other bacteria, e.g., Sp. 
myxococcoides (Pate et al., 1967) and may be 
phage tails. 

The cells of the Cytophagales divide in the 
usual way by formation of a septum, which is 
normally connected with a mesosome (e.g., 
Holt and Leadbetter, 1967; Poos et al., 1972; 
Ridgway et al., 1975). 

Appendages like fimbriae and pili seem never 
to have been observed with Cytophagales. Pili 
were, however, isolated from Fv. branchio
philum, where they supposedly are important 
for the attachment of this fish pathogen to gill 
filaments (Heo et al., 1990). 

In several Capnocytophaga strains, acid and 
alkaline phosphatases could be localized by cy
tochemical and immunochemical reactions in 
the periplasmic space; in fact the enzymes were 
associated with the outer membrane, probably 
the LPS, and about 12% of the activity was ex
posed on the outer cell surface. Most of the en
zyme molecules were released from the cells 
when the cultures became older, a good part of 
them in a membrane-bound form (Poirer and 
Holt, 1983b, 1983c ). While the bacteria nor
mally cannot penetrate the periodontal tissue it 
seems conceivable that enzymes like the phos
phatases may do so and thus are responsible for 
damage inflicted to the host by Capnocyto
phaga. 

Chemical Composition 

The peptidoglycan appears as a clearly distin
guishable layer in ultrathin sections of all Cy
tophagales studied in this respect; it is between 
2 and 5 nm thick, but increases to 9 nm in 
Sporocytophaga microcysts (e.g., Pate and Or
dal, 1967a; Verma and Martin, 1967a). The mu-
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rein sacculus has been isolated from Cy. hutch
insonii and Sp. myxococcoides and chemically 
analyzed (Verma, 1970; Verma and Martin, 
1967a, 1967b ). It had the composition of a typ
ical Gram-negative peptidoglycan with L-Ala, 
o-Glu, m-DAP, o-Ala, and 70% direct cross
linking between m-DAP and o-Ala. Diamino
pimelic acid (0.2 to 0.3% of the dry weight) was 
also observed in an early study on two flexi
bacters; the diamino acid came most probably 
from the cell wall (Holm-Hansen et al., 1965). 
The same organisms appear also to contain 
bound ornithine (0.08 to 0. 7% of the dry 
weight); the origin of that amino acid is obscure 
(Holm-Hansen and Lewin, 1965; it could come 
from an ornithine-containing lipid, see below). 
Also, the lipopolysaccharide (LPS) of the Cy
tophagales seems to closely resemble that of the 
enterobacteria. The LPS of Fx. filiformis Fx el 
( = Fx 112) was found to contain mannose, gal
actose, glucose, rhamnose, ribose, glucosamine, 
galactosamine, and small quantities of xylose, 
arabinose, 2-keto-3-deoxyoctonate (KDO), and 
heptose (Rosenfelder et al., 1974). From 17 
strains of CLB and one strain each of Cy. au
rantiaca and Sp. myxococcoides, the LPS was 
extracted with phenol, and its sugar composi
tion was subsequently analyzed (Sutherland 
and Smith, 1973). LPS yields were between 0.4 
and 3.4% of the dry weight (in addition, sub
stantial amounts of polysaccharide could be 
harvested from the culture supernatant by ul
tracentrifugation). The LPS of all strains con
tained a high proportion of ribose (in the ab
sence of an appreciable ultraviolet (UV) 
absorption at 260 nm), mannose, and glucosa
mine; further, most LPS preparations yielded 
glucose, galactose, and galactosamine, and 7 out 
of 19 also rhamnose. The hexosamines re
mained after removal of lipid A by mild hy
drolysis. Because of analytical problems, KDO 
and heptose could not be determined reliably; 
but KDO always appeared to be present, 
whereas heptose remained questionable and 
was there in very small amounts, if at all. The 
LPS of Flexibacter BH3 contained galactose, 
glucose, arabinose, rhamnose, glucosamine, 
deoxysugar, and KDO, but heptose could not 
be detected (Humphrey et al., 1979). An endo
toxin, which was highly active immunologically 
as well as in the Limulus test, was isolated from 
a CLB; its main carbohydrate constituents 
(above 0.5% of the total) were rhamnose, fucose, 
mannose, galactose, glucose, glucosamine, gal
actosamine, and an astonishing 34% of (tenta
tively identified) heptose; KDO is not men
tioned (Aaherty et al., 1984). The inner and 
outer membrane of Cy. johnsonae were sepa
rated and showed densities of 1.18 and 1.14 g/ 
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cm3, respectively; the outer membrane con
tained the sulfonolipids that will be discussed 
later, but little or no KDO (Godchaux and 
Leadbetter, 1988). Occasionally, members of 
the Cytophagales produce copious amounts of 
extracellular slime. In the case of Cy. hutchin
sonii and Sp. myxococcoides, that slime was 
found to be an acidic heteropolysaccharide con
sisting of xylose, arabinose, mannose, glucose, 
and glucuronic acid; the slime of Sporocyto
phaga also contains galactose (Martin et al., 
1968; Verma and Martin, 1967b). This slime 
seems to be broken down enzymatically in the 
later stages of the culture. Flexibacter BH3 pro
duces an extracellular, water-soluble, glycopro
tein slime with glucose, fucose, galactose, and 
some uronic acid in the carbohydrate part 
(Humphrey et al., 1979). The extracellular slime 
of Cy. columnaris was determined to consist of 
a homopolymer of a-(1-4)-linked o-galactosa
mine (I ohnson and Chilton, 1966). 

The fatty acid patterns of the Cytophagales 
consistently show two peculiarities (Collins et 
al., 1982; Fautz et al., 1979, 1981; Godchaux 
and Leadbetter, 1984; Kath, 1990; Liebert et al., 
1984; Oyaizu and Komagata, 1981; Walker, 
1969): 

1. The dominant species are branched fatty 
acids, mainly 15:0 ( 15 to 45% of the total; in 
Capnocytophaga up to 77%: Collins et al., 
1982). Branching is mostly of the iso type, 
but small amounts of anteiso fatty acids are 
usually also present. Only Cy. hutchinsonii 
contains larger quantities of anteiso fatty 
acids, almost exclusively 17:0 (26% ofthe to
tal), but as the identification was tentative, 
this should be reinvestigated (Walker, 1969). 
It was also stated that Capnocytophaga and 
Sporocytophaga exclusively contain anteiso 
fatty acids (Holt et al., 1979a), but at least 
for Capnocytophaga this could not be cor
roborated (Collins et al., 1982). In one study, 
1 to 3% of the total fatty acids from CLB have 
been identified with (delta 17)-cyclopropane 
fatty acids (Oyaizu and Komagata, 1981). 
Other major fatty acids are straight chain 
16: 1, 16:0, and 15:0, usually in that order. 
The double bond has been found to be in the 
cis configuration and in the C-11 to C-12 po
sition (Kath, 1990; Oyaizu et al., 1982; 
Walker, 1969). 

2. There are always substantial quantities ( 15 to 
55% of the total fatty acids) of 2- and 3-hy
droxy fatty acids (Collins et al., 1982; Fautz 
et al., 1979, 1981; Kath, 1990; Liebert et al., 
1984; Oyaizu and Komagata, 1981; Oyaizu 
et al., 1982). In Capnocytophaga, only 3-hy
droxy fatty acids could be identified (Collins 
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et al., 1982). Only a small part of these hy
droxy fatty acids seem to rise from LPS 
where, in addition, exclusively 3-hydroxy 
fatty acids are found (Rosenfelder et al., 
1974). 

Most of them rather appear to have their or
igin in novel sulfonolipids, the capnoids, which 
were originally discovered in Capnocytophaga 
but have since been isolated from many other 
Cytophagales and may indeed by a chemosys
tematic marker for that group (Godchaux and 
Leadbetter, 1980, 1983, 1984). The capnoids are 
essentially sulfonated sphingolipids, in which 
the hydroxyl on C-1 of the sphinganine base, 
capnine, is replaced by a sulfonic acid group. 
Free capnine was found only in Capnocyto
phaga; normally the amino group on C-2 bears 
an amide-bonded, long-chain, fatty acid as in 
true ceramides. The sulfonilipids may comprise 
as much as 20% of the cell's total lipids and are 
localized in the outer membrane (Godchaux 
and Leadbetter, 1988). It appears that there is 
a connection between sulfonolipids and gliding 
motility, for capnoid-negative mutants of Cy. 
johnsonae are no longer able to glide, but gliding 
may recover when sulfonolipid synthesis is re
stored (Abbanat et al., 1986). The biosynthesis 
of the capnines is presumably due to the reac
tion of cysteine or, more likely, of cysteic acid 
with a matching fatty acyl-CoA compound (Ab
banat et al., 1985; White, 1984). 

The fatty acid pattern of marine Fx. poly
morphus is unique among the Cytophagales in 
that it consists of relatively low amounts of 
(mainly iso-) branched species and large quan
tities of polyunsaturated fatty acids, viz. 18% 
20:5 (Johns and Perry, 1977). This, together 
with the ultrastructural details discussed above, 
suggests that this organism may not be correctly 
classified among the Cytophagales. 

It is interesting to note that very similar lipid 
patterns to those just discussed have been dem
onstrated in nonmotile but phylogenetically re
lated flavobacteria, i.e., a high proportion of 
branched and of 2- and 3-hydroxy fatty acids 
(e.g., Dees et al., 1979; Fautz et al., 1981; Moss 
and Dees, 1978; Oyaizu and Komagata, 1981; 
Yabuuchi et al., 1983; Yano et al., 1976) and 
the occurrence of capnoids (Godchaux and 
Leadbetter, 1983) and typical sphingophospho
lipids and ceramides (e.g., Asselineau and Pi
chinoty, 1983; Yabuuchi et al., 1983; Yano et 
al., 1983). 

The complex lipids of the Cytophagales are 
still incompletely known. In all organisms that 
have been investigated ( Capnocytophaga, Cy. 
hutchinsonii, Sp. myxococcoides) phosphati
dylethanolamine was by far the major phos-
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pholipid (Collins et al., 1982; Holt et al., 1979c; 
Iizuka et al., 1987; Walker, 1969). The phos
pholipid content of the capnocytophagas was 
between 30 and 36% of the total cellular lipids 
when estimated as acetone-soluble lipid. The 
organisms also contained an ornithine lipid, 
some phosphatidylserine, substantial amounts 
of a polyprenol, and 5% squalene; two labora
tories report the absence of phosphatidylgly
cerol (Collins et al., 1982; Holt et al. 1979a) 
while in a third laboratory (Iizuka et al., 1987), 
this compound was detected along with phos
phatidylinositol and cardiolipin. In Cy. hutch
insonii, 45% of the dominating 16: 1 fatty acid 
was recovered from phosphatidylethanolamine; 
no other phospholipid could be demonstrated 
in this organism, but it contained substantial 
quantities of two unidentified glycolipids 
(Walker, 1969). 

The respiratory quinones of the Cytophagales 
are exclusively menaquinones (Callies and 
Mannheim, 1978; Collins et al., 1982; Kleinig 
et al., 1974; Oyaizu and Komagata, 1981). Dif
ferent species contain either MK-6 or MK-7, 
and the distribution of the two types may be of 
taxonomic significance. Thus, all cellulose de
composers contain MK-7 and differ in that re
spect neatly from most terrestrial CLB, which 
are presently classified with them in the same 
genus but contain MK-6 (M.D. Collins, per
sonal communication). The respiratory quinone 
of Capnocytophaga is MK-6 with traces ofMK-
5 (Collins et al., 1982), that of Flexibacter is 
MK-7 (Kleinig et al., 1974). Again, the true fla
vobacteria are also menaquinone organisms 
(Callies and Mannheim, 1978; Oyaizu and Ko
magata, 1981). 

Most Cytophagales synthesize pigments. 
Apart from an occasional strain that produces 
a dark, diffusing, probably melaninlike sub
stance (e.g., "Cy. krzemieniewskae": Stanier, 
1941; Fv. ( Cy.) uliginosum: ZoBell and Upham, 
1944), the pigments are always cell-bound. 
Chemically they are of two kinds, either carot
enoids or flexirubin-type pigments. The two 
pigment types may occur in the same organism 
but then are typically localized in different 
places: the carotenoids in the cytoplasmic, and 
the flexirubins in the outer membrane (Irschik 
and Reichenbach, 1978). 

It had been suggested for many years that the 
yellow and orange pigments that can be ex
tracted from many Cytophagales might be ca
rotenoids (e.g., Anderson and Ordal, 1961a; Fox 
and Lewin, 1963; Lewin and Lounsbery, 1969; 
Verma and Martin, 1967a). Unequivocal proof 
of zeaxanthin ( 4,4'-dihydroxy-,6,,6-carotene) 
could be provided for the yellow pigment of 
marine Ft. dorotheae (Aasen and Liaaen-Jen-
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sen, 1966c ); the same pigment was demon
strated by chromatographic comparison in ma
rine Cy. lytica (Lewin and Lounsbery, 1969), 
and it was later chemically identified also in a 
terrestrial CLB ( Cy. johnsonae: Achenbach et 
al., 1978b). Two monocyclic ketocarotenoids, 
flexixanthin and deoxyflexixanthin, have been 
isolated from a flexibacter (probably Fx. roseo
lus: Lewin and Lounsbery, 1969); their chem
ical structures have been elucidated (Aasen and 
Liaaen-Jensen, 1966b). Cy. dif.fluens appears to 
contain the monocyclic dihydroxy carotenoid 
saproxanthin (Lewin and Lounsbery, 1969), 
which was originally isolated from Saprospira 
grandis and identified by chemical methods 
(Aasen and Liaaen Jensen, 1966a). 

A novel pigment type, the flexirubins, which 
later turned out to be of considerable chemo
systematic relevance, has been discovered in Fx. 
filiformis (formerly Fx. elegans Fx el: Achen
bach et al., 1974, 1976; Reichenbach et al., 
1974). The chromophore is an omega-pheny
loctaenic acid which is connected via an ester 
bond to a resorcinol bearing two hydrocarbon 
chains (Fig. 4). This basic chemical structure 
may be modified by variation of the length and 
branching of the hydrocarbon chains on the re
sorcinol, and by the introduction of additional 
substituents on the omega-phenyl ring, specifi
cally methyl and chlorine; actually, for all pig
ment species, chlorinated counterparts are 
found in every flexirubin-producing organism 
(for reviews of their chemistry and biosynthesis, 
see: Achenbach, 1987; Achenbach et al., 1978). 
In this way, a large variety of different flexiru
bin-type pigments arise, and one single strain 
may synthesize more than 25 different com
pounds (Achenbach et al., 1979) Still, certain 
structural types seem to be characteristic for 
certain taxa, e.g., a methyl in the meta position 
on the omega-phenyl ring seems to occur only 
in Flexibacter. Biosynthetically, the omega
phenyl ring with the first three carbon atoms of 
the chain derive from tyrosine, the rest of the 
chain from acetate, and the resorcinol ring with 
its hydrocarbon substituents from acetate and 
various starter molecules, like propionate or 
isovalerate, via an orsellinic acid homologue; 
only the methyl on the omega-phenyl comes 
from methionine; the linking of the two halves 
of the molecule is the last biosynthetic step 
(Achenbach et al., 1972, 1982, 1983). A total 
synthesis of flexirubin has also been performed 
(Achenbach and Witzke, 1977). Flexirubin-type 
pigments have been found so far only in the 
Cytophagales and in the true flavobacteria (Ach
enbach et al., 1981; Reichenbach et al., 1981; 
Weeks, 1981). However, not all Cytophagales 
contain flexirubin-type pigments, and even 



3656 H. Reichenbach 

closely related species, and perhaps even strains 
of the same species, may differ in that respect. 
Still, the presence of these pigments in a strain 
appears to be a reliable criterion that the isolate 
belongs to the Cytophagales and flavobacteria. 
The existence of flexirubin-type pigments in a 
strain can be demonstrated in three ways: 1) As 
already mentioned, the colonies show a revers
ible color shift when covered with a 20% KOH 
solution (see color plate I in The Prokaryotes, 
1st edition). 2) This preliminary test can be con
firmed by a simple thin-layer chromatography 
of an acetone extract of the bacteria, with an 
extract of a known flexirubin-producer as a ref
erence; this test can be made even more reliable 
by recording the absorption spectra of the eluted 
spots and by performing the alkali reaction in 
the cuvette (Reichenbach et al., 1974). 3) Fi
nally, as the only other bacterial pigments that 
give a similar color reaction appear to be aro
matic carotenoids (Kohl et al., 1983), the pig
ments may be specifically labeled by feeding ra
dioactive tyrosine (flexirubins) or mevalonic 
acid (carotenoids); the result is analyzed by au
toradiography of the chromatograms (Fautz 
and Reichenbach, 1980). Incidentally, the color 
reaction of cellulose-decomposing cytophagas 
or sporocytophagas with alkali was already ob
served long ago, although its meaning was not 
understood at the time (Fahraeus, 1947; Walker 
and Warren, 1938). 

Occasionally, strains ofCLB with a thin, film
like growth show a striking greenish-reddish ir
idescence (see color plate I in The Prokaryotes, 
1st edition). This is probably a physical color 
due to interference effects. Also, it has been sug
gested that the greenish color that is sometimes 
observed in cultures of Cytophagales may arise 
from the combination of a yellow cell mass and 
dark melaninlike pigments (Lewin and Louns
bery, 1969). 

Pigment production by Cytophagales may be 
influenced by environmental conditions. Thus, 
Cy. succinicans is colorless when grown anaer
obically, but yellow-orange under aerobic con
ditions (Anderson and Ordal, 1961 a). Illumi
nation may stimulate carotenoid synthesis; but 
the synthesis of the flexirubins is light-indepen
dent. In the latter case, however, the specific 
pigment content of the cells varied substantially 
with some other culture parameters; in partic
ular, a high phosphate content and a low pH 
appear to reduce pigment synthesis (Reichen
bach et al., 1974). 

Little else is known about the chemical com
position of the Cytophagales. The amino acid 
composition of the protein of a cellulose-de
composing cytophaga was analyzed and found 
to be rich in nutritionally valuable, essential 
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amino acids (Chang and Thayer, 197 5). The GC 
content of the DNA ofthe Cytophagales varies 
over a wide range from 28 to 65 mol% (e.g., 
Behrens, 1978; Kath, 1990; Mandel and Lead
better, 1965; Mandel and Lewin, 1969; Oyaizu 
and Komagata, 1981 ). The base sequences of 
large chunks of the 16S rRNA of a serie:s of 
Cytophaga, Sporocytophaga, and CLB strains 
have been determined (Kath, 1990). An unusual 
multicopy, single-stranded DNA-RNA species 
(msDNA) discovered in myxobacteria (see 
Chapter 188) was also found in Fx. filiformis 
( = Fx. elegans Fx el), but it was ruled out for 
Cy. johnsonae and Tx. ocellatus (Dhundale et 
al., 1985); it should be interesting to reinvesti
gate the isolated occurrence ofmsDNA in Flex
ibacter with the inclusion of other strains. · 

Phages and Bacteriocins 

Phages have been reported for several CLB and 
appear not to be difficult to obtain (Anacker and 
Ordal, 1955; Kingsbury and Ordal, 1966; Pate 
et al., 1979; Richter and Pate, 1988; Stiirzen
hofecker, 1966; Valentine and Chapman, 1966). 
There is considerable morphological variability. 
Most of the phages bear a tail, which usually 
seems to be contractile. However, two temper
ate phages have been isolated from Cy. john
sanae strains that appear to have no tails; these 
phages also were sensitive to chloroform, and 
their plaque formation was inhibited by agar 
(Richter and Pate, 1988) In all cases that have 
been investigated, the phages contained double
stranded DNA. A phage of Cy. columnaris 
could not be propagated in the presence of 
streptomycin (70 J.tg/ml), probably because: the 
antibiotic prevented the injection of the phage 
DNA into the host, which for its part was re
sistant to streptomycin (Kingsbury and Ordal, 
1966). Much higher phage yields were often ob
served when CaC12 (1 to 4 mM) was present 
during infection. Interestingly, nonmotile mu
tants of Cy. johnsonae were completely resistant 
to all phages tested on them (Pate et al., 1988; 
Wolkin and Pate, 1986). 

A bacteriocinlike activity was discovered in 
a strain of Sp. myxococcoides (Tehan and Giun
tini, 1950). The strain inhibited other Sp. myxo
coccoides strains, but not Cy. aurantiaca; the 
activity could not be propagated, and no phage 
particles could be demonstrated under the elec
tron microscope. Bacteriocin activity was found 
in many strains of the fish pathogen Cy. col
umnaris (Anacker and Ordal, 1959b). The tar
get specificity of the bacteriocins produced by 
different Cy. columnaris strains varied, so that 
with the aid of seven selected bacteriocin prep
arations, 134 strains could be grouped into nine 
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sensitivity classes. No connection could be seen 
between a certain bacteriocin class and its dis
tribution in nature. The same results were ob
served for serological classes of Cy. columnaris 
(Anacker and Ordal, 1959a). Bacteriocin activ
ities were recorded in 20 out of 30 tested strains 
of Cy. johnsonae (Richter and Pate, 1988). The 
activities were destroyed by protease treatment 
and acted bactericidally on sensitive strains. 
With respect to their specificity, two types could 
be distinguished: 1) bacteriocins that acted on 
motile and nonmotile strains, and 2) ones that, 
like the phages discussed above, attacked only 
motile strains. With the latter, nonmotile mu
tants could be selected. 

The occurrence in various members of the 
Cytophagales of rhapidosomes, which appear to 
be tails of defective phages, has already been 
mentioned. 

Colony Morphology 

The colonies of the Cytophagales typically are 
spreading swarms (Fig. 3). Spreading growth de
pends, however, on several environmental fac
tors, so that organisms that are well able to 
move by gliding still may not produce swarms 
(e.g., Chang et al., 1984; Perry, 1973; Wolkin 
and Pate, 1984). Thus, e.g., 70% of yellow bac
teria isolated from sewage plants showed gliding 
motility under the microscope, but only 25% 
also formed spreading colonies (Giide, 1980). 
It has been found in many cases that low nu
trient concentrations favor swarming (e.g., Agbo 
and Moss, 1979; Bauer, 1962; Garnjobst, 1945; 
Wolkin and Pate, 1984). Therefore, if spreading 
is to be observed, agar media with a low peptone 
content (0.1% or less) should be used; also, 
VY /2 agar stimulates swarming in many cases. 
Other factors that may influence the spreading 
behavior are the kind of nutrients supplied, 
temperature, and humidity. No general rules 
can be given; however, often a relatively low 
temperature and a high humidity favor spread
mg. 

The morphology of the swarm colonies varies 
very much, as is to be expected with such a large 
assembly of widely differing organisms. Often 
the swarms are almost unstructured, thin 
sheets; sometimes their surface is covered with 
flat mounds, tiny warts, or with veins; or it ap-. 
pears fibrous and feltlike; or the swarms form 
a network which may become confluent towards 
the center of the colony. While the swarm sheet 
is always somewhat slimy, the production of co
pious amounts of slime is relatively rare; it is 
observed, e.g., when the cellulose decomposers 
are grown on a glucose-containing agar (see also 
Strohl and Tait, 1978). The slime is usually soft, 
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so that the cells can easily be scraped off the 
plate; but sometimes it becomes very tough, 
and the cell mass can hardly be removed from 
the agar surface, e.g., with Cy. columnaris 
(Garnjobst, 1945) and Cy. uliginosa. The or
ganisms also often penetrate the agar, and some 
species even grow and spread preferentially 
within the plate, e.g., microaerophilic and agar
attacking organisms (e.g., Veldkamp, 1961 ). 
Colony variations have been reported for sev
eral species (Anderson and Ordal, 1961a; Bach
mann, 1955; Oyaizu et al., 1982; Pacha, 1968; 
Stanier, 1942, 1947; Veldkamp, 1961). In one 
case, migrating microcolonies were observed 
(Strohl and Tail, 1978). The colonies of the cel
lulose decomposers on filter paper are slowly 
expanding, glassy, unstructured, slimy patches 
that are usually bright yellow to orange. Grey 
areas in the colonies of Sporocytophaga usually 
signal generous microcyst formation. 

A sickening odor has been reported for Cy. 
columnaris on nutrient agar (Garnjobst, 1945). 
On peptone-containing media, and particularly 
with liquid cultures, a strong, cheesy smell is 
produced by many CLB. The cellulose degrad
ers produce a pleasant sour-fruity odor when 
growing on glucose agar. 

Physiology and Enzymology 

With a few exceptions, the physiology and en
zymology of the various members of the Cy
tophagales has not been thoroughly investi
gated, and virtually no information is available 
about most basic biochemical pathways. Fur
ther, many of the studies were published a long 
time ago, and a reevaluation of the data in the 
light of modern biochemical insights would be 
desirable. On the other hand, nothing discov
ered so far suggests that the metabolism of these 
bacteria would differ in some basic manner 
from the metabolism of other comparable or
ganisms. 

Most Cytophagales are strict aerobes, but 
there also are microaerophilic species, faculta
tive anaerobes, and organisms with a strictly 
fermentative metabolism (Anderson and Ordal, 
1961a, 1961b; Bachmann, 1955; Hirsch, 1980; 
Leadbetter et al., 1979; Stanier, 194 7; Veld
kamp, 1961 ). It appears that all Cytophagales 
that are capable of fermentative growth require 
elevated C02 levels (optimum 0.3 to 1% Na
HC03: Cy. fermentans, Cy. succinicans, Cy. sal
monicolor, Capnocytophaga). For strictly fer
mentative Capnocytophaga it has been shown 
that C02 is necessary because the organism de
pends on phosphoenolpyruvate carboxykinase 
(PEPCK) in order to synthesize ATP and the 
terminal electron acceptor, oxalacetate; the lat-
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ter is reduced under regeneration of NAD to 
the level of succinate, which is then excreted as 
the major fermentation product. Obviously 
PEPCK replaces in that organism the more 
usual pyruvate kinase. The enzyme is regulated 
by the energy charge of the cell: low ATP levels 
stimulate, high ones inhibit PEPCK activity 
(Kapke et al., 1980). A condensation of C02 

with phosphoenolpyruvate was also suggested 
for fermentatively growing Cy. succinicans (An
derson and Ordal, 1961 b). The reaction was 
stimulated by GDP. A C02-independent fer
mentation offructose-1,6-diphosphate could be 
performed in cell extracts supplemented with 
lactate dehydrogenase. The data could be well 
reconciled with the mechanism outlined for 
Capnocytophaga. As Cy. succinicans is a facul
tative anaerobe, it is likely to have alternative 
pathways starting from PEP. The fermenting or
ganisms may utilize various sugars, mannitol, 
and polysaccharides such as agar or starch; how
ever, as a rule, organic acids are not suitable 
fermentation substrates; one exception is Cy. 
succinicans, which grows anaerobically on py
ruvate. Fermentation products are mainly suc
cinate and acetate, usually also propionate and 
formate, and sometimes small quantities oflac
tate and ethanol. Cy. salmonicolor produces 
C02 and H2 during fermentative growth (Veld
kamp, 1961). 

Nitrate respiration allows vigorous growth of 
Cy. johnsonae var. denitri.ficans (Stanier, 194 7). 
More recently, a CLB was isolated that grew 
anaerobically with N03-, N02-, and N20 aster
minal electron acceptors (Adkins and Knowles, 
1984, 1986) If small quantities of sulfide (0.4 
JLM) were available, this organism was able to 
reduce N20 even in the presence of acetylene 
in concentrations ( 4 kPa) that normally inhibit 
N20 reduction. This is also of interest because 
acetylene-inhibited N20 reduction is generally 
accepted as a measure of denitrification in soils. 
However, other denitrifying CLB ( Cy. john
sanae strains) did not show acetylene-insensi
tive N20 reduction (Adkins and Knowles, 
1986). The strains differed in their ability to 
reduce various nitrogen compounds. In one 
case, N20 reduction turned out to be inducible 
by nitrite, but not by nitrate. Anaerobic growth 
under reduction of nitrite or N20 has also been 
found among flavobacteria (Pichinoty et al., 
1976). Growth with fumarate as the terminal 
electron acceptor was not possible with any of 
the Cytophagales and flavobacteria tested, but 
several of the organisms, e.g., Cy. hutchinsonii 
and Cy. johnsonae, could use fumarate for lim
ited NAD regeneration under anaerobic con
ditions (Callies and Mannheim, 1978). As al-
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ready mentioned, no strict anaerobes are known 
among the Cytophagales. 

It appears that all Cytophagales, including the 
cellulose decomposers, grow on organic nitro
gen compounds, e.g., peptones, as the sole ni
trogen source. Many also use the same com
pounds for carbon and energy and grow 
vigorously on peptone media, even if, as a rule, 
carbohydrates are the preferred carbon and en
ergy sources. Some organisms, however, require 
the addition of a carbohydrate, e.g., apparently 
all cellulose decomposers. On the other hand, 
there are also organisms that cannot utilize car
bohydrates at all, e.g., Cy. psychrophila (Pacha, 
1968) and many Cy. columnaris strains (e.g., 
Song et al., 1988a). 

Many Cytophagales can be cultivated on in
organic nitrogen compounds. NH/ is usually 
preferred to N03-. The latter can sometimes not 
be utilized at all, thus by Cy. fermentans (Bach
mann, 1955). The spectrum of utilizable carbon 
compounds is wide and varies with the indi
vidual organisms. Glucose is almost always ac
cepted. One exception is the Cy. dif.fluens group: 
these bacteria require some other sugar like gal
actose or sucrose (Lewin and Lounsbery, 1969). 
Acid is often produced from carbohydrates even 
under aerobic conditions (e.g., Oyaizu and Ko
magata, 1981; van der Meulen et al., 1974}. Sp. 
myxococcoides metabolizes glucose via the 
Embden-Meyerhof-Parnas pathway (Hansltveit 
and Goks0yr, 1974), as does Cy. johnsonae 
(Reichardt and Morita, 1982a). 

Many ofthe Cytophagales are able to degrade 
biomacromolecules, particularly all kinds of 
polysaccharides, like agar, starch, celluiose, 
yeast cell-wall ,6-glucan, succinoglycan (Oyaizu 
et al., 1982), pectin, alginate, and heparin. As 
many of the responsible exoenzymes potentially 
are of some practical interest, these activities 
will be discussed under "Practical Aspects," this 
chapter. 

DNA and RNA are efficiently degraded by 
many Cytophagales (e.g., Greaves et al., 1970; 
Mitchell et al., 1967). A particularly strong 
DNAse activity is observed with Cy. colum
naris. It seems, however, that no organism is 
able to grow solely on nucleic acids Phospha
tases are very common among the Cytophagales 
(e.g., Christensen, 1977a; Hirsch, 1980; Rei
chardt et al., 1983) An alkaline and an acid 
phosphatase of Cp. ochracea have been isolated 
and studied in detail (Poirier and Holt, 1983b ). 
The enzymes are able to remove phosphate 
from phosphoseryl residues of phosvitin and 
may play a role in the dephosphorylation of 
phosphoproteins. CLB are able to grow on wash
ing-powder polyphosphates as phosphate 
sources; the polyphosphates are well tolerated 



CHAPTER 199 

up to 0.0025% and are rapidly hydrolyzed 
(Ruschke and Kohn, 1970). Lipolytic activities 
are also known from Cytophagales, e.g., cleav
age of tributyrin and ofTweens (e.g., Christen
sen, 1977a; Hirsch, 1980; Jooste et al., 1985; 
Oyaizu et al., 1982; Reichardt et al., 1983), but 
the responsible enzymes seem never to have 
been characterized. 

The patterns of antibiotic sensitivities have 
been determined for many members of the Cy
tophagales, although the data often are not 
really comparable because of differences in 
methods (e.g., Agbo and Moss, 1979; Arlet et 
al., 1987; Christensen, 1977a; Forlenza et al., 
1981; Graf and Morhard, 1966; Reichardt et al., 
1983; van der Meulen et al., 1974; Warke and 
Dhala, 1968). It appears that many organisms 
are relatively resistant to penicillins, polymyxin 
B, aminoglycosides, and chloramphenicol. 
Kanamycin resistance has been used in the iso
lation of cellulose-decomposing Cytophaga and 
Sporocytophaga strains (2.5 to 10 mg kana
mycin sulfate per liter); but it is not known 
whether these organisms are always resistant to 
that antibiotic (Riviere, 1961a). Capnocytopha
gas respond to several conventional antibiotics 
and are thus easy to control. 

A genetics of the Cytophagales is still non
existent. 

Classification and Identification 

As mentioned in the introduction, 16S rRNA 
studies have shown that the Cytophagales are a 
main branch, or phylum, of their own in the 
bacterial phylogenetic system (Paster et al., 
1985). They are found there together with some 
other, phenotypically rather different bacteria; 
although our current knowledge suggests that 
some common characteristics may indicate con
nections between those groups, on this basis, 
probably, nobody would have dared earlier to 
propose the existence of a natural relationship 
among all those bacteria. Thus, e.g., Capnocy
tophaga resembles Bacteroides morphologically 
and metabolically to such a degree that it was 
formerly classified in this genus. Also, sphin
golipids, in general rare in bacteria, are found 
in Bacteroides and in certain flavobacteria (but 
also in nonrelated myxobacteria). Further, the 
16S rRNA tree of descent demonstrates un
equivocally that the present genera of the Cy
tophagales are heterogeneous, and that we may 
even need new definitions for families and per
haps orders. 

The order Cytophagales is defined here using 
conventional phenotypic characteristics so that 
new isolates can be classified relatively easily 
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and reliably. As discussed in the introduction, 
only part of the group of phylogenetically re
lated bacteria is included in the phenotypically 
defined order. As defined here, the order Cy
tophagales contains unicellular, Gram-negative, 
rod-shaped, gliding bacteria, that often exhibit 
a pronounced cellular shape change, or at least 
pleomorphism. Most species produce more or 
less brightly colored, yellow, orange, pink, or 
red colonies. The yellow and orange ones often 
give a positive flexirubin reaction. The respi
ratory quinones are exclusively menaquinones. 

This definition presents us with two prob
lems: First, a practical one-how to distinguish 
cytophagas from Lysobacter, which shares 
many of the above-mentioned characteristics. 
Differences in cell shape and pigmentation, as 
mentioned in the introduction, would quickly 
differentiate most, but unfortunately not all, Cy
tophagales from Lysobacter. In case of doubt, 
more subtle characteristics have to be exam
ined. It seems that all lysobacters degrade chi
tin, while many Cytophagales do not. The GC 
content of Lysobacter DNA is high, between 65 
to 70 mol%, values that are only reached by red 
Taxeobacter among the Cytophagales. The res
piratory quinones of Lysobacter are ubiqui
nones (Q-8}, while all Cytophagales appear to 
contain menaquinones exclusively (M.D. Col
lins, personal communication). Finally, noma
rine and no parasitic lysobacters have been 
found so far. 

The second problem is how to integrate the 
flavobacteria into the order Cytophagales. The 
old genus Flavobacterium was plainly hetero
geneous, but after exclusion of the high-GC
content species, the remaining, low-GC-content 
(30-45 mol%) species appear to be naturally re
lated among themselves and with the Cytopha
gales. Those species of flavobacteria for which 
16S rRNA catalogs exist are connected to the 
phylogenetic tree of the Cytophagales at various 
levels and are often found close to the gliding 
species. This suggests that the genus Flavobac
terium is still heterogeneous, and that a gliding 
species may be more closely related to a non
glider than to another glider. The situation be
came even more confusing after several organ
isms that were originally described as nonmotile 
and consequently classified as Flavobacterium 
species were later discovered to glide; they 
would therefore have to be classified among the 
cytophagas. This is the case for the type species 
of Flavobacterium, Fv. aquatile, and for Fv. pec
tinovorum, Fv. uliginosum, and Fv. heparinum. 
The (nonmotile) flavobacteria also have, in 
common with the Cytophagales, menaquinones 
as the only respiratory quinones, and often flex
irubin-type pigments. Therefore, most proba-
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bly, gliding motility will lose its determining 
character in this taxonomic group, and even
tually there may be order(s), families, and per
haps even genera that comprise motile and non
motile species, just as there are in groups of 
flagellated bacteria. But before the new bound
aries can be defined, more data, especially mo
lecular and chemosystematic ones, are needed. 

As set out above, the Cytophagales are re
stricted here to gliding organisms which can be 
differentiated into genera according to the fol
lowing key: 

Key to the Genera of the Cytophagales 

I. Cellulose decomposers that grow on filter paper as the only 
carbon source; may utilize inorganic or organic N sources; 
cannot grow on peptone alone but require in addition a 
carbohydrate, like cellulose (filter paper) or a suitable sugar 
(e.g., glucose) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

I'. Do not attack filter paper cellulose; usually grow well on 
peptones, but some are much stimulated by carbohydrate 
or depend on it for fermentative growth . . . . . . . . . . . . . . . . 3 

2. Produce microcysts ........................ Sporocytophaga 
2'. Do not produce microcysts, terrestrial ......... Cytophaga 
2". Do not produce microcysts, marine ....... Cytophaga (?) 

3. Strictly fermentative; require C02 and carbohydrate for 
growth; inhabitants (mainly) ofthe oral cavity of man and 
mammals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Capnocytophaga 

3'. Strict aerobes or facultative anaerobes . . . . . . . . . . . . . . . . . . . 4 
4. Vegetative cells in young cultures are long (20 to 100 !Lm) 

thread cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
4'. Vegetative cells in young cultures are short to moderately 

long (2 to 15 !LID) rods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 
5. Soil and freshwater bacteria; several species show a very 

conspicuous (cyclic) cellular shape change: in young cul
tures, long (20-30 !LID), extremely agile thread cells; in older 
cultures, short immotile rods or coccobacilli; many strains 
contain flexirubins; GC content, 40 to 50 mol% 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Flexibacter 
5'. Marine organisms; cellular shape change not observed 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Microscil/a 
5". Marine organisms; very long (sometimes multicellular and 

nonmotile) filaments which may or may not have a sheath 
and release shorter, but often still rather long, gliding thread 
cells; colonies yellow due to zeaxanthin, no flexirubins; GC 
content, 37 mol% .................... Flexithrix dorotheae 

6. Short, stout rod cells with rounded ends, often arranged at 
the edges ofthe colonies in a palisadelike fashion; colonies 
more or less brick red; GC content, 55 to 65 mol% 
.................................................. Taxeobacter 

6'. Cell shape very variable: short to very short, but sometimes 
also moderately long (5 to 15 !LID) rods, delicate or plump, 
with rounded or tapering ends; colonies often fast spread
ing, filmlike swarms, yellow to orange, marine organisms 
sometimes pink; many terrestrial isolates contain flexiru
bin-type pigments, marine isolates usually do not; in soil, 
freshwater, and marine habitats; some are fish pathogens; 
GC content, 30 to 40 mol% 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Cytophaga-like bacteria (CLB) 
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(6".) Cells are relatively short, cylindrical rods with rounded 
ends, but often long thread cells or cell chains an~ also 
found in cultures; colonies (slowly) spreading, often rather 
slimy, pale grey to greenish yellow, brick red, or brown due 
to diffusing pigments; respiratory quinone is Q-8; GC con
tent, 65 to 70 mol%: these organisms do not belong to the 
Cytophagales .................................. (Lysobacter) 

The cellulose decomposers were historically 
the first cytophagas described, and thus taxo
nomically they represent the type of the whole 
group. For many years it has been suggested that 
these cellulose decomposers are rather special
ized organisms that are not closely enough re
lated to the other organisms of the group to be 
united with them in one genus. Experimental 
evidence for this hypothesis has been provided 
recently: Surveys of the respiratory quinones of 
gliding bacteria showed that many CLB coilltain 
MK-6: but all cellulose decomposers coilltain 
MK-7 (Oyaizu and Komagata, 1981; M.D. Col
lins, personal communication). Quantitative 
fatty acid analyses, DNA-DNA hybridization 
data, and especially comparisons of 16S rRNA 
base sequences suggest that the two type strains 
of the named species of the cellulose-decom
posing cytophagas and of several new isollates 
are relatively closely related among themselves. 
Further, it could be shown that Sporocytophaga 
strains are equally closely related among them
selves and, finally, that the latter are relatively 
closely related to the cellulose-decomposing cy
tophagas, but that other CLB, like Cy. john
sanae and Cy. heparina, are much farther off 
from both (Kath, 1990). The conclusion is that 
the genus Cytophaga should indeed be re
stricted to the cellulose decomposers. New gen
era will have to be defined for the other organ
isms hitherto classified in the genus Cytophaga, 
but this should not be done until after the 
boundaries between the various groups have 
been clearly established by molecular taxon
. omy. In the present situation it may be best to 
follow the practice used in the present review 
and to group these other organisms under the 
label "Cytophaga-like bacteria (CLB). Sporo
cytophaga appears to be a separate and equally 
natural genus, at least as far as cellulose decom
posers are concerned. Sporocytophaga isollates 
can easily be recognized by the presence of mi
crocysts; these are usually produced in enor
mous numbers in enrichment cultures, and 
their formation can also be reliably induced 
with pure strains that no longer produce them 
in ordinary plate cultures when the strain is 
grown in M9 liquid medium (Kath, 1990) .. Sp. 
cauliformis appears to be a misnomer (Graf, 
1962a): it seems neither to decompose cellulose 
nor to form microcysts and probably belongs to 
the large assembly of CLB . 
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Another source of confusion is the distinction 
between Flexibacter and Cytophaga. The defi
nition of the genus Flexibacter given here is 
based on the original description by Soriano 
( 1945, 194 7), but it is in disagreement with that 
used in Bergey's Manual, eighth edition (Lead
better, 1974) The definition of Flexibacter has 
recently been changed again in Bergey's Manual 
of Systematic Bacteriology (Reichenbach, 
1990), where it is now placed in accordance with 
the ideas presented here. (A detailed explana
tion of the rather complex taxonomic situation 
may be found in the latter reference, but it will 
not be repeated here.) The organisms united in 
the present genus Flexibacter have long, highly 
flexible cells. The organisms also have in com
mon a somewhat higher GC content of 40 to 50 
mol% (Behrens, 1978; Mandel and Lewin, 1969) 
and they all seem to contain MK-7 as respira
tory quinone (M.D. Collins, personal commu
nication). The type species is Fx. flexilis, which 
shows rather sluggish movements and is flexi
rubin negative. Much more fascinating is Fx. 
elegans Soriano ( 1945), which for many years 
was regarded as the typical Flexibacter, and 
about which many details have been published, 
especially about strain Fx el (e.g., Achenbach et 
al., 1978; Behrens, 1978; Fautz et al., 1979, 
1981; Hirsch, 1979; Paster et al., 1985; Poos et 
al., 1972; Rosenfelder et al., 197 4; Reichenbach 
et al., 1974, 1981; Simon and White, 1971). In 
young cultures and at the edges of spreading 
swarms, the organism has long and extremely 
agile thread cells. These cells change their shape 
in the later stages of the culture, becoming 
shorter and shorter and finally becoming non
motile (Fig. 2; Poos et al., 1972; Simon and 
White, 1971 ). Under certain conditions, the or
ganism may grow exclusively in the short form, 
but the cells readily grow out into thread cells 
again if conditions are changed. Soriano ( 1945) 
did not mention any shape change, perhaps be
cause he did not observe it, perhaps because he 
thought his cultures were contaminated, or per
haps because he regarded his organisms to con
sist of multicellular filaments and therefore 
judged fragmentation to be commonplace. But 
his description of Fx. elegans, and especially of 
the movements of the thread cells, leave no 
doubt that his and our organisms are at least 
closely related. It was later discovered that there 
existed in the literature an even earlier descrip
tion that exactly fitted Fx. elegans as outlined 
above, shape change, color, and physiology in
cluded-that of Myxococcus filiformis by Solnt
seva ( 1940), whose only mistake was to mis
interpret the short cells as myxospores. 
Unfortunately, the situation was further con
founded by the description under the name of 
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Fx. elegans of an organism that quite obviously 
was not identical with Soriano's species (Lewin, 
1969; Lewin and Lounsbery, 1969) As the name 
Fx. elegans has been conserved with Lewin's 
stain as the type species, it has been proposed 
to change the name of the organisms discussed 
above into Fx. filiformis (Reichenbach, 1990). 
To complicate things even more, an organism 
has been described more recently under the 
name of Chitinophaga, without any reference 
to the publications cited above, which is clearly 
closely related or identical with Fx. filiformis 
(Sangkhobol and Skerman, 1981 ). In this case, 
microcysts have again been postulated, but the 
published pictures are not at all convincing, and 
when studying the type strain the present author 
has never observed anything even remotely re
sembling a microcyst (H. Reichenbach, unpub
lished observations). In the 16S rRNA phylo
genetic tree, Fx. filiformis Fx el is found in a 
side branch far away from Sporocytophaga and 
the CLB (Paster et al., 1985). It remains to be 
established whether the genus Flexibacter in its 
present state is really homogeneous. The genus 
is restricted so far to soil and freshwater organ
isms; many, but not all, contain flexirubin pig
ments, which have in fact been discovered in 
strain Fx el. The marine counterpart of Flexi
bacter may be Microscilla; no cellular shape 
change is known for this genus (Lewin, 1969; 
Lewin and Lounsbery, 1969; Pringsheim, 1951) 
It has not been well studied, and the status of 
the genus and its relation to the other Cytoph
agales is unknown. 

The CLB are unquestionably a very large and 
heterogeneous assembly of terrestrial and ma
rine bacteria. They will probably have to be dis
tributed over seyeral new genera, as discussed 
above. In the absence of a sound taxonomy, it 
is not even remotely possible at the moment to 
estimate the number of existing species. From 
DNA-DNA hybridization data and other stud
ies it may be deduced that there are many more 
genera than are named so far. Some efforts have 
been made to establish a reliable taxonomy for 
the fish pathogens, which would obviously be 
of great practical importance. DNA-DNA hy
bridization data showed that the fish pathogens 
Cy. columnaris, Cy. psychrophila, and Cy. mar
itima are all well-separated, homogeneous, ge
nomic species, which show little relatedness 
among themselves or to the many environmen
tal species included in the studies (Baxa et al., 
1987; Bernardet and Grimont, 1989; Bernardet 
and Kerouault, 1989; Bernardet et al., 1990). 
There are, however, strong indications that these 
are not the only fish pathogens among the CLB, 
and that there are still other, hitherto undes
cribed species (Kent et al., 1988; Pyle and 
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Shotts, 1981 ). Further, the data seem to suggest 
that the fish pathogens are restricted to fish and 
cannot be isolated as free-living, environmental 
strains, although the latter possibility is difficult 
to rule out definitely. Information about an en
vironmental reservoir of the fish pathogens 
would, of course, be of central importance for 
epidemiological considerations and control 
measures. Serological data speak also against a 
close relationship between fish-pathogenic and 
environmental CLB (Pacha and Ordal, 1970; 
Pacha and Porter, 1968). Serological tests have 
therefore been very useful for a quick diagnosis 
of the fish pathogens, which is important for 
practical reasons. Early studies showed that spe
cies-specific antigens exist in Cy. columnaris 
and Cy. psychrophila (Anacker and Ordal, 1959; 
Bullock, 1972; Pacha and Porter, 1968). Cy. col
umnaris has in addition at least seven type-spe
cific antigens, which can be used to subdivide 
a collection of 325 strains into four serological 
groups; no link could be seen between those 
serological groups and levels of virulence (An
acker and Ordal, 1959; Pacha and Ordal, 1970). 
Fluorescence-labeled specific antibodies against 
Cy. maritima could be used to demonstrate the 
presence of the pathogen in various tissues 
(Baxa et al., 1988). Incidentally, the fish them
selves develop antibodies against Cy. co/urn
naris, and these seem to limit natural infection 
and can be applied to protection by vaccination 
(e.g., Becker and Fujihara, 1978; Liewes et al., 
1982). 

In another study, the isoenzyme patterns of 
106 strains of spreading and nonspreading, yel
low-pigmented bacteria from fish and other 
habitats were used to classify CLB. While one 
group coincided neatly with isolates that had 
been identified with Cy. columnaris, the other 
three groups were clearly heterogeneous, one of 
them even containing other Cy. columnaris iso
lates (Starliper et al., 1988). Thus, the results 
were inconclusive, and isoenzyme studies do 
not appear promising for taxonomic purposes. 

The recently discovered genus Taxeobacter 
(H. Reichenbach, unpublished observations) 
has a special position among the soil Cytoph
agales. It is distinguished from the CLB by its 
cell morphology, the arrangement of the cells in 
spreading colonies (Figs. 1 and 3), and the brick 
red color of the latter. It is a common organism 
that can be cultivated without difficulties and 
has probably only been overlooked because it is 
not easily isolated by conventional techniques. 
By 16S rRNA cataloging, Taxeobacter ( = Myx 
21 05), has been located in the Fx . .filiformis side 
branch close to Cy. heparina (Paster et al., 
1985). 
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As already mentioned, Capnocytophaga has 
been known for many years under different 
names. It is a fermenter requiring an atmos
phere with 5% C02, at least for isolation, and 
produces mainly acetate and succinate from 
glucose. Initially only known from the human 
oral cavity, related species have since been 
found also in animals, e.g., in dogs (Brenner et 
al., 1989) and in the rice rat (Shklair and Ralls, 
1988). The genetic homogeneity of the three: hu
man species, and the identity of one of them 
with Bacteroides ochraceus (type strain) has 
been established by DNA-DNA hybridization 
(Williams and Hammond, 1979; Williams et al., 
1979). 

Practical Aspects 

The Cytophagales are of considerable practical 
interest. Their importance becomes even more 
impressive, if we take also into consideration 
the many isolates classified as Flavobacterium 
in the literature, which would be justified be
cause those strains may often have been CLB 
with unrecognized gliding motility; and even if 
they were true flavobacteria, they would be 
closely related organisms. A general review of 
the practical aspects of gliding bacteria includ
ing the Cytophagales has been published (Rei
chenbach, 1988). 

Bacteria belonging to this large complex of 
species are found virtually everywhere in na
ture, at least in aerobic and microaerobic en
vironments. They definitely play a major role 
in the turnover of matter. Their activities are, 
of course, not always beneficial for humans. 
Some undesired effects with respect to the dairy 
industry (see also Cousin, 1982; Guamis et al., 
1987) and the rotting of cellulose fabrics have 
already been mentioned. Other examples of this 
less pleasant side are: the participation of pec
tolytic CLB in the spoilage of vegetables (Liao 
and Wells, 1986; Lund, 1969) and of proteolytic 
CLB in the putrefaction of fish, although in the 
latter case, gliding bacteria may be associated 
with freshly caught fish and are gradually re
placed by other bacteria during deterioration 
(Cho et al., 1984; Gennari and Tomaselli, 1988; 
Liston, 1960; Shewan, 1971 ). Also in nature: the 
actions of CLB are not always beneficial. Thus, 
e.g., CLB have been found tunneling in the cell 
walls of seagrass leaves, apparently killing the 
leaves in the process (Porter et al., 1989). A case 
of symbiosis was discovered in calcareous 
sponges of the genus Clathrina; the bacterium 
may be sponge-specific and has been associated 
with the sponge for a long time (Burlando et al., 
1988). There may yet be many more examples 
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of similar symbioses to be discovered. One such 
case may be the yellowish-brown bacterium liv
ing in the mycetomes of the granary weevil Si
tophilus granarius (Bhatnager and Musgrave, 
1970). 

In a different context, the destruction of or
ganic molecules may become a positive asset. 
The occurrence of large populations of CLB in 
sewage plants has already been discussed (see 
also Bauer, 1962). Cellulolytic Cytophaga and 
Sporocytophaga seem to play a role during com
posting of cattle manure (Godden and Pen
ninckx, 1984). Many articles describe the de
composition by flavobacteria of recalcitrant 
chemicals such as pesticides, and, as just ex
plained, some of these could really have been 
CLB. Thus, flavobacteria have been found to 
attack chlorobenzoic acid (Baggik 1985), pen
tachlorophenol (Brown et al., 1986; Crawford 
and Mohn, 1985), parathion (Mulbry et al., 
1986), nylon oligomers (Negoro and Okada, 
1982), biphenyl and phenanthrene (Stucki and 
Alexander, 1987), and aliphatic diols (Willetts, 
1983), to give just a few examples. The digestion 
ofhardwood mesquite (Prosopis sp.) with a cel
lulose-decomposing Cytophaga strain has been 
studied with the aim of improving the feed qual
ity of the plant material for cattle (Chang and 
Thayer, 1975). It was shown that the Cytophaga 
protein is particularly rich in essential amino 
acids, but feeding experiments with mice gave 
unsatisfactory results. 

The production by members of the Cytopha
gales of special enzymes for technical applica
tion could be another field of practical interest. 
Not too much is known about such enzymes, 
but a number of potentially useful hydrolase 
and lyases has indeed been discovered and more 
or less characterized. The following examples 
may illustrate this. The Cytophaga and Sporo
cytophaga species are very active cellulose de
composers and have been studied since the be
ginning of the century (e.g., Berg et al., 1972; 
Fahraeus, 1947; Hutchinson and Clayton, 1919; 
Imshenetski and Solntseva, 1936; Krzemien
iewska, 1930, 1933; Riviere, 1961; Sijpesteijn 
and Fahraeus, 1949; Stanier, 1942; Winograd
sky, 1929). Initially it was believed that enzy
matic attack required close contact between cell 
and fiber, but later it was found that in the cul
ture supernatant of Sp. myxococcoides there 
were also enzymes that could solubilize cellu
lose, at lest to a certain degree (Kauri and Kush
ner, 1985; Osmundsvag and Goksoyr, 197 5; 
Vance et al., 1980). With other organisms, how
ever, cell-free cellulases could not be demon
strated (Chang and Thayer, 1977). Also, trans
glycosylations to {3-1-3 and {3-1-6 
oligosaccharides (Charpentier, 1965), and a 
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conversion of {3-D-glucose into a-n-glucose by 
the activity of an exoglucanase (Charpentier 
and Robie, 1974) have been demonstrated. Rel
atively little is known about enzymes them
selves, and a reinvestigation using modern 
methods would be desirable. 

Another group of enzyme producers known 
for some time are the pectolytic CLB (e.g., Don
derski, 1982; Dorey, 1959; Giide, 1973). The 
responsible enzyme is a randomly cleaving po
lygalacturonate lyase, which catalyzes a trans
elimination reaction; a pectin methyl esterase 
could not be found (Kurowski and Dunleavy, 
1976; Sundarraj and Bhat, 1971). Only one sin
gle enzyme was found in Cy. johnsonae, and 
this enzyme was the smallest one (35 kDa) of 
all pectate lyases characterized (Liao, 1989). 
The pectolytic activity of Cy. johnsonae made 
water-stored spruce logs more permeable for 
preservatives and was therefore considered to 
be of practical relevance (Kurowski and Dun
leavy, 1976; Ward and Fogarty, 1974). 

Although chitin degradation is often observed 
among CLB and flexibacters, relatively little is 
known about the enzymes (Donderski, 1984; 
Reichardt et al., 1983; Stanier, 1947; Sundarraj 
and Bhat, 1972) The enzymes of Cy. johnsonae, 
a chitinase and a chitobiase, may be excreted 
or cell-bound. Deacetylation seems to be the 
first degradation step. The chitinolytic strain of 
Cy.johnsonae studied by Veldkamp (1955) was 
either a Lysobacter, judging from the strain de
posited at NCIB (no. 8501), or a Flexibacter, as 
may be concluded from the published descrip
tion of the organism. 

Several enzymes from CLB that degrade poly
saccharides derived from marine algae have 
been characterized, mainly agarases (Duck
worth and Turvey, 1969a, 1969b, 1969c; van 
der Meulen and Harder, 1975, 1976), but also 
a porphyranase (Turvey and Christison, 167), 
and a large (100 kDa) extracellular carrageenase 
(Sarwar et al. 1987). 

Many Cytophagales efficiently hydrolyze 
starch (e.g., Christensen, 1977a), but the en
zymes never seem to have been studied. In two 
cases, special enzymes have been found in CLB 
because they had been screened for them for an 
application in structural studies. A strain was 
found and identified with Cy. johnsonae that 
produced endo-{3-glucanases, which could then 
be used to study the composition of yeast cell 
walls (Bacon et al., 1970; Webley et al., 1967). 
The discovery of a strain that attacked heparin 
(Payza and Korn, 19 56a, 19 56b) proved a de
cisive contribution to the elucidation of the 
chemical structure of this complex heteropo
lysaccharide (e.g., Dietrich, 1969). The organ
ism was first classified as Flavobacterium he-
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parinum but later recognized to be a CLB 
(Christensen, 1980). Enzyme production has to 
be induced by the addition of heparin, and 
yields are not particularly good. Later, another 
(tentatively classified) Flavobacterium strain 
was isolated that produced heparinase consti
tutively and at a 10-fold higher level (Joubert 
and Pi tout, 1985). The enzyme may be of con
siderable practical interest for the deheparini
zation of blood. 

Many Cytophagales excrete strong protei
nases. A few of these enzymes have been further 
characterized because of their unusual specific
ities. In a screening, strains were discovered that 
solubilized autoclaved feathers and wool and 
could grow on these substrates as the only C 
and N sources; they did not attack the native 
material (Christison and Martin, 1971; Martin 
and So, 1969). The organisms resembled Cy. 
johnsonae in their characteristics but were never 
clearly classified. The keratinolytic enzyme ap
pears to be associated with acidic polysaccha
rides on the surface of the cells. Capnocytopha
gas show strong aminopeptidase activities (e.g., 
Nakamura and Slots, 1982). In a screening for 
arylaminopeptidases among oral bacteria, sev
eral different activities at high levels were dis
covered in capnocytophagas, including mono
peptide-, dipeptide-, and tripeptide-cleaving 
enzymes, some ofwhich were only seen in cap
nocytophagas, e.g., enzymes attacking ala-, leu-, 
his-, lys-, and met-{j-naphthylamines (Suido et 
al., 1986). Such proteolytic enzymes could con
tribute to the occasional pathogenicity of the 
organisms. Also the fish-pathogenic CLB show 
very strong proteolytic activities, which may be 
responsible for at least part of their infectivity. 
In an effort to prepare compounds with im
munoadjuvant activity from cell walls of Staph
ylococcus epidermis, an interesting endopepti
dase was isolated from the culture supernatant 
of the gliding bacterium Cytophaga B-30 (Ka
wata et al., 1984). The identity ofthe organism 
is not unequivocally established, and the de
scription does not rule out the possibility that 
it was really a lysobacter. The enzyme released 
long-chain polysaccharide peptides from Staph
ylococcus, but little or nothing from Strepto
coccus and Micrococcus peptidoglycan. In cells 
and in the culture supernatant of Cytophaga 
NCMB 1314, an agent was discovered, presum
ably an enzyme, that solubilized active cholin
esterase from fish muscle (plaice, Pleuronectes 
platessa). Again, the identity of the organism is 
not completely clear. Release of this "S-factor" 
into the medium was stimulated by cultivation 
under magnesium limitation (Bovallius, 1978, 
1979; Lundin, 1968; Lundin and Bovallius, 
1966). 
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Substantial phospholipase A2 activity has 
been seen in Capnocytophaga (Cp.) ochracea 
strains; it has been suggested that this enzyme 
is a factor contributing to the pathogenic po
tential ofthe organism (Sandholm et al., 1988). 

Interesting immunological effects may be pro
duced with certain cell components of the Cy
tophagales. The allergenic activity of Cytoph
aga allerginae endotoxin, leading to humidifier 
fever, a lung disorder, has already been men
tioned; the chemical composition of the endo
toxin has been determined (Flaherty et al., 
1984; Liebert et al., 1984). The purified endo
toxin proved to be a novel mitogen that induced 
peripheral blood lymphocytes in vitro to syn
thesize IgG and IgA; as the immunoglobin in
duction is not inhibited by cyclosporin A, it 
seems to be T -cell independent (Alevy and 
Compas, 1987). Another potent mitogen called 
gliding bacteria adjuvant (GBA) was recovered 
in relatively large quantities (140 to 400 mg/1) 
from the culture supernatant of the Cytophaga 
GB-2. The psychrotrophic bacterium was first 
isolated from contaminated fetal calf serum. 
GBA was free of endotoxin and protein and 
perhaps consisted of a complex slime polysac
charide. It stimulated mouse B lymphocyte pro
liferation in vitro, the production of immuno
globulins, and the release of colony-stimulating 
factor and interleukin 1 by macrophages (Shiigi 
et al., 1977; Usinger et al., 1985). Purified ex
opolysaccharide from Capnocytophaga cultures 
activated the human complement system in vi
tro (maximum effect at 28 1-Lg/ml plasma); this 
activation may be a factor leading to tissue de
struction in periodontal lesions (Bolton and 
Dyer, 1986). A large (155-kDa), lectinlike pro
tein was isolated from the outer membrane of 
Cp. gingiva/is (Kagermeier and London, 1986). 
The lectin appears to be specific for neuraminic 
acid, N-acetylgalactosamine, and N-acetyllglu
cosamine, and it is probably responsible for 
coaggregation with other bacteria, like Actino
myces israelii, in the formation of dental 
plaque. Similar adhesins with specificities for 
rhamnose and fucose were found on Cp. ochra
cea (Weiss et al., 1987). A lactose-specific, lec
tinlike receptor was demonstrated on Cp. spu
tigena and Cp. gingiva/is (Saito et al., 1988). 

Some members of the Cytophagales have 
been found to produce very interesting second
ary metabolites. In a screening for antibiotic 
activities, about 20% of the 270 tested strains 
showed inhibitory effects (Reichenbach et al., 
1984). Several {j-lactams were isolated from 
Flexibacter strains, including new monobac
tams with oligopeptide side chains (Cooper et 
al., 1983; Sing et al., 1983) and monobactams 
with formylamino- and glucuronic acid su1bsti-
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tuents, the formacidins (Hida et al., 1985; Ka
tayama et al., 1985). Monobactams with a de
hydroasparagine residue were obtained from 
Cy. johnsonae (Kato et al., 1987a, 1987b), and 
deacetoxycephalosporin C and 7-formylami
docephalosporins from a Flavobacterium (Shoji 
et al., 1984; Singh et al., 1982, 1984). Cy. uli
ginosa (formerly Fv. uliginosum) contributed 
marinactan, a heteropolysaccharide with 
marked antitumor activity in mice (Umezwawa 
et al., 1983). 

Finally, there are some important medical 
and veterinary aspects of the Cytophagales: 
Flexibacteria are able to pass through mem
brane filters of 0. htm pore size used for ster
ilizing seawater; the contaminants could be 
eliminated only by pasteurization (Little et al., 
1987). Immunological effects of cell compo
nents and products of diverse Cytophagales and 
resulting health problems have already been re
viewed. A further example are the mitogenic 
and immunomodulatory effects exerted by cell 
wall fractions from a Capnocytophaga strain 
which had been isolated from a patient with 
juvenile periodontitis; the effects were also 
given by fractions that were free of LPS and 
peptidoglycan (Murayama et al., 1982). It is not 
known to what extent or whether Capnocyto
phaga contributes to periodontal disorders. Cy
topathogenic effects were observed for "Sphaer
ocytophaga" (Graf, 1962b, 1962c). These 
bacteria were present in large numbers in acute 
and chronic inflammations in the human oral 
cavity. In cell cultures (calf kidney cells), they 
caused cell lysis, and they destroyed human leu
kocytes in vitro. When inoculated subcutane
ously into guinea pigs, they produced inflam
mations and ulcerations, but were not 
pathogenic for mice and rabbits when applied 
intraperitoneally and intravenously, respec
tively. It was found that neutrophils from pa
tients with large Capnocytophaga populations 
in dental infections showed abnormal behavior, 
and that such behavior could be induced in nor
mal neutrophils when they were exposed to 
sonic extracts of Capnocytophaga (Shurin et al., 
1979). Sonic extracts of Cp. sputigena showed 
moderate toxicity for human gingival fibrablasts 
as indicated by inhibition of cell proliferation 
and thymidine incorporation (Stevens and 
Hammond, 1988). Heat-killed Cp. gingiva/is 
cells elicited strong endotoxin reactions in the 
Limulus and the Shwartzman test (e.g., Fu
marola et al., 1981). As capnocytophagas are 
usually found in large numbers in cases of se
vere destructive periodontitis, especially in ju
venile periodontitis, and as they produce sim
ilar symptoms when inoculated into healthy 
gnotobiotic rats, they may indeed not be com-
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pletely harmless, even if they are always present 
in the normal buccal flora (Forlenza and New
man, 1983). Perhaps they also play a certain role 
in the "piggyback" transport of nonmotile bac
teria into periodontal pockets. While the situ
ation appears complex and somewhat contro
versial with periodontal pathogenicity, the case 
is clear when general infections occur (see also 
Hawkey et al., 1984). Newly described Cp. can
imorsus and Cp. cynodegmi have been consid
ered to be responsible for septicemia and lo
calized wound infections in humans after dog 
bites; the organisms seem occasionally also to 
be transmitted by cats (Brenner et al., 1989). 
Capnocytophagas respond well to antibiotics, 
like various ,8-lactams, quinolones, chloram
phenicol, and tetracycline (see also Arlet et al., 
1987). 

As already discussed in the section on "Hab
itats," the fish-pathogenic CLB are showing a 
steadily increasing economic impact on fish cul
tivation and, to a lesser extent, also on wildlife, 
in fresh water as well as in seawater. Cy. co/
umnaris, Cy. psychrophi/a, Cy. maritima, and 
Fv. branchiophilum appear to be the major 
pathogens and have been reported worldwide, 
but other species are probably also involved (see 
also Amin et al., 1988; Farkas and Olah, 1984; 
Kuo et al., 1980, 1981; Kusuda and Kimura, 
1982; Ostland et al., 1989; Spangenberg, 1975). 
The outbreaks of disease may follow a seasonal 
pattern (e.g., Kuo et al., 1981 ). This is easily 
understandable, for the fish, as well as the path
ogen, usually have well-defined temperature op
tima; thus, for example, Cy. columnaris is a typ
ical warm-water, Cy. psychrophi/a a cold-water 
pathogen (e.g., Snieszko, 1974). Losses due to 
infections by CLB can be severe and sometimes 
approach 100% within a few days. Individual 
strains of the same species may differ substan
tially in their virulence. It seems that the path
ogens become a problem mainly when the fish 
are kept under suboptimal conditions. The bac
teria are sensitive to certain antibiotics, e.g., 
chloramphenicol, tetracyclines, and erythro
mycin, but better suited for practical applica
tion are chemotherapeutics like nifurpirinol or 
Mefarol. As pointed out already, control of the 
disease may also be effected by vaccination or 
transfer of the fish to water with a higher or 
lower temperature or salinity, depending on the 
specific case. Numerous studies on the various 
aspects of fish diseases caused by CLB have 
been published in the last 40 years, and some 
references to specific topics are: preconditioning 
by environmental factors: Chen et al., 1982; 
Chowdhury and Wakabayashi, 1989a, 1989b; 
Hanson and Grizzle, 1985; Snieszko, 1974; ex
perimental infection: Baxa et al., 1987b, Chow-
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dury and Wakabayashi, 1989a; Kuo et al., 
1987b; histopathology: Pacha and Ordal, 1967; 
and control measures: Amin et al., 1988; Deufel, 
197 4; Liewes et al., 1982; Ostland et al., 1989; 
Snieszko, 1953, summarizes the older litera
ture. 

Finally, it seems safe to predict that, beyond 
the examples given earlier, more diseases and 
disorders of aquatic animals other than fish will 
be discovered that are connected to CLB. 
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The Genus Saprospira 

HANS REICHENBACH 

Gram-negative gliding bacteria that form heli
cal, multicellular filaments are grouped in the 
genus Saprospira (Fig. 1 ). All known species live 
in aquatic environments. They are moderately 
common but relatively difficult to isolate, and 
therefore have not been studied very well, al
though some of them can be cultivated without 
problems. Relatively little has been added to 
our knowledge of Saprospira since the first edi
tion of The Prokaryotes (Reichenbach and 
Dworkin, 1981 ). 

The genus Saprospira was defined by Gross 
(1911 ). He described two marine species, S. 
grand is and S. nana, of which only the former 
has since been isolated by other investigators. 
The two organisms differed considerably in 
their dimensions, as shown in Table 1, which 
lists some characteristics of the known strains 
of the genus. 

It seems, however, that at least three other 
investigators had observed saprospiras before 
Gross. Kolkwitz (1909) described a freshwater 
saprospira under the name of Spirulina albida. 
He obviously believed his organism to be an 
apochlorotic blue-green "alga" (cyanobacter
ium). 

In 1875, van Tiegham (1880) observed a del
icate white scum that resembled Beggiatoa cov
ering the mud in the water course of an old mill. 
Under the microscope, he discovered that the 
organism consisted of long, fine, helical fila
ments that were so tightly wound up that the 
coils touched. The helices moved by rotation 
around their long axis. The long filaments were 
also actively bending. He called this organism 
Spirulina alba, thereby deliberately emphasiz
ing its close affinity to the blue-green algae of 
the same genus. Although his description is 
rather scant, it seems almost certain that he was 
dealing with a Saprospira species. 

In the same year, Warming (1875) observed 
a very large helical organism in marine debris 
from the Danish coast and named it Spiro
chaeta gigantea. From his careful description, 
one can deduce that this organism, too, may 
have been a Saprospira species. 

Not much was published in the five decades 
following the definition of the genus. In addi
tion, until the middle of the 20th century, Sap
rasp ira was regularly regarded as belonging to 
the spirochetes, which caused considerable con
fusion. Gross (1912) himself stressed the simi
larity between Cristispira, which was also first 
defined by him, and Saprospira. To him :and 
most other investigators at the time, the latter 
was essentially a spirochete without a crista or 
an axial filament. Unfortunately, in stained 
preparations, both organisms also showed a 
multichambered aspect, which was in fact a 
staining artifact but obscured the difference in 
organization of the two bacteria. Do bell (1912) 
described a new freshwater species, Saprospira 
jlexuosa. From the careful description given by 
Do bell, one may deduce that his organism really 
was a Saprospira, perhaps S. alb ida as suggested 
by Lewin ( 1962), although this point cannot be 
decided because we do not know how many dif
ferent freshwater saprospiras exist. During a 
study on helical bacteria in the digestive tract 
of oysters, Dimitroff ( 1926) observed several 
types of organisms which he regarded as sap
rospiras. One he identified with S. grandis, the 
others he described as new species, S. lepta and 
S. puncta. His account of the movements of his 
isolate of S. grandis leaves considerable doubt 
whether the bacterium was really Saprospira. 
On the other hand, he observed true cristispiras 
under the microscope and distinguished their 
very fast movements quite clearly from those of 
Saprospira. If one takes into account the fact 
that before the days of the phase contrast mi
croscope, it was not so easy to observe living 
bacteria, it is easier to understand this uncer
tainty. It might be worthwhile to investigate 
again for the presence of saprospiras in shellfish. 
The two new species could never be observed 
by Dimitroff in the living state so their motility 
behavior is not known. They both had long, ta
pering ends with a sharp point, which is not 
known for any Saprospira species. The giant, 
gliding "spirochete" observed by Soriano in an 
enrichment culture and very briefly mentioned 
by him in the legend to a rather suggestive draw-
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Fig. I. Phase contrast photomicrographs of Saprospira grandis. (a) Helical filaments from a !-day-old liquid culture, survey 
picture; X 180. (b) Filaments at higher magnification; X 500. (c) Decaying filament showing the individual cells; X 900. 
(d) Growing in the narrow space between agar and cover glass in a chamber culture, the filaments have lost most of their 
helical shape and concomitantly their ability to glide; X 920. (Lower left) Nonhelical filaments in a chamber culture with 
large, optically refractile, terminal bulbs; X 470. (Lower center and lower right) At very high magnification (X 1000 and 
X 1200; Zeiss Axiomat) the cross-walls in the filaments are visible. The lower filament shows a constriction near one 
end, perhaps one possible way of filament fragmentation. 

ing (Soriano, 1945), was probably a (freshwater) 
saprospira. Dyar ( 194 7) described the isolation 
and cultivation of a freshwater "spirochete." 
This organism resembled Saprospira in many 
respects, and indeed was later identified with S. 
alb ida by Pringsheim (1963). Skuja ( 1948) de
scribed the new species, Achroonema spiro
ideum, from Swedish lakes. The organism was 
later equated with S. albida (Lewin, 1962), but 
the very lax coils typical for Achroonema spi
roideum leave some doubts whether this as
signment is correct. 

Many details about the morphology and 
physiology of the saprospiras were elucidated 
between 1960 and 1970 through the research of 
Lewin and his collaborators, who also defined 
several new species and emended the taxonomic 
position of the genus (Lewin, 1962, 1965a, 
1965b, 1969, 1972; Lewin and Lounsbery, 1969; 
Lewin and Mandel, 1970). The phylogenetic re-

1ationship of Saprospira grandis was recently 
established by 16S rRNA oligonucleotide cat
aloging: The organism belongs to the Bacteroi
des-Flavobacterium-Cytophaga phylum (Paster 
et al., 1985). A relationship with the cyanobac
terium Spirulina has specifically been ruled out 
(Reichenbach et al., 1986). 

A short review of the genus Saprospira has 
recently been published (Reichenbach, 1989). A 
movie showing the movements and the devel
opment of the swarm colonies of Saprospira is 
also available (Reichenbach et al., 1975/1976; 
Reichenbach, 1980). 

Habitats 

The saprospiras appear to live exclusively in 
aquatic environments. S. grandis and other ma
rine species have been isolated from sand and 
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Table 1. Characteristics of the Saprospira strains. 

Morphological characteristic (~tm)• 

Length of Diameter of Width of Pitch of Length of GC content 
Strain filament filament helix helix cell (mol%) Habitat 

S. grandis, Gross 6-100 0.8 6-6.5 1.5-2.2 Marine 
1911 

S. grandis, Lewin 10-500 0.8-1.2 1.5-2 4-10 1-2.5 46-48 Marine 
1962 

S. grandis, Dimitroff 50-90 1.2-1.4• 20-28 Oyster, marine 
1926b 

S. grandis, 15-450 0.8-0.9 1.4-1.8 5-6.5 2.7-5.5 47 Marine 
Reichenbach 1980 

S. nana, Gross 1911 36 0.5 2.3-3 1.5-3 Marine 
S. gigantea, About 400 1.5-3 5-9 25-40 Marine 

Warming 1875 
S. toviformis, Lewin 10-500 0.8 1.5 4-9 1-2.5 38 Marine 

and Mandel 1970 
S. lepta, Dimitroff 54-92 0.5 1.6-4.8 5-13 Oyster, marine 

1926b.d 
S. puncta, Dimitroff 60-100 0.9-1.2 4-8 Oyster, marine 

1926b.d 
S. albida, Kolkwitz 4-5 Fresh water 

1909 
S. albida, Dyar 1947 About 400 2 3-6.5 Fresh water 
S. albida, Lewin 10-500 0.8-1.2 1.5-2 3-7 2-3 40-43 Fresh water 

1965b 
S. albida, Ashton 10-450 0.8-0.9 1.4-1.6 2.9-4.9 2.1-2.7 Fresh water 

and Roberts 1987 
S. jlexuosa, Dobell 3-50 0.8 2 3 Fresh water 

1912• 
S. spiroidea, Skuja 10-250 0.3-0.5 2.8-5.7 9-25 3-15 Fresh water 

1948f 
S. jlammula, Lewin 10-500 1.0 1.5 3-4 2-3 48 Fresh water 

1965b 
S. thermalis, Lewin 10-500 1.0 1.5-2.5 7-17 2-5 35-37 Fresh water 

1965a 

•In the older literature, measurements were often taken from fixed and stained specimens which may have been considerably 
distorted. 
hFrom the description by Dimitroff it cannot be decided with confidence whether his organisms were true saprospiras. 
•It is not clear whether Dimitroff was talking about the width of the filament or the width of the helix. 
•With tapering ends. 
•Probably actually S. albida. 
rAchroonema spiroideum was equated with S. albida, but it forms a very lax helix, and, in this respect, it resembles S. 
thermalis more closely than S. albida. 

mud, and collected at the sea coast at many 
different locations all over the world (Gross, 
1911; Lewin and Lounsbery, 1969; Lewin and 
Mandel, 1970). One strain of S. grandis has 
been obtained from a rotting crab carapace 
(Reichenbach, 1980). As discussed above, sev
eral species may possibly be found within oys
ters (Dimitroff, 1926). Saprospiras are common 
also in fresh water (Lewin, 1965b). They seem 
to prefer eutrophic conditions and are often as
sociated with algae. Saprospiras have been ob
tained from the mud in rivers and lakes (Kol
witz, 1909; Pringsheim, 1963), from planktonic 
algae and cyanobacteria, as well as from the up
per layers of surface waters, in which the fila-

ments may be free-floating (Do bell, 1912; Skuja, 
1948; Brunei, 1949; Ashton and Robarts, 1987), 
from decaying organic matter in a sulfur spring 
(Dyar, 1947), from a bog (Jarosch, 1967), and 
from sewage plants, including activated sludge 
(Kolkwitz, 1909; Cyrus and Sladka, 1970; 
Sladka and Ottova, 1973). S. thermalis was first 
isolated from a hot spring in Iceland, but the 
organism is not thermophilic and in fact not 
even thermotolerant, for its maximum temper
ature is 35-37°C (Lewin, 1965a). Only one 
strain of S. albida was ever isolated from soil. 
The sample came from Canada, but unfortu
nately nothing was said about the water con
ditions of that soil (Lewin, 1965b ). 
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Interesting details about the interaction of a 
saprospira species with the cyanobacterium Mi
crocystis aeruginosa in a South African reser
voir have been published (Ashton and Robarts, 
1987). Usually Saprospira is found in the sur
face layers of the lake at a very low density of 
less than 10 filaments per liter, but during Mi
crocystis blooms, its density increases to more 
than 10,000 filaments per liter, and the sapros
piras colonize and lyse the floating colonies of 
the cyanobacterium. Curiously, the Saprospira 
seems selectively to attack a toxic variant of M. 
aeruginosa, which is dominant at the site for 
most of the year. It has been suggested that sap
rospiras could be useful to control this unde
sired organism. 

Isolation 

No specific enrichment methods are known for 
saprospiras. Gross ( 1911) described a collection 
technique that makes use of the tendency of 
Saprospira to attach itself to a substrate surface. 
He filled a large petri dish with a sample of 
marine sand, covered it with sea water, placed 
coverslips on the water surface, and left them 
floating overnight. Most of the saprospiras stuck 
to the glass surface and could be removed from 
the crude culture. 

To isolate saprospiras, samples are taken 
from appropriate habitats (see above) and 
placed as well-separated streaks or spots onto 
the surface of dry agar plates. To prevent ex
cessive growth of contaminants, the media 
should contain nutrients in low concentrations 
only. For marine samples, MS1, SW2, or SP6 
agar can be used. It appears that for saprospiras, 
natural and artificial seawater are equivalent, 
so that the following media could be prepared 
with either one. 

MSl Agar I Agar 1.5% 
Natural seawater 

The pH is not adjusted. The medium is autoclaved. 

SW2 Agar 
Agar 1.5% 
NH4CI 0.1% 
Na acetate 0.002% 
Artificial seawater (see below) 

The pH is adjusted to 7.2. The medium is autoclaved. 

Artificial Seawater (Dawson et al., 1972) I The following recipe has been used by us with good 
results: NaCI, 24.7 g; KCI, 0.7 g; MgS0.-7H20, 6.3 g; 
MgCI2·6H20, 4.6 g; CaCI2 (anhydrous), 1.0 g; NaHC03, 

0.2 g. Bring to I liter with water. To avoid precipitation, 
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CaCI2 and NaHC03 are autoclaved as separate stock 
solutions. 

SP6 Agar 
Casitone (Difco) 0.03% 
Yeast extract (Difco) 0.01% 
Agar 1.5% 
Artificial seawater (see above) 

The pH is adjusted to 7.2. The medium is autoclaved. 

The freshwater saprospiras are often more 
fastidious, and most investigators were only 
able to maintain their isolates for longer periods 
in mixed cultures, e.g., in fouling soil suspen
sions such as soil enriched with proteinaceous 
material in water (Pringsheim, 1963). Repeat
edly, it has been found that small quantities of 
H2S are stimulatory, although the organisms do 
not really depend on it (Dobell, 1912; Dyar, 
194 7). Perhaps the good results with Pring
sheim's technique were also due to the produc
tion ofH2S from the added protein. Dyar (194 7) 
seems to have been the first to succeed in iso
lating and cultivating a strain of S. albida. She 
used a leaf-infusion agar with a few drops of 
blood for isolation. 

Several freshwater saprospiras were isolated 
by Lewin using LEWl agar (Lewin 1965a, 
1965b). 

LEWl Agar (Lewin, 1965b) 
Ca(N03),-4H20 0.05% 
MgS0.-7H20 0.01% 
K2HP04 O.Ql% 
Tryptone (Difco) 0.01% 
Agar 1% 

Yeast extract (Difco) can also be used in place of tryp
tone. 

The crude cultures are incubated at 30°C, 
room temperature, or in the refrigerator, de
pending on the starting material. For freshwater 
strains, 23-27°C is recommended (Lewin, 
1965a). Although marine S. grandis has a tem
perature optimum around 30°C, it is useful to 
keep crude and enrichment cultures at 6°C, 
since the organism still grows and spreads rea
sonably well at that temperature, while the 
growth of contaminants is considerably reduced 
(H. Reichenbach, unpublished observations). 
The crude cultures are examined from time to 
time under a dissecting microscope. Oblique il
lumination should be applied to make delicate, 
spreading colonies also visible. Already after 3 
to 4 days, or, at lower temperatures, after a 
longer interval of up to 2 to 3 weeks, spreading 
colonies with long, rootlike tongues (Fig. 2) or 
with irregular, flamelike edges may be found. 
This is the typical appearance of colonies of 
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gliding bacteria. Saprospira colonies often also 
show a very regular striped pattern (Dyar, 1947; 
Reichenbach et al., 1975/76; Reichenbach, 
1980), which is seen with other screw-shaped 
bacteria, e.g., Methanospirillum hungatii (Ferry 
et al., 1974). A microscopic control should show 
the typical Saprospira filaments (Fig. 1) and 
their characteristic movements (Reichenbach et 
al., 1975/76). Further purification is achieved 
by making transfers from the spreading edges 
of the swarm colonies; it is best to cut out a 
piece of the colony using the sharp point of a 
1-ml disposable syringe. The material is 
streaked on the same medium as before, or, as 
soon as the colonies appear sufficiently pure, 
also on a richer medium e.g., SAP2 agar for 
marine, and LEW2 and LEW3 agar for fresh
water strains. 

SAP2 Agar 
Tryptone (Difco) 0.1% 
Yeast extract (Difco) 0.1% 
Agar 1.5% 
Artificial seawater (see above) 

The pH is adjusted to 7.2. The medium is autoclaved. 

LEW2 and LEW3 Agar (Lewin, 1965a). I The recipe is the same as for LEW! agar, but the tryp
tone concentration is raised to 0.03% and 0.3%, respec
tively. 

Finally, diluted filament suspensions may be 
plated on the richer versions of the above-men
tioned media. The most troublesome contam
inants are other gliding bacteria and, in marine 
samples, agar decomposers. Both groups should 
be eliminated at the very beginning of the en
richment process. 

Cultivation 

All Saprospira strains that have been studied so 
far are strictly aerobic organotrophs and seem 
to prefer amino acids as carbon, nitrogen, and 
energy sources, often without an alternative. 
Many marine strains grow well on relatively 
simple media, such as SAP1 or SAP2 agar. 

SAPl Agar (Lewin, 1962) 
Tryptone (Difco) 0.5% 
Yeast extract (Difco) 0.5% 
Agar 1.5% 
Artificial seawater (see above) 

The pH is adjusted to 7.2. The medium is autoclaved. 

The marine saprospiras can be cultivated 
without difficulties and with good yields in liq
uid media, such as SP5 liquid medium or SAP1 
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liquid medium (as for SAPl agar, but without 
agar). They usually form homogeneous suspen
sions in shake cultures. 

SP5 Liquid Medium 
Casitone (Difco) 0.9% 
Yeast extract (Difco) 0.1% 
Artificial seawater (see above) 

The pH is adjusted to 7.2. The medium is autoclaved. 

An almost fully defined medium is reported 
for S. grandis (Lewin, 1972). It is composed of 
nine essential amino acids, mineral salts, and 
an unknown growth factor present in yeast nu
cleic acid hydrolysate. The marine saprospiras 
almost always require at least half-strength sea 
water, but S. toviformis and a few S. grandis 
strains also grow at freshwater salt concentra
tions (Lewin and Lounsbery, 1969). 

Among the freshwater saprospiras, S. ther
malis is the least fastidious one and can be 
grown on relatively simple media, e.g., LEW3 
agar (see above) and in LEW4liquid medium. 
A synthetic medium also has been developed 
(Lewin, 1965a). 

LEW4 Liquid Medium (Lewin, 1965a) 
Casamino acids (Difco) 0.1% 
Sodium glutamate 0.1% 
Glucose (sterilized separately) 0.1% 
Tris (hydroxymethyl) aminomethane 0.1% 
MgS0.-7H20 0.01% 
KNO, 0.01% 
KNO, 0.01% 
CaC12·2H20 0.01% 
Sodium glycerophosphate 0.0 I% 
Thiamine I mg/liter 
Cobalamine I 1Lg/1iter 
Fe 0.5 mgjliter 
Zn 0.3 mg/liter 
B, Co, Cu, Mn, Mo 0.1 mg/1iter 

each 

The pH is adjusted to 7.5. The medium is autoclaved. 

Good growth was also obtained in a medium 
containing the mineral salts (and glycerophos
phate) of LEW4 liquid medium plus tryptone 
(Difco) 0.02% and glucose 0.02%. If the tryp
tone is replaced by casamino acids, the addition 
of the vitamins became necessary (as in LEW4 
liquid medium). The casamino acids in turn 
can be replaced by 0.2% sodium glutamate and 
three essential amino acids, i.e., leucine (50 mg/ 
liter), isoleucine (50 mg/1), and valine (100 mg/ 
liter). Growth was substantially faster when ty
rosine ( 100 mgjliter) or phenylalanine (250 mg/ 
liter) were al{;o added. 

The freshwater saprospiras of the S. albida 
type are more difficult to cultivate. Dyar (194 7) 
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Fig. 2. Colonial morphology of Saprospira grandis. (Left) Colony on peptone-seawater agar together with two colonies of 
a nongliding organism. The Saprospira colony is rather tough and remains relatively compact; it spreads mainly along 
the grooves scratched into the agar surface by the inoculation loop. Leitz Aristophot; X 7.2. (Middle) Compact colonies 
on SP2 agar, in dark field; X 33. (Right) Colonies under oblique illumination; X 33. In both cases, the appearance of 
the colonies suggests some orderly arrangement of the filaments; in bright field, a pattern of fine, parallel, concentric 
stripes can be seen; Zeiss Axiomat. 

could grow pure cultures on blood agar con
taining 5-10% erythrocytes and 1-l. 5% agar. 
The organism did not grow if blood serum or 
heat-sterilized blood was used, which seems to 
indicate that it required either a heat-labile 
growth factor or enzyme in erythrocytes. Lewin 
(l965b) recommended a semisolid medium, 
LEW 5 agar, for those strains, but even then they 
grow rather slowly. 

LEW5 Agar (Lewin, 1965b) 
Tryptone (Difco) 
Yeast extract (Difco) 
Gelatin (Difco) 
Glucose (sterilized separately) 
Tris buffer 
MgS0.-7H20 
KNO, 
CaCI2·2H20 
NaCI 
Sodium glycerophosphate 
Fe 
Zn 
8 , Co, Cu, Mn, Mo 
Agar 

0.1 o/o 
0.1 o/o 
0.1 o/o 
0.1 o/o 
O.lo/o 
0.1 o/o 
0.1 o/o 
0.1 o/o 
0.1 o/o 
O.Oio/o 
0.5 mgjliter 
0.3 mg/liter 
0.1 mg/liter each 
0.25% 

The pH is adjusted to 7.5. The medium is autoclaved. 

Unlike the other freshwater saprospiras, S. 
jlammula is stimulated by 0.3% NaCl. It does 
not grow on casamino acids alone, but can be 
cultivated on a medium containing 0.5% tryp
tone, 0.3% NaCl and 0.25% agar (Lewin, 1965b ). 

Most saprospiras grow well at 30°C. Many 
strains even grow at 40°C (Lewin and Louns
bery, 1969). The temperature optimum is near 
25°C for (marine) S. toviformis (Lewin and 
Mandel, 1970), 26°C for (freshwater) S. albida 
(the range is still 15-34°C; Dyar, 1947), and 
about 37°C for (marine) S. grandis (Lewin, 
1962). S. grandis survives 46°C for 30 min 
(Lewin, 1972). This high temperature optimum 
of S. grandis is somewhat surprising, for the 

organism usually is found in a relatively cold 
environment. Thus, strain Sa gl was isolated at 
Roscoff, Brittany, where the Atlantic Ocean 
rarely reaches 17-18°C and is much colder most 
of the year. This strain also grows rather well 
at 6°C, and thus has a very wide temperature 
range. 

The optimal pH is around neutral, and the 
range in which growth is possible is 6.5 to 7.5 
and occasionally slightly beyond. The doubling 
time of S. grand is is 2 to 3 h at 30°C in SAP 1 
liquid medium (Lewin, 1962, 1972), that of S. 
thermalis 6 to 7 h at 30°C (Lewin, 1965a). A 
yield of about 250 mg dry cell mass per liter 
has been found with S. thermalis (Lewin, 
1965a). With S. grandis in SP5 liquid medium 
at 30°, after 24 h of cultivation we obtained 12.5 
g bacteria per liter by wet weight, corresponding 
to 2.5 to 3 g dry weight. Aasen and Liaaen
J en sen ( 1966a) harvested 400 g wet cells, giving 
51.5 g freeze-dried bacteria, from 200 liters of 
culture broth after 20 h at 30°C. 

Preservation 

Cultures of S. grandis strain Sa gl on SAP2 agar 
remain viable for 2 to 3 weeks at room tem
perature (21 °C}. Lysis within 3 days at 30°C, 
and within a few weeks at 25°C, on all tested 
liquid and agar media, has been reported for 
other strains (Lewin, 1962). Dyar ( 194 7) found 
that her S. albida survived on blood agar for 
about one month but died after a short time in 
the refrigerator. 

Filaments of S. grandis strain Sa gl can be 
suspended in SP5 liquid medium and frozen at 
- 80°C or in liquid nitrogen without any further 
precautions. We were able to revive both cul
tures without difficulty after 2.5 years, the long
est period tested so far. They will certainly sur
vive for a much longer time. We had no success 
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with drying in skim milk (H. Reichenbach, un
published observations). 

Sanfilippo and Lewin (1970) tested several 
freezing techniques with 27 strains of five Sap
rospira species. The longest survival times they 
found for cultures frozen at -22°C was 2 to 3 
weeks (only marine species). In media contain
ing 10% glycerol, all marine strains survived in 
liquid nitrogen for 1 year, the longest period 
tested. Of the freshwater species, only some 
strains of S. thermalis could be preserved in this 
way. Dimethyl sulfoxide (DMSO, 10%) proved 
toxic for all saprospiras: all strains were killed 
within 24 h at room temperature. 

Characterization 

The saprospiras form helical, multicellular, un
branched filaments (see Fig. 1) that move by 
gliding when in contact with a substrate surface. 
The length ofthe filaments is not fixed and var
ies considerably, even within one culture. The 
filaments tend to be longer in liquid media than 
on agar plates. S. grandis strain Sa gl, e.g., mea
sures 15-130 JLm when grown on a plate, and 
20-450 Jlm when grown in a liquid medium of 
the same composition. Similar figures have been 
reported for other strains and species (see Table 
1 ). The diameter of the filaments is relatively 
constant and usually around 1 JA.m. 

The filaments are composed of cylindrical 
cells that are 1-5 JLm long and closely attached 
to one another. No constrictions are visible at 
the surface of the filaments at the sites of the 
septa. The cells at the ends of the filaments are 
rounded, but otherwise do not seem different 
from the rest. (As mentioned above, two du
bious species with pointed filaments have been 
described from oysters; Dimitroff, 1926). The 
length of the cells within one filament is vari
able, which suggests that the cells divide along 
the whole filament and independently from one 
another. With a good microscope and applying 
phase or interference contrast, the cross-walls 
can be seen in the living filament. Also, dark
field microscopy shows the septa clearly (Dyar, 
194 7; J arosch, 196 7). The cell boundaries be
come more apparent when the filaments begin 
to disintegrate (see Fig. lc). Drying of the fil
aments to the slide may be sufficient to induce 
fragmentation (Dyar, 194 7). Further, the mul
ticellular nature of the screws can be seen after 
staining, e.g., with an I-KI solution (Skuja, 
1948) or with Heidenhain's hematoxylin 
(Gross, 1911). Other staining methods often 
used in the older literature, e.g., with safranine, 
borax carmine, or methylene blue, also pro
duced chambered filaments in Saprospira, but 
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this may sometimes have been an artifact due 
to shrinkage of the protoplast, for true spiro
chetes also showed such a chambered appear
ance (Dobell, 1912; Dimitroff, 1926). Another 
identified artifact was an "axial filament" in 
heavily stained mounts of S. albida (Dyar, 
194 7). Of course, the septa are easily recogniz
able in thin sections under the electron micro
scope (Lewin, 1962). Also, in the election mi
croscope, a typical Gram-negative cell wall with 
a thin peptidoglycan layer and an outer mem
brane can be seen. As usual, the septa consist 
only of the two cytoplasmic membranes and the 
peptidoglycan layer. The filaments multiply by 
breaking in two, apparently sometimes at the 
sites of necridia, i.e., dead cells (Gross, 1911; 
see also Chapter 209 on Herpetosiphon). It 
seems that reproduction by simultaneous frag
mentation into many short, one- or few-celled 
pieces can also take place (Gross, 1911, 1912; 
Dobell, 1912; Lewin, 1962, 1965b). The short 
pieces move only very slowly if at all, but with 
growing length their movements speed up again 
(Dobell, 1912; Skuja, 1948). 

The helix of Saprospira usually is relatively 
loose (Fig. 1 ). Its pitch is 3-10 JLm, and its width 
is 1.5-2.5 JLm. Some species show especially lax 
helices, e.g., S. thermalis and S. (Achroonema) 
spiroideum. But pitch and width are not con
stant features of a strain and can vary somewhat 
even within one culture. With the freshwater 
species, the helices appear usually to be coiled 
sinistrally (Lewin, 1965b), while the marine 
strains are coiled dextrally (Lewin and Mandel, 
1970). The screw shape of the filaments may 
completely disappear during cultivation, in 
which case the organism would be difficult to 
recognize as a Saprospira (Dyar, 1947; Lewin, 
1965b). Thus, the very long filaments seen in 
liquid cultures generally form only rudimentary 
and irregular helices. Also after improper fixa
tion (e.g., with picric acid) the filaments tend 
to straighten out (Gross, 1911). In chamber cul
tures when restricted to the narrow space be
tween the agar surface and the cover glass, S. 
grand is grows in the shape of very long, mean
dering filaments that are completely straight 
and, interestingly, also nonmotile (Fig. 1d; Rei
chenbach et al., 1975/1976; Reichenbach, 
1980). 

In such chamber cultures of S. grandis, fila
ments can sometimes be seen with the end cells 
inflated into spherical, optically refractile bulbs 
of 1.4-3 JLm diameter (Fig. 2; Reichenbach, 
1980). Those bulbs are probably a degeneration 
phenomenon but should not be confused with 
the spheroplasts that are found in old cultures 
all along the filament (Dyar, 194 7), or can be 
produced by adding a 5 to 10% NaCl solution 
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("blisters"; Dobell, 1912). Filaments of S. gran
dis from liquid cultures appear to be very sen
sitive to changes in environmental conditions. 
Simply mounting them on a slide is sufficient 
to induce a decay of the filament and the for
mation of spherical protrusions at the surface 
of the cells (Fig. 1 c). 

Inside the cells of S. albida many highly re
fractive granules can be seen, sometimes ex
tending from one side of the cell to the other 
(Do bell, 1912; Dyar, 194 7). Dyar distinguishes 
two types: 1) volutin granules, i.e., polyphos
phate, which show metachromatic staining with 
methylene blue and dissolve in (hot) water or 
in 0.02% NaHC03 solution; and 2) lipid glob
ules, which stain with Sudan black B. The latter 
could well consist of poly-,6-hydroxybutyrate. 
The inclusions are also seen under the electron 
microscope (Dyar, 194 7). They appear to be rel
atively rare in S. grandis (Lewin, 1962; Lewin 
and Kiethe, 1965). 

Gross ( 1911) mentioned that, in aging cul
tures of S. grandis, series of cells with increased 
stainability could occasionally be seen within 
filaments. Such cells later became spherical and 
surrounded themselves with a heavy wall. He 
suggested that those cells were spores, although 
he could not observe any further development. 
This observation has not yet been corroborated 
by other investigators. 

A DNA phage of S. grandis with an icosa
hedral head, a contractile tail sheath, and rigid 
tail spines has been isolated and characterized 
(Lewin et al., 1964). Peculiar rod-shaped par
ticles with long, wicklike tails, found in lysing 
cultures of S. grandis (Lewin, 1963; Lewin and 
Kiethe, 1965; Reichle and Lewin, 1968) and of 
the freshwater species S. a/bida and S. flam
mula (Lewin, 1965b) have been described as 
"rhapsidosomes." The preparations showed no 
infectivity whatsoever. Initially it was thought 
that the particles consisted of a ribonucleopro
tein containing a highly 2'-0-methylated RNA 
(Correll and Lewin, 1964; Correll, 1968). This, 
however, turned out to be an analytical error, 
for the particles are composed exclusively of 
protein (Delk and Dekker, 1969, 1972; Price 
and Rottman, 1970). Very similar particles were 
later found in a myxobacterium and identified 
as the tails of a defective phage (Reichenbach, 
1967). The Saprospira particles very probably 
have the same origin (Delk and Dekker, 1972). 
In fact, defective phage tails are rather common 
in bacteria, and many examples are known to
day. Unfortunately, the term rhapidosome was 
later also used for rod-shaped particles of a to
tally different morphology and nature, leading 
to unnecessary confusion (e.g., Pate et al., 1967; 
Yamamoto, 1967; Baechler and Berk, 1972). 
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In autolysed cultures of S. thermalis, but not 
of any other Saprospira, cell-wall fragments 
with a periodic hexagonal substructure are seen 
under the electron microscope, obviously rem
nants of a surface layer (Lewin, 1965b ). 

The helical filaments of Saprospira move by 
gliding when in contact with a suitable substrate 
surface, e.g., an agar or glass surface. The speed 
of S. grandis at room temperature (25°C) is 50-
120 Jlm/min, and the movement is thus very 
obvious (Lewin, 1962). A speed of 120-180 Jlm/ 
min has been determined for S. thermalis 
(Lewin, 1965b ), one of 600 Jlm/min for S. spi
roidea (Skuja, 1948), and one of only 14 Jlm/ 
min for S. j/exuosa (Dobell, 1912). The gliding 
screws rotate around their long axis, and are also 
able to bend actively. Bending is particularly 
conspicuous when the filaments are suspended 
in a liquid. The helices move equally well in 
both directions and may quickly and frequently 
reverse the sense of their movement. As already 
mentioned, loss of the helical arrangement of 
the cells leads to a loss of translocation. The 
locomotory machinery still seems to be oper
ative, however, since tiny particles stuck to the 
surface of the filaments can be seen to migrate 
back and forth over a limited distance, presum
ably the length of a cell (Reichenbach et al., 
1975/1976). Obviously, the proper spatial ar
rangement of the cells in the helix is a prereq
uisite for their efficient cooperation during 
movement (Reichenbach, 1980). As with all 
other gliding bacteria, the mechanism of loco
motion is not understood in Saprospira. A 
movement of Indian ink particles on a helical 
path along the surface of filaments of S. albida 
has been explained by the movement of a helical 
slime belt that could also be responsible for the 
translocation of the filaments (Jarosch, 1967), 
but what moves the slime, is still an open ques
tion. A sticky surface is, no doubt, essential for 
gliding motility, and the surface of Saprospira 
is indeed very sticky (Gross, 1911). Slimy ma
terial has been isolated from viscous, nonlysing 
liquid cultures of S. thermalis (27 mg/liter), and 
various sugars have been provisionally identi
fied in the hydrolysate (glucose, xylose, rham
nose, traces of galactose and mannose; Lewin, 
1965a). 

The colonies of S. grandis on rich agar media 
are compact with entire edges and of a rather 
tough consistency (Fig. 2). On dilute media, 
however, the colonies spread, albeit often slowly 
and to a much lesser extent than the swarms of 
many other gliding bacteria. Long, unbranched, 
rhizoidal tongues may radiate from the edges of 
those colonies (Fig. 2). In other cases, the 
swarms are thin and filmlike (e.g., S. grandis 
on SP6 agar). The spreading colonies and, less 
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so, also the compact ones, show a surprising and 
very regular pattern of narrow stripes (Fig. 3). 
The striations are particularly impressive under 
dark-field illumination. As already mentioned, 
the phenomenon was first described for Sap
rospira by Dyar (1947) and is also known for 
other, unrelated, helical bacteria. It may be ex
plained by an exact alignment of the screws 
(Fig. 3d). The optical pattern seems to arise 
from differences in light scattering in the rising 
and falling gyres of the helices, perhaps in com
bination with an interference effect. Colonies of 
S. grandis Sa gl show a periodicity of the stripes 
of 7.6 to 8.6 ~-tm, while the pitch of the helices 
in suspension is 4.9 to 6.5 ~-tm. Apparently, the 
helices are slightly distorted on the plate. 

Relatively little is known about the chemical 
composition of Saprospira. The respiratory 
chain contains menaquinone MK-7 exclusively 
(M. D. Collins, personal communication). 
While initial studies seemed to indicate an a
type cytochrome as the terminal oxidase (Web
ster and Hackett, 1966), it was later found that 
S. grandis has four functional cytochromes, one 
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of which has an unusual maximum at 603 nm 
(77°K) in the difference spectrum, and that an 
a,a3-type cytochrome is most probably the ox
idase (Dietrich and Biggins, 1971). NADH-ox
idation by Saprospira particles is insensitive to 
antimycin A, rotenone, and amytal, but it is in
hibited by cyanide and HOQNO. 

The GC content of the DNA of the various 
species is 35-48 mol% (see Table 1). 

The saprospiras are colored in shades of yel
low, orange, pink, and red. The pigments are 
cell-bound. Initial studies provided a prelimi
nary characterization of the pigment patterns 
by thin-layer chromatography, and of the pig
ment type by absorption spectra of chromato
graphic fractions (Fox and Lewin, 1963; Lewin 
and Lounsbery, 1969). It soon became apparent 
that the pigments were probably carotenoids, 
but so far only one, the new xanthophyll sap
roxanthin (a modified 3, 1'-dihydroxy--y-caro
tene) from S. grandis, has been chemically char
acterized (Aasen and Liaaen-Jensen, 1966a). 
The pigment content was 0.02% of the freeze
dried cells. From S. thermalis, a single carat-

Fig. 3. Striated colonies of Saprospira grandis. (a) Colony spreading along grooves in the agar surface; the stripes run 
almost perpendicular to the direction of the spreading movement; Zeiss Standard Microscope, with oblique illumination; 
X 60. (b) Surface of a colony under oblique illumination; the filaments are just recognizable as a very delicate striation 
perpendicular to the stripes; Zeiss Axiomat; X 120. (c) Under dark-field illumination, the pattern of stripes becomes even 
more distinct; Zeiss Axiomat; X 120. (d) At high magnification it can be seen that in the striated areas the filaments lie 
strictly parallel, with the screws " in phase"; Zeiss Axiomat; X 580. 
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enoid, apparently a keto-carotenoid, was ob
tained, but because of very low yields (0.002% 
of the dry weight) its chemical structure could 
not be determined (Aasen and Liaaen-Jensen, 
1966b ). The early investigators described S. al
bida as completely unpigmented (however, they 
may have thought mainly of chlorophylls), but 
when a sufficiently high cell density is obtained, 
the organism shows a pale yellow tint (Fox and 
Lewin, 1963). Carotenoid synthesis by S. ther
malis is stimulated by light, by suboptimal con
centrations of cobalamine or tyrosine, and by 
subinhibitory concentrations ofthiamine or so
dium thiosulfate (Lewin, 1965a). 

As already mentioned, S. grandis depends en
tirely on amino acids for growth (Lewin, 1972). 
It can be cultivated on various peptones, such 
as tryptone, casitone, phytone, or yeast extract. 
It can also be grown on casamino acids, but only 
if the medium is supplemented with trypto
phan, asparagine, and a small quantity of yeast 
nucleic acid hydrolyzate (the growth factor sup
plied by the latter could not be identified). In 
that case, the casamino acids could be replaced 
by a mixture of essential amino acids, i.e., ar
ginine, histidine, isoleucine, leucine, valine, 
methionine, phenylalanine, threonine, and per
haps lysine. Curiously, asparagine cannot be 
substituted by aspartate or glutamine. In na
ture, S. grandis may provide itself with the re
quired amino acids by the degradation of pro
teinaceous matter. Gelatin liquefaction, the 
clotting and digestion of milk casein, and the 
decomposition of bacterial cells by S. grandis 
have been reported. In accordance with the met
abolic restrictions outlined above, polysaccha
rides like starch, alginate, carboxymethyl cel
lulose, and agar are not hydrolyzed (Lewin and 
Lounsbery, 1969). Strain Sa gl also does not 
attack chitin and yeast cells. Marine S. tovifor
mis differs from S. grandis in that it grows on 
casamino acids alone and does not require as
paragine. Also, it is stimulated by lactate and 
acetate and depolymerizes carboxymethyl cel
lulose. It, too, does not utilize any of the tested 
sugars (Lewin and Lounsbery, 1969). 

S. thermalis, the only freshwater species stud
ied in some detail, utilizes glucose but none of 
the other tested sugars, sugar alcohols, ethanol, 
or acetate (Lewin, 1965a); Lewin and Louns
bery, 1969). This organism also hydrolyzes 
starch. S. thermalis grows well in a mineral 
salts/glucose medium with tryptone. The latter 
can be replaced by either 1) yeast extract; 2) 
casamino acids plus the vitamins cobalamine 
and thiamine; or 3) glutamate plus the essential 
amino acids valine, leucine, and isoleucine and 
the vitamins. Much better growth is obtained 
if phenylalanine or tyrosine are also added to 
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the synthetic medium. The main nitrogen 
source in the latter medium, glutamate, can be 
substituted by asparagine, methionine, or thre
onine, to a certain extent also by NH/ or urea, 
but not by N03• S. thermalis too is proteolytic. 
The organism appears to operate a citric acid 
cycle (Lewin, 1965a). A fructose-bisphosphate 
aldolase has been purified 240-fold from S. ther
malis (Willard and Gibbs, 1968). It is a type II 
aldolase, as is characteristic for bacteria, re
quiring cysteine, Zn2+, and K+ for maximum 
activity. 

All saprospiras are catalase negative and pro
duce ammonia from amino acids, none reduces 
nitrate to nitrite. Only S. thermalis produces 
H2S and minor amounts of indole. 

Taxonomy 

An extensive study on the taxonomy of flexi
bacteria, including several types of saprospiras, 
was performed in the late 1960s (Lewin, 1969; 
Lewin and Lounsbery, 1969). The study was 
based mainly on a set of about 70 morphological 
and physiological features, but the GC content 
of the strains was also determined (Mandel and 
Lewin, 1969; in case of a discrepancy between 
data in the literature, the GC values given in 
Table 1 were taken from this study). The data 
were processed in two different ways: by an 
Adansonian analysis (Colwell, 1969) and by a 
recurrent group analysis (Fager, 1969). While in 
both schemes, the strains of S. grandis, S. ther
malis, and S. toviformis turn out as coherent 
and clearly separated groups, the connections 
between those groups, and between them and 
other flexibacteria, differ substantially. Consid
ering the limitations of such a phenotypic clas
sification it may, however, be too early to con
clude that the various saprospiras are not 
closely enough related to be included in one 
genus. 

The phylogenetic relationship of S. grandis 
with the cytophagas and flavobacteria has al
ready been mentioned. The branching point is, 
however, relatively low, and the connection to 
the other members of the group is consequently 
weak. 

At present, only one species of Saprospira is 
accepted, S. grandis (Reichenbach, 1989). Al
though there are no conclusive arguments to 
prove it, at least some of the various organisms 
classified as saprospiras in the past (Table 1) 
may indeed represent other Saprospira species. 
Apparently, a similar situation exists with Sap
rospira as with Beggiatoa, for which strains or 
species of widely different dimensions have also 
been reported. Unfortunately, with the excep-
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tion of S. grandis, no other Saprospira seems 
to be currently available for comparison in a 
public culture collection, so that all planned 
studies will have to start with new isolates. 

Applications 

Apart from the remote possibility discussed ear
lier for using saprospiras for the control offresh
water cyanobacteria, no other practical interest 
in the saprospiras is obvious at the moment. 
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The Genus Haliscomenobacter 

EPPE GERKE MULDER and MARIA H. DEINEMA 

In the 1st edition of The Prokaryotes, the genus 
Haliscomenobacter was considered together 
with bacteria of the genera Sphaerotilus and 
Leptothrix, but Haliscomenobacter is not 
closely related to these other Gram-negative 
sheathed bactera. 

Habitats 

Strains of Haliscomenobacter hydrossis, the 
only species of the genus Haliscomenobacter 
isolated so far, are nearly always present in ac
tivated sludge flocs, sometimes in large 
amounts. The conditions for such an abundant 
development, which gives rise to bulking sludge, 
are not understood. 

Straight, thin, needle-shaped, sheath-forming 
chains of cells protruding from the sludge flocs 
(Fig. 1) may interfere with dumping and com
pacting of the solids. 

Isolation 

The following procedure (van Veen, 1973) can 
successfully be used to isolate Haliscomeno
bacter sp. from bulking activated sludge. 

I Medium (g/liter of distilled water) 
Glucose 0.15 
(NH.)2S0. 0.5 
Ca(NO')2 0.01 
K2HPO. 0.05 
MgSO .. 7H20 0.05 
KCI 0.05 
CaCO, 0.1 
Vitamin B12 10-5 

Thiamine 4 X 10-' 
Agar (Oxoid) 10 

S.c.Y. Medium (g/liter of distilled water) I Sucrose 1.0 
Casitone (Difco) 0.75 
Yeast extract (Difco) 0.25 

This paper is taken from the 1 st edition of The Prokaryotes. 

Trypticase soy broth without 
dextrose (BBL) 

Vitamin B'2 
Thiamine 
Agar (Oxoid) 

0.25 

10-5 

4 X 10-' 
10 

The vitamins are sterilized separately by filtration. 
A sampie of 0.10-0.50 ml of sludge with a relatively 

large amount of Haliscomenobacter threads is p:ipetted 
into tubes containing 10 ml sterile tap water. The tubes 
are stirred for several minutes with a tube mixer and 
the flocs allowed to settle. The settling time depends on 
the characteristics of the sludge and especially on the 
degree of bulking. This treatment of the sludgt: is re
peated until sufficient filamentous organisms are ob
served microscopically in the upper layers of the su
pernatant. During moderate agitation and rotating 
movements of the dilute floc suspensions, fragments of 
threads are severed from the protruding filaments. The 
low total numbers of organisms and the favorable ratio 
between filamentous and other bacteria in the upper 
liquid layers permit a direct inoculation of the plates 
without further dilution of the suspension. The time of 
agitation of the flocs in the tubes appears to be related 
to the mechanical properties of the stirrer and to the 
nature and number offilamentous organisms pre:sent in 
activated sludge. 

Very small droplets containing sufficient numbers of 
filamentous bacteria are transferred to the previously 
dried surfaces of 30 to 40 agar plates containing I me
dium. The cells are regularly spread over the whole SUf

face of the agar plates by rubbing firmly with a sterile 
glass rod. The plates are incubated for 3 to 4 weeks at 
a temperature between 17 and 20°C. 

The small colonies that develop from filamentous bac
teria are often difficult to detect with a stereomicro
scope, but recognition of the poorly contrasting, fila
mentous microcolonies on the agar is facilitated by low
magnification (150X) phase-contrast microscopy. Iso
lation is performed by transferring bacterial cells to 
S.c.Y. medium using sterile capillary tubes. 

Preservation of Cultures 

Stock cultures of Haliscomenobacter hydrossis 
can be maintained in the following way. Three 
milliliters of sterile tap water are pipetted onto 
the surface of the S.c.Y. agar slopes. The in
oculated tubes are incubated at 20-25°C until 
turbid growth has developed in the liquid layer 
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1 

2 3 

-
Figs. 1-3. Haliscomenobacter hydrossis. (I) Activated sludge flocs with many filaments. Bar = 10 !lm. (2) Branched 
filament with thin hyaline sheath. Bar = I !lm. (3) Fine structure: OS, outer layer of the sheath; IS, inner layer of the 
sheath; CW, cell wall; PS, polysaccharide globules. Bar = I !lm. 
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on the agar. The cells remain viable during 3 
months' storage at 4°C. 

Identification 

The main characteristics of Haliscomenobacter 
spp. are presented in Table 1. Pinkish, smooth, 
or slightly filamentous colonies about 1-3 mm 
in diameter are formed on S.c.Y. medium. The 
cells are nearly always enc10sed by a narrow, 
hardly visible, hyaline sheath (Fig. 2). A hold
fast, as may be present in Sphaerotilus natans, 
has never been detected. The sheaths do not 
attach to glass walls of culture flasks; occasion
ally single cells are liberated from the sheaths 
in fast-growing, aerated cultures. Flagella have 
not been detected by electron microscope ex
ami nations, and motility in liquid or hanging
drop cultures has never been observed. Glucose, 
glucosamine, lactose, sucrose, and starch have 
been found to be excellent carbon and energy 
sources. The cells grow very well with 
(NH4)2S04, KN03, glutamate, or casamino 

Table I. Main characteristics of 
Haliscomenobacter. 

Cells 
Width (JLm) 
Length (JLffi) 

Branchings 
Structure of sheath surfacea 
C source: 

Glucose 
Sucrose 
Glycerol 

Lactate 
N source: 

NH: 
NO, 
Aspartic and 
Glutamic acids 
Casamino Acids 

Vitamin B" 
Thiamine 
Optimum pH 
Fe(OH)3 accumulation 
Mn2' oxidation 
Carotenoid pigments 
Reserve material: 

PHB 
Polysaccharide 

GC content (mol%) 

0.35-0.45 
3-5 
Real 

Smooth 

+ 
+ 

+ 
+ 

+ 
+ 
+ 
+ 

7.0-8.0 

+ 

+ 
48.3-49.7 

aElectron microscope observations. 
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acids as the nitrogen source. Both vitamin B12 

and thiamine are required for growth. Maxi
mum growth was generally obtained after an 
incubation period of 4-6 days on a rotary shaker 
at 25°C (Krul, 1977; van Veen et al., 1973). 

Instead ofpolY-ß-hydroxybutyrate (present in 
Sphaerotilus and Leptothrix spp.), polysaccha
ride globules are present in cells from media 
with a high C/N ratio (Fig. 3) (Deinema et al., 
1977). Strains of Haliscomenobacter isolated so 
far belong to one species, H. hydrossis (Crom
bach et al., 1974; Eikelboom, 1975; van Veen 
et al., 1973). 

The GC content of the DNA of H. hydrossis 
strains was found to be 49.0 ± 0.7 mol% (Crom
bach et al., 1974). This value, together with the 
other properties ofthis sheathed bacterium (Ta
ble 1), confirms the theory that except for the 
presence of a sheath, bacteria of the genus Hal
iscomenobacter are entirely different from those 
belonging to the genera Sphaerotilus and Lep
tothrix. 

Three strains of Haliscomenobacter hydrossis 
have been deposited with the American Type 
Culture Collection (ATCC 27775-7) in Rock
ville, Maryland, and with the Deutsche Samm
lung für Mikroorganismen (DSM 1100) in Göt
tingen. 
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The Genus Chlamydia 

PATRICIA I. FIELDS and ROBERT C. BARNES 

Introduction 

Members of the genus Chlamydia are obligate 
intracellular prokaryotes whose unique life style 
has earned them their own order, family, and 
genus within the kingdom Prokaryotae. The 
chlamydiae have a unique biphasic develop
mental cycle that alternates between a spore
like, infectious, metabolically inactive particle, 
the elementary body (EB), and a noninfectious, 
metabolically active, replicative form, the re
ticulate body (RB). The chlamydial outer en
velop shares so me features with the envelops of 
Gram-negative organisms but it lacks peptid
oglycan, a major structural component of bac
terial cell walls. The chlamydiae seem to be 
completely dependent on their host for high
energy metabolities. However, they are capable 
of synthesizing their own macromolecules. 

The three recognized species of the genus 
Chlamydia cause a wide range of human and 
animal diseases. C. trachomatis is primarily a 
human pathogen and the causative agent of ocu
lar, genital, and respiratory diseases. C. tra
chomatis causes the most frequent sexually 
transmitted disease in the industrialized world. 
Complications of chlamydial infections, and in
fections in newborns of infected mothers, are a 
serious health concern. C. psittaci is primarily 
an animal pathogen. So me strains can cause se
rious respiratory infections in humans as a re
sult of contact with birds. The third, recently 
described, C. pneumoniae, has been shown to 
cause acute respiratory disease in humans. 

Chlamydiae were first observed in 1907 by 
Halberstaedter and von Prowazek who noted 
inclusions of the trachoma biovar in conjunc
tival scrapings (Halberstaedter and von Prow
azek, 1909). The organism received worldwide 
attention in 1929 as the causative agent of a 
pandemic of psittacosis, an acute pneumonia 
that resulted from contact with infected parrots. 
Similar organisms were also identified in as
sociation with urethritis and lymphogranuloma 
venereum infections (LGV). The develop
mental cycle was first described by Bedson and 

Bland (1932). Because of the unusual nature of 
these organisms, early investigators considered 
this agent first a protozoan (Halberstaedter and 
von Prowazek, 1909) and then a virus (Miya
gawa et al. , 1935a). Chlamydiae were consid
ered viruses through much oftheir early history; 
they were not generally accepted as bacteria un
til the 1960s (Moulder, 1964; Storz and Page, 
1971). 

A major problem in the study of chlamydiae 
has been the difficulties involved in culturing 
the organism. The organisms were first cultured 
in vitro by Miyagawa et al. (l935b) 30 years 
after they were initially described. Miyagawa et 
al. cultured LGV isolates in the chorioallantoic 
membrane of embryogenated hens eggs; this 
technique was never widely used. It was not 
until Rake developed a method for in vitro cul
ture of LGV in the yolk sac of embryogenated 
hens eggs (Rake et al., 1940) and T'ang applied 
it to the culture of the trachoma strains (T'ang 
et al., 1957) that chlamydiae were routinely cul
tured away from the infected host. However, 
culture in eggs is a tedious procedure, and thus 
not generally useful, particularly for diagnostic 
purposes. Two major advancements have facil
itated the study of chlamydiae; these were the 
development of a method for the cultivation of 
chlamydiae in cell culture (Gordon and Quan, 
1965) and the development of recombinant 
DNA technology. Now, chlamydial DNA can 
be isolated, introduced into a host organism 
that is easily manipulated in vitro, and studied, 
obviating the need to culture chlamydiae for 
many experiments. 

Biology 

Taxonomy 

Chlamydiae are the only members of the order 
Chlamydiales, family Chlamydiaceae, genus 
Chlamydia (Storz and Page, 1971; Moulder et 
al. , 1984). There are three recognized species: 
C. trachomatis, C. psittaci, and C. pneumoniae 
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(Moulder et al., 1984; Grayston et al., 1989). 
Because of the high degree of genetic and bio
logic diversity within these species, particularly 
C. psittaci, additional species may be designated 
as our understanding of chlamydiae increases 
(Table 1). 

C. trachomatis is the best characterized ofthe 
three species; it has been divided into three 
biovars based on the nature of disease each 
group causes. The mouse biovar contains a sin
gle nonhuman C. trachomatis serotype, MoPn, 
the causative agent of mouse pneumonitis. The 
oculogenital or trachoma biovar consists of 12 
sero types (A, B, Ba, C, D, E, F, G, H, I, J, and 
K) that cause trachoma, conjunctivitis, and gen
ital infections. The third bi ovar consists ofthree 
sero types (L j , L2> and L3) that are the causative 
agents of LGY. C. psittaci strains are far more 
diverse. They have a wide range of hosts, in
cluding birds, mammals, and reptiles, and are 
antigenically diverse, factors which so far have 
precluded any generally accepted scheme for 
typing. C. pneumoniae strains were originally 
grouped with C. psittaci. Although C. pneu
moniae shares some characteristics with C. psit
taci studies of DNA similarity show it to be as 
unrelated to C. psittaci as it is to C. trachomatis 
(Table 1). Because a limited number of C. pneu
moniae isolates have been identified and char
acterized so far, no statements can be made re
garding the potential diversity of this species. 

Although there was controversy early in their 
history as to the nature of chlamydiae, these 
organisms are clearly bacteria. Chlamydiae 
have a cell envelope similar to that of Gram
negative bacteria and they have prokaryotic ri
bosomes; they replicate by binary fission; and 
they are sensitive to many antibiotics that affect 
bacteria, including rifampicin, chlorampheni-

Table I. Characteristics of the chlamydiae. 

Property 

Natural host 

Inclusion morphology 
Glycogen in inclusions 
Synthesizes folate 
Genome 

Plasmid 
GC content' 
Sequence relatednessb 

Intraspecies 
Interspecies 

C. trachomatis 

Humans 

Round, vacuolar 
+ 
+ 

+ 
42-45 mol% 

97-100%' 
",;10% 
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col, erythromycin, and tetracycline. Unlike vi
ruses, chlamydiae contain both DNA and RNA. 
Like viruses, they depend on the host ceH for 
energy; however, viruses are also dependent on 
the host for biosynthetic functions. Although 
chlamydiae require precursors from the host 
cell, they synthesize their own DNA, RNA, and 
protein. 

Several features differentiate the three species 
of chlamydiae (Table 1). The EBs of C. tra
chomatis and C. psittaci are spherical while C. 
pneumoniae EBs are pear-shaped and, unlike 
C. trachomatis and C. psittaci, contain a peri
plasmic space (Fig. 1) . Inclusions, the phago
cytic vacuoles that are the intracellular habitat 
for these organisms, formed by C. trachomatis 
contain glycogen of bacterial origin whereas C. 
psittaci and C. pneumoniae inclusions da not. 
Also, multiple inclusions may be observed in 
cells infected with C. psittaci whereas celIs in
fected with C. trachomatis contain only one in
clusion even when grown at high multiplicities 
of infection, suggesting that phagosomes con
taining this organism fuse (Fig. 2). C. trachom
atis is sensitive to sulfadiazine, indicating that 
it is capable of folate biosynthesis; C. psittaci 
and C. pneumoniae are resistant to sulfadiazine. 
The preferred host and spectrum of diseases 
also varies with strain (Table 2). 

The high degree of structural and genetic het
erogeneity among the chlamydiae contrasts with 
the many functional similarities that are unique 
to these organisms. This observation raises 
questions concerning the evolution of these or
ganisms. Convergent evolution is suggested by 
the very low level of DNA relatedness among 
the three species (Kingsbury and Weiss, 1968; 
Cox et al., 1988). Divergent evolution pn~dicts 
that conserved functions such as enzymes in-

Species 

C. psittaci 

Birds 
Nonhuman mammals 
Variable shape, dense 

+ 
39-43 mol% 

20-100% 
",;10% 

C. pneumoniae 

Humans 

Round, den se 

40 mol% 

95-100% 
",;10% 

'Cox et a!. (1988); Gerloff et a!. (1970); Kingsbury and Weiss (1968); Moulder et a!. (1984). 
bCOX et a!. (1988); Based on DNA-DNA liquid hybridization followed by SI nuclease protection 
assays. % is percent of homologous DNA contro!. 
'Does not include the mouse pneumonitis biovar. 
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Fig. 1. Electron micrographs of the three species of chlamydiae. (a) C. trachomatis serotype B. EBs (e) and RBs (r) are 
both round. (b) C. psittaci meningopneumonitis strain. (c) C. pneumoniae strain TW-183. The EB is typically pear-shaped 
with a large periplasmic space (s) containing electron dense bodies (d). Outer and inner membranes are noted by arrows. 
Taken from Chi et al., 1987; ASM Publications. 

Fig. 2. Light microscopy of C. trachomatis and C. psittaci incIusions. (A) Single C. trachomatis incIusions (arrows) within 
McCoy cells stained with Jones iodine. (B) Multiple C. psittaci incIusions (arrows) within L-929 cells stained with Giemsa. 
Taken from Hodinka et al., 1988; ASM Publications. 
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Table 2. Human diseases caused by chlamydiae. 

Disease Causative agent Serotype 

Trachoma 

Inclusion 
conjunctivitis 

Urethritis, 
cervicitis, 
related 
infections 

Lymphogranuloma 
venereum 

Ornithosis, 
psittacosis 

Respiratory 
infections 

C. trachomatis 

C. trachomatis 

C. trachomatis 

C. trachomatis 

C. psittaci 

C. pneumoniae 

A,B,B.,C 

D-K 

D-K 

Undefined 

Unknown 

volved in lipopolysaccharide (LPS) biosyn
thesis should be similar. A limited amount of 
data compare DNA sequences from C. psittaci 
and C. trachomatis. The genes for the major 
outer membrane protein (MOMP) from C. psit
taci and C. trachomatis show 60-70% DNA se
quence homology (Zhang et al., 1989). The 16S 
rRNA genes from C. trachomatis and C. psittaci 
share 95% DNA sequence homology (Weisburg 
et al., 1986). These reports contrast with the 
reported value of 10% overall DNA sequence 
homology for the two species. Theconservation 
ofDNA sequences supports the hypothesis that 
these species evolved divergently; however, fur
ther comparisons of the genetic organization of 
the three species is required before any defini
tive conclusions may be made. 

Developmental Cycle 

One ofthe unique aspects ofchlamydial biology 
is the biphasic developmental cycle. Chlamy
diae exist as two distinct life forms, each of 
which is adapted to specific environments in a 
manner not unlike spore formation in Bacillus 
spp. The EB is small (200-300 nm) extracel
lular, and spore-like. It is infectious but meta
bolically inactive, and possesses a rigid outer 
cell wall that may provide protection against 
environmental stresses. The EB attaches to the 
host cell, possibly via a receptor/adhesin inter
action. Attachment is followed by penetration 
into a membrane-bound vesicle where the EB 
differentiates into the larger (700-1000 nm) RB. 
RBs are noninfectious and relatively fragile but 
capable of synthesizing macromolecules and 
replicating by binary fission. After multiple 
rounds of replication the RBs differentiate into 
EBs. Throughout the intracellular portion ofthe 
developmental cycle, the organisms remain 

CHAPTER 202 

Syndrome 

Progressive conjunctivitis that may lead to scarring of the 
cornea and blindness 

Self-limiting conjunctivitis transmitted by contact with 
conjunctivia or genitalia 

Inflammation of urethra or cervix, may spread to adjacent 
organs, conjunctivitis and pneumonia are common 
infections of newborns exposed to an infected birth canal 

A sexually transmitted infection that spreads from genitalia 
to reticuloendothelial system, producing inflammation 
and suppuration of regional lymph nodes 

Acute respiratory infection or pneumonia, bird-to-human 
transmission 

Includes pneumonia, bronchitis, sinusitis, pharyngitis; 
human-to-human transmission 

within the phagocytic vacuole, the inclusion, 
and can be seen as a distinct entity in the cy
toplasm of the host cell (Fig. 3). C. psittaci in
fected host cells lyse late in infection and release 
EBs that can infect other cells. C. trachomatis 
infected cells do not always lyse and must be 
physically disrupted to release infectious EBs. 

Cell Membrane 

The cell membrane of chlamydiae exhibits fea
tures ofGram-negative organisms, including an 
inner and outer membrane and LPS. Although 
peptidoglycan, a major component ofmost bac
terial cell walls, appears to be absent in chla
mydiae (Garrett et al., 1974), these organisms 
have features that are usually attributable to 
peptidog1ycan. For ex am pIe, chlamydiae are 
somewhat susceptible to penicillin, an anti
biotic that interferes with peptidoglycan syn
thesis. In the presence of penicillin, EBs differ
entiate into RBs and replicate; but, the RBs are 
larger than normal, are irregularly shaped, and 
cannot differentiate back into EBs (Matsumoto 
and Manire, 1970; Kramer and Gordon, 1971). 
In addition, C. trachomatis possesses penicillin
binding proteins which are enzymes involved in 
peptidoglycan biosynthesis in other bacteria 
(Barbour et al., 1982). The role ofthese proteins 
in chlamydiae remains to be determined. 

The bacterial cell wall serves to protect the 
cell from environmental stress. In chlamydiae, 
rigidity of the EB outer membrane is thought 
to result from crosslinking of proteins in the 
outer membrane (Newhall and Jones, 1983; 
Hackstadt et al., 1985; Hatch et al., 1986a). This 
crosslinking is lost as the EB differentiates into 
the more osmotically fragile RB. Thus, the 
crosslinking of outer membrane proteins may 
serve the same role as peptidoglycan in other 
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Fig. 3. Electron micrograph of C. trachomatis and C. psittaci inclusions. (A) C. trachomatis. (B) C. psittaci. RBs are seen 
within a membrane bound vesicle in the host cell cytoplasm. Taken from Wyrick and Richmond, 1989; American 
Veterinary Medical Association Publications. 

bacteria; i.e., the formation of a rigid barrier 
between the cell and its environment. 

MAJOR OUTER MEMBRANE PROTEIN (MOMP). 

The major constituent of the outer membrane 
and the best-characterized protein in C. tra
chomatis is MOMP. MOMP accounts for ap
proximately 60% of the dry weight of the outer 
membrane (Caldwell et al., 1981). It has a mon
omeric molecular weight of approximately 40 
kDa; however, it exists in the membrane as a 
multimeric, transmembrane complex (Chang et 
al., 1982). Evidence of disulfide-mediated cross
linking between MOMP moleeules has been 
found in the EB but not the RB (Newhall and 
Jones, 1983). It has been suggested that MOMP 
functions as aporin in vivo based on in vitro 
evidence that MOMP confers polar permeabil
ity to liposomes (Bavoil et al., 1984). 

C. trachomatis has been divided into 15 sero
types based on the reactivity of different strains 
with monoclonal antibodies (Grayston and 
Wang, 1975). Much of the heterogeneity seen 
among the serotypes can be attributed to anti
genie differences in MOMP (Stephens et al. , 
1982). MOMP contains genus-, species-, sub
species-, and serotype-specific epitopes, indi
cating that there may be conserved and variable 
regions of this protein (Stephens et al. , 1982; 
Zhang et al. , 1987a). DNA-sequenee analysis 

and epitope mapping have supported this hy
pothesis (Stephens et al. , 1987; Baehr et al. , 
1988). Most DNA-sequence variability among 
MOMP genes is confined to four domains. 
Monoclonal antibodies that react with serotype
speeific epitopes recognize variable sequences 
whereas the genus- and species-specifie epitopes 
are eneoded by the constant sequences. The 
DNA sequenee of MOMP genes from two 
strains of C. psittaci has also been determined. 
When compared to C. trachomatis MOMP, C. 
psittaci MOMP shows a 60-70% conservation 
ofDNA sequence, and has analogous conserved 
and variable domains (Zhang et al., 1989). The 
high interspecies relatedness of MOMP is in
teresting, given that these species have an over
all DNA relatedness of:OS;; 10%. 

The temporal expression ofthe MOMP gene 
of C. trachomatis serotype L2 has been studied 
(Stephens et al. , 1988a). Two mRNA speeies 
corresponding to the MOMP gene have been 
identified. One mRNA is expressed constitu
tively; the production of the second begins ap
proximately 16 h after infection when RBs are 
dividing rapidly and presumably need large 
quantities of MOMP. Analysis of the DNA se
quence upstream from the MOMP gene sup
ports this finding; two putative promoters have 
been identified. 
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CYSTEINE-RICH OMPs. Cysteine-rich proteins 
make up a major portion of the outer mem
brane of C. trachomatis strains. Three such pro
teins have been identified in LGV strains; these 
have molecular weights ofapproximately 62,59, 
and 12 kDa (Batteiger et al., 1985). The 62-kDa 
protein is absent in the trachoma strains (sero
types A-K; Batteiger et al. , 1985). These pro
teins are found predominantly in the EB; they 
are not synthesized until late in the develop
mental cycle, when RBs are differentiating into 
EBs (Hatch et al., 1986a; Sardinia et al., 1988). 
This, combined with the fact that they are 
highly crosslinked, suggests that they function 
in the structural integrity of the EB. Like 
MOMP, there appears to be some serotype het
erogeneity in the cysteine-rich outer membrane 
proteins (Zhang et al. , 1987b); this heteroge
neity has not been well characterized. 

Molecular cloning has revealed that the 62 
and 59 kDa cysteine-rich outer membrane pro
teins are products of a single gene, designated 
omp2 (Allen and Stephens, 1989). The different 
molecular weights are a result of cleavage of the 
signal peptide at two different sites, resulting in 
peptides of 507 and 525 amino acids. This is 
the first description oftwo-site posttranslational 
processing of a signal sequence in prokaryotes. 
The physiologic role ofthis differential cleavage 
remains to be determined. 

LPS. Chlamydial LPS has not been completely 
defined chemically; however, immunological 
studies show that it resembles the short LPS 
chains of rough Salmonella Re mutants (Nur
minen et al., 1985). LPS from Chlamydia spp. 
and Salmonella LPS share at least two epitopes 
(Brade, L. et al., 1985). In addition, chlamydial 
LPS possesses a chlamydia-specific epitope, 
KDOp (2->8) KDOp (2->4) KDO (Brade, H. et 
al. , 1987), that has been used extensively as a 
tool for the identification of these organisms. 
LPS is often referred to as the genus-specific 
antigen because it was first identified as an im
munoreactive moiety common to all chlamydial 
species and subsequently identified as LPS. A 
gene encoding an enzyme, presumably a gly
cosyl transferase, required for the biosynthesis 
ofthis epitope has been cloned (Nano and Cald
well, 1985). This epitope is expressed on LPS 
in Salmonella Re strains bearing the cloned 
gene (Brade, L. et al., 1987). 

Genome 

Chlamydiae have one of the smallest genomes 
among the bacteria; estimates of its size range 
from 5-10 X 105 base pairs (Kingsbury, 1969; 
Sarov and Becker, 1969; Frutos et al. , 1989). 
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This is approximately the size of Mycoplasma 
spp. genomes and one quarter of the Esche
richia coU genome. The GC content ofthe chla
mydial genome is 40-45 mol% (Kingsbury and 
Weiss, 1968; Gerloff et al., 1970; Cox et al. , 
1988). Hybridization studies indicate that the 
three species of chlamydiae are equally distantly 
related, each sharing less than 10% DNA-se
quence homology with each ofthe other species 
(Cox et al., 1988). 

Most strains of C. trachomatis and C. psittaci 
possess a 7-7.5 kb plasmid of unknown func
tion (Lovett et al., 1980). C. pneumoniae strains 
examined to date do not contain a plasmid 
(Campbell et al., 1987). The complete nudeo
tide sequence of the plasmid from several C. 
trachomatis serotypes has been determined 
(Sriprakash and Macavoy, 1987; Comanducci et 
al., 1988; Hatt et al., 1988; Black et al., 1989); 
the sequence of the plasmid is highly conserved 
among these serotypes. Based on DNA-hybrid
ization experiments, limited DNA-sequence 
homology exists between the C. trachomatis 
and C. psittaci plasmids (Joseph et al., 1986). 
Eight open-reading frames have been identified 
on the C. trachomatis plasmid; however, this 
information has not led to any direct insight 
into plasmid function. 

Like other prokaryotic organisms, the chla
mydial chromosome appears to be organized in 
nucleoids. The EB chromosome is highly con
densed, perhaps similar to the nucleoid of en
dospores (Costerton et al., 1976; Popov et al., 
1978). In electron micrographs, it is visible as 
an electron-dense region. The genome in the RB 
is dispersed, similar to other metabolically ac
tive bacteria. DNA-binding proteins that are 
specific for the EB have been described (Wagar 
and Stephens, 1988), suggesting that these pro
teins may serve to hold EB DNA in a specific 
configuration. 

Metabolism 

Studies of chlamydial metabolism are compli
cated by the fact that the chlamydiae are obli
gate intracellular parasites; biochemical pro
cesses of interest must be distinguished from 
those of the host. The absence of a particular 
function in uninfected host cells or an altered 
function in infected cells compared to unin
fected cells is helpful; however, the possibility 
exists that chlamydial infection has altered host 
metabolism rather than initiated its own. Ad
ditionally, since chlamydiae exist as two differ
ent forms, the possibility that EB preparations 
are contaminated with RBs or vice versa must 
be eliminated in studies of one form or the 
other. 



CHAPTER 202 The Genus Chlamydia 3697 

The metabolie deficiencies that make chla- polymerase, and actinomycin D, indicating that 
mydiae completely dependent on a host cell for it is dependent on double-stranded DNA for 
growth are not c1ear. There is no evidence that activity. Unfortunately, this finding could not 
chlamydiae make ATp, an observation consist- be reproduced in another study (Hateh, 1988). 
ent with Moulder's hypothesis that they are en- It seems c1ear that chlamydiae draw on host 
ergy parasites (Moulder, 1962). They have their nuc1eotide pools for RNA synthesis (Hateh, 
own ribosomes and RNA polymerase (Sarov 1975); however, the source of precursors for 
and Becker, 1971) and synthesize RNA, DNA, chlamydial DNA synthesis is uncertain. C. psit
and proteins in the absence of host DNA and laci incorporates host guanine nuc1eotides into 
protein synthesis (Alexander, 1968; Alexander, RNA and DNA (Ceballos and Hateh, 1979), but 
1969). These functions are susceptible to bac- does not use thymidine or deoxycytosine ofhost 
terial inhibitors such as chloramphenicol and origin (Tribby and Moulder, 1966). The reason 
rifampicin (Tribby et al. , 1973). Thus, chla- for this is unknown. It has been suggested that 
mydiae appear to be able to synthesize their . chlamydiae synthesize thymidine nuc1eotides 
own macromolecules; however, the extent of from deoxyuridine monophosphate (dUMP) 
their dependence on the host for the precursors (Tribby and Moulder, 1966; Hateh, 1976). 
of these macromolecules is unknown. 

Host-protein synthesis is not required for 
chlamydial growth, as evidenced by the fact that 
they replicate in cyc1oheximide-treated host 
cells (Alexander, 1968; Ripa and Mardh, 1977). 
In fact, chlamydiae grow better when host me
tabolism is inhibited. Nor is host cell metabo
li sm specifically inhibited by chlamydiae after 
infection. At low multiplicities of infection, 
where chlamydial growth has little adverse ef
feet on the host, infected cells continue to divide 
(Horoschak and Moulder, 1978). 

ENERGY METABOLISM. Chlamydiae appear to 
lack the ability to synthesize high-energy mol
ecules and do not produce cytochromes and 
other moleeules required for aerobic respira
tion. Enzyme activities associated with energy
producing pathways such as glycolysis (Orms
bee and Weiss, 1963; Weiss et al., 1964; Weiss, 
1965), the pentose phosphate pathway 
(Moulder et al. , 1965), and the tricarboxcylic 
acid cyc1e (Weiss, 1967) have been found; how
ever, the significance of the presence of only 
portions ofthese pathways in chlamydiae is not 
known. It has been suggested that they acquire 
ATP from the host via an ATP/ADP exchange 
mechanism. Host-free C. psittaci RBs take up 
radiolabelled ATP; this activity can be com
petitively inhibited with ADP (Hatch et al. , 
1982). Increased numbers ofhost mitochondria 
have been observed surrounding chlamydial in
c1usions (Matsumoto, 1981), suggesting that 
they may parasitize mitochondrial products. 

DNA AND RNA SYNTHESIS. Host-free RBs are 
capable ofboth DNA and RNA synthesis ifpro
vided with the appropriate precursors and an 
energy source (Tamura, 1967; Hatch et al. , 
1986b). In addition, permeabilized EBs may 
also synthesize RNA (Sarov and Becker, 1971). 
RNA synthesis in EBs was found to be inhibited 
by rifampicin, an inhibitor of bacterial RNA 

PROTEIN SYNTHESIS. The presence of ribosomes 
in both EBs and RBs, the sensitivity of chla
mydiae to antibiotics that inhibit bacterial pro
tein synthesis, and the synthesis of chlamydial 
proteins in the presence of drugs that inhibit 
host protein synthesis, all indicate that chla
mydiae synthesize their own proteins. In ad
dition, purified RBs have been shown to syn
thesize a limited amount ofprotein in vitro; and 
the proteins synthesized correspond to those 
produced at the stage of development from 
which the RBs were harvested (Hatch et al. , 
1985; Plaunt and Hatch, 1988). However, it is 
unc1ear whether chlamydial or host amino acid 
pools are incorporated into bacterial protein. 
The fact that host-free RBs are only stimulated 
by, not dependent on, added amino acids in
dicates that RBs have intracellular pools of 
amino acids. However, researchers have been 
unable to prolong in vitro protein synthesis for 
more than a few hours (Hatch et al., 1985). This 
may be due to an inability to replenish depleted 
amino acid pools by de novo synthesis or a re
quirement for an unknown host function. 

Chlamydial growth in cell culture can be in
hibited by the omission of some amino acids 
but not others from the growth medium (Ka
rayiannis and Hobson, 1981; Allan and Pearce, 
1983). Also, amino acid requirements may be 
strain dependent. However, it is unknown 
whether the requirement for a particular amino 
acid is due to the inability ofthat strain to make 
the amino acid or to an inadequate pool of the 
amino acid within the host cello 

There is evidence that chlamydiae synthesize 
specific amino acids. C. psittaci can grow in L 
cells in the absence of added arginine, lysine, 
and histidine, all of which are required for L 
cell growth (Bader and Morgan, 1958). In ad
dition, radiolabelled precursors of arginine are 
incorporated into chlamydial but not host pro
tein during growth of both C. psittaci and C. 
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traehomatis in L cells, indicating that these or
ganisms posses some enzymes of the arginine 
biosynthetic pathway (Treuhaft and Moulder, 
1968). 

GLYCOGEN DEPOSITION. A curious aspect of C. 
traehomatis metabolism is the accumulation of 
glycogen within its inclusion; C. psittaci and C. 
pneumoniae do not accumulate glycogen. Al
though this difference has served as a useful tool 
in differentiating the species (c. traehomatis in
clusions are stained with iodine due to the pres
ence of glycogen; C. psittaci and C. pneumoniae 
inclusions are not), the physiological basis for 
the difference is unknown. HeLa cells infected 
with C. traehomatis have a glycogen synthetase 
activity not found in uninfected cells, suggesting 
that the glycogen is produced via a chlamydiae 
specific pathway (Je'nkin and Fan, 1971). The 
enzyme requires ADP glucose, a substrate nor
mally associated with bacterial glycogen syn
thetases, which distinguishes it from the host 
cell glycogen synthetase. 

Gene Expression 

Analysis of gene expression has begun for only 
a limited number of chlamydial genes. ompA, 
the gene encoding MOMP, is expressed from 
two promoters in serotype L2 (Stephens et al., 
1988a). The DNA sequence upstream from 
MOMP coding sequences resembles typical 
bacterial promoters in that they contain iden
tifiable - 10 and - 35 regions; however, the se
quence is only minimally related to E. eoli con
sensus promoter sequences. The two promoters 
are differentially regulated since one is tran
scribed throughout the developmental cycle 
whereas transcription from the other begins ap
proximately 16 h after infection when demand 
for MOMP increases. The chlamydial rRNA 
genes are also transcribed from two promoters, 
both of which are expressed throughout devel
opment (Engel and Ganem, 1987). A 70-kDa 
protein is expressed from a single promoter 
(Sardinia et al. , 1988). Comparison of these 
three promoter sequences indicates that, in ad
dition to being distinct from E. eoli promoters, 
there is no developing consensus sequence for 
chlamydial promoters (Sardinia et al., 1988). 

Most clones of chlamydial genes in E. eoli use 
vector-supplied promoters for expression ofthe 
cloned gene product. This observation has led 
to the conclusion that chlamydial promoters do 
not function optimally in E. eoli. In addition, 
chlamydial genes that are expressed from their 
own promoters in E. eoli te nd to be variably 
transcribed (Sardinia et al. , 1988), indicating 
that E. eoli RNA polymerase is inefficiently rec-
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ognizing chlamydial transcription signals. Thus, 
currently available data suggests that there are 
so me basic differences between gene expression 
in Chlamydia spp. and E. eoli; however, the 
physiological basis for these differences remains 
to be determined. 

Ecophysiology: Interaction with 
the Host Cell 

The ecological niche of the chlamydiae is in 
association with a human or animal host. With 
the exceptions of mouse pneumonitis and 
guinea pig inclusion conjunctivitis, there are no 
animal models for the study of chlamydial dis
ease; thus, studies of chlamydiae in their natural 
habitat are limited. Most experimentation with 
chlamydiae has been performed in defined cell 
lines in vitro. Although the development of in 
vitro culture systems led to an explosion of re
search on chlamydiae, the relevance of this in
formation to the understanding of the mecha
ni sm of infection remains to be shown. 

Cellular Tropism 

The oculogenital strains of C. traehomatis in
fect human columnar and squamocolumnar 
epithelial cells in vivo. These include cells of 
the conjunctiva, urethra, and cervix. The LGV 
strains of C. traehomatis and C. psittaci, which 
are generally associated with more invasive dis
ease, migrate to the reticuloendothelial system 
where they reside in macrophages. With the ex
ception of the MoPn strain, C. traehomatis in
fects only cells of human origin. The host and 
tissue specificities for C. psittaci are much 
broader than those of C. traehomatis; C. psittaci 
strains infect a wide range of organisms includ
ing mammals and birds, with tissue specifLcities 
that include most major organs ofits hosts. Lit
tle is known about the host range of C. pneu
moniae. At present, the only host identifil;:d for 
C. pneumoniae is humans. 

Host Cell Entry 

The obligate requirement for host cells for 
growth suggests that chlamydiae have efficient 
mechanisms for attachment to and entry ofhost 
cells. Our knowledge of internalization of chla
mydiae is taken from in vitro infection exper
iments. All chlamydiae readily enter nonphag
ocytic cells that are otherwise impermeable to 
bacteria, which suggests that they take an active 
role in the entry ofhost cells. Live or ultraviolet 
(UV)-inactivated chlamydiae are readily taken 
up by nonphagocytic cells, whereas heat-killed 
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chlamydiae, E. coh, and latex beads are not 
(Byrne and Moulder, 1978), suggesting that a 
heat-Iabile moiety is required for uptake. Evi
dence suggests that chlamydiae can be taken up 
by different mechanisms depending on the cell 
system and culture conditions used. Receptor
media ted and nonreceptor-mediated endocy
tosis and phagocytosis-like mechanisms have 
been described (Söderlund and Kihlström, 
1983; Ward and Murray, 1984; Hodinka and 
Wyrick, 1986; Hodinka et al., 1988). Arecent 
re port shows that the uptake of C. trachomatis 
by polarized epithelial cells is via receptor me
diated endocytosis. Furthermore, the mecha
ni sm of uptake could be changed by varying 
culture conditions. When the epithelial cells 
were grown under nonpolarizing conditions, C. 
trachomatis was not taken up into c1atherin
coated pits (Wyrick et al. , 1989). Taken to
gether, these findings suggest that chlamydia 
can enter host cells by multiple mechanisms de
pending upon the environment in which the EB 
finds itself. 

Evidence for a receptor-mediated endocytic 
mechanism for uptake of chlamydiae suggests 
the existence of a specific receptor on the host 
cell surface and an adhesin on the chlamydial 
surface. Evidence for a host cell receptor for 
chlamydiae is circumstantial; however, at least 
two C. trachomatis surface molecules bind spe
cifically to HeLa cell extracts, suggesting that 
these molecules may be involved in attachment 
(Hackstadt, 1986; Wenman and Meuser, 1986). 
Similarly, one such molecule has been identified 
for C. psittaci (Hack stadt, 1986). 

Intracellular Survival and Growth 

The ability of an organism to survive or repli
cate within a host cell is a trait limited to path
ogenic microbes which have evolved specific 
mechanisms to evade normal host defense. 
These pathogens either enter nonphagocytic 
cells that are incapable of inactivating the in
tracellular bacteria or evade or inhibit the mi
crobiocidal activities ofprofessional phagocytic 
cells. The chlamydiae can to varying degrees do 
both, depending on the strain. C. psittaci and, 
to a lesser extent, the LGV strains of C. tra
chomatis survive and replicate in professional 
phagocytes, paralleling their invasiveness in 
vivo; C. trachomatis oculogenital strains do not 
(Kuo, 1978; Eissenberg and Wyrick, 1981). All 
chlamydiae replicate in epithelial cells. The 
ability of chlamydia to replicate in host cells has 
been shown to correlate with the inhibition of 
fusion between lysosomes and phagosomes that 
contain chlamydiae, a commonly employed 
mechanism for intracellular survival among in-
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tracellular parasites. In macrophages, lyso
somes do not fuse with phagosomes containing 
C. psittaci or LGV strains of C. trachomatis; 
and, these strains replicate. Lysosomes fuse 
with phagosomes containing the oculogenital 
strains of C. trachomatis and they are inacti
vated (Yong et al., 1987). PMNs readily kill the 
chlamydiae in vitro; and, killing is accompanied 
by fusion of phagosomes with lysosomes (Ham
merschlag et al., 1985; Yong et al., 1986). Thus, 
the inability of chlamydiae to interfere with 
phagolysosome fusion in PMNs may be the rea
son they are susceptible to killing by these cells. 

The mechanism(s) employed by chlamydiae 
to inhibit phagolysosome fusion is unknown; 
however, inhibition of fusion can be prevented 
by pretreatment of C. psittaci with antibody, 
suggesting that a surface-exposed moiety is in
volved in this mechanism (Friis, 1972; Wyrick 
et al., 1978). Also, lysosomes fuse with phago
somes that contain heat-killed C. psittaci but 
not UV-inactivated organisms (Wyrick et al. , 
1978; Eissenberg et al. , 1983), suggesting that 
the molecule involved is heat labile. Isolated cell 
membranes from C. psittaci EBs inhibit fusion 
(Levy and Moulder, 1982), whereas purified 
RBs do not (Brownridge and Wyrick, 1979). 
This result suggests a functional difference be
tween EBs and RBs in inhibition of phagoly
sosomal fusion. 

Host Response 

Studies of the host response to C. trachomatis 
are difficult to interpret because, with the ex
ception of the mouse pneumonitis strain, the 
on1y natural host for this organism is the hu
man. As a result, a wide range of anima1 systems 
have been used to study ch1amydial infection. 
Conflicting results from the different anima1 
models compounds problems in the assessment 
of the human immune response to chlamydiae. 
However, generalizations can be made. 

INFLAMMATION. Inflammation at the site of 
chlamydia1 infection results in the infiltration 
of first PMN s then mononuc1ear phagocytes, 
cells whose primary function is to phagocytize 
and kill invading organisms. C. trachomatis 
may inhibit or fail to stimulate specific portions 
of the respiratory burst in the PMN (Tosi and 
Hammerschlag, 1988; Tauber et al. , 1989). 
Myeloperoxidase-deficient PMNs are as micro
biocidal as normal PMNs (Yong et al., 1986), 
suggesting that some aspects of oxygen-depen
dent killing by PMNs are not required to in
activate C. trachomatis. Lymphoid follic1e for
mation at the site of infection is common in 
infections with the oculogenital strains of C. tra-
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chomatis, whereas granulomatous lesions, most 
common in lymph nodes, are characteristic of 
LGV infections. 

Inflammation may contribute to the patho
logie outcome of some chlamydial infections. 
Lymphoid follicle formation on the conjunctiva 
contributes to the mechanical irritation and 
scarring that ultimately leads to blindness in 
trachoma. Tubal infertility may be caused by 
inflammation and scarring that results from re
peated or prolonged infection of the fallopian 
tubes in C. trachomatis infection. 

IMMUNE RESPONSE. Both humoral and cell-me
diated immune responses are stimulated by a 
chlamydial infection. The relative contributions 
of each part of the immune system in control
ling chlamydial infection is unclear; a complete 
understanding of the immune response may re
quire the development of better immunologic 
model systems. 

In human infection, seral and mucosal anti
bodies are produced. In vitro, antibody can neu
tralize chlamydial infectivity. A similar role for 
antibody in vivo has not been established; how
ever, secretory immunoglobulin A (IgA) is often 
produced at the site of mucosal infection and 
may modulate chlamydial propagation (Brun
harn et al., 1983). Because chlamydiae are ca
pable of surviving within host cells, cell-me
dia ted immunity may be required for clearing 
a chlamydial infection. In animal models, pas
sive transfer of C. trachomatis- immune T cells 
can protect a naive mouse against challenge 
with virulent C. trachomatis (Williams, D. M. 
et al., 1984a; Brunham et al., 1985). Also, mice 
depleted of B cells are as proficient as control 
mice at clearing C. trachomatis infection sug
gesting that the T -cell response alone is capable 
of controlling an infection (Williams, D. M. et 
al. , 1987; Ramsey et al., 1988). Conversely, an
tibodies administered locally, but not system i
cally, protected naive mice from challenge with 
C. trachomatis (Williams, D. M. et al., 1984b). 
Infections in guinea pigs with C. psittaci re
quired both humoral and cell-mediated im
munity for clearance (Rank et al., 1979, 1989). 
Together, these results suggest that humoral im
munity may playa role in limiting bacterial rep
lication rather than eradicating an infection. 
Clearing an infection may require cell-mediated 
immunity; antibody may be important for con
trolling more invasive infections. 

Vaccines 

The development of immunity to chlamydiae 
is complex. In some instances, a single infection 
or vaccination may produce only short-term im-
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munity, while previous exposure to chlamydiae 
results in a more severe second infection in 
others. For example, reinfection plays an im
portant role in the pathogenesis of trachoma, 
where scarring of the cornea, the major con
tributing factor to blindness resulting from tra
choma, is caused by a hypersensitivity response 
to reinfection. This mayaiso be the case in tubal 
infertility, where repeated infection may cause 
scarring and blockage of the fallopian tubes. 

The adverse consequences of delayed hyper
sensitivity reactions of the host to chlamydiae 
may hamper the development ofwhole cell vac
cines. In monkeys immunized with whole cells, 
live organisms or Triton X-I00 extracts stim
ulate a hypersensitivity response whereas for
malin-killed or UV -irradiated organisms do not 
(Taylor et al., 1987). This response suggests that 
a sensitizing antigen is present within chlamy
dial cells that must be released either by cell 
growth or the solublization of EBs. Most of the 
sensitizing effect of the Triton X-I 00 extract can 
be attributed to a 57-kDa protein (Morrison et 
al. , 1989). Thus, a subunit vaccine deficient in 
the sensitizing molecule that also stimulates 
protective immunity without stimulating hy
persensitivity can be envisioned. Alternatively, 
antigens that elicit T cell responses could be 
identified and recombinant or synthetic poly
peptides vaccines derived from these antigens. 
A third approach to vaccine development is the 
construction of a chlamydial strain deficient in 
the sensitizing antigen(s) that could be used as 
a live, attenuated vaccine. Unfortunately, the 
molecular genetic tools required for the alter
ation of specific genes are not yet available for 
chlamydiae. 

Diseases 
Human Diseases 

C. trachomatis and C. pneumoniae are primar
ily human pathogens; C. psittaci is primarily an 
animal pathogen that can be transmitted to hu
mans though contact with infected animals. The 
most common chlamydial infections affect the 
eyes, genitalia, and respiratory tract (Table 2). 
Chlamydial infections are of serious public 
health concern worldwide. Genital chlamydial 
infections are the most frequent sexually trans
mitted disease in developed countries, causing 
about twice as many urethral infections as Neis
seria gonorrhoeae. Trachoma is a major cause 
of preventable blindness in developing coun
tries. 

GENITAL INFECTIONS. Genital infection with 
strains of the oculogenital biovar of C. tracho
matis account for the majority of chlamydial 
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infections in N orth America and western Eu
rope. These infections are caused by C. tra
chomatis serotypes D through K. In men, chla
mydia usually causes urethritis; in women, 
cervical infections are most common, with ure
thral and rectal involvement occurring in some 
cases. Cervical and urethral infections may be 
accompanied by a mucopurulent discharge; 
however, frequently, these infections are as
ymptomatic. A major problem in controlling 
chlamydial infections is that up to one-third of 
infected men and three-fourths of infected 
women may be asymptomatic. Women with 
cervical infection may carry chlamydia without 
prominent clinical symptoms for more than 1 
year; the maximum duration of such carriage is 
unknown, but may be years. The large reservoir 
of asymptomatically infected individuals with 
prolonged carriage and presumed infectivity is 
responsible for the high prevalence of C. tra
chomalis in sexually active populations. 

The diagnosis and treatment of genital chla
mydial infections is particularly important be
cause the complications from these infections 
can be severe. In women, endometritis, salpin
gitis, and perihepatitis are common sequelae of 
C. trachomatis infection. These infections ofthe 
upper female reproductive tract are usually as
ymptomatic, but may be accompanied by severe 
lower abdominal pain and tubal inflammation, 
a syndrome called pelvic inflammatory disease 
(PID). As many as 300,000 PID infections occur 
each year in the United States; many PID pa
tients require hospitalization. Both subclinical 
and overt PID can lead to scarring and dys
function of the fallopian tubes; chronic chla
mydial infections are the most common pre
ventable causes of ectopic pregnancy and tubal 
infertility. 

In men, untreated chlamydial infections may 
develop into epididymitis. Infection of the ep
ididymis results in acute, painful inflammation 
of the testicular apparatus which may require 
hospitalization. Although it is presumed that 
chlamydial infection may result in male infer
tility, conclusive studies of this possible com
plication have not been performed. 

Rarely, men or women infected with C. tra
chomatis may develop Reiter's syndrome. This 
syndrome is a rheumatic disorder of unknown 
etiology, which consists of chronic inflamma
tion of joints, skin, blood vessels, and mucosal 
surfaces. Reiter's syndrome is classified as a 
"reactive arthropathy," and may be seen in in
creased frequency in individuals of the HLA 
B27 haplotype following infection with Chla
mydia, Shigella, Yersinia, and other bacterial 
species. This suggests that Reiter's syndrome 

The Genus Chlamydia 3701 

results from some auto immune phenomena, 
but this remains to be determined. 

NEONATAL INFECTIONS. As many as 60-70% of 
infants born to mothers with urogenital chla
mydial infections acquire some form of chla
mydial infection as they pass through the birth 
canal; 25-50% develop conjunctivitis while 10-
20% get pneumonia. Infections are not limited 
to these sites; localizations to the nasopharnx, 
rectum, vagina, and ears also occur. 

Prophylactic treatment ofthe newborn's con
junctivae, usually with silver nitrate, is used to 
prevent neonatal gonococcal conjunctivitis. In 
spite of this prophylaxis, chlamydial conjunc
tivitis is seen in a substantial proportion of in
fected neonates. In addition, ocular prophylaxis 
does not eliminate chlamydia in the respiratory 
tract. Thus, the best method to prevent neonatal 
chlamydial infection is to identify and treat in
fected mothers prior to delivery. 

LYMPHOGRANULOMA VENEREUM INFECTIONS 
(LGV). LGV is a sexually transmitted disease 
rarely seen in the western world, but common 
in tropical areas. It is caused by the more in
vasive C. trachomatis serotypes, LI, L2, and L3• 

The disease is manifested by a systemic spread 
of the chlamydial organisms, with production 
of fever, myalgias, and signs of meningeal irri
tation. In men, swelling of the inguinal or fem
oral lymph nodes resulting in buboes is co m
mon. 

ÜCULAR INFECTIONS. Trachoma is caused by C. 
trachomatis infection of the squamocolumnar 
epithelial cells of the conjunctivae. C. tracho
matis sero types A, B, Ba, and C are most often 
associated with this infection. Trachoma is en
demic in most developing countries. Most in
dividuals with trachoma become infected in 
childhood; they develop acute conjunctivitis 
that progresses to chronic follicular keratocon
junctivitis and pannus (neovascular) formation. 
Repeated exposures lead to a scarring of the 
conjunctiva that distorts the eyelid, causing 
abrasion of the cornea every time the eye is 
closed. Over time, the irritation causes corneal 
destruction and eventually blindness. 

Uncomplicated conjunctivitis is frequently 
seen in sexually active adults with genital in
fections. Inoculation of the eye with infected 
genital secretions is presumed to be the route 
of inoculation for this infection. The conjunc
tivitis is generally self-limited, and does not 
lead to visual impairment, which may require 
repeated episodes of active infection as with tra
choma. 
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ÜRNITHOSIS/PSITTACOSIS. Although humans are 
not a natural host for C. psittaci, human infec
tion can occur after exposure to infected ani
mals, particularly birds. Strains of C. psittaci 
vary greatly in their virulence for humans, with 
some avian strains being particularly capable of 
causing human disease. Most C. psittaci infec
tions are caused by occupational exposures of 
poultry or pet-store workers. Because C. psittaci 
infections ofhumans may come from both psit
tacine and nonpsittacine birds such as turkeys, 
the term "ornithosis" is now used naming pneu
monic illness caused by avian strains of C. psit
taci. Symptoms range from mild respiratory in
fections to severe pneumonia that can be fatal. 

C. PNEUMONIAE INFECTIONS. Atypical C. psittaci 
isolates from humans that were not of avian 
origin were first identified in studies of tra
choma (Dwyer et al. , 1972; Grayston, 1967). 
Subsequently, serological studies showed that 
respiratory infections may be due to similar 
atypical chlamydial strains (Saikku et al., 1985). 
A prospective study of university students with 
acute respiratory disease identified eight more 
atypical chlamydiae and gave the group the 
strain designation "TWAR" (Grayston et al. , 
1986). Characterization of these isolates indi
cated that they were sufficiently distinct from 
C. psittaci and C. trachomatis to warrant a new 
species, designated C. pneumoniae (Grayston et 
al. , 1989). The full spectrum of C. pneumoniae 
disease is not yet known; however, the organism 
appears to be capable of causing a range of res
piratory syndromes. The original isolation of C. 
pneumoniae from trachoma patients is thought 
to be the serendipitous recovery of respiratory 
pathogens. No animal reservoir or vector has 
been described, suggesting human-to-human 
transmission. 

DIAGNOSIS AND TREATMENT. The incidence of 
chlamydial disease has apparently been increas
ing for several years; however, a contributing 
factor to this is the development of simpler tests 
for the detection of chlamydiae, with the result 
that infections of unknown etiology in the past 
are now being diagnosed as chlamydiae. Tra
ditionally, isolation of the organism in cell cul
ture was the only method for detection of chla
mydiae. Culture of chlamydiae is technically 
difficult and requires about 2 days before inclu
sions can be identified, limiting the usefulness 
of this technique as a diagnostic test before 
treatment. Nonculture methods for the detec
tion of chlamydiae have recently be co me co m
mercially available. These tests allow the much 
more timely diagnosis of chlamydiae; however, 
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the sensitivity and specificity of the testing are 
still under debate. 

Serologic test are not generally applicable to 
the diagnosis of chlamydial infections. There is 
a fairly high frequency of antibody titer to chla
mydiae in the general population. In addition, 
chlamydial infections are not always accom
panied by significant increases in anti-chlamy
dial antibody titer. Significant changes in anti
body titer are seen with the systemic infections 
LGV and ornithosis; a fourfold increase is an
tibody titer between acute and convalescent sera 
is considered diagnostic for these diseases. A 
high anti-chlamydial immunoglobulin M (IgM) 
titer is often seen in infant pneumonia; there
fore, IgM serology may be useful in diagnosing 
this infection. 

Tetracycline or doxycycline are the drugs of 
choice in treating most chlamydial infections. 
When tetracycline therapy may not be appro
priate, erythromycin is substituted. Topical 
antibiotic ointments are effective in treating 
conjunctivitis; however, they do not prevent sec
ond site infections. In the ca se of newborns 
where multiple site infections are possible, sys
temically administered antibiotics are more ap
propriate. 

Animal Diseases 

C. psittaci includes many different strains that 
infect a wide variety of animal species resulting 
in many disease syndromes. The most common 
C. psittaci isolates are of avian and mammalian 
origin. Avian chlamydioses are ofparticular in
terest because ofthe possibility oftransmission 
to humans. Infections in birds primarily involve 
the gastrointestinal tract, resulting in organisms 
being excreted in the feces; however, conjunc
tivitis and respiratory symptoms are not un
common. Chlamydial diseases affecting farm 
animals are of economic importance; they in
clude gastroenteritis, mastitis, and spontaneous 
abortions. C. psittaci can also infect synovial 
tissues oflambs, resulting in ovine arthritis. Fe
line pneumonia and conjunctivitis are also 
common. 

Isolation 
Animals and Embryogenated Eggs 

Until the 1970s, culture of chlamydiae in lab
oratory animals (Storz, 1971) or embryonated 
hen's eggs (Tang et al., 1957; Rake et al., 1940) 
were the only means available for the propa
gation ofthe organism. However, such methods 
are expensive, tedious, and time consuming. 
Because of its relative ease and sensitivity, cul-
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tivation of chlamydia in defined cell lines has 
now replaced animal and egg culture for most 
applications (Gordon et al., 1969); but, animal 
and egg culture are still used for specific needs. 
The pathogenicity of chlamydial strains in an
imal models is useful in differentiating species 
and determining host range for C. psittaci iso
lates. No reliable substitute has been found for 
egg-grown chlamydia as a source of antigen for 
use in complement fixation (CF) assays. In ad
dition, growth in eggs still proves useful for cul
tivation of fastidious isolates. 

Cell Culture 

A variety of cell lines have been used for the 
propagation of chlamydiae in vitro. Most com
mon are L-cells for C. psittaci, HeLa and McCoy 
cells for C. trachomatis, and HeLa229 cells for 
C. pneumoniae. C. psittaci and the LGV strains 
of C. trachomatis readily infect a wide range of 
cell lines, while the oculogenital strains of C. 
trachomatis and C. pneumoniae are restricted 
in host range and infectivity in vitro. The rea
sons for this difference are unknown; however, 
it has been suggested that it may be due to a 
difference in net negative charge on the bacterial 
surface. The host cell surface is negatively 
charged; a strongly negatively charged bacte
rium may be repelled from the host-cell surface 
under normal circumstances. 

Several techniques have been developed to 
enhance chlamydial infectivity and growth in 
vitro. Centrifugation ofhost-cell monolayers af
ter adding the inoculum enhances recovery of 
non-LGV strains of C. trachomatis and C. pneu
moniae; the reason for this effect is not under
stood. Although it is logical to think that cen
trifugation brings the organisms into closer 
proximity to the host-cell surface, the centri
fugal force applied is not great enough to pellet 
the bacteria onto the host cell. Alternatively, 
this effect may be due to an alteration of the 
host-cell membrane. Treatments that inhibit 
host-cell metabolism increase recovery of chla
mydiae, suggesting that they may have to com
pete with the host for metabolic pools in grow
ing cells. Cycloheximide, a drug that inhibits 
cukaryotic protein synthesis, is commonly used 
because it is added at the time of infection. 
Gamma radiation and treatment with cyto
chalasin B or iododeoxyuridine (IUDR) have 
also been used to inhibit host-cell metabolism; 
however, these inhibitors have the disadvantage 
of requiring the pretreatment of host cells sev
eral days before infection. Treatment of host
cell monolayers with diethylaminoethyl-dex
tran (DEAE-dextran) enhances the number of 
inclusion-forming units (lFUs) obtainable with 
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oculogenital strains of C. trachomatis and C. 
pneumoniae, perhaps by the modification of 
charge on the host-cell membrane; but, this ap
pears to have a substantial effect only in the 
absence of centrifugation. 

A General Method for the Culture of Chlamydia 
in Defined Cell Lines 

I) Monolayers of an appropriate host cell, such as 
McCoy, HeLa229, or L-cells, are prepared in flat-bottom 
vials that can be centrifuged (15X45 mm shell vials are 
commonly used for this purpose). Growth of the host 
cells on glass coverslips in the vials will facilitate the 
subsequent removal and staining ofthe monolayers. Ea
g1e's minimal essential medium supplemented with 10% 
heat-inactivated fetal calf serum, 2 mM glutamine, 60 
mM glucose, 0.1 mM nonessential amino acids, and 10 
mM HEPES buffer is commonly used for chlamydial 
cuhure. Care should be taken that the cell-culture me
dium used does not incIude antibiotics that are inhib
itory to chlamydial growth. 

2) The confluent monolayers are inoculated by re
moving the medium and replacing it with 0.1 ml of a 
cIinical specimen or an inoculum of a pure culture di
luted in 2SP (0.2 M sucrose, 20 mM potassium phos
phate buffer, pH 7.5) or SPG (0.2 M sucrose; 10 mM 
potassium phosphate buffer, pH 7.5; 5 mM glutamic 
acid). Clinical specimens should be sonicated or vor
texed with glass beads to disrupt any infected cells before 
adding to monolayers. 

3) The vials are centrifuged at 2,500-3,000 X g at 
35°C for I h. This step is omitted when culturing C. 
psittaci and LGV strains of C. trachomatis. 

4) The inoculum is removed and replaced with 1.0 ml 
of chlamydial growth medium containing 0.5-2 J.tg cy
cIoheximide/ml. Individual lots of cycIoheximide 
should be tested to determine the concentration that is 
optimally stimulatory for chlamydial growth without 
being toxic for the host cells. Removal of the inoculum 
is particularly important when culturing cIinical speci
mens, where inhibitors of chlamydia or host cells may 
be present. 

5) Infected monolayers are incubated at 35°C, in an 
atmosphere supplemented with 5.0% CO, for 48-72 h. 

6) IncIusions can be detected by a variety of staining 
techniques. Alternatively, chlamydial EBs can be re
covered by disruption ofthe host cells by sonication and 
passed onto new monolayers or purified by differential 
centrifugation. Commonly, a low-speed centrifugation 
(approximately 1,000 X g for 5-10 min) is used to re
move host-cell debris, followed by a high-speed centrif
ugation (30,000 X g for 30 min) to pellet EBs. EBs can 
be further purified by sucrose or renografin density gra
dient centrifugation. 

This general procedure can be modified for a 
variety of culture conditions: 

1) Microtiter plates can be used in pi ace of 
shell vials. Microtiter plates (96, 48, or 24 weil) 
are particularly appropriate for the large-scale 
screening of clinical specimens (Hayashi and 
Sheth, 1982; Lees et al. , 1988); however, this 
method may not be as sensitive as that with 
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shell vials when 96-well microtiter plates are 
used (Mallinson et al., 1981; Kiviat et al., 1985). 
Six-well microtiter plates are also useful for the 
bulk propagation of strains that require cen
trifugation for optimal infectivity. Microtiter 
plates should be centrifuged at 1,500X grather 
than 3,000 X g because the plates may crack 
under higher g forces. 

2) Cell-culture flasks can also be used in place 
of shell vials for the bulk propagation of chla
mydial strains. Monolayers that will be used for 
the growth of oculogenital strains of C. tra
chomatis should be treated with DEAE-dextran 
(30 JLgjml in 2SP or SPG) for 30 min before 
infection when centrifugation is not possible. 
The DEAE-dextran is removed and replaced 
with the inoculum after treatment. The volume 
of the inoculum should be adjusted to the flask 
size; approximately one ml is appropriate for a 
150 cm2 cell-culture flask. The flasks are incu
bated at 35°C for 1 h; they should be gently 
rocked or periodically agitated by hand to keep 
the inoculum evenly spread over the monolayer 
and to prevent it from drying during the infec
tion period. The inoculum is then removed and 
replaced with chlamydial growth medium; and, 
incubation proceeds as described above. C. psit
tad and the LGV strains of C. trachomatis are 
particularly suited for culture in flasks because 
centrifugation is not necessary for optimal in
fectivity. 

3) For clinical specimens, blind passage of 
cultures that appear devoid of chlamydial in
clusions by disrupting the host cells and inoc
ulating a second monolayer may increase re
covery of clinical isolates. This technique has 
been shown to be particularly useful when cul
turing C. trachomatis in 96-well microtiter 
plates (Jones et al., 1989; Schachter and Martin, 
1987). 

Identification 

Isolation 

Because the formation of intracellular inclu
sions is unique to the chlamydiae, the visual 
identification of inclusions is the only require
ment for positive identification ofthe organism. 
To a trained eye, C. trachomatis inclusions are 
easily visible in unstained, infected cells using 
an ordinary light microscope. C. psittad and C. 
pneumoniae inclusions are not. This difference 
has not been explained, though it may be due 
to the presence of glycogen in C. trachomatis 
inclusions. Thus, monolayers are usually 
stained to confirm the presence of inclusions. 
This is particularly important for clinical spec-
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imens, where numbers of infected cells may be 
low. Direct or indirect fluorescent antibody 
stains specific for chlamydia are the most sen
sitive and commercially available; howt:ver, 
they are relatively expensive and require a flu
orescence microscope for visualization of the 
inclusions. Alternative stains are: 1) Iodine, 
which stains the glycogen in inclusions, and 
thus is only applicable for C. trachomatis iden
tification. Timing is important in iodine stain
ing because glycogen levels are maximal at 40-
72 h postinfection. This is particularly trut: for 
the LGV strains that begin to deplete the gly
cogen stores at about 60 h postinfection. 2) 
Giemsa stains mayaiso be used. Both iI1lclu
sions and cellular organelles are stained; thus, 
Giemsa-stained cells may be difficult to inter
pret unless the cells are visualized by dark tield 
microscopy where only the inclusion is brightly 
illuminated. 

Nonculture Techniques 

Because ofthe specialized equipment and tech
niques that are required for the culture of chla
mydiae, the expertise for cultivation of this or
ganism is available in only a limited number of 
clinical and research laboratories. Recently, a 
number oftechniques have been developed that 
detect chlamydial proteins, carbohydrates, or 
nucleic acids, thus obviating the need to culture 
the organism to identify it. These techniques 
are particularly suitable for clinicallaboratories 
where diagnosis of infection only requires the 
identification of chlamydiae in a clinical spec
imen. An obvious drawback ofthese techniques 
is that the clinical isolate is not available for 
further study. 

IMMUNoFLuoREsCENT STAINING. The fluores
cent antibody stains described above for the de
tection of inclusions can also be used to detect 
EBs in clinical specimens. Commercially avail
able stains are usually direct stains in which a 
fluorescent molecule, usually fluorescine iso
thiocyanate (FITC), is conjugated directly to an 
antibody that recognizes chlamydial protein or 
LPS. This method is sensitive and simple; how
ever, a skilled microscopist must interpret the 
slides. 

ENZYME-IMMUNOASSA YS (EIA). EIAs detect 
chlamydial antigen in a solubilized specimen 
and can take any of several formats. Generally , 
the sampie is denatured, chlamydial antigens 
are bound to a matrix or chlamydiae-specific 
antibody, then incubated with an enzyme-·con
jugated monoclonal antibody specific for the 
bound chlarnydial antigen. The adsorbed rnon-
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oclonal antibody can then be detected in several 
different ways, usually in a colorimetric assay 
that can be detected spectophotometerically. 

NUCLEIC ACID-BASED ASSAYS. The use of spe
cific DNA or RNA sequences to detect a wide 
range of microbes including those of the genus 
Chlamydia is a new and rapidly expanding tech
nology. Currently, nucleic acid detection takes 
one of two formats. A nucleic acid probe ho
mologous to a chlamydiae-specific DNA or 
RNA sequence is linked to an assayable en
zyme, a chemiluminescent molecule, or a ra
dioisotope. The probe is then hybridized to de
natured target DNA, nonhybridized probe is 
removed, and the labelled probe is detected by 
standard methods. Alternatively, new metho
dologies that employ specific DNA primers to 
direct the synthesis of DNA to specific se
quences allow the amplification ofspecific DNA 
sequences in vitro using the polymerase chain 
reaction (PCR). Published reports of the appli
cation of this later technique to chlamydiae are 
limited at this time; however, the usefulness of 
this approach to the study of chlamydiae is ob
vious. PCR technology has potential applica
tion both for the detection of chlamydiae in 
clinical sampies and as a research tool where a 
difficult-to-obtain DNA sequence can be am
plified in vitro for further experimentation. 

Strain Typing 

Fifteen sero types of C. trachomatis have been 
delineated based on antigenic heterogeneity 
found predominantly in MOMP (Wang, S.-P. 
and Grayston, 1971; Wang, S. P. et al., 1985). 
Monoclonal antibodies have been iso la ted that 
react with genus, species, group, and serotype
specific epitopes on MOMP (Ma et al. , 1987; 
Baehr et al., 1988; Stephens et al., 1988b) and 
other antigens (Caldwell et al., 1975; Hourihan 
et al., 1980; Zhang et al., 1987b). Astrain of C. 
trachomatis can be characterized with respect 
to its reactivity with a panel of monoclonal an
tibodies and assigned to specific serogroups. 
Conversely, the exposure of an individual to a 
particular serotype(s) of C. trachomatis can be 
assessed by the reactivity of their sera with EBs 
from the 15 serotypes. This assay, termed mi
croimmunofluorescence (MIF; Wang et al. , 
1975), has been used for epidemiologie studies 
but is generally not suitable for clinical appli
cations due to the tedious nature of the assay. 
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The Order Planctomycetales and the Genera Planctomyces, 
Pirellula, Gemmata, and Isosphaera 

J. T. STALEY, J. A. FUERST, S. GIOVANNONI, and H. SCHLESNER 

Introduction 

The order Planctomycetales comprises a re
markable group of budding bacteria. They and 
their nearest relatives, the chlamydiae (Weis
burg et al., 1986) (see Chapter 202), are the only 
known cell-wall containing eubacteria that lack 
peptidoglycan. Furthermore, the planctomy
cetes are morphologically distinctive because of 
their budding division, their spherical to ovoid 
cells with crateriform pits (Figs. 1 and 2), and 
the nonprosthecate appendages (stalks) pro
duced by some members of the group (Fig. 3). 
In so me species the stalks, which are multifi
brillar bundles or fascicIes (Fig. 2), are too thin 
to be discerned by light microscopy. Multicel
lular aggregates or rosettes are formed by some 
species that produce polar holdfasts (Fig. 3). 
One genus, Isosphaera, is a multicellular fila-

Fig. I. An electron micrograph of a motile cell of Pirellula 
marina showing flagellum (fl) and numerous circular surface 
structures referred to as crateriform structures (cr). More 
distinctive crateriform structures are evidenced on some 
species (see Fig. 2 below). Bar = 1.0 ILm. (Courtesy ofHeinz 
Schlesner. ) 

mentous bacterium that moves by gliding. 
Other motile members ofthe group produce fla
gella. Knowledge of the order is limited due to 
the relatively few species that have been ob
tained in pure culture and characterized. 

The planctomycetes have a typical and 
unique ribosomal RNA composition. An analy
sis of their 16S rRNA by oligonucIeotide cata
loging and sequence analyses places this order 
as a deep branch within the eubacteria (Stacke
brandt et al. , 1984) and/or as a group that is 
undergoing rapid evolution (Woese, 1987). 
Thus, the planctomycetes differ markedly from 
the heterotrophie budding and prosthecate bac
teria that fall in the alpha group of the purple 
bacteria. A dendrogram (Fig. 4) ofsome species 
has been constructed based upon the 16S rRNA 
oligonucIeotide composition (Stackebrandt et 
al. , I 986a). More recent studies of their 5S 
rRNA (Bomar et al. , 1988) indicate that its 
length is significantly shorter than that of most 
eubacteria, ranging from 109-111 nucIeotides 
rat her than the "minimal" length of 118 bases 
of eubacteria and archaebacteria (Erdmann and 
Wolters, 1986). In addition, position 66 lacks 
an insertion, and numerous transversions were 
noted in the secondary structure, features pre
viously unknown for other eubacteria. The ev
olutionary tree constructed from 5S rRNA data 
is shown in Figure 5. Another report further 
indicates that, in contrast to typical eubacteria, 
the two 16S regions of the ribosomal RNA op
eron of Pirellula marina on the chromosome 
are separated from the two interlinked 23S-5S 
rRNA regions by 8.5 and 4.4 kb (Liesack and 
Stackebrandt, 1989). 

Members of the genera Planctomyces and Pi
rellula (the latter formerly called Pirella) have 
characteristic eubacterial ester-linked polar lip
ids rather than the ether-linked lipids ofthe ar
chaebacteria (Kerger et al., 1988). However, 
their lipids differ from those of other eubacteria 
in having large amounts of palmitic, oleic, and 
palmitoleic acids typically associated with mi
croeukaryotes. 
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Fig. 2. An electron micrograph of a whole cell of Planctomyces bekefii showing many crateriform structures. The inset is 
an enlargement of the stalk-cell junction, showing the fibrillar nature of the stalk. Sam pIe was collected from University 
Lake, S1. Lucia, Australia, and stained with 1% uranyl acetate in 0.4% sucrose. Bar = 0.5 !Lm. (Courtesy of John A. 
Fuers1.) 

Because of their unique position within the 
eubacteria, a new order, Planctomycetales, has 
been proposed to accommodate members of 
this group (Schlesner and Stackebrandt, 1986). 
The order is named for the species Plancto
myces bekefii, which was first described early in 
the century by Gimesi (1924), who observed 
this rosette-forming microorganism in a pond 
in Hungary. He regarded it as a planktonic fun
gus, thereby explaining the root "myces" in the 
genus name. Organisms of this group were also 
reported by Henrici and Johnson (1935) who 
observed them in lakes in the northern Uni ted 
States. Neither Gimesi (1924) or Henrici and 
Johnson (1935) obtained pure cultures. Sub se
quently several other planktonic, rosette-form
ing colonial species, including P. crassus, P. 
stranskae, P. gracilis, and P. guttaeJormis were 
named but not isolated (see Starr and Schmidt, 
1989) 

The first reports ofpure cultures ofthis group 
were published in the 1970s (Staley, 1973a; 
Bauld and Staley, 1976; Schmidt, 1978). The 
organisms grew as slow-growing heterotrophs on 
dilute organic media. Even yet, however, many 
ofthe large rosette forms have not been isolated, 
including the type species of the genus, Planc-

tomyces bekefii. All species are aquatic, occur
ring in freshwater lakes, marine habitats, and 
salt ponds. 

In addition to the unicellular and rosette
forming colonial forms, the order contains fil
amentous organisms. The filamentous types 
were initially thought to be cyanobacteria and 
were named Isocystis pallida (Woronichin, 
1927). However, strains that have been isolated 
do not contain chlorophyll a or other photo
synthetic pigments (Giovannoni et al., 1987b). 
Isolated strains that were obtained from neutral 
and alkali ne hot springs at temperatures be
tween 35 and 55°C were placed in a new genus 
as Isosphaera pallida. 

Table 1 can be used to distinguish the genera 
of the order Planctomycetales. 

Planctomyces 

Since the first report of Planctomyces bekefii, 
by Gimesi (1924), limnologists and bacteriol
ogists have periodically reported similar organ
isms and ascribed several new species and ge
neric names to these bacteria. Isolates of 
Planctomyces spp. were not obtained until the 
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Fig. 3. A phase photomicrograph of a rosette of Plancto
myces bekefii from University Lake, St. Lucia, Australia. 
The rosette consists of many spherical ceHs joined together 
at the distal tips of their stalks. Bar = 10.0 I'm. 

late 1970s (Bauld and Staley, 1976; Hirsch et 
al., 1977; Schmidt, 1978). Even today, P. bekefii, 
p. guttaeformis, and P. stranskae, as weIl as sev
eral other unrecognized species, remain un
isolated although they are common residents of 
freshwater habitats. 

Habitats 

These bacteria occur in freshwater, marine, and 
saline habitats. Unicellular forms are frequently 
found attached to other organisms in the en
vironment (Fig. 6). They attach by a holdfast 
structure located at the tip of the stalk. Species 
with the most striking morphology, such as 
Planctomyces bekefii, occur in the plankton of 

freshwater lakes as microcolonies of free-float
ing rosettes (Fig. 7). It is not known how they 
ean specifieally associate with one another to 
form these rosettes in the natural habitat. The 
colonial forms do not appear to oecur in soft
water habitats, (low osmotic pressure) perhaps 
beeause of the peculiar nature of their cell en
velop structure. They are most eommon during 
the summer and early fall, particularly in eu
trophic lakes. For example, in North America 
they are found in eutrophie lakes in the Midwest 
(Wintergreen Lake near Kalamazoo, Michigan) 
and Southeast (University Lake near Chapel 
Hili, North Carolina, as weIl as most other lakes 
of the Carolina and Virginia Piedmont) (J. 
Staley, unpublished observations). These colo
nial forms have also been reported to occur in 
eutrophie ponds in Arizona (Starr and Sehmidt, 
1984). In contrast, rosette-forming species have 
not been reported in the mesotrophic to eu
trophie soft-water lakes ofthe Pacific Northwest 
such as Lake Washington in Seattle, where uni
eellular forms are found (J. Staley, unpublished 
observations) (see Fig. 6). 

Planctomyces spp. have been enumerated in 
a variety of Australian freshwater habitats using 
Most-Probable-Number (MPN) teehniques 
with a dilute peptone broth medium (0.01%). 
They were found in habitats of all trophic states 
and their proportion to total viable heterotrophs 
by this procedure (about 0.025%) was essen
tially the same, regardless of the trophic state 
of the habitat (Staley et al., 1980). Thus, higher 
concentrations were found in eutrophic habitats 
that contained correspondingly higher eoncen
trations of heterotrophic baeteria than did the 
less nutrient-rich habitats. 

Isolation Procedures 

SAMPLE COLLECTION. Water sampies (200 ml or 
more) should be collected aseptically from the 
environment. If enriehments are to be prepared 

~---------------- P/ .. "'no.' .... B."opU/u rPA. 110' 

,---------------- PI .. "oeo.,,, •• -Bh .er .. h rPA. lU1 
L.-______________ PI .. ""eo.,,, .. -Bh .er .. h rPA. I'" 

,------------------ Pbell ... eelle,L rPA. ll" L----C============ P(rell .. ... rL" .. rPA. 1111 r- PLrell .. -ILte eer .. L" rPA. 1441 

,-------------- P(rell .. -Bh eerd" rPA. lU' 
,---"----- P(rell .. -Bh eer .. b rPA. 1111 .... ---"""1_::============- P(rell .. -IUe .er .. L" rPA. lU' PLrell .. -ILte .er .. L" rPA. 1110 
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Fig. 4. A dendrogram of similarity coefficients of selected members of the Planctomycetales based on sequence analysis 
of 16S rRNA oligonucleotides. Note that the genus Pirella is now caHed Pirellula. (Courtesy of E. Stackebrandt et al., 
1986.) 
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Cemmata obscu.rigLobus UQJ/ 2246 

Planctomllces limncphilus ITA.J/ 100B 

,------__ .c::; _____________ P1.. brosiliensis IFÄ.J/ 1UB 

......:::::::::-""""1:::::--------- Pirella spec. IFAJ/ 1441 

marina IFAJ/ 1313 

Pirella spec. IFAJ/ 1310 
0.05 

Isosphaero pallida IS 1B 

Fig. 5. The evolutionary tree ofvarious members ofthe Planctomycetales based on 5S rRNA sequences. Scale bar denotes 
an evolutionary distance of 0.05 D. (Courtesy of D. Bomar et al., 1988.) 

Table 1. Characteristics differentiating the genera of the order Planctomycetales. 

Genus Cell arrangement Stalk Flagellar type Crateriform structure GC content (mol%) 

Pirellula Rosettes in pure culture _b Single, polar Reproductive pole 54-57 
64 

50-58 
Gemmata Single cells Polar bundle Over entire cell surface 
Planctomyces Single cells or rosettes + Single, polar Over entire surface or 

reproductive pole 
Isosphaera Filamentous Over entire surface 62 

(gliding) 

a+, property present; -, property absent. 
bA rudimentary "stalk" has been reported in ATCC strain 27377 (Starr et al., 1983). 

at the day of sampling, sam pIes can be kept at 
the collection temperature. For periods longer 
than 12-24 h, it is advisable to refrigerate. In 
situ temperature and salinity should be known 
since these parameters will determine the ap
propriate conditions for enrichment and isola
tion. 

DIRECT ISOLATION AND ENRICHMENT METHODS. 

Because these organisms occur in low numbers 
in most natural environments, they usually have 
to be enriched. Although they are very distinc
tive morphologically, they have few physiolog
ical features that can be used for the develop
ment of enrichment and isolation procedures. 
The addition of penicillin G (1,000-2,000 U / 
ml) or other antibiotics that inhibit peptidogly
can synthesis, may be used with some success 
(Schmidt and Starr, 1981), at least at the time 
of plating, since all isolated strains lack pepti
doglycan. 

In some cases, it may be possible to isolate 
strains from natural sampies by direct streaking 

ofthe sam pIe onto an appropriate agar medium. 
For example, Hirsch et al. (1977) describe a 
water agar plating procedure used successfully 
for the isolation of Planctomyces limnophilus. 
Likewise, P. brasiliensis was isolated directly 
from a salt pit sam pIe from Brazil (Schlesner, 
1989) by streaking on a saline medium, M 13 
(described in "Pirellula''). 

A variety oftechniques have been applied for 
the enrichment of Planctomyces when numbers 
from the environment are low. A common pro
cedure is to use the dilute peptone enrichment 
procedure described for Prosthecomicrobium 
and Ancalomicrobium see (Chapter 103). Pep
tone (Bauld and Staley, 1976) is added to a 
freshly collected natural sam pie to a final con
centration of 0.01% (or peptone and yeast ex
tract at 0.005% each) and the enrichment in
cubated at room temperature (or the 
temperature of the environment from which it 
was collected). Schmidt (1978) used somewhat 
lower concentrations of peptone ranging from 
0.002 to 0.005% in her enrichments. 
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Fig. 6. A lone Planctomyces cell attached by its stalk to a 
sheathed cyanobacterial filament in a sam pie collected from 
Lake Washington. Presumably the flexible stalk acts as a 
tether, allowing the cell to be moved by water currents while 
the hold fast anchors the cell to the filament. Cell diameter 
is about I /lm. Electron micrograph. 

Hirsch and Müller (1986) have described 
other procedures that have been used success
fully in the enrichment of Planclomyces spp. 1) 
In addition to using media with low nutrient 
concentrations, they have incubated water sam
pIes directly with no nutrient addition either in 
the light or dark for periods of 4 to 16 weeks. 
2) Another procedure entails hanging sterile 
glass slides into fresh or stored water sampies 
and incubating in the light at 20°e. This is rem
iniscent of the original Henrici procedure in 
which submerged slides were used to detect per
iphytic bacteria in lakes (Henrici and Johnson, 
1935). When interesting forms appear, material 
is scraped from the slide with a sterile scalpel 
and streaked onto an isolation medium. 3) In 
a different procedure, sterile glass coverslips, 
some coated with 2% water agar, were inserted 
vertically into a sterile water agar layer (2 cm 
deep) in pe tri dishes, to which was added suf
ficient sampie water to cover the coverslips. 
Coverslips were examined periodically by phase 
microscopy for the attachment ofbudding bac
teria. When coverslips contained organisms of 
interest, replicate ones were removed and ma
terial streaked for isolation (Hirsch et al., 1977). 

ISOLATION PROCEDURES. Enrichments are ex
amined periodically by phase microscopy to 
identify types characteristic ofthe genus: spher
ical to ovoid cells, oftentimes large (i.e., > 1.0 
/lm in diameter), that attach to detritus or other 
cells (especially sheathed organisms) and that 

b 

Fig. 7. Phase photomicrographs of a rosette-forming species 
of Planctomyces from University Lake, Chapel Hili, North 
Carolina. (A) Note the encrustation in the central holdfast 
region ofthe rosette due to deposition ofiron and/or man
ganese oxides. (B) Arrows point to buds. Bar = 2.0 /lm. 

produce polar to subpolar buds and stalks. The 
stalks may not be sufficiently thick to be seen 
by phase microscopy, so to identify these it is 
advisable to examine sampies from prospective 
enrichments with the transmission electron mi
croscope, by preparing negative stains of en
richment culture material (Fig. 8). Positive en-
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Fig. 8. An unidentified rosette-forming species of Plancto
myces from a 0.0 I % peptone enrichment cuIture of water 
collected from the Mississippi River in Minneapolis. Bar 
= 5.0/Lm. 

richment sam pies are streaked or dilutions 
spread (spread 0.1 ml sampies from 10-2 to 10-4 

dilutions) on agar media. Media that have been 
used successfully for this include PYGV me
dium or PYG medium (same as PYGV, but 
without vitamins; Staley, 1968). 

PYGV medium: 
Peptone 
Yeast extract 
Glucose 
Hutner's salts solution (see Chapter 

103) 
Vitamin solution (see Pirellula) 
Agar 

0.025% 
0.025% 
0.025% 

20 mljl 

10 mljl 
1.5% 

For freshwater strains, add distilled water; for 
marine strains, aged seawater or artificial sea
water solution at half- or full-strength should be 
added (see seetion on "Pirellula''); for strains 
from other saline or brackish sources, an ap
propriate salt solution mimicking that of the 
environment should be used. The pH is ad
justed to 7.0 before autoclaving. 

Schmidt and Starr (1981) recommend using 
one of three other media for streaking from en
richment culture material. One medium con
tains 0.02% peptone, 0.0 I % yeast extract, 0.1 % 
filter-sterilized glucose or galactose, 10 ml of 
Hutner's mineral base (Cohen-Bazire et al. , 
1957), 5 mM MgS04 ' 7 HzÜ and 1.0 or 1.5% 
agar. Their second medium contains 0.04% pep
tone, 0.02% yeast extract, 5 or 10 mM magne
sium sulfate, and 1.0 or 1.5% agar made up in 
either tap water or distilled water to which 10 
ml of the Hutner's salts solution is added. The 
pH of this medium can be adjusted above 7.0 
for alkaline sampies using 0.005 M Trizma 
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Buffer (Sigma Chemical Co.). Usually a pH of 
7.8 or 8.0 is used. Their final medium contains 
0.2% peptone, 0.1 % yeast extract, 10 mI/I Hut
ner's salts solution, and 5 mM magnesium sul
fate, with 1.0 or 1.5% agar made up with dis
tilled or tap water. Autolysis of osmotically 
unstable strains can occur in this latter medium. 

Colonies of Planctomyces spp. develop 
slowly. Cultures from primary plates need to be 
incubated for at least one week, and often more 
than a month is required before they fully de
velop. One of the most striking characteristics 
of the colonies is that they continue to develop 
after most other colony types have stopped 
growing and are beginning to recede. Typical 
colonies of the Planctomyces types as weIl as 
Pirellula persist and form impressive mounds 
about a month after streaking when incubating 
at room temperature. Colonies may be pig
mented (light rose, bright red, or yellow to 
ochre) or they may be unpigmented. 

Repeated restreaking may be necessary to pu
rify some strains. Indeed, some strains cannot 
be readily isolated even after several restreaking 
attempts, but some of these can be maintained 
in monoxenic culture with another hetero
trophic bacterium (J. Staley, unpublished ob
servations). 

Identification 

Because the planctomyces are such distinctive 
organisms, it is normally a simple matter to 
determine whether an isolate belongs to this 
group by microscopic examination alone. Ifthe 
stalks are sufficiently large, they may be dis
cerned by phase microscopy. However, in the 
species currently available in pure culture, this 
is not possible because the stalks are too fine, 
Thus, the most direct means to verify their iden
tity is by transmission electron microscopy (see 
Figs. 6 and 8). Whole cell preparations that are 
negatively stained should show the typical 
spherical to ovoid cell types with polar stalks. 
Stalks are the primary characteristic used to dis
tinguish Planctomyces from Gemmata and Pi
rellula. Although stalks have been infrequently 
reported from these latter two genera, they are 
quite rare and often nondistinctive. In contrast, 
stalks are very common in Planctomyces spp. 
Indeed, in a typical growing preparation of 
Planctomyces spp., aIl mature, budding cells 
would be expected to bear astalk. 

Classification of species in the genus has been 
based largely upon morphological attributes, es
pecially for types that have not yet been iso
lated. Schmidt and Starr (1977; 1978) and Starr 
and Schmidt (1989) classified this genus into 
five morphotypes, I-V. Cells of morphotype I 
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are spherical, joined together in rosettes, as rep
resented by Planctomyces bekefii (Figs. 7 and 
9). Cells of morphotype III are ellipsoidal and 
are represented by the isolated species, P. maris, 
P. limnophilus, and P. brasiliensis. Cells ofmor
photype V are bulbiform-shaped and form ro
settes (Figs. 10 and 11). Planctomyces guttae
formis and P. stranskae are members of this 
group. No species names have been proposed 
for morphotypes 11 and IV, cells of which are 
ovoid. However, one member of morphotype IV 
is now classified as Pirellula staleyi. 

Pure cultures are available of three species, 
all of morphotype 111, including Planctomyces 
maris (Fig. 12), P. limnophilus, and P. brasi
liensis. The stalks on these species are so fine 
they cannot be discerned by observation with 
the phase contrast microscope. When observed 
by the electron microscope, the stalk can be seen 
to contain a number of fine fibrils bundled to
gether to form a fascicle that emanates at one 
pole of the ellipsoidal cells. This stalk develops 
at the pole near the site of the subpolar flagel
lum. These species are differentiated by l6S 
rRNA oligonucleotide catalog, salt require
ments for growth, and various other morpho
logical and physiological characteristics (Table 
2). 

All culture isolates have dimorphic life cycles. 
Reproduction occurs by budding, in which the 
cell envelope of the daughter bud is formed de 
novo (Staley, 1973a; Tekniepe et al. , 1981). 

-
Fig. 9. An electron micrograph of an organism that resem
bles Planclomyces bekefii. Though this organism is similar 
to P. bekefii, note that its cells have two to four or more 
very long prominent filiform appendages extending outward 
from each cell- of the rosette near the reproductive pole 
rather than several shorter ones characteristic of P. bekefii 
(see Fig. 2). This type of Planclomyces is common in lakes 
in the southeastern USA. From University Lake, Chapel 
Hili, North Carolina. Bar = 2.0 "m. 

Fig. 10. Rosettes of Planclomyces guttaejormis. (A) Note 
the bulbiform cells that are joined together at their narrow 
poles. Also note the long spike appendage extending away 
from the bulbous reproduetive pole of mature eells in the 
rosette. (B) Another rosette from same loeale containing 
budding eells at different stages of development. Buds begin 
as spherieal protuberanees but then beeome bulbiform. Sev
eral cells in this rosette are Iysed. From University Lake, 
Chapei Hili, North Carolina. Bar = 5.0 "m. 

Daughter cells are motile by apolar to subpolar 
flagellum. Though they lack stalks initially, 
these are formed as part of their maturation 
process in a fashion that is analogous to that of 
Caulobacter (although the stalks of Plancto
myces spp. are not prosthecae). 

All three of these species are heterotrophic 
organisms that grow aerobically. Various mono
and dissacharides are used, including glucose, 
galactose, cellobiose, maltose, and N-acetylglu
cosamine. P. maris and P. brasiliensis also use 
glucuronic acid. Ammonium salts can be used 
as the sole nitrogen source by P. maris and P. 
limnophilus. Vitamins are not required by any 
of the isolates. 
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Fig. 11. Planctomyces stranskae collected from Kiwanis 
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stalk that terminates in a holdfast. The stalk is 
a tubular structure comprising many fibrils 
(Schmidt and Starr, 1980). The holdfasts enable 
cells to join together in the natural habitat to 
form rosettes (Figs. 7 and 9). Some colonial 
forms such as P. bekefii can develop stalk en
crustations (Fig. 13) containing iron and/or 
manganese oxides (Schmidt et al., 1981). 

The most characteristic feature of P. guttae
formis and P. stranskae is their bulbiform cells 
(Starr and Schmidt, 1984), which are joined to'
gether at their narrow poles to form rosettes 
(Figs. 10 and 11). In addition, P. guttaeformis 
produces a long terminal spike from its large 
pole, a feature lacking in P. stranskae. 

Park in Tempe, Arizona. Cells ofthis species do not develop Pirellula 
terminal spikes. Bar = 1.0 !Lm. (Courtesy of Jean Schmidt.) 

The characteristics of the other unisolated 
but currently recognized species are given in 
Table 3. All of these species produce large, con
spicuous rosettes in the natural freshwater hab
itats in which they occur. Each cell of Planc
tomyces bekefii produces a distinctive thick 

/ 

" 

/ .> 

Habitats 

Pirellula spp. and morphologically similar bac
teria have been observed in and isolated from 
a variety of aquatic environments: freshwater 
(Staley, 1973; Tekniepe et al., 1981; Schlesner, 
1989); brackish water (Gebers et al. , 1985; 
Kauolbel-Boelke et al., 1985; Schlesner, 1986); 

/ 

Fig. 12. Shadowed electron micrograph of cells of Planctomyces maris. Note the polar to subpolar buds, fibrillar stalks, 
subpolar flagella, and peritrichous fimbriae. Bar = 1.0 !Lm. 
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Table 2. Differentiation among isolated species of Planctomyces. 

Character P. maris P. limnophilus P. brasiliensis 

Cell shape; maximum cell diameter 
Source 

Ovoid, 1.5 !Lm 

Marine 
Ovoid, 1.5 !Lm 

Freshwater 
Red 

Spheroid, 1.8 !Lm 

Salt pit 
Colony pigmentation 
Salinity growth range 
NaCI growth range (mM) 
Temperature growth range 
GC content (mol%) 

Colorless to light rose 
1.5-4.0% <1.0% 

Yellow 
0.7-10.0% 
100-170 100->300 ND" 

6-38°C 17-39°C ND 
51 53 55-58 

Genome size (X 109 daltons) 3.62 2.67 2.81 

"ND, not determined. 

Table 3. Differentiation among recognized species of Planctomyces that have not yet been isolated in pure culture. 

Characteristic P. bekefii P. stranskae P. guttaeformis 

Cell shape 
Stalk 
Other cell appendages 

Spherical 
Tubular 
Fimbriae and larger spikes" 

Bulbiform 
Absent 
Fimbriae only 

Bulbiform 
Absent 
Fimbriae and a single long tapering spike 

"At least two variants (species?) exist. One type has several shorter spikes (see Fig. 2) whereas another type has fewer, 
very long spikes (see Fig. 3). 

Fig. 13. A phase photomicrograph of a small rosette-forming 
species of Planctomyces from University Lake, St. Lucia, 
Australia, showing heavy deposition of iron and or man
ganese oxides on the stalks. Bar = 10 !Lm. 

hypersaline water of a salt pit (Gebers et al. , 
1985); hot springs of Tiberias in Israel (Kahan, 
1961); groundwater (P. Hirsch, personal com
munication); alkaline water from ponds in a 
li me pit near Lägerdorf (Schleswig-Holstein, 
Germany; Schlesner, 1989); lakes rich in 
Na2S04, Na2C03, and NaHC03 ("Lacken") in 
Burgenland, Austria; wastewater aeration la
goons of a sugar factory; marine and brackish 
water basins in an aquarium (Institut für 

Meereskunde, Universität Kiel); water basins in 
a greenhouse in the botany garden of the Uni
versity of Kiel; and even in the pitcher trap of 
the insectivorous plant Nepenthes sp. (Schles
ner, 1989). 

In spite of the widespread distribution, Pi
rellula-like bacteria are only occasionally ob
served in water sampies. After storage at room 
temperature (a few days to so me weeks)" how
ever, such organisms are often found in high 
numbers, especially on the bottom or at the wall 
ofthe vessel. Obviously, the organisms live at
tached to surfaces and only the swarmer cells 
are free in the water column. When the popu
lation is very dense, however, Pirellula-like or
ganisms may be found in high numbers in the 
free water. 

Isolation 

Various methods have successfully been applied 
for the enrichment of Pirellula spp.: 

1. Storage of sam pies in the laboratory. 
2. Addition of small amounts (0.005-0.01 %) of 

peptone, yeast extract, or glucose to the water 
sam pie. 

3. Addition of 0.1 % chitin to the sam pie. 
4. Addition of 0.1 % KN03 and anaerobic lll

cubation. 

Isolation procedures take advantage of re
sistance to antibiotics that affect the biosyn
thesis of peptidoglycan and, furthermore, the 
ability to utilize N-acetylglucosamine as sole 
carbon and nitrogen source. The salinity of the 
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medium should not differ much from that of 
the natural environment, since many strains 
show a rather narrow salinity tolerance (H. 
Schlesner, unpublished observation). The fol
lowing media have successfully been applied for 
isolation of strains of Pirellula spp.: 

Medium MI + A 
Solution 1: 
CaC03 

Na,HPO .. 2H,O 
MgSO .. 7H,O 
Hutner's basal salts (see below) 
Gellan gum Gelritea 
Vitamin solution No. 6 
Distilled water 

5.0 g 
0.1 g 
0.5 g 

20 ml 
9.0 g 

10 ml 
920 ml 

Adjust pH to 9.0; autoclave 121°C for 20 min. 

aKelco Inc., San Diego, California, USA. 

Solution 2: 
N-acetylglucosamine 
Ampicillin sodium salt 
Distilled water 

2.0 g 
0.2 g 

50 ml 

Adjust to pH 9.0, filter sterilize, and add to solution I. 

Hutner's basal safts (Cohen-Bazire et al., 1957) 
Nitrilotriacetate (NTA) 10.00 g 
MgSO .. 7H,O 29.70 g 
CaCI,'2H,O 3.34 g 
NaMoO .. 2H,O 12.67 mg 
FeSO .. 7H,O 99 mg 
Metal salt solution "44" (see below) 50 ml 
Double-distilled water 900 ml 

The NTA is first dissolved by neutralization with KOH. 
The other salts are then added. Adjust pH to 7.2 with 
KOH or H,SO •. Adjust volume to 1,000 ml with double 
distilled water. Store cold (5°C) and clean. The solution 
is clear. 

Metal salts solution "44" 
Ethylene diamino tetraacetate (EDTA) 
ZnSO .. 7H,O 
FeSO .. 7H,O 
MnSO .. H,O 
CuSO .. 5H,O 
CoC!,'6H,O 
Na,B.O,.IOH,O 

250.0 mg 
1,095.0 mg 

500.0 mg 
154.0 mg 
39.2 mg 
20.3 mg 
17.7 mg 

Double-distilled water I liter 

To retard precipitation add a few drops ofH,SO. before 
making to volume. Store cold (5°C). 

Vitamin solution No. 6 (Staley, 1968) 
Biotin 4.0 mg 
Pyridoxine hydrochloride 20.0 mg 
Thiamin hydrochloride 10.0 mg 
Ca pantothenate 10.0 mg 
p-Aminobenzoic acid 10.0 mg 
Folie acid 4.0 mg 
Riboflavin 10.0 mg 
Nicotinamide or nicotinic acid 10.0 mg 
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Vitamin B12 

Double-distilled water 
0.2 mg 
I liter 
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Stirring of the mixture improves dissolution. Sterilize 
by filtration only. Store dark and cold (5°C). 

Medium M 30 + A 
Solution I: 
Hutner's basal salts 
Artificial seawater 
Buffer 0.1 M Tris/HCI, pH 7.5 
Agar 
Distilled water 

Autoclave at 121°C for 20 min. 

Solution 2: 
N -acetylglucosamine 
Na,HPO .. H,O 
Ampicillin sodium salt 
Vitamin solution No. 6 
Distilled water 

2.0 g 
0.1 g 
0.2 g 

10 ml 
40 ml 

Add filter-sterilized to solution I. 

20 ml 
125 ml 
50 ml 
18 g 

760 ml 

Artificial seawater (Lyman and Fleming, 1940) 
NaCI 23.477 g 
MgCI, 4.981 g 
Na,SO. 3.917 g 
CaCI, 1.102 g 
KCI 0.664 g 
NaHC03 0.192 g 
KBr 0.096 g 
H3B03 0.026 g 
SrCI, 0.024 g 
NaF 0.003 g 

Medium 31 + A 
Solution 1: 
CaCI,'2H,o 
MgCI,'6H,O 
Hutner's basal salts 
Buffer 0.1 M Tris/HCI, pH 7.5 
Agar 
Distilled water 

0.1 g 
0.1 g 

20 ml 
50 ml 
18.0 g 

880 ml 

Adjust pH to 7.5, autoclave at 121°e for 20 min 

Solution 2: 
N-acetylglucosamine 
Na,HP04 . 2 H,O 
Ampicillin sodium salt 
Vitamin solution No. 6 
Distilled water 

2.0 g 
0.1 g 
0.2 g 

10 ml 
40 ml 

Adjust pH to 7.5, filter-sterilize, and add to solution I. 

To minimize growth offungi, 0.2 g/I cycloheximide may 
be added to solution 2 of each respective medium. 

For culturing or long-term storage ofpure cul
tures, the above media should be enriched by 
adding 0.25 g of peptone and 0.25 g of yeast 
extract to solution 1. Good results are also ob
tained with medium M 13. 

Medium M 13 (Schlesner, 1986) 

I Peptone 
Yeast extract 

0.2 g 
0.2 g 
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Glucose 
Hutner's basal salts 
Vitamin solution No. 6 
Buffer 0.1 M tris/HCI, pH 7.5 
Artificial seawater 
Distilled water 

Identification 

0.2 g 
20 ml 
10 ml 
50 ml 

250 ml 
670 ml 

Pirellula spp. are easily recognized by their mor
phology. The cells are ovoid, sometimes ellip
tical, or nearly spherical. They are polarly or
ganized. From the smaller cell pole, holdfast 
substance is excreted which allows the cells to 
attach to surfaces or to each other and form 
rosettes (Fig. 14). Buds develop at the broader 
pole as a minor mirror image of the mother cell 
(Fig.15). Immunoferritin labe1ing experiments 
have shown that at least the surface components 
of the new buds are synthesized de novo (Tek
niepe et al. , 1982). The buds are motile by a 
sin~le ~agellum, polarly to subpolarly inserted, 
WhlCh IS about 20 nm thick (Schlesner, 1986) 
and which inserts at the proximate (the later 
reproductive) pole (see Fig. 1). 

Crateriform structures are scattered over the 
whole cell surface of the buds in the early de
velopmental stage, while in adult cells their dis
tribution is restricted to the reproductive pole 
only. Adult cells also have fimbriae, originating 
from the crateriform structures. 

Another type of surface structure, described 
as "stacked disks" (Schmidt and Starr, 1979), 
is shown in thin sections through the reproduc
tive cell pole (Liesack et al., 1986). 

Colonies are red, pink, or colorless. Pigmen
tation seems to be of taxonomie signifieanee, as 

• 
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Fig. 14. Phase photomicrograph illustrating rosette forma
tion by Pirellula marina. 

homology groups derived from DNA/DNA hy
bridization experiments with 54 strains con
tained either pigmented or unpigmented strains 
(Barteis and H. Schlesner, unpublished obser
vations). 

The phylogenetic position of seven strains of 
Pirellula spp. (including P. staleyi and P. mar
ina), analyzed by 16S rRNA cataloging showed 
a great phylogenetic diversity among these 
strains (Stackebrandt et al., 1986). These find
ings are supported by analysis of 5S rRNA 
(Bomar et al., 1988). 

Despite their phylogenetic diversity, the 
s~ra~ns investigated are phenotypically very 
slmllar. As carbon sources, mainly sugars and 
sugar derivatives are utilized; N-acetylglucosa
mine serves as both carbon and nitrogen source. 
Sugar a1cohols may or may not be utilized. 
So me strains are able to reduce nitrate anaer
obically. All strains tested so far hydrolyze gel
atin; casein, DNA, or starch are hydrolyzed by 
so me strains, but cellulose is not hydrolyzed at 
all. Additional methods will have to be applied 
to find more discriminating taxonomic char
acteristics. 

Two species are described. The type species 
is from freshwater: Pirellula staleyi (Schlesner 
and Hirsch, 1987), syn. Pirella staleyi (Schles
ner and Hirsch, 1984), syn. Planctomyces stal
eyi (Starr et al., 1983), syn. Pasteuria ramosa 
(Staley, 1973). The other species is marine: Pi
rellula marina syn. Pirella marina (Schlesner 
1986). ' 

Gemmata 
The genus Gemmata is at present represented 
by one species, Gemmata obscuriglobus. The 
single strain (UQM 2246) representing the sin
gle species was isolated from a single source, 
the surface waters of Maroon Dam, during a 
study of the microflora of freshwaters in south
east Queensland, Australia (Franzmann and 
Skerman, 1984). The discoverers of the strain 
recognized the similarities of this coccoid bud
ding bacterium to astrain of great significance 
in the history of Planctomycetales systematics 
strain ATCC 27377, which at one time was pro~ 
posed as the neotype of Pasteuria ramosa, but 
later transferred to the genus Planctomyces 
(Starr et al. , 1983) and to the genus Pirella 
(Schlesner and Hirsch, 1984), a genus name 
later rejected in favor of Pirellula (Schlesner and 
Hirsch, 1987; see above "Pirellula" for a de
tailed account of these changes). Franzmann 
and Skerman (1984) distinguished Gemmata 
obscuriglobus UQM 2246 from ATCC 27377 by 
DNA base content, number of flagella on 
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Fig. 15. An electron micrograph of Pirellula marina showing a single polar budo Bar = 1.0 !Lm. 

swarmer cells, lack of a discrete holdfast, and 
the possession of a phase-dark inclusion in 
Gemmata postulated to contain DNA, in ad
dition to several other phenotypic characters 
outlined in Table 4. Later molecular systematics 
investigation ofthe 16S rRNA and 5S rRNA of 
G. obscuriglobus confirmed its status as a dis
tinct genus and as a member of the phyloge
netically distinct eubacterial order Planctomy
cetales (Stackebrandt et al., 1986; Bomar et al., 
1988). Gemmata occupies a distinct position 
within the Planctomycetales phylogenetically, 
since not only does its 16S rRNA possess its 
own unique set of signature oligonucleotides 
among the eubacteria (Table 5), but both 16S 
rRNA and 5S rRNA sequence similarities with 
other Planctomycetales genera indicate that the 
root of the evolutionary tree derived for mem
bers of the order lies close to the point at which 
the ancestor of G. obscuriglobus branched off. 
Thus, this species is the deepest branching or
ganism within the order Planctomycetales 
(Stackebrandt et al., 1986b; Bomar et al., 1988; 
see Figs. 4 and 5). 

Isolation 

The only existing strain of Gemmata obscuri
globus, UQM 2246, was isolated from the sur
face waters of the littoral zone of a freshwater 
dam in subtropical Queensland, Australia. Mi
cromanipulation using the equipment and 
methods of Skerman (1968) as applied by 
Franzmann (1983) was employed in the isola
tion. This method employs a micromanipulator 
consisting of a glass microtool attached to a 
magnet, which is in turn carried on a metal slide 
that is part of a lens "collar" screwed onto the 
microscope objective mounting. A Leitz 32 X 
Phaco phase objective is used on a phase con
trast microscope (preferably an Olympus CHA 
microscope equipped with a Reichert Phase 
contrast condenser or any system compatible 
with a Leitz 32X Phaco objective). The micro
tool is focused by moving the lens collar up and 
down on the objective mounting; once focused, 
it can be used to transfer cells on an agar surface 
across the surface and away from other cells by 
trapping cells in the water film around the mi
crotool and moving the mechanical stage con-
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Table 4. Characteristics of Gemmata obscuriglobus UQM 2246 and strain ATCC 27377. 

Character UQM 2246a ATCC 27377b 

64.4 ± 1.0 GC content (mol%) 
Cell shape 
Cell size 
Crateriform structure distribution 
Reproduction 

"Puckered" spherical to ovoid 
(1.4-3.0) X (1.4-3.0) ~m 
Uniform 

57.1 
Ovoid 
(0.5-3.0) X (1.0-5.0) ~m 
Polar 

Budding Budding 
Gram reaction + 
Fimbriae + + 
Motile swarmer cells 
Flagellation 
Colony color 
Catalase 

+ 
Multitrichous 
Rose 

+ 
Monotrichous 
Yellow 

+ + 
Oxidase + 
Anaerobic growth 
Generation time 
Growth temperature 
OF teste 

13.1 ± 2.8h 
16.0-35.0°C 
Oxidative 

ca. 13 h 
17.7-29.6°C 
Oxidative 

Carbon source utilization: 
Glucose 
Fructose 
Pyruvate 

Attachment to glass 
Habitat 
Rosettes formed 
Phase-dark inciusion 

+ 

+ 
Freshwater 

+ 

+ 
+ 
+ 
+ 
Freshwater 
+ 

aData from Franzmann and Skerman (1984) supplemented by unpublished observations (J. A. 
Fuerst). 
bData from Staley (1973b) and Schlesner and Hirsch (1984). 
eOF test, oxidative-fermentative test. 

trols, the agar plate being mounted on the stage. 
The whole assembly can be placed in a UV
sterilizable Perspex chamber or in a plastic bag 
with eyepiece holes, to facilitate aseptic han
dling of plates. 9 cm plastic petri dishes con
taining 10 ml of lakewater agar (filtered lake
water solidified with 1.5% Noble agar for optical 
clarity; see below for formula) are inoculated by 
running an approximately 0.5 ml drop of sam
pIe water down the center of a plate which is 
surface-dried in advance. Storage of sam pIes be
fore inoculation should be avoided. Inoculated 
plates are allowed to remain horizontal until 
free moisture is absorbed. Plates are examined 
after 8 h incubation at 28°C or until microco
lony formation is apparent. Cells from micro
colonies displaying cell morphology and size 
consistent with Gemmata are manipulated 
away from the central inoculum line to a po
sition on the surface of the same plate, weIl sep
arated from the inoculation line. Position of a 
single cell can be marked using a microtool and 
an agar block circumscribing that area excised 
with a sterile scalpel and transferred to a fresh 
lakewater agar plate or to a fresh lakewater pep
tone yeast extract agar plate (see formula be
low). Purity can be checked microscopically at 
each stage of the isolation. Strains can be main-

tained on soil extract agar supplemented with 
0.1 % glucose or on casitone yeast extract agar: 

Lakewater Noble Agar (Franzmann and Skerman, 
1981) I Filter water from a eutrophic lake or pond through a 2 

~m membrane filter and add Bacto Noble agar to 1.5%. 
Sterilize by autociaving at 121°C for 20 min. 

Lakewater Peptone Yeast Extract Agar (Franzmann 
and Skerman, 1981) 

Bacto peptone 
Bacto yeast extract 
Bacto agar 

0.1 g 
0.1 g 

15 g 

2 ~m-membrane-filtered eutrophie lake water 1 liter 
Sterilize by autociaving at 121°C for 20 min. 

Casitone Yeast Extract Agar 
Bacto casitone 5 g 
Bacto yeast extract 3 g 
MgSO .. 7H,o 2 g 
Bacto agar 15 g 
Distilled water 1 liter 

The pH is adjusted to 7.2, the agar is addedl and the 
medium sterilized by autociaving at 121 oe for 20 min. 

Soil Extract Agar with 0.1 % Glucose 

I Soil 1000 g 
Distilled water I liter 
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Table 5. Oligonucleotide signature for G. obscuriglobus and its frequency in other bacteria. 

G.obscuriglobus Pirellula (n=7)a Planclomyces (n=3) Other eubacteria (n=450) 

CCCCCG 
CCUCAG 
CCCAUG 
ACCUCG 
UCCUAG 
UACUAG 
AAAUUG 
CUUUAG 
UUUACUG 
AUCUUCG 
UACACAG 
AAUCCCG 
CCAUCAG 
ACCCCAG 
UUAAAAUG 
ACUUCUUG 
AUUCAUCG 
ACCUUUAG 
CUAUCAAG 
UCAAACCG 
AAAAAUAAG 
ACCCACAAG 
CCAAUCACAG 
ACCUCUUCUG 
UCCCAUAACG 
AUAUCUACAG 
CCACCUUCACCG 
AAAUUACACCCCAG 
AUCUAUCCCAAAACG 
AAACCCUUACCUUUCG 

From Stackebrandt et a1. (1986b). 

3 

7 

4 

aWhere n equals the number of organisms included. 

Mix soi! with water and autoclave at 121°C for 20 min. 
Add 10 g CaCOJ and mix. Decant and filter liquid. Au
toclave filtrate at 121°C for 20 min. and store as stock 
solution. Add agar to 1.5% to stock solution and auto
clave at 121 oe for 20 min. After autoclaving, add filter
sterilized glucose aseptically to the agar medium to give 
a final concentration of 0.1 %. 

AXENIC CULTURE MAINTENANCE. Gemmata has 
been successfully stored by lyophilization and 
under liquid nitrogen; it has been revived after 
liquid nitrogen storage for eight years. Also, 
when reviving stored ampoules from liquid ni
trogen, soil extract agar supplemented with 
0.1 % glucose is superior to lake water agar. 

Identification 

Gemmata obscuriglobus is a budding, nonpros
thecate aerobic organism with spherical to avoid 
cells. Initial appearances from negative-stain 
transmission electron microscopy and phase 
contrast light microscopy (Fig. 16) suggest a 

5 
15 
17 
16 
20 

2 24 
18 
5 
5 

13 
4 
3 

10 

spherical or ovoid shape. However, scanning 
electron microscopy of cells prepared by critical 
point drying reveals that a "puckered" area 
roughly square in shape is often present on one 
side of the cell surface, deforming the spherical 
shape (Fig. 17). Such puckered areas are con
sistent with the crescent form often seen in thin
sectioned cells (Fig. 18). This feature is unique 
among the Planctomycetales and may be unique 
among the bacteria as a whole. 

Consistent with the position of the genus 
within the order Planctomycetales, cells ob
served by negative staining possess crateriform 
structures-circular areas on the cell that ac
cumulate negative stain (Fig. 19). These are dis
tributed all over the cell surface, similar to the 
distribution found in the genus Planctomyces, 
but unlike that in Pirellula species (Schlesner 
and Hirsch, 1984). Such crateriform structures 
have also been observed in metal-shadowed cell 
walls of Gemmata obscuriglobus (Stackebrandt 
et al., 1986b). The cell walls of G. obscuriglobus, 
like those of other Planctomycetales, lack pep-
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Fig. 16. Phase contrast photomicrograph of cells of Gem
mata obscuriglobus UQM 2246. Budding is displayed in 
addition to the superficially spherical cell shape. Bar = 10 
!Lm. 

tidoglycan and diaminopimelic acid, and are 
also similar to other members of the order in 
the predominately proteinaceous composition 
of the wall (Stackebrandt et al., 1986b). In thin 
sections, the cell wall has the typical appearance 
expected for the peptidoglycan-Iess walls of 
Planctomycetales (Fig. 20) with inner and outer 
electron-dense layers separated by an electron
transparent layer, the inner layer being more 
electron-dense, as found for morphotype IV 
planctomycete ultrastructure by Tekniepe et al. 
(1981). Gemmata thus shares budding repro
duction, crateriform structures, and ce li-wall 
composition with other genera of the Plancto
mycetales, and this relationship is confirmed by 
the high number of Planctomycetales-specific 
signature oligonucleotides present in the 16S 
rRNA oligonucleotide catalog of the genus 
(Stackebrandt et al., 1986b), and by the pres
ence of the unique Planctomycetales-specific 
"short" 5S rRNA with lack of insertion at po
sition 66 and numerous characteristic base-pair 
inversions (Bomar et al., 1988). 

In the initial study of G. obscuriglobus, Franz
mann (1983) noted that in so me thin-sectioned 
cells nuclear material was packaged in a discrete 
body within the cell, and that this might be cor
related with the appearance of phase-dark in
clusions in light microscopy preparations. In
tracellular membrane material is commonly 
seen in thin sections, and although in some 
cases an appearance of membrane involvement 
with nuclear packages suggests that they may be 
membrane-bound structures (Fig. 18), this may 
be artifactual and further studies are required 
to resolve the nature of the nuclear packages. 
Such packages often consist of an appearance 
of fibrillar material within a shell of electron
dense amorphous material separating the ma-

Fig. 17. Scanning electron micrograph of Gemmata obscur
iglobus UQM 2246, showing the "pucker" in the otherwise 
spherical cell surface. Cell surface appears continuous inside 
the "pucker." Cells were prepared by dehydration in 
ethanol, critical-point drying from amyl acetate, and sput
ter-coating with gold. Bar = I !Lm. 

terial from the rest of the cell (Fig. 18). Several 
such packages can occur within a single cell. 

Astalk structure was not observed in the orig
inal examination of the genus, but more recent 
observations indicate that a multifibrillar stalk
like bundle can sometimes arise from groups of 
cells (Fig. 21). This bundle is coherent enough 
to resemble a Planctomyces stalk, but further 
work is required to delineate its significance. 

As shown in Table 4, differentiation of Gem
mata obscuriglobus from the morphologically 
similar ATCC 27377 is based on the high er GC 
content of Gemmata, occurrence of phase-dark 
inclusions, flagellation, oxidase test, utilization 
offructose and pyruvate, temperature range for 
growth, and colony color. The GC conte nt for 
ATCC 27377 has been subject of several deter
minations, with slightly variable results; thus, 
Starr et al. (1983) reported a high value of 
59.0 ± 0 mol% by buoyant density and Schlesner 
has noted a lowest value of 56.4 ± 0.4 mol% by 
thermal denaturation (Schlesner and Hirsch, 
1984), while for their comparison, Franzmann 
and Skerman (1981) used the figure of 57.1 
mol% found by Staley (1973) by thermal de
naturation. In all cases, however, the GC con
tent of G. obscuriglobus is significantly higher. 
Although stalklike structures are not prevalent 
in Gemmata, and thus confusion with Planc
tomyces is not likely, they are sometimes seen, 
so that this character does not seem ideal for 
inclusion in differential keys for the Plancto
mycetales. 

Isosphaera 
Isosphaera pallida is an aerobic, heterotrophic 
budding bacterium that is unusual because it is 
motile by gliding and is also phototactic. With 
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Fig. 18. Electron micrograph of thin sec
tion of Gemmata obscuriglobus UQM 
2246, displaying crescent-cell profile and 
the package of fibrous nuclear material 
enclosed within a membrane, folding of 
which has resulted in a double-mem
brane profile in the center of the nu
cleoid. An amorphous electron-dense 
body with irregular outline but without 
condensed nuclear fibers is also present 
in the cel!. Cells were fixed with gluta
raldehyde and osmium tetroxide. Bar = 
0.5,um. 

other members of the Planctomycetales, Iso
sphaera shares characteristics that are of poten
tial evolutionary significance-the presence of 
proteinaceous cell walls and phospholipids con
taining beta-hydroxylated fatty acids (Kerger et 
al., 1984; Stackebrandt et al., 1984; Giovannoni 
et al., 1987). 

Molecular phylogenetic comparisons of 5S 
rRNA have shown that I. pallida is a member 
of the order Planctomycetales (Bomar et al. , 
1988), but only distantly related to members of 
the genera Gemmata, Pirellula, and Plancto
myces. Analyses of 16S rRNA have confirmed 
the results obtained with the 5S molecule. 

Isosphaera pallida, the only recognized spe
cies of the genus Isosphaera, inspired a debate 
in the taxonomic literature long before it was 
first isolated in pure culture in 1979 (Giovan
noni et al., 1987b). The organism attracted at
tention because of its conspicuous habitat and 
morphology. It commonly occurs in North 
American and European hot springs at temper
atures from 35 to 55°C. The distinctive chains 
of spherical, budding cells formed by Isos
phaera (Fig. 22) are readily distinguishable from 
morphologically similar organisms, such as cy
anobacteria of the genus Pseudanabaena. How
ever, because ofthis similarity, Isosphaera pal
lida was originally described by Woronichin 
(1927) as a cyanobacterium, Isocystis pallida, 
based only on observations of collected field 
specimens. This early case of mistaken identity 
was understandable, considering that I. pallida 
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is invariably found in the euphotic zone of hot 
springs in association with cyanobacteria. 

Geitier (1955) obtained the first enrichment 
cultures of an organism resembling Isosphaera. 
These were taken from a water-filled depression 
in a rotting spruce stump. He concluded that 
his isolate was a yeast, and assigned it to a novel 
genus and species, Torulopsidosira filamentosa. 
After examining collected specimens of Isocys
tis pallida, he assigned it also to the genus To
rulopsidosira (Geitler, 1963). This decision was 
based on the two observations. The fact that the 
organisms divided by budding suggested that 
they were yeasts, since Geitler was dubious that 
budding occurred in bacteria. Secondly, cyto
logical staining indicated that the nuclear ma
terial was sequestered within a small region of 
the cell-indicating a structure similar to a eu
karyotic nucleus. Although it is now clear that 
Isosphaera is a prokaryote, modern staining 
techniques (e.g., 4' ,6-diamidino-2-phenylin
dole) confirm Geitler's early observation (1963) 
that the nuclear material is located in a distinct 
region of the cello 

The micrographs of Torulopsidosira filamen
tosa provided by Geitler show an organism 
strongly resembling Isosphaera pallida in size, 
shape, and the distinctive formation of inter
calary buds within filaments. This suggests that 
species similar to Isosphaera may occur in hab
itats outside of hot springs. Indeed, in the orig
inal definition of the cyanobacterial genus Iso
cystis by Borzi, eight species were named, not 
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Fig. 19. Electron micrograph of a portion of a negatively 
stained cell of Gemmata obscuriglobus UQM 2246, dis
playing crateriform structures (C), wh ich are electron-dense 
pits distributed uniformly over the cell surface. The arrow 
points to one example of such a structure; many others are 
visible on the cell surface displayed. Fimbriae are visible 
outside the cell perimeter. Negatively stained with 1% ur
anyl acetate supplemented with 0.4% sucrose. Bar = 0.2 
!lm. 

inc1uding I. pallida. One of these, I. salina was 
described from saline springs and mineral 
waters. We obtained mixed enrichment cultures 
of cyanobacteria and Isosphaera from a saline 
hot spring in Utah, U.S.A. (13% NaCl). At
tempts to obtain pure cultures failed, even when 
the Isosphaera medium was supplemented with 
0.2 M NaCl. 

The conc1usions of Geitler were later dis
puted by Anagnostidis and Rathsack-Kunzen
bach (1967), who were familiar with Isocystis 
pallida from hot spring collections in Greece. 
Their extensive description and discussion in
dicated that Isocystis pallida from their cultures 
and Isosphaera pallida are the same. They de
tected a weak red fluorescence in their cultures, 
wh ich they attributed to cyanobacterial pig
ments. We have been unable to confirm this 
fluorescence with North American collections 
or cultured material. 

Following the first isolation, it immediately 
became apparent that Isosphaera was neither a 

Fig. 20. Electron micrograph of a thin section of Gemmata 
obscuriglobus UQM 2246, displaying cell wall structure. 
The cell wall consists of an outer electron-dense layer and 
an inner electron-dense layer separated by an electron-trans
parent layer. The inner layer is more electron-dense than 
the outer layer. Cells were fixed with glutaraldehyde and 
osmium tetroxide. Bar = 100 nm. 

Fig. 21 . Electron micrograph of multifibrillar stalklike struc
ture originating from a cluster of cells of Gemmata obscur
iglobus UQM 2246. Negatively stained with 1% uranyl ace
tate supplemented with 0.4% sucrose. Bar = 100 nm. 

yeast nor a cyanobacterium, but instead, an 
aerobic, heterotrophic bacterium. It is a salmon 
color in culture due to the presence of carot-
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Fig. 22. Phase contrast micrographs of Isosphaera pallida. (a) Exponential phase culture (strain ISl). Bar = 10 /Lm. (b) 
Exponential phase culture, (strain ISl). Bar = 50 /Lm. (c) Isosphaera from a natural population, Mammoth Hot Springs, 
Yellowstone National Park, U.S.A., showing Isosphaera pallida and Spirulina. Bar = 10 /Lm. Arrows indicate buds. GV, 
gas vacuoles. Note that the frequency of buds in the exponentially growing culture (b) is low, suggesting that the process 
of bud development is relatively short compared to the cell cycle. 
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enoids, but absorbance spectra reveal no max
ima corresponding to chlorophylls or phyco
biliproteins. 

Freshly isolated strains produce gas vacuoles 
containing gas vesicles with typical conical ul
trastructure (Fig. 23). The gas vacuoles are small 
and usually occur singly in cells. 

Colonies of Isosphaera are motile. Motility 
occurs most readily on Gelrite surfaces, though 
migration is observable to a lesser degree on 
agar, particularly if it has excess surface mois
ture. When suspensions of concentrated cells 
are dropped on plates, they form multiple ag
gregates of variable size (called comets). These 
move randomly at about an equal rate in dark
ness or in uniform light. In the presence of a 
directionallight source, the aggregates are pho
totactic. 

Ultrastructural observations have revealed 
that the cell surface is uniformly and densely 
covered with pHi. However, there is no evidence 
for flagella. The mechanism of motility remains 
unknown. As with other Planctomycetes, sur
face crateriform structures are present. In I. pal
lida they appear to be uniformly distributed 
over the cello Electron-transparent "holes" of 
similar size and density are found in the iso
lated SDS insoluble cell wall fraction. 

A number of unusual cytoplasmic structures 
can be present (Fig. 23). Polyhedral structures, 
similar in appearance to carboxysomes, are 
often seen. However, there is no evidence for 
autotrophic metabolism. Also seen are para
crystalline inclusions, and "wall bodies." No 
functions are associated with these structures. 

The first axenic cultures of Isosphaera pallida 
(strain ISIB) were obtained from hot springs 
located on the Warm Springs Indian Reserva
tion, Oregon, U.S.A. Subsequently, five addi
tional strains were isolated from hot springs in 
Yellowstone National Park, U.S.A., and Big 
Spring, Thermopolis, Wyoming, U.S.A. 

I. pallida is found either as a component of 
microbial mats, or planktonically, in which case 
it may be suspended in the water column by 
gas vacuoles. The co-occurrence of I. pallida 
with cyanobacteria may be a coincidence. I. pal
lida is an obligate aerobe, and like cyanobac
teria, requires neutral or alkaline conditions for 
growth. 

Isolation 

I. pallida can be isolated on plates of medium 
IM incubated in an atmosphere of 5% COJ95% 
air. Medium IM is a dilute mineral medium 
containing no added carbon sources, and 50 
mM bicarbonate. The pH ofthe medium (7.9) 
is determined by the bicarbonate/C02 buffering 
system. 

Medium IM 
Solution A: 
CaCI2 '2H20 
MgSO .. 7H20 
KCl 
NaCI 
(NH.)2S0• 
KH2PO. 
FeCl3 

Trace element solution SL-7a 
Vitamin BI2 

Water 

0.32 g 
0.4 g 
0.5 g 
1.0 g 
0.5 g 
0.3 g 
0.292 mg 

10 ml 
5 ILg 
I liter 

Adjust solution to pH 7.6 with NaOH, remove precip
itate by filtration through Whatman No. I filter paper, 
store at 4°C. 

Solution B: 
NaHC03 42.0 g 
Water I liter 

AutocJave, then bubble vigorously with sterile CO2 for 
I h. 

Final medium: 
Solution A 250 ml 
H 20 650 ml 

After autocJaving add 100 ml sterile solution B. 

aPfennig and TfÜper (1981). 

In the dark, or in the light with 3-(3,4-di
chlorophenyl)-l,l-dimethyl urea, an inhibitor 
of photosystem 11, present, medium IM is se
lective for Isosphaera. Plates of medium IM 
streaked with microbial mat material from a hot 
spring and incubated in the dark at 45°C usu
ally develop small (1-2 mm) colonies of Iso
sphaera after two weeks. The colonies are firm 
to the touch of an inoculating loop. In part, the 
basis for the selectivity of medium IM se:ems 
to be the absence of added carbon other than 
the contaminating organic compounds present 
in Bacto-agar. However, Isosphaera is not agar
olytic. 

Cultivation 

Isosphaera can be routinely cultivated in liquid 
batch culture on medium IMC sparged with 5% 
CO2/95% air. 

Medium IMC 
Medium IM containing: 0.025% D-glucose, 0.025% cas
amino acids, 0.5 ml/I vitamin solution (added after au
tocJaving). Vitamin solution contains: nicotinic acid, 2 
mg/mi; thiamine HCI, I mg/mi; p-aminobenzoic acid, 
0.2 mg/mi; biotin, 0.02 mg/mI. 

The minimum doubling time observed (18 
hours) occurs at 42°C, but substantial growth is 
seen at temperatures from 37 to 55°C. A high 
concentration of CO2 is probably not required 
for growth. 
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Fig. 23. Thin-seetions showing eytoplasmie inclusions of lsosphaera pallida. (a) Polyhedral struetures (ps). Bar = 1 J.tffi. 

(b) Paraerystalline inclusion (pe). Bar = 1 J.tffi. (e) Wall body (wb). Bar = 1 J.tffi. (d) Gas vesicles (GY). Bar = 0.1 J.tffi. 
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Although visible growth occurs on Bacto-agar 
without organic supplements, the addition of 
carbon sources at low concentration enhances 
growth on plates. Only a few compounds, in
cluding glucose, ribose, and lactate, are utilized 
as sole sources of carbon for growth. Growth is 
more robust in the presence of casamino acids, 
suggesting that they are assimilated, but are not 
utilizable as sole carbon sources. D-glucose con
centrations of 0.025% are routinely employed 
because higher concentrations (0.05% D-glu
co se ) inhibit growth. Ribose, which serves as a 
sole source of carbon for growth in three of four 
strains investigated, is also inhibitory at con
centrations above 0.25%. 

The optimal growth temperature of strain 
ISlB is 42°C. Growth of this strain occurs at 
temperatures up to 55°C, and as low as 37°C. 
The reports ofGeitler (1955, 1963) suggest that 
mesophilic strains of Isosphaera may inhabit 
environments other than hot springs, but these 
have not yet been cultured. 

Identification 

Isosphaera pallida cells are spherical and typi
cally vary in size from 2.0 to 2.5 ~m, although 
so me cells are larger in stationary phase cultures. 
In wild-type strains the cells are arranged in un
branched filaments of indefinite length. Re
peated subcloning results in selection for short 
chain mutants, such as the type strain, IS 1 B (S. 
Giovannoni, unpublished observations). 
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CHAPTER 204 

The Family Deinococcaceae 

ROBERT G. E. MURRAY 

The members of the family Deinococcaceae 
have the remarkable distinction of providing the 
most radiation resistant of vegetative cells. The 
Greek root of the generic name, deinos, can be 
translated as both wondrous and strange, which 
is appropriate because strains have been derived 
from cells surviving as much as 5 Mrad (50 
kGy) of gamma radiation. Despite this strongly 
selective property, these organisms are not often 
isolated. Despite some biochemical distinc
tions, they are not often recognized if isolated 
incidentally and without knowledge ofradiation 
resistance because of an undistinguished phys
iology and unreactivity on the commonly used 
substrates. They masquerade as simple aerobic 
chemoorganotrophic bacteria; yet they have un
usual features, which must be recognized for 
determination but are not in the routine ofmost 
bacteriologists. 

The original isolation of an extremely radia
tion resistant, Gram-positive, tetrad-forming 
coccus that produced pink to reddish colonies 
was from cans of meat subjected to supposedly 
sterilizing doses of radiation in the megarad 
range. This led to a description of "Micrococcus 
radiodurans" by Anderson et al. (1956). Their 
original R] strain remains the type strain ofthe 
species which is now known as Deinococcus ra
diodurans in the family Deinococcaceae 
(Brooks and Murray, 1981). A number of strains 
have been isolated since that time and nearly 
all of them have been obtained with selective 
assistance by treating the source sam pie with 
ultraviolet (UV) or ,.,-radiation at a dose (1-2 
Mrad = 10-20 kGy) that allows few ifany other 
survivors. In this way, radiation-resistant red
pigmented "micrococci" were isolated from di
verse sources: Strains from haddock tissue 
(Davis et al., 1963) subsequently named D. ra
diopugnans; an identifiable species from "Bom
bay duck" (a dried fish product, "Micrococcus 
radiophilus, "Lewis, 1973) subsequently named 
D. radiophilus; and a species from the feces of 
Lama glama originally named "M. radiopro
teolyticus" (Kobatake et al. , 1973) and sub se
quently named D. proteolyticus by Brooks and 

Murray (1981), who also assigned the new no
menclature because these organisms are not in
ciuded in the Approved Lists of Bacterial Names 
(Skerman et al. , 1980). Unfortunately, Brooks 
and Murray (1981) included Deinococcus ery
thromyxa (VWO # 1 045) as a species incertae 
sedis in this study. They and others (Murray 
and Brooks, 1986; Embley et al. , 1987) have 
subsequently recognized that this was an error 
because neither the low-radiation resistance nor 
the chemotaxonomic characters fit either the ge
nus or the family; this culture should be rec
ognized as belonging to the genus Micrococcus. 

One could argue that most of the extant 
strains are not "wild type" because they were 
radiation resistant. However, the isolates from 
unirradiated sources (e.g., Anderson's V] and 
the Sark strains) have shown an exactly similar 
extreme resistance to that ofthe R] strain of D. 
radiodurans, which shows virtually no drop in 
viable count at a dose less than 5 kGy, and, 
thereafter, a dose for 10% survival (D IO) of about 
1.5-3 kGy. Because D. radiodurans is mutable, 
albeit with difficulty, by using nitrosoguanidine, 
and the radiation resistance can be lost (Mo se
ley, 1967); because there are few places on earth 
with such a large flux of radiation; and because 
the organisms have been grown from diverse 
high- and low-radiation sourees, we must con
sider the resistance is incidental to some un
known function important to these organisms. 
Another utilitarian property that seems to be 
shared in the family is an extreme capability for 
surviving desiccation when dried onto non
reactive surfaces (Sanders and Maxcy, 1979b). 
Because these organisms have been isolated 
from room dust and air, from textiles as weIl as 
from radiated medical instruments (Christen
sen and Kristensen, 1981; Kristensen and 
Christensen, 1981), it must be assumed that 
dessication resistance applies in nature. 

The Deinococcus strains have a remarkable 
superficial similarity to M. roseus and M. agilis, 
which are red-pigmented species that also suff er 
from an excess of negative characters in their 
description but are not radiation resistant. As-
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signment of these red-pigmented, Gram-posi
tive cocci to the genus Micrococcus (Hill, 1959) 
was not maintained (Baird-Parker, 1974) be
cause the cell wall and fatty acid composition 
was inconsistent with that genus. Yet, for so me 
time, "Micrococcus radiodurans" was held as 
incertae sedis alongside the red micrococci. 

Several biochemical and structural features 
shared by the species of Deinococcus have been 
identified. These included a lack ofthe teichoic 
acids usual in the walls of Gram-positive bac
teria and a peptidoglycan type of L-Orn-G1Y2_3 
(Work and Griffiths, 1968; Schleifer and Kan
dler, 1972); cell membranes without phospha
tidyl glycerol and containing phosphoglycoli
pids and glycolipids unlike the normal 
membrane phospholipids (Rebeyrotte et al., 
1979; Thompson et al., 1980; Counsell and 
Murray, 1986); loosely bound cellular lipids 
that were iso- and straight chain saturated and 
mono-unsaturated fatty acids and unlike those 
of Gram-positive bacteria (Girard, 1971; 
Brooks et al., 1980; Embley et al., 1987); a com
plex wall profile in electron microscopy of sec
tions, including an outer membrane (Brooks et 
al., 1980). These data made it evident that D. 
radiodurans and related species were distinc
tively different from the red micrococci (Table 
1). In fact, on structural and biochemical 
grounds they are Gram-negative bacteria whose 
thick peptidoglycan layer in the complex cell 
wall prevents decolorization (Fig. 1). 

The uniqueness of the members of the genus 
Deinococcus was further emphasized by 16S 
rRNA cataloging which showed (Stackebrandt 
and Woese, 1979; Brooks et al., 1980) that the 
radiation-resistant species were related but were 
very distant from Micrococcus and most other 
eubacterial species. Subsequent sequence analy
sis and comparison of 16S rRNAs has shown 
that Deinococcus species represent a lineage at 
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least as old if not older than the rest of the 10 
phylogenetic lineages of eubacteria (Woese et 
al., 1985; Woese, 1987). Unique signatures, 
formed by site-specific nucleotides in the rRNA 
sequence or specific oligonucleotide sequences 
in the catalogs, now allow the testing ofputative 
relatives to the Deinococcaceae. A Gram-neg
ative bacillus (Fig. 2) has been so recognized 
and is assigned to a new genus as Deinobacter 
grandis (Oyaizu et al., 1987). It has a cell wall 
profile and the biochemical features resembling 
those of Deinococcus species. This organism is 
as closely related to the Deinococcus species as 
they are to each other (SAB, from 16S rRNA 
cataloging of 0.55). 

The family Deinococcaceae, as now defined, 
appears to form a stable grouping in both phe
notypic and phylogenetic terms and consists of 
the genera Deinococcus and Deinobacter. We 
must suppose that this ancient lineage of cells 
must have given rise to various related clones 
at different stages of evolution; they are not ob
vious and will not be easily recognized even 
with powerful chemotaxonomic and sequence 
markers. The first of these are Thermus species, 
which have been identified as distant relatives 
(Hensel et al., 1986; Weisburg et al., 1989) on 
the basis ofrRNA sequence analysis (SAB 0.22-
0.29). They are of the same peptidoglycan and 
menaquinone type, but the presence of branch 
chain fatty acids and phosphatidyl glycerol plus 
its derivatives as membrane components ex
clude this genus from the family as now defined 
(Murray, 1986a). 

The radiation biology of D. radiodurans has 
been studied intensively and reviewed by Mo
seley (1983) who, with his co-workers, has 
shown that this species is naturally transform
able using spontaneous or chemically induced 
mutations (Tigari and Moseley, 1980). All the 
Deinococcus species possess their own plasmids 

Table 1. Major distinctions between Deinococcus and Micrococcus. a 

Characteristic Deinococcus species 

Proteolysis (casein or gelatin) 
Cell wall structure in electron 

micrographs of sections 
Survive high doses of UV (about 

600 J/m2) and 'Y- (about 10 kGy) 
radiation 

Di-amino acid in peptidoglycan 
Predominant fatty acids 
Presence of phosphatidyl glycerol 

(PG) or di-PG among membrane 
phospholipidsb 

Possess lipoteichoic acids 

Yes, usually 
Complex, layered, thick, and with 

outer membrane 
Yes, usually 

L-Ornithine 
Straight chain mono-unsaturated 
No 

No 

aData from Brooks et al. (1980). Adapted from Murray (1986). 
bFrom Counsell and Murray (1986). 

Red Micrococcus species 

No 
Thick, homogeneous, and single 

layered 
No 

L-Lysine 
Saturated, branched chain 
Yes 

Yes 
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Fig. 1. Section of D. radiodurans with inset at high magnification, stained to show the cell wall profile and demonstrating 
tetrad formation. This species has a protein S-Iayer (S) outside of the outer membrane (OM), which is weil separated 
from the thick peptidoglycan layer (PG) of the cell wall. The plasma membrane (PM) is heavily stained. Bars = 0.1 J,tm. 

(Mackay et al. , 1985; Smith et al. , 1988) al
though they have seemed resistant to accepting 
plasmids from unrelated organisms. 

Habitats 

The natural habitat for these organisms is not 
known because all of the extant species are che
moorganotrophic, require complex media for 
growth, and have been isolated from a diversity 
of sites. Their own proteases might allow useful 
generation of amino acids that are certainly 
used as are a few sugars. It seems likely that 
companion microbes would be required in most 
habitats to process their organic requirements, 
which may indude vitamins, hemin, and me
thionine, as weil as femc iron (Raj et al., 1960; 
Shapiro et al., 1977), among other growth fac
tors. It is not surprising that when Deinococcus 
strains have been sought intensively they have 
been grown from materials, surfaces, and dust 
contaminated by humans and animals as weil 
as soi!, and from soil contaminated by animals, 

and vice versa (Krabbenhoft et al., 1965; Sand
ers and Maxcy, 1979a, 1979b; Kristensen and 
Christen sen, 1981; Christensen and Kristensen, 
1981; Murray, 1986b), from feces of animals (as 
quoted above for D. proteolyticus and for D. 
grandis), from meat (Grant and Patterson, 
1989), and from sewage (Ito et al. , 1983). As a 
result, these strictly aerobic organisms are likely 
to come from rich organic environments such 
as soils; a less likely permanent habitat, despite 
some isolations, is the anaerobic niche provided 
by feces or intestinal contents. From the begin
ning, there have been isolations from foods , es
pecially meats at varied stages of processing or 
packaging, but without evidence of danger to 
health (Welch and Maxcy, 1979). Some opin
ions (Ito et al. , 1983; Christensen and Kristen
sen, 1981) indine more to human and animal 
origins, but the large amount of work on med
ical bacteriology without recognizable isolations 
does not give this much support. Certainly the 
properties of desiccation and radiation (indud
ing UV) resistance would allow persistence in 
dust and lead to aerial contamination at a low 
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Fig. 2. Section of Deinobacter grandis (the fish strain) showing a divided rod and the cell wall profile (inset with abbreviations 
as in Fig. I). The OM is hard but possible to resolve as a double-track, as is often the case in this family. The cells show 
a diffuse nucIeoid and low-scattering cytoplasmic incIusions, commonly seen in other family members. The "looped" 
appearance of the wall is also a common feature. Bars = 0.1 /Lm. 

level in many sites including "clean rooms" 
(where radiation is extensively used). Dispersal 
from an as yet unknown habitat subject to de
siccation and worldwide distribution in smaH 
numbers by turbulence and wind could occur 
(Murray, 1986b), which would give wide pos
sibilities to explore. 

Certainly slower growth than other copi
otrophs makes them poor competitors. Wher
ever they have been found, they seem to occur 
at low frequency. Few estimates exist ofthe ac
tual proportions of these bacteria to the total 
population when isolated direct and without ra
diation selection. Christen sen and Kristensen 
(1981) stated that the number was one in "sev
eral thousand" colony-forming units. There is 
also an inexplicable patchiness in isolations 
around positive sites (Krabbenhoft et al., 1965). 
This has been reinforced by recent experience 
(I. Masters, personal communication) with a set 
of isolations from wet (or very damp) soils at 
an English lakeside but not from nearby dry 
soils or from the animal excreta thereon. In one 

study, Ito (1977) grew D. radiodurans only from 
sawdust used for mushroom culture and D. pro
teolyticus from sewage sludges and animal 
feeds. It is evident that there is still a lot to learn 
about the biology ofthe family Deinococcaceae. 

Despite extreme radiation resistance and iso
lation of organisms resembling D. radiodurans 
from shielding liquid pools for radiation 
sources (Kristensen, 1974), there is no evidence 
that a major habitat and center of distribution 
is in a site with a high-radiation flux. 

Summary Description of the 
Family Deinococcaceae (Brooks 
and Murray, 1981, 356) 

Either spherical ceHs dividing alternatively in 
two planes showing pairs and tetrads, or rods 
dividing in one plane to show paired ceHs. Non
motile and without differentiated resting forms. 
Septa may be formed from two sides of the ceH 
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and elose as curtains rather than like an iris 
diaphragm. Gram negative in fine structure but 
may stain Gram positive. Cell wall profiles show 
a thick peptidoglycan component, an outer 
membrane spaced away from the peptidogly
can, and sometimes an extern al paracrystalline 
protein S-layer. Most are pigmented pink or or
ange red to brick red. 

Aerobic, catalase positive, mesophilic, che
moorganotrophs with arespiratory metabolism. 
Although most strains show optimum growth 
rate at 25-30°C, the temperature limits for 
growth of some strains may be as high as 42°C 
and for others as low as 4 oe. May require vi
tamins and accessory growth factors. Generally 
inactive toward sugars and those that are me
tabolized cause little if any acid production. 
Most strains show protease activity, utilize and 
may require specific amino acids. 

Cellular lipids are mainly mono-unsaturated 
straight chain fatty acids, few with branched 
chains, and no hydroxy fatty acids (presumably 
lipopolysaccharide-Iess). A number of unusual 
polar lipids with phosphoglycolipids predomi
nating, and absence of phosphatidyl glycerol 
and derivatives. 

Menaquinone type is MK-8 as major and 
MK-7 as occasional minor component. Peptid
oglycan type is L-Orn-GlY2_3' 

Most strains are resistant to ')I-radiation, UV 
radiation, and desiccation. 

GC content of the DNA ranges from 60-70 
mol% (measured from the Tm). Ribosomal 
RNA signatures allow recognition of relatives. 

The type genus is Deinococcus Brooks and 
Murray, 1981, 354. The other genus is Deino
bacter Oyaizu et al. 1987, 66, which has only 
been distinguished from Deinococcus by being 
rod-shaped and staining Gram negative. 

Isolation 

Media 

The majority of studies ofDeinococcaceae have 
used either tryptone-glucose-yeast extract or 
peptone-yeast extract media for both isolation 
and maintenance. The former derives from that 
used by Anderson et al. (1956). Raj et al. (1960) 
performed early nutritional studies, which were 
supported by the biochemical analyses ofWork 
and Griffiths (1968). They added methionine to 
their media because it was essential in a chem
ically defined medium but it seems to be ines
sential in complex media. They also observed 
that glucose was readily utilized. Consequently, 
the following is the most useful basal medium: 
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TGYM Medium 
Tryptone 5.0 g 
Yeast extract 3.0 g 
Glucose 1.0 g 
DL-Methionine 1.0 g 
Water (15 gagar, is required I liter 
Adjust pH to 7.0. 

This mayaiso be used as TGY medium by 
omitting the methionine. For so me purposes, a 
chemically defined medium may be useful and 
the simplest is that provided by Raj et al. (1960) 
for D. radiodurans: 

Chemically Defined Medium 
Ammonium phosphate (dibasic) 
L-Methionine 
L-Glutamic acid 
Biotin 
Pyridoxine 
Niacin 
Thiamin hydrochloride 
Glucose 

Salt solution A 
KH2P04 

K 2HP04 

Distilled water 

Salt solution B 
MgS04<l7H20 
FeSO .. 7H,O 
MnSO .. 4H20 
Distilled water 

0.5 ml 
25 g 
25 g 

250 ml 

0.5 ml 
lOg 
0.5 g 
0.5 g 

250 ml 

50 mg 
I mg 

50 mg 
I f.l-g 

20 f.l-g 
25 f.l-g 
50 f.l-g 

500 mg 

Make up to 100 ml final volume with distilled water. 
Adjust pH to 6.8 with NaOH. 

Whether or not this defined medium is ade
quate for all strains or for other species in the 
genus is not known. A large number of other 
additives contribute to growth in so me smaller 
degree and these have been assessed and listed 
by Shapiro et al. (1977). A minimal medium 
does not seem to have been sought. 

For determining characters such as sugar uti
lization, Brooks et al. (1980) used two standard 
peptone-based media and obtained no acid pro
duction from glucose and sucrose, or a few weak 
reactions (30°C for 3 weeks) at best, except from 
D. proteolyticus. However, Ito et al. (1983) 
added 0.1 % yeast extract to determinative pep
tone media and observed acid production from 
both glucose and sucrose by D. radiodurans and 
D. proteolyticus while D. radiophilus produced 
acid from glucose only. 

It was evident from the work of Shapiro et 
al. (1977) that Fe3+ was essential for good growth 
and could be provided by ferric ammonium sul
fate (about 50 mg/I). Also ofinterest is adelinite 
effect of trace amounts of Mn2+ (1 0 ~mol) in 
quenching the formation of thymine dimers, 
leading to some increase in radiation resistance 
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(Leibowitz et al., 1976). Some factor ofthis kind 
may be responsible for the observations of dif
ferences in radiation resistance according to the 
medium of growth (Krabbenhoft et al., 1967), 
which might involve differing trace metals, or 
an increase in resistance after an initial dose of 
radiation (Tan and Maxcy, 1986). We have also 
observed that pigmentation is increased by 
traces of Mn2+ (R. G. E. Murray, unpublished 
observations). 

Isolation Methods 

Although it is possible to occasionally isolate 
deinococci by direct plating, isolation is made 
difficult by low frequency in positive sam pies. 
The majority ofisolations have taken advantage 
of the extreme radiation resistance by exposing 
natural sam pies, usually suspended in a small 
volume (2-10 ml) of water or buffer, with or 
without aeration, to 1-2 Mrad (10-20 kGy) in 
a 60CO irradiation unit (e.g., Anderson et al. , 
1956; Kristensen and Christensen, 1981; Ito et 
al. , 1983). At those doses almost but not all 
spores are killed, but, if the suspension is made 
in a medium allowing germination, irradiation 
after allowing a short period of growth reduces 
the number of surviving spore-formers. A high 
proportion of the survivors grown after such 
treatments appear to be deinococci. However, 
there are other highly radiation-resistant organ
isms that may be encountered, such as the Aci
netobacter strains described along with deino
cocci from chickens (Thornley, 1963; Thornley 
and Glauert, 1968; Welch and Maxcy, 1979) 
and from radiation-sterilized cotton tampons 
(Nishimura et al., 1981). 

Selective cultivation and enumeration of ra
diation-resistant, nonsporeforming bacteria has 
been attained by Dickson and Maxcy (1985) 
from a mixture of pasteurized soil (to provide 
spores) and cultured suspensions of four radia
tion-resistant bacteria (one of which was D. ra
diodurans) suspended in skim milk or meat 
serum. They got 50% to complete recovery of 
the nonsporeforming, radiation-resistant bac
teria and litde interference from surviving Ba
cillus species, using three 3 kGy doses of ')'-ra
diation preceded and separated by 1 h 
incubation at 32°C. 

The proportion of aerobic organisms col
lected by slit-sampler from clean laboratories 
and work areas capable of surviving a ')'-radia
tion dose (1.8-2.4 Mrad or 18-24 kGy) suffi
cient to reduce the total population one million
fold was estimated by Christen sen and Kristen
sen (1981). Some 20,000 colonies were assessed 
and 117 of them survived to 10-6 (D-6); 35 of 
these were sporeforming rods (D-6= 1.8-3.2 
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Mrad), 50 were cocei of which 10 of the less 
resistant were nonpigmented (D-6= 1.8-6.0 
Mrad); 32 were nonsporeforming rods, and 
none were fungi. So me 60% of the strains were 
pigmented (yellow through orange to red) and 
the strains resistant to the highest radiation 
level were salmon pink. The majority of the 
very resistant cocci resembled Deinococcus spe
eies (a few have been characterized since then 
'as D. radiodurans) and three of the very resist
ant rods (D-6 = 4.5 Mrad) were, in retrospect, 
Deinobacter-like. A few of the rods isolated in 
the above study and in a separate set of isola
tions from textiles and clothing (Kristensen and 
Christensen, 1981) were tentatively identified as 
Nocardia species. Thus, the proportion ofDein
ococcaceae in the total from dust populations 
in relatively clean work rooms, where the or
ganisms must be already selected by desiccation 
and sometimes UV radiation, is small and 
about 0.2%. 

Selection can also be attained by exposure of 
a sam pie in a thin film to UV light. This has 
been done with soil from an English lakeside 
(B. E. Moseley and I. Masters, personal com
munication) using the supernatant of a slurry 
exposed in a petri dish to 600, 900, and 1200 
Jm-2 followed by plating 0.1 ml amounts on 
TGY medium; a number of strains of Deino
coccus species were obtained. 

A procedure for isolation of radiation-resist
ant bacteria without exposure to radiation 
(Sanders and Maxcy, 1979b) depends on the 
extreme resistance to desiccation shown by the 
vegetative cells of their Moraxella-Acinetobac
ter isolates and "pink micrococci" (including a 
test strain of D. radiodurans) that they studied. 
They dried the organisms on stainless steel 
plates (we have done the same on glass cover
slips) and survival is almost complete for a year. 
After 6 years (R. B. Maxcy, personal commu
nication), there is about 10% survival. The pro
cedure of Sanders and Maxcy (1979b) was to 
suspend the organisms from the speeimen in 
neutral phosphate buffer (they also isolated cul
tures from nature by shaking 1 g of cattle hair 
in 99 ml of buffer), storing overnight before 
smearing O.Ol-ml sampies on stainless steel 
plates for storage at 33% relative humidity over 
saturated magnesium chloride at 25°C for 14 
days to 5 months. The smear was then rehy
drated for plating and, after growth, radiation 
resistance was assessed by replica plating. It was 
noted that the desiccated bacteria recovered 
slowly, requiring 4-5 days to form visible co 1-
onies when sporeformers provide a major prob
lem of overgrowth. A better procedure would 
include an appropriate growth medium for sus-
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pension, a short incubation to germinate the 
spores, followed by desiccation. 

Identification 
When the isolation has been made by chance, 
without using radiation as a selective agent 
which would be likely to direct attention to this 
group, one or more of the other traits of the 
Deinococcaceae outlined above will make one 
suspect the diagnosis and lead to further char
acterization. The morphological clues are likely 
to come first in trying to identify large rods or 
cocci forming pink to red colonies. Given some 
degree of suspicion, a rough test for radiation 
resistance using ordinary eubacteria for refer
ence is helpful (Murray and Brooks, 1986). Be
cause the Gram reaction can be misleading, the 
wall profile should be defined by electron mi
croscopy as well as the pattern of septum for
mation and cell division. The most useful che
motaxonomic character is the peptidoglycan 
type, the pattern of phosphoglycolipids, and the 
lack of phosphatidyl glycerol and derivatives. 
Finally, given a high index of suspicion, the cul
ture could be submitted to a laboratory under
taking sequence analysis of rRNA. 

THE STRUCTURE OF THE CELL WALL. Cell wall 
profiles observed in sections by electron mi
croscopy (Fig. la, 1 b, and 2) show an unusual 
total thickness of, perhaps, 50-60 nm. A 
densely staining inner layer, some 14-20 nm 
thick, is the peptidoglycan component, which 
alone forms the septa and in some species shows 
as a fenestrated or "holey" layer (Work and Grif
fiths, 1968; Fig. 3). The fenestrations are best 
seen when sections are stained with lead alone 
rather than the usual lead and uranyl acetate 
(Thompson and Murray, 1982) and represent 
areas of different reactivity. The external por
tion of the wall is a loose, looped, outer struc
ture, which can be resolved with some difficulty 
as an outer membrane (Brooks et al. , 1980; 
Sleytr and Glauert, 1982). D. radiodurans has 
a remarkably stable, regularly structured S-layer 
on the outer surface ofthe outer membrane that 
is hexagonally arrayed (Baumeister et al., 1982). 
Often there is relatively little stainable material 
visible between these major layers but the form 
is much the same, though the thickness varies 
for the strains that have been examined. The 
Deinococcus species are mostly tetrad formers, 
and when they divide alternately in two planes 
the cell wall septum for the second division usu
ally is initiated before the first septation is com
plete. Most remarkable (Murray et al., 1983) is 
the form of the septum, which closes from op-
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posite sides of the cell (Fig. 4a) as a pair of 
curtains rather than the iris-diaphragm that is 
usual in most bacteria. Deinobacter, on the 
other hand, has a thinner peptidoglycan layer 
(about 10 nm), allowing the cells to be Gram 
negative, and is a rod form with division in only 
one plane. The septum also completes as a clos
ing pair of curtains (Fig. 4b; R. G. E. Murray, 
unpublished observations). 

Isolation ofthe peptidoglycan and amino acid 
analysis of the peptide portion provides indi
cation of the diamino acid and linkage struc
ture, which is unusual enough in Gram-nega
tives to be helpful: L-Orn-GlY2_3 (Schleifer and 
Kandler, 1972). 

Radiation resistance is such an extreme char
acter in the case of the Deinococcaceae (Mose
ley, 1983) that rather simple testing procedures 
would be enough to be indicative and the gen
eration of survival curves could be left to later 
work (Murray and Brooks, 1986). Most isolates 
have shown 90% survival or better at a dose of 
5 kGy in a 6°Co-irradiator or at a dose of UV 
light (254 nm) of 500 Jm-2. These are doses that 
give survivals at the level of 10-4-10-6 or less 
for most other bacteria. The form of survival 
curves (Fig. 5) is remarkable for the extent of 
the shoulder (2-5 kGy of -y-radiation and 300-
600 Jm-2 of UV radiation) and the subsequent 
decline in survivors (gives D IO values in the 
range of 1.0-3.5 kGy for -y-radiation and of 
about. 150 Jm-2 for UV radiation) is in sharp 
contrast to those of most sensitive bacteria. 

Phospholipid analysis has shown that repre
sentative strains of the species of Deinococcus 
and Deinobacter have a most unusual diversity 
in the number and chromatographie behavior 
of the polar lipids, which are dominated by gly
colipids and phosphoglycolipids (Rebeyrotte et 
al., 1979; Counsell and Murray, 1986; Embley 
et al. , 1987). A negative but useful character 
shared by all true members ofthe family is the 
absence of phosphatidyl glycerol and diphos
phatidyl glycerol or their derivatives, which, to
gether with the complexity (8-14 spots) ofthe 
polar lipid pattern, gives a distinctive appear
ance in both one- (CounseIl and Murray, 1986) 
and two-dimensional (Embley et al., 1987) thin
layer chromatograms. 

Fatty acid analysis has shown (Embley et al., 
1987; Oyaizu et al., 1987) that the Deinococ
caceae show a remarkable range of mono-un
saturated and straight chain fatty acids as major 
components, few if any branched chains in min
imal proportions, and they are unusual for hav
ing significant amounts of different isomers of 
individual fatty acids. Furthermore, both Dei
nobacter grandis (Oyaizu et al., 1987) and Dein
ococcus radiodurans (R. G. E. Murray, unpub-
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Fig. 3. (a) Negatively stained (Na phosphotungstate) fraction of cell wall of D. radiodurans showing a piece of the 
hexagonally arranged array of units in the S-layer and a piece of the peptidoglycan layer showing the appearance of 
fenestrations. (b) A seetion of D. radiodurans stained with lead acetate to show fenestrations in the peptidoglycan (see 
Thompson and Murray, 1982). Bars = 0.1 ILm. 

a 

Fig. 4. (a) A dividing tetrad of D. radiodurans stained with uranyl acetate after blocking most staining sites with Coel2 

to show the septa I curtains. (From Murray et al., 1983); published in the Canadian Journal 0/ Microbiology. with per
mission.) (b) A similar preparation of Dei nobacter grandis showing two curtain edges in the septum. Bars = 0.1 ILm. 

lished observations) lack hydroxy fatty acids, 
from which we assume that these Gram-nega
tive walls lack lipopolysaccharide. 

Chemotaxonomie eharaeters give clear direc
tion to the definition and circumscription ofthe 
family but give rise to doubts about the validity 
of some strains assigned to the extant species 

because of heterogeneity shown by fatty acid 
and polar lipid analyses (Embley et al., 1987). 

Nucleie acid sequenee and homology analyses 
provide an important taxonomie resource. A 
strain from each ofthree species of Deinoeoeeus 
(D. radiodurans, D. radiopugnans, and D. ra
diophilus) and one strain of Deinobaeter grandis 
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Fig. 5. Survival curves to ')'- and UV radiation of D. radiodurans (closed circJes), showing extreme resistance, and survival 
of a pink Micrococcus strain (open circles) (actually the strain misnamed D. erythromyxa. which does not have the 
chemotaxonomic characters of a Deinococcus sp.), showing radiation sensitivity. Note the "shoulders" demonstrating 
almost complete survival to a rather high dose. (Data kindly provided by Dr. B. E. B. Moseley. Note: 500 Krad = 5 kOy.) 

have been compared in respect of catalogs of 
the 16S RNA oligonucleotides generated with 
Tl ribonuclease. There is no doubt of their all 
being related at a SAß 0.58-0.68 (Oyaizu et al., 
1987) and these bacteria are related very dis
tantly to all other eubacteria at a level of SAß 
0.22-0.25. Thus, the extant members appear to 
form a stable phylogenetic group, related to 
each other, and separated into the two genera 
by no characters of importance other than mor
phological division pattern. Oyaizu et al. (1987) 
consider that until more strains of the species 
of each group can be studied there is good rea
son to maintain the genera while recognizing a 
dose relationship. In the meantime, RNA se
quencing and the recognition of rRNA signa
tures (Woese et al., 1985) will remain a powerful 
technique for recognizing relatives, both close 
and distant, even in the face of having no con
cept of where an unknown might be classified. 
As already stated, this has happened in the case 
of D. grandis; this technique has also allowed 
recognition of Thermus aquaticus and T. ruber 
as distant relatives of the Deinococcaceae. 
(They also share high Ge (59-65 mol%), L-Orn
GlY2 peptidoglycan, but not polar lipid pat
terns.) Undoubtedly, other relatives at various 
levels will be found in the future with such pow
erful and directive techniques. DNA-DNA reas
sociation is unlikely to be helpful at the generic 
level, although not yet attempted between Dein
ococcus and Deinobacter, because the homology 

between the Deinococcus species is of a very low 
order (Brooks et al., 1980). 

Identification of Species 

There are four described species of Deinococcus 
and one of Deinobacter. These can be distin
guished on phenotypic grounds as shown in Ta
ble 2, and we can say definitely that the type 
strains ofeach ofthe Deinococcus species show 
no significant DNA-DNA homology and must 
be considered genetically separate species 
(Brooks et al., 1980; Brooks and Murray, 1981). 
However, the reliability of characterization us
ing a limited palette of characters may be illu
sory and will need more careful monitoring by 
analysis and comparison of the chemotaxo
nomic and genetic approaches. Embley et al. 
(1987) provide clear evidence that the represen
tatives of D. radiodurans, D. proteolyticus, and 
D. radiophilus (essentially the only species in 
which more than two strains were available to 
compare) showed marked differences among the 
available strains in terms ofprincipal fatty acids 
and the patterns of polar lipids. Astrain re
putedly D. radiophilus showed the distinctive 
polar lipid pattern of D. radiopugnans. Fur
thermore, Embley et al. (1987) showed that the 
R1 and Sark strains of D. radiodurans have con
siderable heterogeneity in those respects, which 
may not be unexpected because they were also 
known to exhibit a 70% difference in DNA-
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Table 2. Phenotypic distinctions among Deinococcus and Deinobacter species.' 

Character Deinococcus Deinobacter' 

D. D. D. D. 
radiodurans radiophilus proteolyticus radiopugnans D. grandis 

GC content (mol%) (Tm) 67 62 65 70 69 
Cell shape Coccal Coccal Coccal Coccal Rods 
Gram reaction + + + + 
Lysis by Iysozymeb + ND ND 
Oxidase reaction + + + + 
Fenestrated peptidoglycan in Pb- + + +d 

stained sections 
Growth in 5% NaCi - (80%) + 
Growth in 3% NaCI mediab + + -d 
Nitrate reduction - (80%) + + 
Acid from glucose in a standard + 

peptone medium 
Acid from glucose in medium + + + + _d -d 

yeast extractb 
Acid from sucrose in medium + + + ND _d 

yeast extractb 
ONPG (ß-galactosidase) + +d 
Esculin hydrolysis + + 

+, property present; -, property absent; ND, no data. 
'Adapted from Murray (1986), with permission; based on data from Brooks et al. (1980). 
bData from Ito et al. (1983). 
'Data from Oyaizu et al. (1987). 
dData from R. Murray (unpublished observations). 

DNA reassociation (Brooks et al., 1980). Coun
seB (1986) has observed that the protein profiles 
obtained with polyacrylamide gel electropho
resis on 24 strains of D. radiodurans showed 
five or more distinct patterns. Thus, we can ex
pect that a more definitive taxonomie study of 
Deinococcus will undoubtedly lead to further 
species or subspecies. 

These inconsistencies underline the taxo
nomie hazards involved in working from sm aB 
numbers of strains, with few positive determi
native characters, and with no ace urate estimate 
of the reliability of the characters in use. Dif
ficulties arise, as shown in Table 2, from the 
choice of media for determining reactions to 
substrates. The inclusion ofyeast extract makes 
a big difference to reactions in peptone media 
with sugars (Ito et al., 1983) even if slow growth 
can occur with utilizable sugars in peptone me
dium. Possibly anomalous reactions occur be
cause of acid neutralization by-products of dis
similation of amino acids. 

Toward the future 

Systematic efforts to obtain more strains of 
Deinococcus and Deinobacter as weB as to find 
and classify relatives that may belong outside 
of the present circumscription of the Deino
coccaceae, will be important to future under-

standing. As now constituted, the family has 
two genera that are so alike in everything but 
shape and Gram reaction that they could weB 
be fused. There should be a wider range of rel
atives to be found in nature, ifthe phylogenetic 
indications are not misleading, because an an
cient lineage ofbacteria must have spawned per
sistent variants during evolution. Furthermore, 
an expanded effort at retrieval should bring with 
it an understanding of habitat, which has es
caped us up to now because of the diversity of 
sources (Table 3). To persist in nature for eons, 
these organisms must have a favorable habitat 
somewhere. 

The identification of Thermus species as dis
tant relatives teBs us that other distant relatives 
may have differing selections of the chemotax
onomic characters. Their descriptions might not 
include radiation resistance because this is al
ready known to be mutable, as pointed out 
above. Anomalous characters are already a ma
jor part ofthe picture when Deinococcus species 
are recognized as Gram-positive/Gram-nega
tive bacteria; there may be more surprises in
volving, for instance, more unusual phospho
lipids (Anderson and Hansen, 1985) and 
exceptions to the apparent lack of phosphatidyl 
glycerol and derivatives. 

Although these remarkably radiation-resist
ant bacteria have been used to assess the effec
tiveness ofradiation sterilization, much less at-
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Table 3. Sources of Cultures of Deinococcaceae. 

Deinococcus species 
D. radiodurans Irradiated canned meat, cattle hairs and skin, and creek water in Oregon (Anderson et al., 

1956). Air contaminant in Canada (Murray and Robinow, 1958). House dust, used towels 
and underwear, from air in "clean room" laboratories in Denmark, and from radiation 
facilities (Christensen and Kristensen, 1981; Kristensen and Christensen, 1981). Sawdust 
culture media for mushrooms in Japan (lto, 1979). From suture material in Sweden 
(Osterberg, 1974). Most strains were isolated after high-dose irradiation. 

D. radiophilus 
D. proteolyticus 

Irradiated "Bombay Duck" (Harpodon nehereus) in India (Lewis, 1973). 
Irradiated feces of Lama glama (Kobatake et al., 1973). Irradiated sewage sludge cake, and 

from animal feeds in Japan (!to et al., 1983). 
D. radiopugnans From haddock tissue in Massachusetts (Davis et al., 1963). From weathered granite in 

Antarctica (Counsell and Murray, 1986). 
Deinobacter grandis From the feces of Elephas maximus in a zoological garden, from the intestines and skin of a 

fresh-water fish (Cyprinus carpio), and from the skin of an eel (Anguilla japonica) in Japan 
(Oyaizu et al., 1987). From a sam pie of pork in England (Grant and Patterson, 1988). 

Adapted from Murray (1986). 

tention has been paid to them as models for the 
understanding of the resistance mechanisms. 
Capability for the effective repair of damage to 
DNA has been assessed and some genetical 
studies have been accomplished (Moseley, 
1983) but much less attention has been paid to 
the survival of structure and function of the 
plasma membrane of the Deinococcaceae. The 
possibility exists that it is not just the high con
centration of carotenoids (a feature of all the 
radiation-resistant bacteria, like the Halobac
teriaceae) that playa role, but that the unique 
polar lipids could also have protective proper
ties including the regulation of ion leakage and 
a function as antioxidants (Anderson and Han
sen, 1985). 

The Deinococcaceae provide all sorts of chal
lenges to microbiologists, radiation biologists, 
biochemists and, indeed, to those interested in 
general biology, taxonomy, and ecology. Yet, 
they are familiar to only a few on whom their 
properties of radiation resistance impinge. 
There is every reason to encourage a wider 
awareness and interest. 
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CHAPTER 205 

The Genus Thermus and Related Microorganisms 

R. A. D. WILLIAMS and MILTON S. DA COSTA 

Bacteria of the genus Thermus have been iso
lated from many natural and artificial thermal 
environments throughout the world. The first 
strains of the type species Thermus aquaticus 
were isolated from neutral and alkali ne hot 
springs in Yellowstone National Park, USA 
(Brock and Freeze, 1969). Since then, strains 
have also been isolated from Yellowstone Park 
(Munster et al., 1986), and from other terrestrial 
hot springs in Ieeland (Cometta et al., 1982b; 
Hudson et al., 1987a; Kristjansson and Alfreds
son, 1983; Pask-Hughes and Williams, 1977), 
New Zealand (Hudson et al., 1986, 1987b), and 
Continental Portugal and the Azores Islands 
(Prado et al., 1988; Santos et al., 1989). In Ja
pan, early isolates were named "Flavobacter
ium thermophilum" (Oshima and Imahori, 
1971), and then renamed "Thermus thermo
philus" (Oshima and Imahori, 1974). Other iso
lates have been given invalid species names 
(Saiki et al., 1972; Taguchi et al., 1982). In ad
dition to terrestrial thermal environments, 
strains of Thermus have also been isolated from 
shallow marine thermal vents offIceland (Krist
jansson et al., 1986). 

The isolation of Thermus strains from arti
ficial and from natural environments was si
multaneous (Brock and Freeze, 1969). They ap
pear to be widespread in neutral, hot aqueous 
artificial environments, including hot tap water 
(Brock and Freeze, 1969; Pask-Hughes and Wil
liams, 1975; Stramer and Starzyk, 1981), do
mestic and industrial hot water systems (Brock 
and Boylen, 1973), and thermally polluted 
streams (Brock and Yoder, 1971; Degryse et al., 
1978; Ramaley and Bitzinger, 1975; Ramaley 
and Hixson, 1970). Thermus is not usually re
ported in cold water without obvious thermal 
inputs, but Stramer and Starzyk (1981) report 
a low count in rivers and lakes. 

Red-pigmented strains of Thermus ruber, 
which have a temperature optimum of 60°C, 
have been isolated from hot springs in the Kam
chatka Peninsula, USSR (Loginova and Ego
rova, 1975), Iceland (Sharp and Williams, 
1988), the island of Sao Miguel in the Azores 

(R. A. D. Williams and G. Holtom, unpub
lished observations), and from an aerated fer
menter fed with yeast wastes (Hensel et al. , 
1986). The taxonomie position of Thermus rel
ative to other genera remains uncertain, but an 
oligonucleotide catalog of 16S rRNA has indi
cated a remote but distinct relationship between 
T. aquaticus and T. ruber and Deinococcus 
(Hensel et al., 1986). The sequence of 16S rRNA 
shows that "T. thermophilus" falls in the cluster 
ofthe green nonsulfur bacteria along with Ther
momicrobium roseum, Chloroflexus aurantia
cus, and Herpetosiphon aurantiacus (Hartmann 
et al., 1989). 

Isolation and Preservation 

Thermus Medium (Medium D for Thermus, Brock, 
1978, 1981) 

Basal salts medium D (Castenholtz, 1969) with 0.1-0.3% 
tryptone and 0.1 % yeast extract is generally used for the 
culture of Thermus spp. The salts medium has the fol
lowing composition (mg per liter of water): 

Nitrilotriacetic acid (NTA) 100 
CaSO .. 2H,O 60 
MgSO .. 7H,O 100 
NaCI 8 
KNO, 103 
NaNO, 689 
Na,HP04 111 
FeCI, 0.28 
MnSO .. HzÜ 2.2 
ZnSO .. 7H,O 0.5 
H,BO, 0.5 
CuS04 0.016 
Na,MoO .. 2H,O 0.025 
CoCI,'6H,O 0.046 
The pH is adjusted to 8.2 with NaOH. 

The salts medium is made from three stock solutions: 
I) the macroelements containing NTA and the salts 
through Na,HP04 are dissolved in water at IOX the 
final concentration, 2) the FeCI, is made up at 100X, 
and 3) the other trace salts are dissolved separately and 
then combined at 100X final concentration in water 
with 0.5 ml H,S04' All three solutions can be stored at 
4°C or frozen. To make the final basal salts mixture for 
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Thermus medium, 1/10 volume ofthe macroelements, 
1/100 volume of the FeCI 3 solution, 1/100 volume of 
the trace salts are added to water, the pH is adjusted to 
7.6, and the medium sterilized by autoclaving at 121°C 
for 15 min. Tryptone and yeast extract may be sterilized 
separately from, or together with, the basal salts me
dium. 

Isolation Procedures 

A low concentration of organic constituents in 
the medium and an incubation temperature of 
70-75°C (to inhibit the growth of bacillus spe
cies) were stressed by Brock (1978) as important 
factors for the isolation of T. aquaticus. 

Thermus strains are easily isolated by inoc
ulating sampies ofwater, bio films, mats ofbio
mass or mud into Thermus medium and in
cubating for 1-3 days at 55-65°C for T. ruber, 
or at 70-75°C for yellow to colorless strains. 
Sam pie volumes ofO.5-1.0 ml are generally suf
ficient, but the medium can be made up at 2 X 
concentration to accommodate large inocula. 
Turbid cultures are streaked on the same me
dium solidified with 2-3% agar. Plates are 
sealed, or placed in containers to reduce evap
oration, and incubated aerobically for several 
days at the appropriate temperature. Streaking 
sam pIes directly onto solidified Thermus me
dium has also been successful (Hudson et al., 
1986). Large sam pIe volumes have been con
centrated by centrifugation or membrane filtra
tion, and then directly plated (Stramer and Star
zyk, 1981). Thermus medium has also been 
used for enumerating Thermus cells in water 
specimens by the most-probable-number 
method (Brock and Boylen, 1973; Stramer and 
Starzyk, 1981). 

The isolation of the red-pigmented strains at 
their optimum of 55-65°C often gives cultures 
overgrown with aerobic sporeforming bacteria. 
Nevertheless, red colonies can be detected on 
plates of solidified Thermus medium, and iso
lated by replating. 

Other dilute media are sometimes used for 
the isolation and growth of Thermus strains. 
The basal mineral medium 162 (Degryse et al., 
1978) together with 0.25% tryptone, 0.25% yeast 
extract, and 3% agar was used for the isolation 
of Thermus from sam pIes concentrated by fil
tration (Kristjansson and Alfredsson, 1983; Kri
stjansson et al., 1986). Many strains will grow 
on 0.4% yeast extract, 0.8% polypeptone, and 
0.3% NaCl (Oshima and Imahori, 1971), but 
this is not true of T. aquaticus. This medium 
gives a higher growth yield for strains like UT. 
thermophilus" than more dilute media. 

Occasional contamination by thermophilic 
spore-formers (which occur in so me sampies of 
media components) can be overcome by in-
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creasing the autoclaving time, or using 131°e. 
A combination of 0.015% sodium azide and 
0.01 % lysozyme in Thermus agar suppresses the 
growth of many strains of B. stearothermo
philus, with little effect on Thermus strains 
(N. D. H. Raven and R. A. D. Williams, un
published observations). Others have found 
their strains to grow poorly on such plates, and 
have instead used gramicidin D at 20Ji,g/ml in 
plates to suppress sporeformers (H. Nagayama, 
personal communication). 

Preservation of Strains 

Most strains of Thermus can be stored frozen 
in Thermus medium containing 10-15% glyc
erol at - 80°C, or in liquid nitrogen, for years 
without loss of viability. Lyophilized strains in 
Thermus medium have been maintained in 
freeze-dried ampules for 18 years. Strains grown 
densely on plates of Thermus medium survive 
for about 1 month at 4 oe. 

Ecology 

The original isolations of T. aquaticus were 
from water and algal mats of alkaline hot 
springs in Yellowstone Park at temperatures of 
53-86°C, and pH values between 8 and 9 
(Brock and Freeze, 1969). In the same area, 65 
sites with temperatures of 30-90°C and pH val
ues from 1.2-10.5 were sampled for strains of 
Thermus (Munster et al., 1986). Isolates were 
only obtained from sources between 55 and 
80°C and pH 6.0-10.5. In Iceland, 55 hot 
springs from 32-90°C, and pH from 2.1-10.1 
were sampled (Kristjansson and Alfredsson, 
1983), and Thermus spp. were isolated from 
sites with temperatures ranging from 55-85°C 
and pH values higher than 6.5. The occasional 
isolation of strains from a site at 95°C, was feIt 
to be due to transient bacteria washed in from 
cooler algal mats. Although the temperatures of 
thermal springs can be quite stable, the effect 
of rain or snow may be drastic in shallow ex
posed channels. In Iceland, we have notecl that 
the temperature in shallow pools may drop by 
as much as 20°C during strong gusts of wind. 
Such effects may lead to the isolation of Ther
mus from sites with temperatures at which the 
bacteria cannot grow. 

In New Zealand, Thermus strains have ':>een 
isolated from thermal sites as acidic as pH 3.9 
(Hudson et al., 1986), but these cells may have 
originated from more alkaline regions. 

Thermus-like strains from shallow submarine 
hot springs off Iceland (Kristjansson e:t al. , 
1986) were generally more halotolerant than 
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their terrestrial counterparts, but otherwise 
were similar. The sites yielding these marine 
isolates contained thin sediment layers where 
fresh thermal water was mixed with cold sea 
water. When isolations from the same sites were 
performed in media with 2-3% NaCI, Thermus 
strains were inhibited and replaced by red-pig
mented isolates, later named Rhodothermus 
marinus (Alfredsson et al., 1988). The relation
ship of this genus to Thermus remains to be 
determined. 

The bacteria of the genus Thermus are obli
gate heterotrophs and grow on small amounts 
of organic materials in the water or derived 
from photosynthetic or chemolithotrophic or
ganisms growing in biomass accumulations 
with Thermus strains. More studies are needed 
to clarify the sources of nutrients in natural en
vironments, as well as their uptake and utili
zation. 

Properties of Strains 

Morphology and Cellular Composition 

The bacteria of the genus Thermus stain as 
Gram negative despite their phylogenetic rela
tionship to the Gram-positive genus Deinococ
cus (Hensel et al., 1986). 

Upon initial isolation, many strains form 
long filaments, but after repeated transfers in 
laboratory media, most grow as pleomorphic 
rod-shaped cells and short filaments (Brock, 
1978). 

Electron microscopy demonstrates that the 
cell envelope is composed of a thin dense layer, 
presumably representing the peptidoglycan, 
surrounded by a highly corrugated outer layer 
which is closely connected to the peptidoglycan 
layer only at the indentations (Brock and Ed
wards, 1970; Hensel et al., 1986; Pask-Hughes 
and Williams, 1978; Williams, 1975). Unusual 
morphological structures, such as "rotund bod
ies" are sometimes seen (Brock and Freeze, 
1969; Golovacheva, 1977), and these appear to 
be oftwo types. The "aggregation" type ofstruc
ture consists of several cells bound together by 
the externallayer ofthe cell envelope. This layer 
encloses several cells and a large intercellular 
space (Brock and Edwards, 1970; Kraepelin and 
Gravenstein, 1980; Becker and Starzyk, 1984). 
A "vesicular" type of rotund body is seen as 
developing from an extended bleb on the sur
face of a single cell (Kraepelin and Gravenstein, 
1980). In contrast to other strains, Thermus fil
iformis has a stable filamentous morphology 
and does not form rod-shaped cells in culture. 
It possesses an extra coat surrounding the cor-

rugated layer, which runs uninterrupted over 
zones of septum formation (Hudson et al., 
1987b). 

All strains examined have peptidoglycan con
taining ornithine (Pask-Hughes and Williams, 
1978; Merkel et al., 1978), a relatively rare pep
tidoglycan type not found in other Gram-neg
ative bacteria, but which is present in bacteria 
of the Gram-positive genus Deinococcus that 
are remotely related by 16S rRNA to Thermus 
(Hensel et al., 1986). Ketodeoxyoctulosonate 
and heptose were not detected in preparations 
from Thermus made by methods for the iso
lation of lipopolysaccharide (Pask-Hughes and 
Williams, 1978). A major component ofthe cell 
wall of "T thermophilus" HB-8 has been shown 
to be a calcium-protein complex (Berenguer et 
al., 1988). 

Most strains, including T filiformis, have yel
low, orange, or red carotenoids, but so me strains 
are colorless. The isolates from natural habitats 
exposed to sunlight are generally pigmented, 
while those from artificial thermal environ
ments lacking illumination are frequently non
pigmented. Only 13% of the Thermus strains 
isolated by Brock and Boylen (1973) and 30% 
of the strains isolated by Stramer and Starzyk 
(1981) from domestic and commercial hot
water tanks were colored. Pigmentation, at least 
in some strains, may be an unstable character
istic. Cometta et al. (1982a) reported the fre
quent isolation of colorless mutants from T 
aquaticus YT -1 grown in continuous culture. By 
contrast, the pigment of strain YS-45 varied di
rectly with the degree of illumination in che
mostat cultures (Cossar and R. J. Sharp, un
published observations), but was never 
completely lost, and colorless mutants were not 
detected. 

Menaquinone 8 (MK-8) is the predominant 
quinone detected in all Thermus strains ex
amined (Collins and Jones, 1981; Hensel et al., 
1986; Williams, 1989), together with minor 
quantities of MK-7 and MK-9. 

The polar fraction of the lipids of several yel
low-pigmented and colorless strains comprise a 
major glycolipid which is a diglycosyl-(N-acyl
glycosaminyl)-glucosyl-diacylglycerol in which 
the hexose and hexosamine vary from strain to 
strain (Oshima, 1978; Pask-Hughes and Shaw, 
1982; Prado et al., 1988), and a major phos
pholipid that contains glucosamine. Branched 
fatty acyl chains (iso-C 15 and iso-C 17) com
prise the major aliphatic moieties of the polar 
lipids of Thermus spp. (Hensel et al., 1986; Osh
ima, 1978; Pask-Hughes and Shaw, 1982; Prado 
et al., 1988). 
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Physiology and Metabolism 

The yellow and nonpigmented strains have an 
optimum growth temperature, in Thermus me
dIUm, of 70-75°C. The minimum is about 37-
45°C and the maximum about 79°C although 
a few strains (such as "T. thermophil~s" HB-8) 
grow at temperatures up to about 85°C. The 
red-pigmented strains related to T. ruber have 
lower growth temperatures with optimum about 
60°C, minimum between 35-40°C and maxi
mum cl?s~ to 70°C (Loginova et al., 1984; Sharp 
a~d WIlhams, 1988). The pH optimum for 
hlgh-temperature Thermus strains is between 
7.5 and 8.0, but some strains will grow at pH 
5.1 and many grow at pH 9.5 (Hudson et al., 
1986, 1987a; Munster et al., 1986). 

Metabolic studies of T. aquaticus YT 1 and 
four Icelandic strains indicate a complete tri
carboxylic acid cycle, together with isocitrate 
lyase and malate synthase, providing a glyox
~late bypass as weIl (Pask-Hughes and Wil
harns, 1977). Similar results were reported for 
the Belgian isolate Z05 (Degryse and Glans
dorff, 1976). All of the enzymes of glycolysis 
have not been systematically measured but a 
significant number have been purified and char
acterized, albeit from several strains, and it 
seems safe to assurne that the Embden-Mey
erh?fpathway is present. The electron transport 
cham of "T. thermophilus" comprises NADH 
dehydrogenase, menaquinone, and cyto
chromes b, c, aa3 and 0 (McKay et al. , 1982). 
These authors found the molar growth yield for 
glucose to be low relative to comparable me
sophiles, and suggest that this is due to a high 
permeability of the membrane to protons. 

Strains of the genus Thermus utilize carbo
~ydrates, amino acids, carboxylic acids, pep
tIdes, and several other proteinaceous substrates 
for growth. Most studies have found a nutri
tional diversity among Thermus strains 
(;\lfredsson et al., 1985; Pask-Hughes and Wil
harns, 1977; Santos et al. , 1989) which have 
been reported to correlate with the geographical 
source of the isolates (Hudson et al. , 1989). 
However, strains with different physiological 
properties, which have been shown to be dif
ferent genospecies, coexist in geothermal areas 
in the USA (Munster et al., 1986) and Europe 
(Santos et al., 1989). Studies that have involved 
similar media and test conditions are in broad 
agreement about the properties of key strains. 
Where significant discrepancies with parti<;ular 
tests have been found, this may be due to the 
use of different test procedures. Thermus strains 
may be inhibited by even low concentrations of 
organic substrates. For this reason, single car
bon source utilization is tested with 2-4 g/l of 
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the substrate. Incomplete substrate utilization 
and growth inhibition have been reported for a 
number of strains, but no explanation for this 
phenomenon has been proposed (Sonnleitner et 
al. , 1982). 

Many "high-temperature" strains use acetate, 
pyruvate, proline, and glutamate (Alfredsson et 
al. , 1985; Hudson et al. , 1989), while the red
pigmented strains are generally unable to grow 
on acetate and pyruvate (Sharp and Williams, 
1988). On t~'le other hand, polyols are used by 
many red-plgmented strains but serve as single 
carbon sources for a minority of the high-tem
perature strains. 

Several monosaccharides are used as single 
carbon sources by strains of Thermus, but pen
toses are not usually metabolized at all (Alffeds
son et al. , 1985; Hudson et al. , 1986, 1987a; 
Munster et al. , 1986). Disaccharides but not 
necessarily their constituent monosa~charides 
may be used. Thus, most strains from Icelanct 
used sucrose and maltose, while only two used 
glucose and none grew on fructose (Alfredsson 
et al., 1985). 

Proteins such as elastin, fibrin, and casein are 
hydr?lyzed by many isolates, but some strains 
are mcapable of hydrolyzing each substrate 
(Munster et al., 1986; Hudson et al., 1989; San
tos et al, 1989). 

Several strains will grow in basal salts me
dium with ammonium as nitrogen source and 
an appropriate carbon source. Many strains, 
nevertheless, require vitamins for growth on 
minimal medium with single carbon sources 
(Alfredsson et al. , 1985; Sharp and Williams 
1988). Nitrate is not reduced by T. aquaticus: 
T. f!liformis,. nor most of the red-pigmented 
strams exammed, but serves as a terminal elec
tron. acceptor for many high-temperature 
strams, several of which also reduce nitrite 
(Brock, 1978; Munster et al. , 1986; Hudson et 
al. , .1987b). Moreover, many high-temperature 
stral~s grow anaerobically in the presence, but 
not m the absence, of nitrate. No Thermus 
strain has been shown to be capable of fermen
tation. 

Identification 

Most high-temperature strains form yellow or 
pal~ to colorless colonies. The low-temperature 
strams !elated to T. ruber are red pigmented. 
All ~trams are Gram negative, and with the ex
ceptlOn of T. filiformis, form pleomorphic rod
shaped cells and short filaments. "Rotund bod
ies" present in liquid cultures can be seen by 
phase-contrast microscopy. 



CHAPTER 205 The Genus Thermus and Related Microorganisms 3749 

All strains are cytochrome oxidase-positive, 
nonmotile in liquid cultures, and do not form 
flagellae. Endospores are not seen in cultures on 
any medium, including starch agar. Sensitivity 
to ß-lactam antibiotics is reported for all strains 
of this genus. 

The presence of MK-8 as the predominant 
quinone (Collins and Jones, 1981) and orni
thine-containing peptidoglycan are diagnostic 
characteristics of the members of the genus 
Thermus examined to date (Pask-Hughes and 
Williams, 1978; Hensel et al., 1986; Sharp and 
Williams, 1988). The presence of predomi
nantly iso- and anteiso branched fatty acids can 
be used as a confirmatory characteristic (Hensel 
et al. , 1986; Pask-Hughes and Shaw, 1982, 
Prado et al. , 1988). The mean GC conte nt of 
the DNA of the strains examined varies be
tween is 57-65 mol%, but analyses of most 
strains give results above 60 mol%. 

Three species of the genus Thermus are val
idly described at present, and there appear to 
be at least four others that should be recognized 
(Table 1). 

1. T aquaticus, the type species of the genus, 
has been shown by DNA homology (Wil-

liams, 1989) to have a number of represen
tatives (which come from the same site as the 
type strain) among the numerical taxonomy 
groups 1a and 1 b of Munster et al. (1986). 
The numerical taxonomy study ofHudson et 
al. (1989) also shows the type strain YT 1 cl us
tered with other Yellowstone isolates. 

2. T ruber strains, which are easily distin
guished by their red pigment and lower 
growth temperature optimum, have been iso
lated from worldwide sources. The DNA
DNA homology is high within the species, 
but low with yellow and colorless strains 
(Sharp and Williams, 1988). 

3. T filijormis, apparently a single strain which 
has a stable filamentous morphology and an 
extra outer cell wall layer. There see m to be 
no other characteristics that distinguish it 
clearly from other yellow strains. 

4. "T thermophilus" was validly described 
(Oshima and Imahori, 1974), but subse
quently not included in the Approved Lists of 
Bacterial Species (Skerman et al., 1980). The 
type strain HB8 has a high DNA-DNA ho
mology with "T jlavus" AT-62, "T caldo
philus" GK24, and Thermus strain B (Wil-

Table I. Characteristics of species of Thermus and related organisms. 

GC content Ornithine 
Species and type strain (mol%) peptidoglycan 

T aquaticus YT I; 
ATCC 25106; 67" +b 
NCIMB 11243; 65b 
DSM 625 64' 

T ruber BKMB 1258; 66d +, 
NCIMB 11269; 62' 
DSM 1279 61 e 

"T thermophilus" 
HB8; DSM 625; 64' +b 
ATCC 2762; 69f 
NCIMB 11244 62' 

"T filiformis" Wai 
33AI; ATCC 43280 65h ND 

"T brockianus" 
YS-36; NCIMB 60g +g 

Rhodothermus 
marinus ATCC 
43812; DSM 4252 64-65i ND 

Symbols: +, constituent present; ND, no data. 
"From Brock and Freeze (1969). 
bFrom Pask-Hughes and Williams (1977). 
'From Hensel et al. (1986). 
dFrom Loginova et al. (1984). 
eFrom Sharp and Williams (1988). 
fFrom Oshima and Imahori (1974). 
gFrom Williams (1989). 
hFrom Hundson et al. (1987). 
iFrom Alfredsson et al. (1988). 
JFrom Collins and Jones (1981). 

Menaquinone Growth temperature 

MK-8 Optimum Maximum Minimum 

+J 70°C 79°C 40°C 

+, 60°C 70°C 37°C 

+j 73°C 85°C 40°C 

+h 73°C 80°C 37°C 

+g 70°C ND ND 

ND 70°C 77°C 54°C 
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liams, 1989) and there is no doubt that "T. 
thermophilus" comprises a distinct geno
species. 

5. A taxon tentatively named "T. brockü" was 
identified by DNA-DNA homology (Wil
liams, 1989) among strains of numerical tax
onomy cluster 2 ofMunster et al. (1986). Phe
notypic characters that allow it to be 
distinguished from T. aquaticus are: the 
former produces pale-yellow spreading col
onies on Thermus agar, and commonly grows 
on fructose and galactose, while the latter 
forms deep-yellow nonspreading colonies 
and generally degrades stareh, gelatin, and ca
sein. The name "T. brockianus" seems likely 
to be preferred for this taxon, to avoid con
fusion with Thermoanaerobium brockü (Zei
kus et al., 1979). 

6. A genospecies detected by DNA-DNA ho
mology (Williams, 1989) corresponds to the 
numerical taxonomy clusters A,B,C, and D 
of Santos et al. (1989). 

7. A genospecies detected by DNA-DNA ho
mology (Williams, 1989) corresponds to the 
numerical taxonomy clusters E and F of San
tos et al. (1989). 

Biotechnological Applications of 
Thermus 

Restriction and Modification Enzymes 

Strains ofthe genus Thermus are sources of sev
eral restriction endonucleases that are both ther
mostable and active at higher temperatures than 
most other such enzymes (Table 2). Some are 
isoschizomers, or at least have the same rec
ognition sequences as known enzymes from 
other microorganisms (Roberts, 1989). Others 
are important because they are unique in hy-
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drolyzing certain sequences; in particu1ar Taq 
I is widely used in mo1ecular bio10gy. The cor
responding modification enzyme, M. Taq I, 
which methy1ates the A residue in the Taq I 
recognition sequence, has found a minor use in 
producing large DNA fragments. This depends 
on the fact that Dpn I will only cut a sequence 
derived from two adjacent Taq I sites in which 
both A residues are methylated (McClelland et 
al. , 1984). 

DNA Polymerase 

The DNA-dependent DNA polymerase of T. 
aquaticus YT1 has optimal activity at 80°C 
(Chien et al., 1976; Kaledin et al., 1986). It lacks 
a proofreading 3'to 5' exonuclease activity and 
produces base substitution errors at a frequency 
of 1:9000 (Tindall and Kunkel, 1988). The am
plification of selected segments of DNA by the 
polymerase chain reaction (PCR) involves re
peated cycles of: 1) priming with pairs of syn
thetic oligonucleotides; 2) DNA synthesis; and 
3) heat-denaturation to allow the next priming. 
Originally conceived utilizing thermolabile 
DNA polymerase (Saiki et al., 1985), the PCR 
technique has been greatly improved by the use 
of the T. aquaticus enzyme, which survives the 
heat-denaturation step, and therefore does not 
need replenishing at each cycle (Saiki et al. , 
1988). The error rate is not a problem as mis
incorporated bases are randomly distributed 
throughout the sequences, and form a fraction 
of apercent at any one site. Single-stranded 
DNA can be produced by modification of PCR 
(asymmetrie PCR) and used directly for se
quence determination (Gyllensten and Ehrlich, 
1988). The T. aquaticus DNA polymerase has 
also been used for the sequencing reactions at 
70°C and produced electrophoretic 1adders with 
uniform bands of more than 1000 bases per gel 
(Innis et al., 1988). 

Table 2. Restriction endonucleases of the genus Thermus. 

Recognition 
Enzyme sequence" 

Taq I TCGA 
Taq II7 GACCGA 
Tthlll I GACNNNGTC 
Tthl11 II CAARCA 
TspE I AATT 
Tsp45 I GTSAC 
Tru I GGWCC 
Tru II GATC 
TaqX I CCWGG 
TspZn I GGCC 
TspA I CASTG 

Isoschizomer 

Tfl I, TthHB8 I, CviB III 
None 
None 
None 
None 
None 
Ava II 
Mbo I 
Eco II 
Hae III 
None 

Reference 

Sato et al. (1977) 
Barker et al. (1984) 
Shinomiyo and Sato (1980) 
Shinomiyo et al. (1980) 
Raven et al. (unpublished observations)b 
Raven et al. (unpublished observations)b 
Bemal et al. (1986) 
Bemal et al. (1986) 
Grachev et al. (1981)b 
Ghufoor et al. (unpublished observations)b 
Raven et al. (unpublished observations) 

"Symbols: N = A,C,G, or T; W = A or T; R = G or A; S = G or C. 
bCited in Roberts (1989). 
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Proteinases 

Caldolysin, a neutral serine proteinase from 
New Zealand isolate T351 (Cowan and Daniel, 
1982a; Cowan et al. , 1987) which is calcium 
dependent (Khoo et al. , 1984) has been im
mobilized for use in continuous-flow proteolysis 
(Cowan and Daniel, 1982b). This enzyme, to
gether with a proteinase from an unidentified 
strain of Thermus, were as thermostable as the 
bacillus proteinase thermolysin, but less resist
ant to organic solvents (Owusu and Cowan, 
1989). A thermophilie alkaline proteinase 
(aqualysin I) was isolated from strain YTl 
(Matsuzawa et al. , 1983). The sequence of 
amino acids deduced from the DNA sequence 
of the cloned gene (K won et al., 1988) showed 
a high homology to proteinase K and the sub
tilisins. Aminopeptidase T, which requires co
balt 11 ions for activity, has also been purified 
from strain YTl (Minagawa et al., 1988). It is 
optimally active at 75-80°C, is oflow specific
ity, and is more thermostable than the B. ste
arothermaphilus aminopeptidase. The amino 
terminal sequence indicates that it is structur
ally unlike other proteinases discovered to date. 

Carbohydrases 

Thermus strain YTl (Ulrich et al., 1972) and 
New Zealand isolate 4-1A (Cowan et al., 1984) 
have been used as sources of ß-galactosidase. 
Both enzymes are thiol dependent and have 
narrow pH optima at 5.0 (YT1) and 6.0 (4-1A), 
but were different in molecular weights and 
metal ion activation. The enzyme from strain 
4-1A was immobilized, but its value in lactose 
processing is likely to be limited by its suscep
tibility to product inhibition. 

Thermus strain ZI produces a thermostable 
ß-glucosidase (Takase and Horikoshi, 1988, 
1989), which also has activity against other ß
glycosides including ß-galactosides. This en
zyme has a broad pH optimum from 4.5-6.5 
and is also stable within this range. Its optimum 
activity is above 80°C, but it is more stable at 
70-75°C. The ability to hydrolyze cellobiose to 
completion may render this enzyme useful for 
cellulose degradation in conjunction with cel
lulases that are inhibited by cellobiose. 

Pullulanase, which hydrolyzes al:6 links in 
starch, has been purified from T. aquaticus YT 1 
(Plant et al., 1986). The enzyme has a broad pH 
profile and a high thermal stability suitable for 
the debranching process in the saccharification 
of starch. Strain AMD33 also produces pullu
lanase which is both activated and stabilized by 
calcium ions, and also has a-amylase activity 
(Nakamura et al., 1989). It has been cloned and 
expressed in Escherichia cali (Sashihara et al., 

1988) with a view to use in starch processing. 
Strain AMD33 was described as Thermus, and 
has ornithine in its peptidoglycan, but has a GC 
content of only 55 mol% and a growth optimum 
of 65°C. Its taxonomic position is yet to be de
termined. 
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The Family Chloroflexaceae 

BEVERLY K. PIERSON and RICHARD W. CASTENHOLZ 

The discovery of the photosynthetic flexibac
teria was made by Pierson and Castenholz 
(1971), and Chloroflexus aurantiacus was the 
first genus and species described (Pierson and 
Castenholz, 1974a). The Chloroflexaceae was 
proposed as a family (Trüper, 1976) with affin
ities to the Chlorobiaceae. The similarities with 
the green sulfur bacteria were signified by 
grouping both families under the suborder 
Chlorobiineae. The family was defined as fol
lows: filamentous, phototrophic bacteria with 
gliding motility, Gram-negative, flexible cell 
walls, and bacterioehlorophyll (behl) a and behl 
c, d, or e. Included in the family were two other 
genera, "Oseilloehloris" and Chloronema. 

Chloroflexus aurantiacus (Pierson and Cas
tenholz, 197 4a) is still the only genus and spe
eies of the Chloroflexaceae that has been de
seribed on the basis ofaxenie eultures. It is also 
the only organism for which 16S rRNA data are 
available. Chloronema (Dubinina and Gor
lenko, 1975) and "Oseilloehloris" (Gorlenko 
and Pivovarova, 1977) are two genera deseribed 
and assigned to the Chloroflexaceae, but neither 
deseription is based on cultured material, and 
no molecular phylogenetic data are available for 
either of these genera. 

Phylogenetic analysis from 16S rRNA oli
gonucleotide eatalogs and complete sequenee 
data reveal that Chloroflexus aurantiacus forms 
a very deep division within the eubacteria 
(Oyaizu et al. , 1987; Woese, 1987), being 
grouped with the nonphototrophic gliding fila
mentous flexibacterium Herpetosiphon auran
tiacus. Also in this group, but more distantly 
related, is Thermomicrobium roseum. Another 
thermophile, Thermus thermophilus, appears to 
braneh off the same early line of descent (Hart
mann et al., 1989). Chlorojlexus is not closely 
related to the other phototrophie prokaryotes, 
including those ofthe Chlorobiaeeae, and forms 
the deepest division of all the phototrophs in 
the eubaeterial line of descent. 

Heliothrix oregonensis has been described on 
the basis of eo-eultures with the non photo
trophic bacterium Isosphaera pallida (see Chap-

ter 203) and on the basis of studies with natural 
populations in the field (Pierson et al. , 1984; 
1985). Isolation in pure eulture has not been 
aehieved and 16S rRNA data are laeking. He
liothrix oregonensis is phylogenetieally close to 
Chlorojlexus aurantiacus, based on 5S rRNA 
analysis (Pierson et al., 1985), although the de
seription ofthe family Chloroflexaceae exeludes 
it. 

All four of these filamentous phototrophs 
(Chloroflexus, "Oseillochloris," Chloronema, 
and Heliothrix) are now included in the group
ing ealled the "multicellular filamentous green 
bacteria" (Pfennig, 1989). Although Chloro
jlexus, Chloronema, and "Oscilloehloris:" all 
have in eommon the housing of aeeessory chlo
rophylls (behl c or ci) in chlorosomes adjaeent 
to the cell membrane (hence the term "green 
baeteria"), Heliothrix lacks aceessory chloro
phylls and ehlorosomes. Sinee on the basis of 
5S rRNA analysis, Heliothrix oregonensis is 
more closely related to C. aurantiacus than to 
any other phototrophs (Pierson et al., 1985), a 
new grouping of the filamentous phototrophs 
may well be in order (Castenholz and Pierson, 
1989). 

Other filamentous phototrophs not yet in cul
ture but with possible affinities to these organ
isms will also be described in this chapter. At 
this time we prefer to consider all the filamen
tous phototrophic bacteria eontaining bchll a in 
one eategory as the phototrophie flexibaeteria. 
Within this group, which may or may not be 
phylogenetieally eoherent, we recognize the fil
amentous green bacteria including Chloro
flexus, Chloronema, and "Oseilloehloris," 
whieh eontain ehlorosomes and aceessory bac
teriochlorophylls. Also included are the fila
mentous baeteria laeking chlorosomes and eon
taining bchl a only: Heliothrix and two other 
unnamed organisms deseribed below. 

Several marine strains of Chloroflexus-like 
organisms have also been observed, but none 
has been iso la ted in axenie culture. These will 
also be briefly diseussed in this ehapter. 
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Two other filamentous gliding phototrophs 
containing bchl a and lacking chlorosomes and 
bchl c, d, and e have been described. Neither 
has been isolated in pure culture, and their de
scriptions here will be brief. Castenholz (1984) 
first described a red filamentous organism con
taining bchl a from a thermal mat environment 
in Yellowstone National Park. D'Amelio et al. 
(1987) reported filamentous "purpie" bacteria 
containing bchl a in hypersaline cyanobacterial 
mats. The two organisms are ultrastructurally 
identical (D'Amelio et al., 1987; S. Boomer and 
B. Pierson, unpublished observations). Both 
contain bchl a only and an elaborate system of 
stacked internal membranes similar in appear
ance to those of Ectothiorhodospira (see Chap
ter 171). Relatively little is known of the phys
iology of the hypersaline organism but the 
thermal strain bears some striking similarities 
to Heliothrix oregonensis (B. Pierson and R. W. 
Castenholz, unpublished observations). 

Habitats 

The anoxygenic filamentous phototrophs are 
found in a wide range of habitats. 

Chloroflexus aurantiacus 

Chloroflexus aurantiacus was found originally 
only in hot springs. All isolates were thermo
philes capable of growth in the laboratory from 
an upper temperature limit of 70°C to a lower 
temperature limit of 30-35°C (optimum, 52-
60°C). Chloroflexus forms mixed populations 
with cyanobacteria in "alkaline" hot springs 
and warm waters with a pR from 5.5 to 10. 
These populations are found up to temperatures 
as high as 70-72°C in hot springs of North 
America. Chloroflexus common1y forms a dis
tinct orange mat of filaments below a thin top 
layer of cyanobacteria. This structure is found 
over the temperature range from 35°C to about 
68°C (Castenholz, 1973a; Doemel and Brock, 
1977; Ward et al., 1989). In these associations 
with cyanobacteria, it appears that the cyano
bacteria provide organic carbon that sustains 
photoheterotrophic and chemoheterotrophic 
growth of Chloroflexus (Bauld and Brock, 1974; 
Brock, 1978; Castenholz, 1984; Ward et al. , 
1984; Bateson and Ward, 1988). In the complex 
habitat ofthe mat, however, so me ofthe organic 
carbon used by Chloroflexus appears to come 
from fermentation products produced in the 
mat (Anderson et al., 1987). 

In this type ofmat environment, Chloroflexus 
is subject to major diel fluctuations in pR and 
oxygen levels in response to the oxygenic pho-
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tosynthetic activity of the overlying cyanobac
teria (Revsbech and Ward, 1984). In these mats 
with very low sulfide levels, it is doubtful that 
Chloroflexus is growing autotrophically to any 
great extent. The most likely forms of metab
olism for Chloroflexus in this habitat are aero
bic and anaerobic photoheterotrophy and both 
aerobic and anaerobic chemoheterotrophy. 
Chloroflexus can probably switch among these 
modes with the fluctuating environmental con
ditions. 

In hot springs with a significant source of pri
mary reduced sulfur (R2S, RS-, S2-), Chloro
flexus often forms mats (green or orange) in
dependent of cyanobacteria (Castenholz, 1973b; 
Giovannoni et al., 1987). In this situation, Chlo
roflexus is apparently growing photoautotroph
ically with sulfide as the electron donor. In situ 
studies in several springs in the Mammoth 
Group in Yellowstone National Park revealed a 
dark green mat of nearly pure Chloroflexus to
tally devoid of cyanobacteria and oxygen. At 
temperatures above 50°C in these springs, cy
anobacteria do not grow due to the presence of 
sulfide (Castenholz, 1988b) so that pure mats 
of Chloroflexus develop from about 50 to 66°C 
when primary sulfide is available. In situ studies 
revealed that under these conditions, Chloro
flexus strains ("green Chloroflexus" or GCF 
strains) were primary producers of organic car
bon, performing sulfide-dependent photoauto
trophy (Giovannoni et al., 1987). The strains of 
Chloroflexus isolated from this habitat are ob
ligate anaerobes, lacking the ability to grow aer
obically by chemoheterotrophy. Thus they are 
not identical to other Chloroflexus aurantiacus 
strains. In culture they grow best as photohet
erotrophs and not autotrophs. Exposure to at
mospheric levels of O2 inhibits growth co m
pletely in darkness, but not irreversibly. Even 
after 72 hours of aerobic exposure in darkness, 
surviving cells resurne growth rapidly when 
shifted to anaerobic growth conditions in the 
light. In the light, exposure to O2 results in an 
intensity-dependent loss of bchl c but an in
crease in content of carotenoid pigments. AI
though potentially most active as a photohet
erotroph, "green Chloroflexus" shows a greater 
degree of sulfide-stimulated photoautotrophy 
than do previously characterized strains of C. 
aurantiacus (Giovannoni et al., 1987). 

In other sulfide-containing thermal habitats, 
Chloroflexus may be found growing indepen
dently of cyanobacteria at higher temperatures 
upstream from the cyanobacteria (Castenholz, 
197 3b). In flowing streams such as these, the 
Chlorofexus mats are usually orange. Under 
these circumstances, Chloroflexus is most likely 
growing as a photoautotroph (Castenholz, 
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1988b). In some hot springs eontaining sulfide, 
the layers of Chloroj/exus are found above the 
eyanobaeteria in what has been ealled an in
verted mat (J0rgensen and Nelson, 1988). Un
der these eonditions the supposed autotrophie 
aetivity ofthe Chloroj/exus in the surfaee layers 
eonsumes adequate sulfide from the vieinity of 
the eyanobaeteria to permit their growth at 
these temperatures (J0rgensen and Nelson, 
1988). In this way, a small poeket of oxygenie 
photosynthesis may aetually oeeur beneath the 
anoxygenie Chloroj/exus. 

A mesophilie strain of Chloroj/exus auran
tiacus (var. mesophilus) was isolated from mat 
eommunities in the bottom mud of lowsulfate 
stratified freshwater lakes eontaining some sul
fide. These strains had temperature optima 
from 20-25°C and were otherwise identieal 
with the thermophilie strains (Gorlenko, 1976; 
Pivovarova and Gorlenko, 1977). 

Chlorojlexus-like Organisms in the 
Marine Habitat 

Chloroj/exus-like organisms have been ob
served in several marine and hypersaline hab
itats, although none has been isolated in pure 
eulture. Intertidal sand flats at Great Sippe
wissett Salt Marsh, Cape Cod, MA, rieh in bio
genie sulfide, were observed to eontain reeog
nizable thin mat layers of Chloroj/exus-like 
organisms that migrated to the surfaee in dark
ness or dirn light. The Chloroj/exus-like fila
ments were often assoeiated with speeies of Os
cillatoria, Chloroherpeton, Beggiatoa, and some 
purple sulfur baeteria (Maek and Pierson, 
1988). Successful enrichment cultures of Chlo
roj/exus-like filaments have been obtained and 
partial purifieation aehieved from sandy inter
tidal mats on Mellum Island, West Germany 
(E. Maek and N. Pfennig, personal eommuni
eation). 

Similar Chloroj/exus-like organisms have 
been observed as prominent eonstituents of 
well-developed mats in hypersaline environ
ments. The presence of these organisms (iden
tified on the basis of electron microscopy) has 
been reported in mats at Laguna Figueroa, Baja, 
Mexico (Stolz, 1983, 1984), Solar Lake in the 
Sinai (Cohen, 1984; D'Amelio et al., 1989), salt 
evaporation ponds at Exportadora de Sal, Guer
rero Negro, Baja, Mexico (D'Amelio et al. , 
1989), and Shark Bay, Western Australia (John 
Bauld and Elisa D' Amelio, personal eommu
nication). Filamentous bacteria thought to be 
similar to Chloroj/exus were observed in Abu 
Dhabi mats (Cardoso et al., 1978). The presence 
of Chloroflexus-like organisms in the hypersa
line mats at Guerrero Negro has been further 
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substantiated by the presenee of behl c and l' 
earotene in partieular layers (Palmisano et al., 
1989). In some eases, Chloroj/exus forms a ma
jor recognizable mat layer in the hypersaline 
environment (B. K. Pierson, unpublished ob
servations). Within these mats, Chloroj/exus
like filaments are frequently found beneath a 
layer of cyanobaeteria and often in assoeiation 
with Beggiatoa. Mats containing layers of 
nearly pure Chloroj/exus-like filaments were 
also observed at salinities greater than 10o/CI, and 
successful enriehments have been made ofthese 
filaments in the medium modified from that 
used by E. Mack and N. Pfennig (unpublished 
observations) to enrieh for Chloroj/exus from 
Mellum (B. K. Pierson, unpublished observa
tions). Chloroj/exus-like organisms were also 
found in sulfide-containing mats from hyper
saline lagoons of Lake Sivash and the White 
Sea, USSR (Venetskaya and Gerasimenko, 
1988; Gorlenko, 1988). 

Chloronema 

Chloronema has been observed in the plankton 
in dimietic freshwater lakes with high ferrous 
iron eontent and low H2S (Gorlenko, 1988, 
1989b). The organisms are found in the meta
limnion and upper hypolimnion of shallow 
stratified lakes. They are usually below the 
ehemocline in an anaerobie zone containing 
other species of purple and green sulfur baete
ria. Chloronema gigantea has been observed to 
be the dominant phototroph in the plankton of 
such lakes (Dubinina and Gorlenko, 1975). 

"Oscillochloris" 

Species of "Oseilloehloris" have been observed 
as yellow-green mats on the surfaee of hydro
gen-sulfide-containing mud in freshwater hab
itats over a temperature range of 10-20°C and 
pH range of7.5-8.5 (Gorlenko, 1989a). Wilthin 
this habitat they are often found assoeiated with 
purple and green sulfur bacteria, Beggiatoa, and 
Oscillatoria species in algaljbacterial mats 
(Gorlenko, 1989a). "Oscillochloris trichoides" 
has been observed in mats on the surface of 
freshwater mud containing H2S. It has been 
seen in microzones below purple sulfur baeteria. 
"0. chrysea" has been found on the surface of 
muds in freshwater streams with high organie 
eontent from domestie sewage eIDuents (Gor
lenko and Pivovarova, 1977; Gorlenko, 1988). 
"Oscillochloris" -like filaments have also been 
observed in mats from hypersaline ponds in 
Baja, Mexico (D' Amelio, personal communi
cation). 
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Bchl-a-Containing Filamentous Phototrophs 

Heliothrix oregonensis is found in conspicuous 
masses of nearly pure bright orange motile fil
aments on top of more compact layers of cy
anobacteria in so me hot springs in western 
North America. It is found at about pH 8.5 and 
at temperatures up to 55°C under conditions of 
high light intensity (Pierson et al., 1984). The 
layer of Heliothrix often forms conspicuous 
puffs and tufts that are oxic even in their interior 
(Castenholz, 1988b; B. K. Pierson, unpublished 
observations). The habitat is lacking in hydro
gen sulfide. On the Warm Springs Indian Res
ervation (Oregon), small alkaline pools are im
pressively dominated by Heliothrix, whereas in 
a few other alkaline springs in Oregon and in 
Yellowstone National Park, Heliothrix-like fil
aments are only observed as localized patches. 

Other filamentous bchl-a-containing photo
trophs form a conspicuous deep red layer below 
layers of cyanobacteria and Chloroj/exus in al
kaline hot springs in Yellowstone National Park 
(Castenholz, 1984). These layers were seen in 
springs lacking HzS. In more translucent mats 
this dark red layer of filamentous phototrophs 
can be found more than 1 cm from the surface. 
It is not yet known how widespread these or
ganisms are in their distribution. The applica
tion of Chloroj/exus- specific antisera to "Chlo
roflexus" taken from lower layers of mats in 
Octopus Spring, Yellowstone National Park, re
vealed that many nonreactive filaments were 
present (Tayne et al., 1987). Bchl-a-containing 
filaments other than Chloroj/exus were abun
dant in this mat and migrated to the surface 
when it was darkened (B. K. Pierson, unpub
lished observations). Some of the nonreactive 
filaments may be phototrophs that have not yet 
been identified. 

The filamentous bchl-a-containing photo
trophs described by D' Amelio et al. (1987) were 
observed in hypersaline mats of Solar Lake and 
the salt ponds of Guerrero Negro where they 
were found as free-living or intra-bundle-dwell
ing organisms in association with Microcoleus 
chthonoplastes. These mats contained hydrogen 
sulfide and the filaments were found at depths 
ofO.3-1.2 mm, which is below the zone ofmax
imal oxygen production. Hydrogen sulfide was 
present at fluctuating levels. Filamentous bchl
a-containing bacteria were also seen in mats at 
Laguna Figueroa (Stolz, 1983). 

Isolation 

Any mat material collected from alkaline hot 
springs (at least below 65°C) is likely to contain 
viable filaments of Chloroj/exus. In general, the 
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mat from a temperature above 45°C will consist 
primarily of cyanobacteria. The material may 
be collected with forceps and transported in 
vials of spring water. Less than 5% of the 
aqueous volume should be occupied by mat ma
terial. The vials will retain live Chloroj/exus for 
one to several weeks if stored in darkness and 
at temperatures from about 12-25°C. Cooler or 
warmer temperatures usually shorten the sur
vival time. Freezing should be avoided. 

Selective Enrichment 

Almost all of the published information per
tains to thermophilic Chloroj/exus (Pierson and 
Castenholz, 1974a; Castenholz and Pierson, 
1981; Castenholz, 1989). Present enrichment 
techniques for C. aurantiacus are nonexc1usive, 
but large population densities can nevertheless 
be obtained by enriching a basic mineral me
dium such as D medium (see below) or BG-l1 
medium (Castenholz, 1988a) with yeast extract 
(0.1-1.0 g/l), and by adding 3,4-dichlorophenyl-
1,I-dimethylurea (DCMU) to 5-10 JlM in 
nearly filled screw-cap tubes or flasks. Fluores
cent or incandescent lamps may be used (10-
100 W/mZ). Many other nonfastidious photo
heterotrophic anaerobes mayaiso develop in 
45-50°C enrichments, but incubation at 60°C 
will exc1ude all known purple bacteria and he
liobacteria (see Chapter 90). However, even at 
60°C a number of chemoheterotrophic bacterial 
species will grow, inc1uding Thermus spp. 

Gorlenko (1976) successfully enriched for 
mesophilic Chloroj/exus in glass columns that 
contained sam pies of lake-bottom water and 
mud and were filled with a "semiliquid" me
dium containing mineral salts and Pfennig's 
mixture oftrace elements (Pfennig, 1965; Pfen
nig and Lippert, 1966) and supplemented with 
NaZS04 (0.6 g/l), Na2S·9HzO (0.1 g/l), yeast ex
tract (0.025 g/l), and casein hydrolysate (0.025 
g/l). The incubation was at 25-30°C under light 
of 3,000 lux. 

C. aurantiacus is a faculative aerobe and is 
tolerant of at least some oxygen in the medium 
while bacteriochlorophylls are being synthe·· 
sized. The use of sodium sulfide or sodiurn thio
glycollate to lower the redox potential and elim
inate Oz has not been a requirement for growth, 
although either could be helpful. 

The obligately anaerobic "green Chloro
flexus" (GCF) mayaiso be enriched for using 
the Hungate-agar-tube method or liquid me
dium in sealed vessels, with a medium designed 
for green bacteria that contains acetate and sul
fide (see Sireväg, 1975; Giovannoni et al., 1987). 
Isolations may be made from such enrichments 
or direct1y from field collections following dis-
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persion of the material by passage through an 
18-gauge needle. A dilution series is plated on 
DGN medium containing yeast extract (0.05 
g/l) using the pour-plate method, followed by 
incubation in anaerobic (H2 + CO2) Gas Paks 
illuminated by coolwhite fluorescent and/or in
candescent lights. Numerous greenish colonies 
should arise. After picking some and spreading 
these on fresh plates, single filaments may be 
isolated and cut out on agar blocks as described 
later for C. aurantiacus. Although "green Chlo
roflexus" will not grow under aerobic condi
tions, it is quite tolerant of exposure to O2 and 
can be easily manipulated under normallabo
ratory conditions. 

Enrichment of Cyanobacteria Contaminated 
with Chloroflexus 

An essentially foolproof method of establishing 
thermophilic Chloroflexus in a mixed culture is 
to enrich in a mineral medium for cyanobac
teria inoculated from a hot spring source. Cy
anobacteria from hot springs may be enriched 
for in a variety of ways (see this Handbook, 
Chapter 98 and Castenholz, 1988b). Essentially 
all enrichments or isolations ofthermophilic cy
anobacteria are contaminated with hetero
trophic bacteria, of which Chlorojlexus is one. 
A simple technique for culturing Chlorojlexus 
is to incubate a sampIe of the cyanobacterial 
mat at a temperature appropriate for its growth 
in a cotton-plugged flask of inorganic D me
dium (see below). The one or more species of 
cyanobacteria that invariably grow will excrete 
organic matter which will support a population 
of Chlorojlexus that will persist over numerous 
transfers. Chlorojlexus is actually difficult to 
eliminate in attempts to purify thermophilic cy
anobacteria. 

Cyanobacteria mayaIso be inoculated on 
agar-solidified D medium (agar at 15 g/l). Mo
tile cyanobacteria often move out from the in
itial inoculum spot in large numbers, some
times forming fascicles or circling aggregates on 
the agar. These may be transferred to new plates 
or to similar liquid medium by using watch
maker's forceps to cut out the block with the 
filaments. These cyanobacterial filaments usu
ally carry Chlorojlexus as a contaminant. Oc
casionally, a two-membered culture may be es
tablished. 

Direct Isolation 

Because of its motility, thermophilic Chloro
jlexus aurantiacus is most easily isolated with
out prior enrichment by a combination ofman
ual techniques. Solid medium is prepared using 
1.5% (wt/vol) agar (e.g., Difco or Oxoid No. 3). 
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The nutrient base used is commonly D medium 
with 0.8 g/l glycylglycine as buffer. The pH is 
adjusted to 8.2 with 1-2 M NaOH before au
toclaving. This medium is excellent for Chlo
roflexus isolation. The addition of very little 
yeast extract (10 mg/I) may improve it slightly. 
The plates are allowed to dry inverted at room 
temperature for 2 days or more. 

A small piece of hot-spring cyanobacterial
Chloroj/exus mat is placed in the center of each 
plate. A mass of cyanobacteria or Chloroflexus 
grown as an enrichment may be used. Plates can 
also be inoculated by dragging a piece of the 
inoculum back and forth over the surface ofthe 
agar with a watchmaker's forceps. The plate is 
then inverted and incubated at 45-50°C for 1-
2 days under tungsten or fluorescent lights (e.g., 
10-100 W/m2). The incubator should be hum
idified with a pan of water at the base. 

Plates are then examined under a good-qual
ity dissecting microscope with a magnification 
of 15-60 X. Transmitted illumination should be 
carefully adjusted for the best resolution of the 
pale, orange-colored wisps of Chlorojlexus that 
may grow and spread out from the inoculation 
site. With the fastest-known gliding rates, Chlo
rojlexus could move out at the rate of about 3.5 
mm/day, but probably will be slower. 

Quite frequently, Chloroj/exus may be rec
ognized as pointed, stringy, or recoiled wisps of 
a few to several filaments that extend as a fiinge 
beyond the edge of the cyanobacteria or other 
bacteria (Fig. 1; Pierson and Castenholz, 
1974a). If the inoculum included rapidly mi
grating cyanobacteria, the Chlorojlexus may 
often be seen extending from the trails of these 
other gliding bacteria. On the plates in which 
inoculum has been dragged along the surface, 
the Chloroj/exus filaments may have been 
spread thinner. Smaller colonies of various 
shapes may then develop and the plate should 
be examined again after 2-3 additional days of 
incubation (Fig. 2). 

The removal of Chlorojlexus is the next stage 
in the isolation. A fine-pointed watchmaker's 
forceps should be used. The leading edges or 
tips of the sm all wisps of Chlorojlexus-like fil
aments may be cut from the rest of the inocu
lum with the forceps. The agar block containing 
this material is then moved and inverted on a 
sterile part of the plate or on a new plate. The 
block is then pushed in a long streak over the 
top ofthe agar, leaving a trail offilaments. Some 
axenic colonies may arise on this first transfer, 
but usually the process must be repeated after 
new growth and gliding occur. The agar medium 
of the first or second transfer should contain a 
slightly higher concentration of yeast extract 
(about 50 mg/l). 
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Fig. I. Dual culture of Chlorojlexus aurantiacus (NZ-Mar. 62-fl) and the cyanobacterium Synechococcus lividus (OH-53-
s) on an agar surface (DG medium, 45°C). The dark area at the lower left is the population of Synechococcus. The lighter 
swirls and wisps of filaments advancing toward the upper right are Chlorojlexus. Bar = 0.2 mm. 

-

Fig. 2. Culture of Chlorojlexus aurantiacus (OK-70-fl) on an agar surface at 45°C 10 days after streak dilution. Single and 
double filaments are indicated by arrows. Bar = 0.2 rnrn. 

An alternative method of doing the first stage 
of isolation is to pick up the wisp of protruding 
Chloroflexus with the forceps and actually drag 
it across a sterile area of the same plate. The 
tip of the forceps should not quite touch the 
agar. As filaments are moved, some will be left 
behind (sometimes individually) as a trail. 

After each transfer of Chloroflexus wisps, a 
period of a few days for growth and spreading 
should be allowed before repeating the process. 

In some strains of Chloroflexus presently in cul
ture, the filaments are wide enough (1.0-1.2 JIm) 
to be seen individually under the highest power 
of a dissecting microscope (Fig. 2). In such 
cases, blocks of agar with single filaments can 
be cut from the trail of filaments left by the 
streaking technique described above. These can 
then be transferred and inverted on new agar, 
establishing a definite clone. In the case ofthin
ner filament types (0.5-0.7 JIm wide), only pre-
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sumptive clones can be established by repeated 
streakings. 

When the colonies isolated appear free of 
other bacteria (as judged by examination with 
oil-immersion, phase contrast microscopy at 
1,000 X), colonies may be streaked on plates 
that contain yeast extract (0.5 g/l) or they may 
be suspended in liquid medium and serially di
luted for introduction into 1.5% agar shake cul
tures containing yeast extract at 0.5-2.0 g/l. In
oculation of shake cultures should be done 
when the medium has cooled to about 45°e. 
Nearly full screw-capped tubes should be used. 
After inoculation, the tubes are shaken slowly 
and solidified. Chloroj/exus grows best as an an
aerobic photoheterotroph, and individual fila
ments will develop into orange to dull green 
colonies within the agar. The deeper colonies 
will appear greener due to the higher content of 
bchl c at lower levels of O2, The addition of a 
sterile NaHC03 solution (0.5 g/l from a stock 
solution of 45 g/l that had been bubbled for 20 
min with a stream of pure CO2) seems to en
hance development of colonies. 

If contaminating bacteria are still present in 
the inoculum, this method can also be used for 
separation and purification by dilution. Tubes 
or flasks of liquid medium (again with yeast 
extract at 0.5-2.0 g/l) may be used for culturing, 
and are particularly useful when searching for 
possible contaminants. Cotton-plugged Erlen
meyer flasks (e.g., 125 ml) containing 80-90 ml 
of medium work weIl when unshaken because 
both aerobic and facultatively an aerobic con
taminants will develop, if present. 

Gorlenko (1976) did not explain how he iso
lated mesophilic Chloroj/exus after initial en
richment. Presumably, a technique similar to 
the one for the thermophilie forms could be 
used. 

Cultivation 

The culture methods described pertain almost 
entirely to Chloroj/exus aurantiacus. A variety 
of media may be used. The most commonly 
used base is D medium, (see below) at least 
for photoheterotrophic or chemoheterotrophic 
growth. D medium has alternatively been called 
"Castenholz salts" or Castenholz medium 
(Claus and Schaab-Engels, 1977). It was origi
nally developed by R. P. Sheridan in Casten
holz's laboratory for the culture ofthermophilic 
cyano bacteria. 

MEDIA FOR PHOTOTROPHIC CULTIVATION OF 

CHLOR OFLEX US. The following media are cur
rently used in the laboratory at the University 
of Oregon, for phototrophic cultivation. They 
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are all variations of medium D which is pre
pared (in order of listing) as a 20-fold concen
trated (pH 3) stock that is stored unautoclaved 
at 4 oe. The micronutrient and FeCl3 solutions 
are included in the D stock. The medium is 
prepared by diluting the stock, adding other de
sired chemicals, and adjusting the pH with 1-
2 M NaOH. Agar (usually 15 g/l) is added after 
pH adjustment. Normal medium D is pR 8.2 
before autoclaving. After cooling and complete 
clearing, the pH is 7.5-7.6, when no buffer is 
used. For growth of Chloroj/exus, addition of a 
buffer is needed to maintain the pH from 8.0 
to 8.2. 

Medium D 
Double-distilled water 
NTA (nitrilotriacetic acid) 
Micronutrient solution 
FeCI3 solution (0.29 g/I) 
CaSO .. 2HzO 

1 liter 
0.1 g 
0.5 ml 
1.0 ml 
0.06 g 
0.10 g 
0.008 g 
0.10 g 
0.70 g 
0.11 g 

MgSO .. 7HzÜ 
NaCl 
KN03 

NaN03 

NazHPO. 

Medium DG is medium D to which 0.8 g glycylgly
eine per liter has been added as buffer. 

Medium DGN is medium D to which 0.8 g gllycyl
glycine and 0.2 g NH.CI have been added per liter. 

Medium ND (lacks combined N except as NTA) is 
medium D without KN03 and NaN03, but with 0.07 g 
NazHPO. and 0.036 g KHzPO. per liter. 

Micronutrient solution 
Double-distilled water 
H2SO. (concentrated) 
MnSO .. HzO 
ZnSO .. 7HzO 
H 3B03 

CuSO .. 5HzÜ 
NazMoO.·2HzO 
CoClz'6HzO 

1,000 ml 
0.5 ml 
2.28 g 
0.50 g 
0.50 g 
0.025 g 
0.025 g 
0.045 g 

For Chloroj/exus aurantiacus per liter of me
dium we use 0.8 g glycylglycine (pK' 8.3) (DG 
medium) or Tricine (N-tris [hydroxymethyl] 
methylglycine) (pK' 8.15) (DT medium) as 
buffer. For liquid axenic cultures in screw
capped tubes or flasks, we usually include 2.0 
g yeast extract and 0.2 g NH4Cl per liter. When 
flasks are continuously sparged with any gas 
mixture, the normal concentration of yeast ex
tract is replaced by 1.0 g yeast extract and 2.0 
g casein hydrolysate (e.g., vitamin-free Casa
mino Acids [Difco]) per liter. The base of D 
medium has also been modified to exclude ni
trate (Castenholz, 1988a) since Chloroj/exus re
quires reduced forms of nitrogen (Brock, 1978) 
and ND medium serves as an adequate substi
tute for D-based medium. In the German Col-
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lection of Microorganisms (Claus and Schaab
Engels, 1977) Chloroflexus is usually grown 
photoheterotrophically in D-based medium 
with 0.5 g glycylglycine, 0.5 g yeast extract, and 
0.4-0.5 g Na2S·9Hp per liter. The latter (for 
eliminating O2) is added from a separate sterile 
solution after autoeIaving and cooling. In all 
cases, the Chloroflexus medium is adjusted to 
pH 8.2 with NaOH prior to autoeIaving. For 
strictly photoheterotrophic growth, tubes or 
flasks should be filled to the top with preheated 
medium and inoculum before incubating. 

C. aurantiacus, however, is tolerant of02 and 
will produce bacteriochlorophylls even in cot
ton-stoppered flasks of normal liquid medium 
if they are not shaken. Presumably, both pho
totrophic and chemotrophic growth modes are 
combined under these circumstances. 

C. aurantiacus mayaiso be grown as a che
moheterotroph. The same basic medium with 
yeast extract and Casamino Acids may be used 
with vigorous shaking or with a sparging sys
tem, using sterile filtered line air. Aerobic 
growth has been sustained in DG medium plus 
0.2 g NH4Cl, 0.5 g yeast extract, 1.0 g Casamino 
Acids, and 2.0 g sodium acetate per liter (Sir
eväg and Castenholz, 1979). 

Madigan (in Brock, 1978) and Madigan et al. 
(1974) have grown Chloroflexus with apparently 
good rates and yie1ds using defined media. A 
number of sugars, organic acids, and amino 
acids will serve as carbon sourees, but it was 
found that folie acid and thiamine were re
quired, and the addition of inorganic carbon 
was needed to sustain normal rates and yie1ds 
(Madigan et al., 1974; Brock, 1978). Na2C03 or 
NaHC03 in water (e.g., 45 gjl) may be auto
eIaved and cooled, bubbled with pure CO2 for 
20-30 min to lower the pH, and then added to 
culture medium to make a final concentration 
of 0.5-2.0 gjl. 

Photoautotrophie culturing of Chloroflexus is 
a very slow process, although growth ofthis type 
apparently occurs in some hot springs (Casten
holz, 1973b; Giovannoni et al. , 1987). In the 
1aboratory, Na2S·9H20 (0.5 gjl or about 2 mM 
final concentration) and inorganic carbon as 
NaC03 or NaHC03 (2.0 gjl) have been used 
(Madigan and Brock, 1977a; Brock 1978). Pho
toautotrophic growth has also been achieved 
with hydrogen as electron donor (Holo and Sir
eväg, 1986). 

"Green Chloroflexus" (GCF) from sulfidic 
hot springs will grow in the same medium as C. 
aurantiacus providing that anaerobic proce
dures for preparing and maintaining medium 
are followed. However, the best medium used 
for photoheterotrophic growth in liquid was a 
modification of medium DGN that also con-
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tained 0.2-0.5 g yeast extract and 1.0 g D-glu
cose per liter (Giovannoni et al., 1987). Hungate 
tubes or other sealed anaerobic vessels may be 
used. 

Mesophilic Chloroflexus was cultured by Pi
vovarova and Gor1enko (1977) within soft agar 
medium (0.4%) with mineral sa1ts, following the 
procedure of Pfennig (1965) and Pfennig and 
Lippert (1966) and supplemented with 0.4 g 
Na2S04, 0.5 g tryptone, and 0.5 g yeast extract 
per liter. The pH was adjusted to 7.0. 

Maintenance of Stocks 

Thermophilic C. aurantiacus may be main
tained in several ways. Photoheterotrophic cul
tures are grown at an optimum temperature 
(52-60°C) in screw-capped tubes that are filled 
nearly to the top before eIosing. A tungsten light 
source (5-10Wjm2 at the tube surface) is used 
in a table-top incubator with insulated glass 
door, set at 55°C. Although 45°C is suboptimal 
for growth, cultures may be maintained at a 
temperature this low. Transfers ofthe 55°C cul
tures should be made at least every 2 weeks, 
preferably more frequently. As cultures age, to
tal lysis may occur. 

Cultures are frequently maintained at 45°C 
on medium solidified with 1.5% agar in in
verted, 20-mm-deep petri dishes. These cul
tures, although partially chemoheterotrophic, 
should be illuminated in the same way. Fluo
rescent lamps (coolwhite or warm white) will 
also work. 

The most dependable method of maintaining 
Chloroflexus is in two-membered culture with 
a cyanobacterium as the source of organic nu
trients. Such cultures can be maintained many 
weeks (liquid or agar) without transfer. Syne
chococcus lividus (strain OH-53-s), a unicellular 
cyanobacterium, grows weIl in DG liquid me
dium at 45-55°C. Neither the cyanobacterium 
nor Chloroflexus lyses in liquid D medium in 
cotton-plugged flasks, even when incubated for 
weeks beyond the regular transfer time of 2-3 
weeks. Normally, however, agar plates are used 
to prevent contamination. These are incubated 
at 45°C and under coolwhite fluorescent lamps 
(30 Wjm 2). The green-colored 1awn of Synecho
coccus is interspersed with nearly macroscopic 
swirls of Chloroflexus, which also form a border 
or halo around the lawn of Synechococcus (Fig. 
1). The growth pattern may be easily observed 
under a dissecting microscope. It is usually im
possible to transfer the Synechococcus without 
carrying the Chloroflexus. However, Chloro
j/exus may be easily isolated from the dual cul
ture. The normal yeast extract medium is 
inhibitory to Synechococcus, an obligate pho-
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toautotroph. If liquid medium containing yeast 
extract is inoculated with a dual culture and 
incubated at 60-62°C, the Synechococcus will 
be killed in 4-5 days, leaving an axenic culture 
of Chloroflexus. Another simple method is to 
cut out with watchmaker's forceps an agar block 
containing Chloroflexus that has spread from 
the edge of a dual culture. This block can then 
be inoculated in Chloroflexus medium (liquid 
or agar). 

Although O2 is evolved by the Synechococcus 
in dual cultures, Chloroflexus pigment synthesis 
is not entirely inhibited. The identity of the or
ganic compounds produced by Synechococcus 
in culture and used by Chloroflexus has not 
been determined. 

"Green Chloroflexus" (GCF) may be main
tained on agar or liquid in Hungate tubes or 
botdes or other vessels with rubber or soft tops 
so that they may be flushed or injected with 
anaerobic gas mixtures (e.g., 99% N2, 1 % CO2). 

Plate cultures in "Gaspaks" are less reliable be
cause offrequent failure ofthe seal. All cultures 
should be maintained at moderately thermo
philie temperatures (45-55°C) in dirn light (5-
10 Wjm 2). 

Pivovarova and Gorlenko (1977) have grown 
mesophilic Chloroflexus in soft-agar (0.4%) 
shake cultures in cotton-plugged tubes that were 
kept at 3,000 lux (about 30 Wjm2) and 28°C. 
We have used a similar shake-culture method 
for maintaining thermophilie Chloroflexus but 
we used screw-capped tubes and 1.0% agar. 

Preservation of CuItures 

Chloroflexus aurantiacus does not survive air 
drying or freezing at - 15 ° to - 20°C in its own 
medium. Freeze-drying of Chloroflexus is used 
by the German Collection of Microoorganisms 
(Claus and Schaab-Engels, 1977). In the culture 
collection of the University of Oregon, approx
imately 15 strains of thermophilie Chloroflexus 
have been conserved in plastie eryo-ampules at 
the temperature of liquid N2 (-196°C). In one 
test, all cultures were viable after 2 years of stor
age. About 0.3-0.5 ml of dense liquid eultures 
are pipetted direct1y into the ampules and fro
zen by direet submergence in liquid N2• Dual
culture material is scraped off the agar surface 
with a loop and densely inoculated into an am
pule containing sterile DG medium. 

Identification 

Chloroflexus aurantiacus 

Chloroflexus aurantiacus has been isolated 
from alkali ne hot springs in most regions of the 
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world (Pierson and Castenholz, 1974a). It is a 
narrow (0.5-1.2 ~m) (Fig. 3), orange to greenish 
filament of indefinite length, capable of a slow, 
gliding motility (0.01-0.04 ~mjs). It stains 
Gram-negative although the chemistry of its 
wall is not that of a typical Gram-negative or
ganism (see "Cellular Lipids and Cell Enve
lope"). Under anaerobic conditions it maintains 
a complement ofbchl a with larger amounts of 
bchl Cs (Gloe and Risch, 1978). C. aurantiacus 
var. mesophilus, which is very similar in all 
characteristics except optimum temperature, 
was isolated from the hypolimnion of a fresh
water lake but is no longer in culture (Pivova
rova and Gorlenko, 1977). 

The bchl c of C. aurantiacus is contained in 
chlorosomes that line the cytoplasmic mem
brane. The bulk of the light-harvesting bchl a 
(B800 and B865 complexes) is located in the 
cytoplasmic membrane along with the reaction 
center (Schmidt, 1980; Bruce et al. , 1982). A 
small fraction ofthe bchl a absorbing at 792 nm 
is associated with the baseplate of the chloro
so me at the site of attachment to the cell mem
brane (Schmidt, 1980; Sprague et al. , 1981 a). 
Invaginations ofthe cytoplasmic membrane oc
cur as mesosomes of rather typical appearance 
(Pierson and Castenholz, 1974a), but a more 
elaborate type of membrane of unknown func
tion is sometimes produced (Pivovarova and 
Gorlenko, 1977). ß-Carotene, ,),-carotene, and 
hydroxy-')'-carotene-glucoside comprise 80-
95% of the carotenoids for anaerobically grown 
cells (Halfen et al., 1972; Schmidt et al., 1980). 
Photosynthesis is anoxygenic, and organic com
pounds provide the best earbon souree for rapid 
growth. Most strains (but not all) also grow aer
obically. Under aerobic conditions, the synthe
sis of bacteriochlorophylls ceases, but echine
none and myxobactone increase and constitute 
about 75% ofthe carotenoids (K. Schmidt, per
sonal communication). 

Chloroflexus may be tentatively identified in 
collected material as fine trichomes (0.5-1.2 ~m 
wide) of indefinite length and essentially col
orless as individuals, but generally orange in a 
mass under a compound microscope. With 
phase contrast microscopy, thin sheaths may or 
may not be apparent in Chloroflexus. So me 
members of the flexibacteria (e.g., Herpetosi
phon, Flexibacter, Flexithrix) are similar in ap
pearance, exhibit gliding motility, and contain 
somewhat similar carotenoid pigments (see 
Chapter 199 and Kleinig and Reichenbach, 
1977). Neither Chloroflexus nor flexibacteria 
exhibit the characteristic visible red fluores
cence of plant-type chlorophyll. Therefore, fil
amentous cyanobacteria of similar dimensions 
and behavior may be distinguished under a flu-
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orescence microscope. Both Chloroflexus and 
cyanobacteria exhibit infrared fluorescence 
(Pierson and Howard, 1972). 

Large quantities of Chloroflexus, collected 
nearly pure or mixed with cyanobacteria, may 
be broken by sonication in buffered medium or 
hot-spring water, cleared by filtration or cen
trifugation, and tentatively identified by the in 
vivo absorption maxima at about 740 nm (bchl 
c), 802 nm, and 865 nm (bchl a) (Castenholz, 
1973b; Pierson and Castenholz, 1974a). Rela
tively monospecific mats of Chloroflexus may 
be identified as the orange to flesh-colored ge
latinous layers in hot springs under a layer of 
cyanobacteria or occasionally as independent 
mats in sulfide springs (see Castenholz, 1973b). 
However, a large number of cyanobacteria in 
hot springs form extensive mats, yellow to bril
liant orange in color, particularly at tempera
tures below 45-50°C. These may easily be mis
taken for Chloroflexus, which may be present 
as only a minor component. 

The marine forms of Chloroflexus can be in
itially identified as dark green or olive green 
filaments often forming a recognizable layer in 
mats or sediments. Some of the filaments we 
have observed have been larger than the ther
mophilic strains, commonly being 1.5 to 2.0 ~m 
in diameter. We routinely identify putative 
Chloroflexus-like filaments on the basis oftheir 
olive green color en masse, lack of red fluores
cence, and presence of infrared fluorescence. 
Identification can be substantiated with in vivo 
absorption spectroscopy. The in vivo absorp
tion maximum for bchl c in most marine strains 
is from 747-755 nm rather than at 740 nm as 
in the thermophilic strains. Identification can 
be confirmed with transmission electron mi
croscopy revealing the presence of filaments 
with chlorosomes lining the cell membrane. 

Chloronema and "Oscillochloris" 

Gorlenko and Pivovarova (1977) suggested that 
as many as 28 species offilamentous organisms, 
formerly described as species of Oscillatoria or 
related genera of cyanobacteria, are likely to be 
anoxygenic phototrophs of the "Oscillochloris" 
or Chloronema type. Several filamentous types 
have been described from collections in the past 
as pale, nearly colorless, or yellow-green, rather 
than blue-green to reddish in color. "Oscillo
chloris chrysea," for example, was equated to 
Oscillatoria coerulescens described by Gickl
horn (1921). 

Sam pies of"Oscillochloris" and Chloronema 
could be tentatively identified on the basis of 
habitat, color, and microscopy, but electron mi
croscopy and biochemical analysis would be 
necessary for more complete identification. 
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"Oscillochloris" is a larger, rapidly gliding 
Oscillatoria-like trichome (about 5~m wide), 
which was proposed as a separate genus from 
Chloroflexus on the basis of larger size and lack 
of sheath. It contains gas vesicles and has an 
elaborate system of centripetally invaginated 
partial septa that are lined with chlorosomes 
(Gorlenko and Pivovarova, 1977). It is yellow
green in color and apparently contains bchl c 
(rather than bchl d). Its physiology is thought 
to be like that of Chloroflexus. Two species have 
been described, "0. chrysea" and "0. tri
choides" (Gorlenko, 1989a). "0. chrysea" and 
"0. trichoides" are distinguished from each 
other on the basis of filament diameter, cells of 
"0. chrysea" being wider (4.5-5.5 ~m) than 
those of "0. trichoides" (1.0-1.4 ~m). The tri
chomes of both may contain gas vesicles and 
are yellow-green in color. Transmission electron 
microscopy confirms identification ofthis genus 
by revealing the characteristic location of chlo
rosomes along complete and incomplete septa 
and their absence from the cell membrane par
allel to the longitudinal axis of the filament 
(Gorlenko, 1988). 

Chloronema (about 2 ~m wide) is similar 
structurally and possibly physiologically to 
Chloroflexus (Gorlenko, 1989b), but data from 
cultures are lacking. Its proposed separate ge
neric status is based on the pos session of gas 
vesicles and sheath. The material examined ap
parently contained bchl d rather than bchl c 
(Dubinina and Gorlenko, 1975). The two spe
cies described (Chloronema giganteum and C. 
spiroideum) were yellow-green in color. Sam
pIes from an aerobic zones of lakes with plank
tonic populations that are predominantly com
posed of gas vesicle-containing filaments with 
large amounts of extractable bchl c, d, or e could 
be Chioronema (Dubinina and Gorlenko, 
1975). Chloronema is identified by habitat, 
presence of gas vesicles, and presence of bchl d 
instead of c (Gorlenko, 1989b). Strains studied 
so far were found at lower temperatures (3-
15°C) than other species ofthe Chloroflexaceae. 
All of these characteristics are of dubious value 
in distinguishing Chloronema as a separate ge
nus from Chloroj/exus, and studies on pure cul
tures will be necessary, along with nucleic acid 
sequence data, to ultimately determine the 
proper phylogenetic distance of these two gen
era. 

Heliothrix oregonensis 

Heliothrix oregonensis is a filamentous gliding 
anoxygenic phototroph containing bchl a as the 
only chlorophyll. The cells are about 1.5 ~m 
wide and I 0 ~m long (Fig. 3) and the gliding 
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Fig. 3. Phase contrast photomicrographs of wet mounts of 
Chlorof/exus aurantiacus (a) and Heliothrix oregonensis (b). 
The narrower filaments are C. aurantiacus (strain J-IO-fl). 
The wider H. oregonensis filaments have granules (probably 
PHB) and septa (indicated by the arrow). Septa are also 
present in C. aurantiacus but are not readily visible with 
light microscopy. (Bar = 10 Ilm.) 

motility is more rapid (0.1-0.4 J.Lm/s) than in 
Chloroflexus. It contains less bchl a, and ap
parently lacks chlorosomes and behl c, d, or e 
entirely (Pierson, et al., 1984). Nevertheless, on 
the basis of morphology, behavior, and types of 
earotenoid pigments, it appears more closely re
lated to Chloroflexus than to other phototrophs. 
The 5S rRNA analysis eonfirms this associa
tion. First described as "F-l" (Pierson and Cas
tenholz, 1971; Pierson, 1973), Heliothrix ore
gonensis is identified on the basis of the 
presence of behl a as its only chlorophyll and 
the absence of chlorosomes and intracyto
plasmic membranes. 

With the reeent discovery of other filamen
tous bacteria of the same diameter containing 
bchl a as the only chlorophyll and elaborate in
tracytoplasmic membranes, identification has 
become more diffieult. The identification of 
these different organisms relies on transmission 
eleetron microseopy (TEM) to reveal the pres
ence or absence ofintracytoplasmie membranes 
and in vivo absorption spectra to identify the 
position of the behl a-protein absorption max
ima-factors that could be influeneed by eon-
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ditions of the habitat. Growth in pure or eo
eulture will be essential to determine ifthe other 
bchl a-containing filaments are really variants 
of Heliothrix or not. 

Physiological Properties 

Chloroflexus aurantiacus is the only speeies that 
has been studied physiologically in pure culture. 
Thus our diseussion of physiological properties 
will be confined to this species. 

Chloroflexus aurantiacus grows in nature pri
marily as a photoheterotroph. Its best growth 
rates and yields occur when grown anaerobically 
in the light on complex organic media. Many 
strains (but not all) grow weIl chemohetero
trophically in the presenee of oxygen. Some 
strains (but not all) are capable of photo auto
trophic growth. Even those strains capable of 
photoautotrophie metabolism (such as the GCF 
strains) grow best as photoheterotrophs. Typi
cally, Chloroflexus aurantiacus grows in hot 
spring mats that are quite oxic during daylight 
and beeome anoxie at low-light levels and in 
darkness. A tolerance for and an ability to use 
oxygen is definitely advantageous under these 
eonditions. Strains of Chloroflexus growing in 
sulfidie hot springs in the absence of cyanobac
teria may never be naturally exposed to oxygen. 
GCF strains isolated from such conditions 
could tolerate exposures to oxygen but could 
not grow aerobically in the dark (Giovannoni, 
et al., 1987). Light was required for growth. 

Autotrophy 

Sulfide-dependent photoautotrophy is diffieult 
to demonstrate in the laboratory, yet some 
strains are most likely using this mode of me
tabolism in nature as their sole source of energy 
and earbon (Giovannoni, et al., 1987; J0rgensen 
and Nelson, 1988). Since there is essentially no 
eompetition for light, sulfide, or spaee in these 
habitats, the slow growth afforded by photo au
totrophy is probably suffieient for dominance of 
Chloroflexus. 

Despite the evidenee for autotrophy in the 
field, growth of cultures autotrophically in the 
laboratory still poses difficulties. One thermo
philie strain (OK-70-fl) was sueeessfully grown 
autotrophically using sulfide while none of the 
other strains that were tested showed growth 
(Madigan, et al., 1974). Autotrophie growth was 
not as good as photoheterotrophie growth. Ma
digan and Brock (1977a) showed sulfide-depen
dent CO2 fixation in autotrophically grown cul
tures of strain OK-70-fl. Heterotrophie cultures 
were also able to fix CO2• Early attempts to de-
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termine the pathway of CO2 fixation produced 
confusing results (Madigan and Brock, 1977a; 
Sireväg and Castenholz, 1979). More recently, 
it has become evident that the confusion was 
due to the fact that C. aurantiacus has a pre
viously undescribed pathway for CO2 fixation 
using neither the reductive tricarboxylic acid 
cycle nor the Calvin cycle (Holo and Sireväg, 
1986). Advances in the study ofthe autotrophic 
pathway for CO2 assimilation were made after 
developing a method for growing strain OK-
70-tl autotrophically with hydrogen (Holo and 
Si!"eväg, 1986). Although photoheterotrophi
cally grown C. aurantiacus has doubling times 
as short as 3-4 ~, the lowest doubling time ob
tained photoautotrophically was 26 h. Using 
cells grown in this way, Holo and Grace (1987, 
1988) found that acetyl-CoA was an important 
intermediate in autotrophic metabolism. Ace
tyl-CoA was carboxylated to pyruvate, which 
could then be reduced and phosphorylated to 
triose phosphates. Further evidence suggests 
that 3-hydroxypropionate is an important in
termediate in CO2 fixation and may be involved 
in a cyclic pathway to regenerate acetyl-CoA 
(Holo, 1989). More work is needed to com
pletely understand this unique pathway for au
totrophy and to discover the basis for the gen
erally poor autotrophic growth obtained in the 
laboratory. 

Heterotrophy 

Numerous substrates can support photoheter
otrophic growth. In addition to complex sub
strates such as yeast extract and Casamino 
Acids, other organic substrates that supported 
good growth of strain J-10-tl included glycerol, 
acetate, glucose, pyruvate, glutamate, and lac
tate (Pierson and Castenholz, 1974a). Aspartate 
supported good growth of OK-70-tl (Madigan 
et al. , 1974). Other substrates that supported 
photoheterotrophy, but with significantly 10wer 
yields in most strains tested, included glycyl
glycine, succinate, malate, butyrate, citrate, ri
bose, galactose, ethanol, and mannitol (Madi
gan et al. , 1974). Growth cou1d be obtained 
aerobically in the dark in some strains on each 
of the substrates that supported photohetero
trophy except for glycylglycine (Madigan et al., 
1974). Similar results were obtained for three 
other strains of C. aurantiacus (Krasil'nikova et 
al. , 1986). The use of organic substrates was 
basically the same in the light under anoxic con
ditions and in the dark under oxic conditions, 
with acetate, propionate, pyruvate, butyrate, 
and malate supporting the best growth. Of the 
sugars tested, glucose, maltose, sucrose, and gal
actose supported the best growth. Although 
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glycerol supported growth, none ofthe other 14 
alcohols tested, including ethanol and manni
tol, was used by any of these strains of C. au
rantiacus in either the light or the dark (Kras
il'nikova et al. , 1986). These authors also 
observed that substantial amounts of poly-ß
hydroxybutyrate (PHB) and polysaccharides 
accumulated in cells growing both phototroph
ically and chemotrophically. More PHB accu
mulated in cells grown phototrophically and in 
cells grown with acetate. 

The tricarboxylic acid (TCA) cycle appears to 
operate under aerobic conditions to supply re
ductant for respiration and under anaerobic 
conditions to support the reductive assimilation 
of organic compounds for photoheterotrophy 
(Sireväg and Castenholz, 1979). Activities ofthe 
enzymes required for the functioning of a co m
plete TCA cycle were found but the activity of 
a-keto-glutarate dehydrogenase was low (Kras
il'nikova et al., 1986). The activity of citrate syn
thase increased in cultures grown on acetate. 
More detailed analyses of the size and activity 
of the citrate synthase done in crude extracts 
and with partially purified preparations has re
vealed that the enzyme from C. aurantiacus be
longs to the sm all size class of the enzyme and 
was not inhibited by NADH or a-keto-glutarate 
but was inhibited by ATP (Kelly, 1988). The 
size of the enzyme puts it in the class of those 
found in Gram-positive bacteria rather than 
with those found in Gram-negative bacteria. All 
strains of C. aurantiacus also had the two key 
enzymes of the glyoxylate pathway, isocitrate 
lyase and malate synthetase, which increased in 
activity in cells grown on acetate (Laken and 
Sireväg, 1982; Krasil'nikova et al., 1986). 

C. aurantiacus metabolizes carbohydrates via 
the Embden-Meyerhof pathway (Krasil'nikova 
et al. , 1986; Krasil'nikova and Kondrat'eva, 
1987). When grown on glucose, higher activities 
of phosphofructokinase and fructose-diphos
phate aldolase were detected than when grown 
on acetate. Enzymes of the pentose monophos
phate pathway (glucose-6-phosphate dehydro
genase and 6-phosphogluconate dehydrogenase) 
were also detected (Krasil'nikova et al., 1986). 
Slow growth can be obtained anaerobically in 
the dark by fermentation of carbohydrates or 
pyruvate (Krasil'nikova and Kondrat'eva, 1987). 
Fermentation products of different strains grow
ing on glucose include acetate, pyruvate, lactate, 
malate, ethanol, and occasionally formate 
(Krasil'nikova and Kondrat'eva, 1987). The ac
tivities of all enzymes tested were maximal be
tween 45 and 70°C (Krasil'nikova et al., 1986). 

Nitrogen Metabolism 

The nitrogen metabo1ism of C. aurantiacus has 
been studied by Heda and Madigan (1986). Ni-
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trate did not support growth of the strains 
tested. Several amino acids (alanine, aspartate, 
glutamate, glutamine, glycine, and serine) sup
ported good growth of all strains. Cysteine sup
ported good growth of most strains. Tyrosine 
and valine supported growth of all strains but 
with lower growth yields. A few other amino 
acids supported limited growth of some strains. 
Proline, adenine, and urea did not serve as ni
trogen sources for any of the strains tested. All 
strains grew weIl using NH/ as sole nitrogen 
source (Heda and Madigan, 1986). 

Nitrogen fixation (diazotrophy) was not de
tected in any of the strains of C. aurantiacus. 
In addition to not growing with N2 as sole ni
trogen source, none of the strains tested showed 
nitrogenase activity using the acetylene reduc
tion technique (Heda and Madigan, 1986). 

The pathways of nitrogen metabolism in C. 
aurantiacus are partially understood. Ammonia 
assimilation apparently proceeds differently in 
C. aurantiacus than in other phototrophic bac
teria. The only enzyme present for ammonia 
assimilation is a glutamine synthetase, which is 
not repressed when cells are grown in high-am
monia culture media (Kaulen and Klemme, 
1983). No evidence was found for covalent 
modification of this enzyme by adenylylation/ 
deadenylylation. The possibility that covalent 
modification could occur, however, has nut been 
completely eliminated (Klemme, 1989). The 
absence of glutamate synthase (GOGAT) activ
ity may be due to problems of preparation 
(Klemme, 1989), and details of this aspect of 
nitrogen metabolism remain to be clarified. 

C. aurantiacus grows naturally in microbial 
mats, usually in close association with cyano
bacteria, and readily uses a wide variety of 
amino acids both as carbon and nitrogen 
sources, although it can also grow in minimal 
medium. Glutamate, alanine, and isoleucine 
are the main constituents of the intracellular 
amino acid pool in cells grown photosyntheti
cally in minimal medium (Klemme et al. , 
1988). Therefore, the metabolic pathways for 
both the synthesis of and degradation of amino 
acids are of interest. Two different enzymes 
with L-threonine (L-serine) dehydratase activity 
were found in C. aurantiacus (Laakmann
Ditges and Klemme, 1986). One was sensitive 
to inhibition by isoleucine and could be bio
synthetic for isoleucine since the other key en
zymes for its biosynthesis (asparto-kinase, ho
moserine dehydrogenase, and acetohydroxy 
acid synthase) were also present in cells grown 
on minimal medium (Laakmann-Ditges and 
Klemme, 1988). However, the intracellular pool 
sizes for isoleucine, threonine, and valine in C. 
aurantiacus suggest that the enzyme would be 
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inactive in vivo (Laakmann-Ditges and 
Klemme, 1988). These authors also found that 
the other L-threonine (L-serine) dehydratase is 
insensitive to inhibition by isoleucine and is 
regulated at the gene level by glucose-media ted 
catabolite repression. The level of this enzyme 
was greatly increased when cells were grown in 
the presence of L-threonine, L-serine, or L-iso
leucine and L-valine and L-leucine (Laakmann
Ditges and Klemme, 1988). This enzyme may 
therefore be classified as biodegradative and 
may be important in the growth of C. auran
tiacus on amino acids. 

Sulfur Metabolism 

C. aurantiacus strains can use sulfate as a 
source of sulfur for biosynthesis, and during 
photoheterotrophic growth thiosulfate can also 
serve as a source of sulfur (Kondrat'eva and 
Krasil'nikova, 1988). Although activities were 
detected for thiosulfate reductase, rhodanese, 
thiosulfate oxidase, and sulfite oxidase, the use 
of thiosulfate by cultures appeared to be very 
li mi ted. Although thiosulfate may serve as an 
electron acceptor with the accompanying pro
duction of hydrogen sulfide, it does not appear 
to function as an electron donor for photosyn
thesis (Kondrat'eva and Krasil'nikova, 1988). A 
variety of compounds (cysteine, glutathione, 
methionine, sulfide, sulfate) can function as 
sources of sulfur during photoheterotrophic 
growth (Krasil'nikova, 1987). The best growth, 
however, was obtained with sulfate, and high 
levels of activity were found for ATP sulfury
lase, which exhibited optimal activity at 60-
70°C (Krasil'nikova, 1987). Madigan and Brock 
(1975) and Giovannoni et al. (1987) showed that 
sulfide was oxidized to elemental sulfur that ac
cumulated outside the cells during both pho
toheterotrophic and photoautotrophic growth. 

C. aurantiacus has a membrane-bound Ni2+

stimulated hydrogenase that is repressed by sul
fide (Drutschmann and Klemme, 1985), and 
autotrophic growth at the expense of hydrogen 
has been obtained (Holo and Sireväg, 1986). 

Cellular Lipids and Cell Envelope 

The biochemical composition of the cell enve
lope and the composition of cellular lipids in 
C. aurantiacus exhibit so me unique properties. 
The total cellular lipids include the bchl and 
carotenoid pigments, the polar lipids, and a co 1-
lection ofunique wax esters (Beyer et al., 1983). 
The polar lipids include phosphatidylglycerol, 
phosphatidylinositol, monogalactosyl diglycer
ide, diglycosyl diglyceride, and sulfoquinovo
syldiglyceride (Kenyon and Gray, 1974; Knud
sen et al., 1982), although the presence of the 
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latter lipid is subject to question (Imhoff, 1988). 
The fatty acids are predominantly straight
chain saturated and monounsaturated with C16, 

C17, and ClS- 20 chain lengths predominating with 
no detectable hydroxylated or cyclopropane
substituted chains (Knudsen et al., 1982). The 
major lipid fraction was composed of wax esters 
(C2S-C3S) containing fatty acids (CI2-CI9) and 
alcohols (C I6-CI9) (Knudsen et al., 1982), which 
could be isolated in a particulate fraction called 
wax oleosomes (Beyer et al., 1983). The pres
ence ofthe wax esters (rare in bacteria) and the 
predominance of phosphatidylinositol make 
the lipid composition of Chlorojlexus unique 
among phototrophs. Although the presence of 
highly saturated and somewhat longer-chain 
fatty acids is consistent with the thermophilic 
nature of the organism, it is not clear what the 
function or role of the wax esters is in these 
bacteria. It will be most interesting to determine 
the lipid composition ofthe mesophilic marine, 
freshwater, and hypersaline strains. 

The cell envelope of Chlorojlexus apparently 
lacks the lipopolysaccharide (LPS) character
istic of Gram-negative bacteria. No hydroxy
lated fatty acids and no saccharides typical of 
outer-membrane LPS were detected in Chlo
rojlexus (Knudsen et al., 1982). The absence of 
LPS and lipoprotein in the envelope of C. au
rantiacus and the binding of complex polysac
charides to N-acetyl-muramic acid-6-phosphate 
in the peptidoglycan via phosphodiester bridges 
is very unlike the structural organization found 
in typical Gram-negative bacterial envelopes 
and more strongly resembles that found in 
Gram-positive bacterial walls (Jürgens et al. , 
1987). The abundant complex polysaccharide 
bound to the rigid peptidoglycan layer contains 
sugar O-methyl ethers of hexoses and rham
nose, mannose, glucose, galactose, xylose, and 
arabinose (Jürgens et al. , 1987). Although the 
peptidoglycan of Chlorojlexus contains N-ace
tyl-glucosamine, N-acetyl-muramic acid (about 
15% of which is phosphorylated), L-alanine, D
alanine, and D-glutamic acid, the presence OfL
ornithine instead of diaminopimelic acid in the 
peptidoglycan of Chlorof/exus also distin
guishes it from the other Gram-negative pho
totrophs and substantiates the similarity in wall 
composition with that of Gram-positive bac
teria (Jürgens et al. , 1987). The unusual bio
chemical composition ofthe envelope of C. au
rantiacus is particularly interesting since the 
cells stain Gram-negative, and ultrastructurally 
the envelope appears to be multilayered. A well
defined outer membrane structure typical of 
Gram-negative cell envelopes, however, is lack
ing (Piers on and Castenholz, 1974a; Staehelin 
et al. , 1978). It is of interest to note that cells 
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of"Oscillochloris chrysea" stain Gram-positive 
and have a very thick peptidoglycan layer with 
no outer membrane (Gorlenko, 1988, 1989a). 

Pigment Synthesis and the Development of 
the Photosynthetic Apparatus 

Bacteriochlorophyll synthesis (both bchl a and 
c) in C. aurantiacus is via the glutamate-Cs-
pathway as in the cyanobacteria and the green 
and purple sulfur bacteria, rather than via the 
ALA synthase pathway as in so me species of 
nonsulfur purple bacteria (Kern and Klemme, 
1989; Avissar et al., 1989). Little is known, how
ever, about the regulation of pigment synthesis 
at the molecular level in Chlorojlexus. 

The phototrophic activity of natural popu
lations is dependent on the prevailing light con
ditions in situ, and populations adapted to low
light intensities may show considerable photo
inhibition when exposed to higher light intens
ities (Madigan and Brock, 1977b). In culture, 
bacteriochlorophyll (bchl) synthesis decreases 
in the presence ofhigh-light intensity or oxygen 
(Pierson and Castenholz, 197 4b), and the effects 
of light and oxygen on the structural develop
ment as well as on the pigment composition of 
the photosynthetic apparatus have been well 
documented (Sprague, 1981a, 1981b; Schmidt 
et al., 1980; Feick et al., 1982). The change in 
ratio of bchl c to a in cells grown at different 
light intensities and adapted to reductions in 
oxygen levels suggested independent regulation 
of the two pigments (Piers on and Castenholz, 
1974b; Sprague et al., 1981 b). The increase in 
bchl content seen in cells adapting to decreased 
light intensities or oxygen tensions was accom
panied by an increase in the number of chlo
rosomes per cello The increased ratio of bchl c 
to bchl a was accompanied by a general thick
ening ofthe chlorosomes (Sprague et al. , 1981a). 

The chlorosomes contain the bchl c, a small 
fraction of bchl a (absorbing at 790nm), and 
most of the carotenoid pigments of the cells 
(Schmidt, 1980; Sprague et al., 1981a). Some of 
the )'- and ß-carotene were in the cytoplasmic 
membrane, but most were in the chlorosome, 
while the hydroxy-)'-carotene-glucoside was the 
predominant carotenoid in the membrane and 
was only a small fraction of the total carotenoid 
in the chlorosomes (Schmidt, 1980). This glu
coside of hydroxy-)'-carotene increased relative 
to the other carotenoids in cells grown at high er 
light intensities (Schmidt et al., 1980) and may 
have a role in protecting the membrane-bound 
photochemical systems from the damaging ef
fects of high-light intensities. 

The effect of light intensity on pigment syn
thesis may be via an indirect effect on growth 
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rate. By growing C. aurantiacus in a chemostat 
and controlling the growth rate by regulating the 
dilution factor while keeping the light intensity 
constant, Oelze and Fuller (1987) were able to 
show that the specific contents of bchl a and c 
increased at lower growth rates. Since light in
tensity has a direct effect on growth rate, it is 
difficult to distinguish the relationships among 
these parameters without growth in a chemo
stat. Cell protein levels, as well as specific bchl 
a content, increased linearly with decreasing 
growth rate, while the specific bchl c content 
increased exponentially with decreasing growth 
rate. 

The nature of the regulation remains unde
termined. The relationship ofthe structural fea
tures of the photosynthetic apparatus to the 
quantities ofpigments present, however, has be
come clearer. By quantifying the number of 
chlorosomes, their dimensions, and the amount 
of baseplate-covered membrane, Golecki and 
Oelze (1987) were able to show that the number 
of chlorosomes and the percentage of mem
brane surface area covered by baseplates cor
related directly with the cellular content ofbchl 
a. Under conditions in which the specific bchl 
a conte nt of cells increased linearly, the bchl c 
content increased exponentially. The large in
crease in bchl c was accomodated by increasing 
the volume of the chlorosomes, the density of 
the bchl c molecules within the chlorosomes, 
and the number of chlorosomes (Golecki and 
Oelze, 1987). 

Light Harvesting and 
Primary Photochemistry 

Abrief discussion of the light-harvesting and 
photochemical activities of C. aurantiacus is in
cluded here because of their relevance to un
derstanding the distant phylogenetic relation
ship of this organism to all other phototrophs. 
The photosynthetic apparatus of Chloroflexus 
has very interesting similarities to components 
within several diverse groups of phototrophs. 

The photochemical reaction center of C. au
rantiacus is very similar to the reaction centers 
of the purple nonsulfur bacteria. There are also 
some significant differences. The Chloroflexus 
reaction center is the smallest one known, being 
composed of only 2 polypeptide subunits in
stead of the 3 or 4 found in other bacteria (Pier
son et al., 1983; Shiozawa et al., 1987). The pig
ment composition also differs from that of 
purple bacterial reaction centers. Chloroflexus 
has a photoreactive special pair or dimer ofbchl 
a molecules as in the purple bacteria, but it has 
only one additional bchl a molecule and 3 bac
teriopheophytin a molecules, rather than 2 ad-
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ditional bchl a and 2 bacteriopheophytin mol
ecules found in the purple bacteria (Pierson and 
Thornber, 1983; Blankenship et al., 1984). Fur
thermore, the Chloroflexus reaction center lacks 
carotenoid pigments (Pierson and Thornber, 
1983) and menaquinone is the electron acceptor 
for photochemistry rather than ubiquinone 
(Vasmel and Amesz, 1983). Functionally, the 
reaction center of Chloroflexus is very similar 
to that of the purple bacteria, and the inter
mediate electron acceptor is bpha in both (Blan
kenship et al. , 1983, 1984; Kirmaier et al. , 
1983). The arrangement of the chromophores 
appears to be similar to that in purple bacteria, 
based on spectroscopic measurements (Vasmel 
et al., 1986). The two subunits of the Chloro
flexus reaction center are probably structurally 
similar to those of the purple bacteria since the 
L subunits exhibit 40% sequence homology and 
the M subunits 42% (Ovchinnikov et al., 1988a, 
1988b; Shiozawa et al., 1989). Within the pig
ment-binding regions of the two subunits, the 
homology is higher (59-75%) (Shiozawa et al., 
1989). Thus, although C. aurantiacus is only 
distantly related to the purple bacteria, the re
action centers have strong structural and func
tional similarities. The lack ofthe H subunit in 
the Chloroflexus reaction center, slight differ
ences in pigment composition, and intrinsic 
thermal stability have little to do with the ap
parently highly conserved structural and func
tional characteristics of the sites directly in
volved in the primary photochemical aet. 

The molecular organization of the light-har
vesting system is partieularly interesting in 
Chloroflexus since it has a complex antenna in
volving accessory bchl c housed in chlorosomes 
adjacent to the ceH membrane. The chloro
somes also appear to contain a small compo
nent of bchl a (Schmidt, 1980; Sprague et al., 
1981a; Feiek et al. , 1982) that appears to be 
involved in transferring excitation energy to ad
ditional antenna components in the cell 
membrance (Van Dorssen and Amesz, 1988). 
The low effieieney of transfer mediated by this 
component (Brune et al., 1987) and the recently 
developed preparative proeedures that produce 
chlorosomes lacking this component (Grie
benow and Holzwarth, 1989) reveal that the na
ture of the baseplate behl a eomplex remains 
uneertain. Although the size, eomposition, and 
ultrastrueture of the chlorosomes of Chloro
flexus differ somewhat from those of the green 
sulfur bacteria, both eontain small-molecular
weight behl c binding proteins. The behl c bind
ing polypeptides among different speeies of 
green sulfur baeteria have a high degree of ho
mology and an overall homology of about 30% 
with the eomparable polypeptide from Chlo-
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roflexus (Wechsler et al., 1985b; Wagner-Huber 
et al., 1988). The green sulfur bacteria, however, 
do not have an intramembrane or cytoplasmic 
membrane antenna system similar to that 
found in Chloroflexus and the purple bacteria. 
The bchl a antenna in the ceH membrane of 
Chloroflexus is very similar to that in the in
tracytoplasmic membranes of purple bacteria. 
In addition to harvesting light energy directly, 
however, it also funnels excitation energy from 
the chlorosomes to the reaction center (Brune 
et al. , 1987; Wittmershaus et al. , 1988; Van 
Dorssen and Amesz, 1988). The absorption 
properties of this antenna, with maxima near 
805 and 865 nm, are similar to those of many 
purple bacteria, and the smaH-molecular-weight 
polypeptides that bind the bchl a molecules 
show some homology to the comparable poly
peptides in purple bacteria (27-40%) (Wechsler 
et al., 1985a, 1987). 

Electron Transport Systems 

The electron transport chains of both photo
trophically and chemotrophically grown cells of 
C. aurantiacus have been characterized (Pier
son, 1985; Wynn et al., 1987; Knaff et al., 1988; 
Zannoni, 1986; Zannoni and Venturoli, 1988). 
Chemotrophically grown ceHs contain at least 
three c-type cytochromes and at least three b
type cytochromes (Wynn et al., 1987; Zannoni, 
1986). These cells lack the high-potential cy
tochrome C-554 that functions as the electron do
nor to the reaction center in phototrophically 
grown cells (Wynn et al., 1987). The identity of 
the terminal oxidase for aerobic respiration re
mains clouded in controversy. Data from two 
laboratories support the presence of cyto
chrome aa3 (Pierson, 1985; Zannoni, 1986), 
while others have been unable to detect this cy
tochrome and suggest that a CO-binding, pro
toheme-containing cytochrome functions in 
this capacity (Wynn et al. , 1987; Knaff et al. , 
1988). It seems likely that the terminal oxidase 
may vary depending on the levels of oxygen in 
the medium during growth of the cells. While 
there is some evidence for the presence of a 
putative cytochrome bCl in the membranes of 
chemotrophically grown cells (Zannoni, 1986), 
complete confirrnation of the presence of cy
tochrome Cl and a Rieske center is lacking 
(Wynn et al. , 1987). It appears that the respi
ratory chains present in cells grown under either 
oxygen-saturated conditions or with lower levels 
of oxygen are branched chains (Zannoni, 1986; 
Zannoni and Fuller, 1988), and identification of 
all terminaloxidases as well as the complete 
sequence of carriers in each chain remains to 
be elucidated. 
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Phototrophically grown ceHs also contain 
multiple band c type cytochromes, including 
the electron donor to the reaction center, cy
tochrome C554 (Wynn et al., 1987; Zannoni and 
Ingledew, 1985). The ceHs lack a soluble cyto
chrome c2, which is clearly not essential for 
either photosynthesis or respiration in Chloro
flexus and in some purple nonsulfur bacteria 
(Zannoni, 1987). There is strong evidence for 
the presence of a putative cytochrome bCl com
plex in the membranes of phototrophicaHy 
grown cells (Zannoni and Ingledew, 1985), as 
well as for the presence of cytochrome c-CO 
binding activity (Pierson, 1985; Wynn et al. , 
1987; Zannoni and Ingledew, 1985). 

Menaquinone is the only quinone present in 
both chemotrophic and phototrophic cells of 
Chloroflexus (HaIe et al., 1983). The shift from 
aerobic respiration to photosynthesis requires 
synthesis of both of the bchls and the cyto
chrome C554 required for photochemistry. Low
ered oxygen tension appears to be the only sig
nal needed to induce these syntheses, with light 
having no role in the process (Foster et al. , 
1986). 

Thermophily 

The thermophilic aspects of the physiology of 
C. aurantiacus have been studied in several sys
tems. Soluble enzyme activities determined as 
a function of temperature were found to be 
maximal between 45 and 70°C, consistent with 
the optimum growth temperature in this range 
(Laakmann-Ditges and Klemme, 1988; Kras
il'nikova, 1987; Krasil'nikova et al., 1986). AI
though sym-homospermidine is present in C. 
aurantiacus as in many other thermophiles, its 
presence in several mesophiles makes it difficult 
to conclude that this polyamine necessarily has 
any role in contributing to the thermal stability 
of components in ceHs of Chloroflexus (Nor
gaard et al., 1983). The isolated photochemical 
reaction center of C. aurantiacus exhibits ther
mal stability (Piers on et al. , 1983). The func
tioning of membrane-bound proteins at ele
vated temperatures, however, is dependent on 
the properties of the membrane as well as the 
temperature characteristics of the proteins 
themselves. Oelze and Fuller (1983) determined 
the temperature characteristics of growth and 
the membrane-bound enzyme activities of 
NADH oxidase, succinate 2,6-dichlorophenol
indophenol reductase, ATPase, and light-in
duced proton extrusion. Enzymatic activities 
were maximal at 65-70°C, and a major lipid 
phase transition occurred ne ar 40°C in cells 
grown at 50°C. Membrane phenomena were 
significantly alte red at temperatures above 



3770 B.K. Pierson and R.w. Castenholz 

60°C, which may re fleet denaturation of bulk 
membrane proteins (Oelze and Fuller, 1983). 
Although individual enzyme aetivities were 
high in this temperature range, proton extrusion 
was not thermostable above 60°C and growth 
rates did not inerease in this range. Fluores
eenee from the membrane-bound behl a an
tenna eomplexes inereased when the tempera
ture deereased from 50 to about 40°C whieh 
eorresponded to the region of probable lipid
phase transition (Wittmershaus et al. , 1988). 
Fluoreseenee from the nonmembrane-bound 
pigments in the ehlorosome did not inerease at 
this temperature and it appeared that energy 
transfer from behl c to behl a within the 
ehlorosome was not temperature-dependent. 
Within the membrane-bound parts of the 
photosynthetie apparatus, however, lipid-phase 
transitions near 40°C may alter the mobility of 
quinones in the less fluid membrane. The al
tered mobility may deerease the rate of pho
tosynthesis and produee the observed enhaneed 
fluoreseenee of the membrane-bound anten na 
eomplexes (Wittmershaus et al., 1988). 

Physiologieal Properties of Other 
Filamentous Phototrophs 

Knowledge of the physiologieal properties of 
"Oseilloehloris," Chloronema, and Heliothrix 
is based on studies eondueted in the field or on 
impure eolleetions, enriehments, or eoeultures. 
Sinee these observations must be subjeeted to 
verifieation with pure eultures, we have not re
ported them in detail here. Summaries of the 
important physiologieal properties of "Oseil
lochloris" and Chloronema have been eompiled 
(Gorlenko, 1988, 1989a, 1989b). The physiol
ogy of Heliothrix has been studied in situ (Pier
son et al., 1984; Castenholz and Pierson, 1989). 
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The Genus Thermomicrobium 

JEROME J. PERRY 

Thermomicrobium roseum (ATCC 27502) is the 
sole representative of a phylogenetically distinct 
branch ofthe eubacteria. It is an obligately ther
mophilie organism originally isolated from the 
eIDuent of a hot spring in Yellowstone National 
Park, WY (Jackson et al., 1973). T. roseum has 
been grouped with the green nonsulfur (GNS) 
bacteria based on ribosomal RNA sequence 
comparisons (Oyaizu et al. , 1987). Herpetosi
phon and Chloroflexus, the other representa
tives in this branch (Fig. 1), are markedly dif
ferent phenotypically from T. roseum. Although 
the GNS bacteria share some common ribo
somal characters they are the progeny of a deep 
phylogenetic divergence (Gibson et al., 1985); 
Herpetosiphon is a mesophile and more rapidly 
evolving than either Chloroflexus or Thermo
microbium. The deepest branching in eubac
terial evolution is predominantly represented by 
thermophiles (Fig. 1), and these organisms 
evolved more slowly than the mesophiles. They 
have consequently retained more of their an
cestral character (Achenbach-Richter et al. , 
1987). 

Isolation and Enrichment 

The primary enrichment medium for T. roseum 
was composed of 0.1 % tryptone and 0.1 % yeast 
extract (TYE) in Allen's salts (see recipe below) 
(Allen, 1959). (The final pR was adjusted to 
7.8.) Enrichment media were inoculated with 
sam pies of bacterial mat or water from various 
springs in Yellowstone National Park and were 
incubated at 70, 75, 80, and 85°C. After a suit
able time, the enrichments were streaked on 
TYE agar (3.0%) plates made up in Castenholz's 
salts (Jackson et al. , 1973; Castenholz, 1969) 
(see also Chapter 206). 

The enrichment culture inoculated with bac
terial mat sam pie taken from Toadstool Spring 
in Yellowstone and incubated at 70°C was the 
only one that yielded unusual colonies. These 
were compact pink colonies distinctly different 
from the other isolates that appeared to be 

mostly of the genus Thermus. Transfer by 
streaking on the TYE agar medium at pR 8.5 
and an increased level of tryptone and yeast 
extract (to 0.5%) led to a pure culture of T. ro
seum (Jackson et al., 1973). 

Allen's Salts (mg/liter) 
(NH.)2S0. 1,300 
KH2PO. 280 
MgSO .. 7H,o 247 
CaCI,.2H,O 74 
FeCI3'6H20 19 
MnCI,'4H,O 1.8 
Na2B.O,.IOH20 4.4 
ZnSO .. 7H20 0.22 
CuCI,'H,O 0.05 
Na2MoO .. 2H20 0.03 
VCL2 0.03 

Adjust the pH to 7.8. 

Castenholz's Salts (mg/liter) 
Nitrilotriacetic acid 100 
CaSO .. 2H,O 60 
MgSO .. 7H,O 100 
NaCI 8 
KN03 103 
NaN03 689 
Na,HPO. 111 
FeC13 0.28 
MnSO .. H20 2.2 
ZnSO .. 7H,O 0.5 
H 3B03 0.5 
CuSO. 0.016 
Na2MoO .. 2H20 0.025 
CoCI2'6H20 0.045 

Habitat 

Toadstool Spring (no longer active) was located 
in the Lower Geyser Basin of Yellowstone Na
tional Park. T. roseum was isolated from a sam
pIe taken near the source of the spring where 
the water temperature was 74°C with a pR of 
8-9. The inoculum was from an orange/red bac
terial mat attached to a silica substrate. The mat 
had accumulated under a piece of wax paper 
debris that may have offered some protection 
from the high light intensity and rapidly moving 



3776 J.J. Perry 

_~.-----------H. aurantiaeus n -I...--------C. aurantiaeus 

I...---------T. roseum 

1...-_____ Th. album 

.-----------D. radiodurans 

.-----Ch. vinosum 

r-r~--E. eoli 

A. tumefaeiens 

CHAPTER 207 

Lr-l.-------------F. heparinum 

-l -'---------- C. vibrioforme 

L. illini 

Fig. 1. A phylogenetic tree for 
the eubacteria, showing also the 
position of one archaebacter
ium, Methanococcus vannielii. 
Organisms are: Herpetosiphon 
aurantiacus, Chlorof/exus au
rantiacus, Thermomicrobium 
roseum, Thermoleophilum al
bum, Deinococcus radiodurans, 
Chromatium vinosum, Esche
richia coh, Agrobacterium tu
mefaciens, Flavobacterium he
parinum, Chlorobium vibrio
forme, Lactobacillus illini, Ba
cillus subtilis, Anacystis nidu
lans, and Thermatoga mari
tima. (Personal communication 
from C. R. Woese.) 

.-------B. subtilis 

y'---------An. nidulans 

'---------T. maritima 

'-------------------------Me. vannielii 

10% 

water. Although Jackson et al. (1973) suggested 
that glass slides immersed in the water near the 
source of the spring exhibited microbial growth 
that appeared similar to T. roseum, microbes 
have not yet been cultivated from these sourees. 

A thermophilie organism was isolated from 
soil by enrichment with n-alkanes as substrate 
and was tentatively assigned to the genus Ther
momicrobium (Phillips and Perry, 1976). Sub
sequent DNA-DNA hybridization studies in
dicated that this isolate should be placed in an 
entirely different genus (Zarilla and Perry, 1986, 
1987.) 

Substrate Utilization Patterns 

Complex media are the preferred substrate for 
T. roseum. A maximum cell yield was attained 
with tryptone and yeast extract each added at 
0.5%, with a lower level (0.3%) supporting the 
most rapid growth. Little growth occurred with 
the substrates added at 1.0%. Levels higher than 
1.0% completely inhibited growth. T. roseum 
grew on peptone, casein hydrolysate, brain heart 
infusion, nutrient broth, trypticase soy broth, 
and on tryptone or yeast extract (substrate at 
0.2%), provided that NR/ (in Castenholz's 

salts) was incorporated as nitrogen source. Of 
these, only nutrient broth and yeast extract 
yielded growth with N03- (in Allen's salts) as 
the source of nitrogen. T. roseum grew on a de
fined medium with selected substrates and then 
only on addition of 0.2% glutamate with N03-

as nitrogen source. Glycerol and sucrose were 
adequate carbon sources under these condi
tions. Sparse growth occurred with glutamate as 
sole substrate (Allen's salts). Fructose, succi
nate, mannitol, acetate, and citrate were inad
equate as growth substrates (Jackson et al. , 
1973). Growth with Allen's salts was consis
tently better than that attained with Casten
holz's salts. Apparently, there was so me loss of 
ammonia from the latter at this pR and tem
perature. 

Cultivation 

The optimum temperature for growth was 70-
75°C at a pR between 8.2 and 8.5. The mini
mum temperature at which T. roseum would 
grow was 45-48°C, and the pR extreme for 
growth was 7 to 8.7. Under optimum conditions 
with tryptone and yeast extract (0.3%) as sub
strates the organism had a generation time of 5 
to 5.5 h. 
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Identification 

T. roseum cells are generally pleomorphic and 
oc~ur as ~hort, irregular-shaped rods, single or 
paired, with some cells assuming a dumbbell 
shape. The organism is 1.3 to 1.8 ~m in di
ameter and 3 to 6 ~m in length. The GC content 
ofthe DNA is 64.3 mol%. The colonies on agar 
are compact and pink-pigmented. Although 
some slight motility was observed in light mi
croscopy, there was no evidence of flagella un
der electron microscopy, and the organism is 
considered to be nonmotile (Jackson et al. , 
1973). Endospores are not visible in T. roseum 
by light, phase contrast, or electron microscopy. 
The organism is Gram-negative, and thin sec
tions viewed longitudinally have a layered cell 
wall consistent with this staining character. 
Electron-dense hexagonal structures were visi
ble in thin sections that may have been bacte
riophages, but no lytic activity was observed 
(Jackson et al., 1973). 

DNA hybridization reactions were employed 
to determine whether there was reassociation of 
T. roseum DNA with DNA from thermophilic 
Bacillus strains, Thermus aquaticus, and Ther
moleophilum album. The results confirmed that 
T. roseum is not related to any of these other 
organisms (Zarilla and Perry, 1986, 1987). Anti
biotic sensitivity tests indicate that T. roseum 
~s.s~nsitive to kanamycin, neomycin, and pen
icilhn, but less sensitive to erythromycin and 
chloromycetin (Jackson et al., 1973). 

The pigments were extracted from T. roseum 
with acetone and analyzed spectrophotometri
cally. The absorbance maxima at 470,494, and 
530 nm indicate that T. roseum carotenoid pig
ments are similar to torulene and 3,4-dehydro
lycopene. Extracted pigment from the bacterial 
mats that served as the enrichment inoculum 
had equivalent absorptive properties (Jackson 
et al., 1973). 

Physiological Properties 

Membrane Lipid Composition 

Virtually all eubacterial and eukaryotic cells 
have membrane lipids composed of fatty acids 
esterified to a-glycerolphosphate. The mem
branes of archaebacteria differ markedly in that 
the lipids of these organisms are composed of 
isoprenoid chains joined to glycerol by an ether 
linkage. The membrane lipids of T. roseum have 
neither ester nor ether linkages, but are com
posed ofa series ofstraight-chain and internally 
branched 1,2-diols. A typical 1,2-diol is shown 
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in Fig. 2. The carbon length of the diols ranges 
from CIS to C23 (Pond et al., 1986). 

The cellular lipids account for about 3% of 
the dry weight ofthe cell, and, ofthis, 22.6% is 
no~P?lar neutral lipid and 77.1 % is polar gly
COhPids or phospholipids. Polar lipids were hy
drolyzed to remove the polar head groups and 
the apolar residues were analyzed (Pond et al. 
1986). The distribution of the 1,2-diols present 
in the lipid of T. roseum are listed in Table 1. 
~h~se .structures are analogous to the glycero
hPids m that the terminal hydroxyl can link to 
the polar-h~ad group and long-chain fatty acids 
can be estenfied to the secondary hydroxyl. This 
would provide the hydrophobic chains neces
sary for a lipid bilayer (Pond et al., 1986). 
Analysis of the fatty acid constituents of these 
unusuallipids indicated that they too had nor
mal and internally methylated hydrocarbon 
chains (Pond and Langworthy, 1987). The dis
tribution of fatty acids in T. roseum grown at 
70°C is presented in Table 2. Methyl-branched 
chain fatty acids are also common constituents 
of eubacterial lipids but generally they are iso
or anteisomethylated fatty acids. 

The effect of temperature on the relative 
arI?-0unts of ,normal to branched chain fatty 
aCids and dlOls was determined (Pond and 
~angworthy, 1987) and the results are presented 
m Table 3. As the growth temperature was in
creased, the relative percentage of unbranched 
fatty acids and diols increased, while the rela-

OH 

OH 

Fig. 2. Typical structure of a long-chain 1,2-diol from the 
lipid of Thermomicrobium roseum. This diol is 13-methyl-
1,2-nonadecanediol. 

Table 1. Distribution of 1,2-diols in the lipids of 
Thermoleophilum roseum after growth at 75°C. 

Compound Percent of total 

II-Methyl-I,2-heptadecanediol <0.5 
1,2-Nonadecanediol 10.6 
13-Methyl-I,2-nonadecanediol 21.1 
1,2-Cosanediol 6.1 
13-Methyl-I,2-cosanediol 2.5 
15-Methyl-I,2-cosanediol 0.9 
1,2-Eicosanediol 48.5 
15-Methyl-I,2-eicosanediol 7.8 
1,2-Docosanediol 1.0 
1,2-Tricosanediol 1.1 
1,2-Tetracosanediol <0.5 

Adapted from Pond et al. (1986). 
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Table 2. Distribution of fatty acids in Thermomicrobium 
roseum after growth at 70°C. 

Compound 

n-Hexadecanoic 
IO-Methyl-pentadecanoic acid 
n-Heptadecanoic acid 
10-Methyl-hexadecanoic acid 
n-Octadecanoic acid 
12-Methyl-heptadecanoic acid 
n-Nonadecanoic aCid 
12-Methyl-octadecanoic acid 
n-Cosanoic acid 
14-Methyl-nonadecanoic acid 

Percent of total 

1.2 
1.5 
0.5 
0.7 

24.2 
57.3 
2.6 
1.9 
8.4 
1.2 

Adapted from Pond and Langworthy (1987). 

Table 3. Effect of temperature on the percentage of 
normal and branched chain fatty acids and diols in 
Thermomicrobium roseum. 

Growth 
temperature (0C) 

Fatty Acids 
60 
75 

Diols 
60 
75 

Percent normal 

24.1 
46.3 

62.2 
87.3 

Percent branched 

75.6 
52.4 

37.1 
12.5 

Adapted from Pond and Langworthy (1987). 

tive amount of the methyl-branched constitu
ents decreased (Pond and Langworthy, 1987). 
The longer chain, normal fatty acids have a 
higher melting point than the branched hom
ologs, so increased branching as the tempera
ture is lowered may be a mechanism whereby 
membrane fluidity is retained at lower temper
atures. 

Cell Wall Structure 

Electron microscopy of negatively stained outer 
cell wall preparations from T. roseum indicated 
that there were regular, repeating structures 
present in the cell envelope. These structures 
appear in a consistent mosaic pattern (Ramaley 
et al., 1978). Analysis of purified cell walls from 
T. roseum suggested that the organism has low 
levels of peptidoglycan (Merkel et al., 1980), al
though it is sensitive to penicillin (Jackson et 
al. , 1973). Cell walls were removed from T. ro
seum and purified. This purified cell wall ma
terial was readily separated into two fractions 
(A and B) which were analyzed for amino acid 
composition (Table 4). Fraction A wascom
posed of an array of amino acids with alanine, 
glutamic acid, and glycine predominating; 
lesser amounts of diaminopimelic acid, galac
tosamine, and muramic acid were detected. 
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Table 4. Amino acid composition of the two fractions of 
the cell wall of Thermomicrobium roseum .• 

Component Fraction A (%) Fraction B (%) 

Threonine 8.1 3.6 
Serine 6.2 4.0 
Proline 8.1 14.0 
Muramic acid 3.1 0 
Glutamic acid 12.8 11.9 
Glycine 19.3 33.8 
Alanine 16.8 11.5 
Valine 4.0 1.8 
Diaminopimelic acid 1.2 0 
Leucine 6.2 3.2 
Isoleucine 0 1.8 
Tyrosine 4.7 2.2 
Galactosamine 3.1 0 
Histidine 1.2 3.2 
Arginine 3.7 Trace 
Lysine 0 Trace 
Ornithine 0 7.2 
Phenylalanine 0 1.8 

'Expressed as % of the total amino acid/sugar present. 
From Merkel et al., 1978. 

Fraction B was a cell wall protein that ac
counted for 60% of the total cell wall amino
reactive material. It had a Mr of 75,000; the 
amino acid composition of this protein is pre
sen ted in Table 4. It is probable that this protein 
is the principal structural component ofthe cell 
wall revealed by electron microscopy (Ramaley 
et al., 1978; Merkel et al., 1980). How this pro
tein may contribute to the thermostability of T. 
roseum is unknown. 

Metabolism 

Although T. roseum is a strict aerobe, it does 
not respond to increased oxygen levels by more 
rapid growth or higher cell yields. This is a com
mon attribute of aerobic thermophiles and par
ticularly ofthose that grow on hydrocarbon sub
strates (Allgood and Perry, 1985a, 1985b, 1986). 
Growth of T. roseum under higher ü 2 tension 
did result in increased cellular levels of super
oxide dismutase (SüD) and catalase. Addition 
ofmethyl viologen to increase superoxide anion 
generation in cells had little effect on the level 
of SüD but resulted in increased catalase ac
tivity (Allgood and Perry, 1986). That higher 
oxygen levels do not lead to more rapid growth 
or cell yield is probably due to factors other than 
the accumulation of toxic products of oxygen 
such as superoxide or hydrogen peroxide. Most 
of the respiratory activity in T. roseum is cya
nide insensitive. The respiratory pathways in T. 
roseum have not been elucidated further (All
good and Perry, 1985a, 1985b). 
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The Genus Thermoleophilum 

JEROME J. PERRY 

Thermoleophilum is a genus of eubacteria ob
ligate for aerobiosis and thermophily. The ge
nus is distinguished by the ability to grow solely 
on n-alkane substrates ranging in length from 
Cl3 to C20 (Merkel et al., 1978a, 1978b; Zarilla 
and Perry, 1984, 1986). Mud sampies obtained 
from hot springs and from environmental 
niches generally considered non thermal have 
both yielded isolates of the genus Thermoleo
philum. Thermal elution profiles of DNA du
plexes delineate two species within the genus, 
T. album and T. minutum (Zarilla and Perry, 
1984, 1986). Sequencing of 16S rRNA from T. 
album strain NM affirms that these organisms 
should be placed in aseparate "phylum" within 
the eubacteria (e. Woese, personal communi
cation; see Fig. 1, Chapter 1). Organisms in this 
group are progeny of a deep divergence in the 
eubacterial li ne of descent. Isolation of strains 
from environments separated by considerable 
geographic distance indicates that Thermoleo
philum strains may be of fairly common oc
currence. Efforts to isolate a mesophilic coun
terpart of Thermoleophilum that would also be 
restricted to growth on n-alkane substrates have 
been unsuccessful. 

Thermoleophilum species are Gram-negative, 
slow growing, small, nonmotile bacteria. They 
cannot utilize sugars, amino acids, fatty acids, 
or any substrate tested (except the n-alkanes) as 
source of carbon or energy. During active 
growth on n-heptadecane, the organism can in
corporate a limited amount of acetate into cell 
material (less than 10% of total cell carbon). 
Members of this genus have a unique tetrahy
drogenated menaquinone that has not been ob
served in the respiratory pigments of bacteria 
of any other species. The catalase from Ther
moleophilum is a manganese-containing en
zyme relatively resistant to cyanide inhibition. 

Habitat 

Thermoleophilum strains have been isolated 
from mud sam pies obtained from both thermal 
and non thermal environments. The thermal en-

vironments included the outlet stream of hot 
springs in the states ofWyoming, Arkansas, and 
New Mexico (Table 1). The nonthermal envi
ronments were mud sam pies from Roanoke 
Rapids and Beaufort, Ne. All mud sampies 
were taken from aquatic environments and the 
temperature of sampling sites in Yellowstone, 
WY and Hot Springs, AR were near the opti
mum for growth of the strains isolated (YS-3, 
YS-4, and HS-5) (Merkel et al., 1978b; Zarilla 
and Perry, 1984). The nonthermal environmen
tal sampies were obtained from dark mud that 
was constantly exposed to the sun (strains PTA-
1 and RR-D). Solar heating can raise the tem
perature of such dark surfaces to 60°C or higher 
(Brock, 1970). Growth of these obligate ther
mophil~s in nonthermal environments would 
probably occur sporadically when the transient 
temperatures rose to a suitable level. 

Attempts to isolate a mesophilic organism re
stricted to growth solelyon n-alkane substrates 
have been unsuccessful. The presence of fast
growing, n-alkane-utilizing organisms in most 
environments of moderate temperature might 
well preclude the isolation of organisms with 
growth characteristics equivalent to Thermoleo
philum species. 

Table I. Locations where Thermoleophilum strains have 
been isolated. 

Strain Source of inoculum Temperature 

T. album 
HS-5 Hot Spring, AR 61"C 
NM Faywood Hot Springs, >50°Ca 

NM 
YS-3 Yellowstone National Park, 60°C 

WY 
RR-D Roanoke Rapids, NC Ambient 

T. minutum 
YS-4 Yellowstone National Park, 63°C 

WY 
PTA-I Beaufort, NC Ambient 

aClose to the water source and above 50°C. 
Adapted from Zarilla and Perry, 1984. 
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Isolation and Enrichment 

The primary enrichment medium for the iso
lation of Thermoleophilum species was pre
pared by adding n-heptadecane at 0.1 % (v/v) to 
a mineral basal medium (L-salts) modified from 
that ofLeadbetter and Foster (1958). The recipe 
for this medium is given below. Nitrogen was 
provided in the modified medium by adding 1 
g/1 of NH4C1 and NaNO) (Zarilla and Perry, 
1984). Mud sampies employed as inocula were 
obtained from both thermal and non thermal 
environments (Table 1). Incubation was at 60°C 
in stationary culture until turbidity was appar
ent. After repeated transfer in the liquid me
dium, a pure culture was obtained by streaking 
on the modified L-salts medium with 3.0% agar 
added. The n-heptadecane substrate was intro
duced by inverting the inoculated plate and 
placing 0.2-ml n-heptadecane in the cover. The 
plates were placed in plastic bags (to prevent 
desiccation) and incubated at 60°C for 5 days. 
The colonies were small white, dry, and tlat. 
Axenic cultures were difficult to obtain as the 
organisms grow poorly on agar surfaces. 

Mineral-Salts Medium (Modified L-Saits) for 
Thermoleophilum Species 

NH.C1 
NaNO, 
MgSO .. 7H,O 
Na,HPO. 
NaH,PO. 
CaCl, 
KCl 
FeSO .. 7H,O 
CuSO .. 5H,O 
H3BO, 
MnS04 ·5H,O 
ZnSO .. 7H,O 
MoO, 
Distilled Water 

Cultivation 

1.0 g 
1.0 g 

200 mg 
210 mg 
90 mg 
15 mg 
40 mg 

1 mg 
5 /Lg 

10 /Lg 
10 /Lg 
70/Lg 
10/Lg 
1 liter 

The optimum temperature for growth ofthe iso
lates was 58-62°C at a pH between 6.5 and 7.5 
(Table 2). Thermoleophilum species are limited 
to growth temperatures between 45 and 70°C. 
The generation time was difficult to determine 
accurately but exceeded 6 hours in every case. 
Strains are all strict aerobes but do not respond 
favorably to increased oxygen availability. Un
der optimal conditions of temperature (60°C), 
pH (7.0), and substrate (n-heptadecane), the cell 
yield ranged from 0.1 to 0.3 g/liter (Zarilla and 
Perry, 1984, 1986). 
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Substrate Utilization Patterns 

None of the Thermoleophilum strains grew on 
any substrate tested other than n-alkanes (C13 

to C20). No growth occurred on shorter or longer 
chains of n-alkanes, l-alkenes, or alcohols of a 
chain length equivalent to that ofthe n-alkanes 
that did support growth. Homologous ketones 
and branched alkanes (C13 to C17) were not uti
lized. The following substrates did not support 
growth: arabinose, cello bio se, fructose, galac
tose, glucose, lactose, maltose, mannose, meli
bio se, rhamnose, ribose, sorbose, sucrose, tre
halose, xylose, glycerol, mannitol, sorbitol, 
acetate, propionate, butyrate, citrate, pyruvate, 
succinate, acetone, nutrient broth, peptone, 
yeast extract, or tryptone plus yeast extract. All 
of the strains utilized ammonium chloride as a 
nitrogen source. Strains HS-5, NM, and RR-D 
could also utilize sodium nitrate as sole nitro
gen source. Two strains, HS-5 and NM, could 
derive their nitrogen from glycine but growth 
was poor, and none of the carbon of the glycine 
was incorporated. Neither alanine nor gluta
mate could serve as source ofnitrogen. Addition 
of growth factors, e.g., B-vitamins or amino 
acids, to the growth medium did not alter the 
growth rate or total growth. Compilation and 
use of a mineral salts medium similar in com
position to the hot springs water of the original 
sampling site in Yellowstone had no effect on 
growth rate or cell yield. 

Identification 

Thermoleophilum species are very small, 
Gram-negative rods (Table 1 and Fig. 1). The 
organisms are nonmotile and have no pigmen
tation. They have been isolated only on n-alkane 
enrichment substrates (C13-C20) and are readily 
identified by their inability to grow on any other 
substrate. Thermoleophilum strains have a GC 
conte nt of 68.8 to 70.4 mol%. The major dia
mino acid in the cell wall peptidoglycan of the 
genus Thermoleophilum is diaminopimelic 
acid. All strains demonstrated a contluent 
growth on agar surfaces with few individual col
onies formed. Colonies were small, round, and 
white, and generally dry and tlaky. They were 
often contaminated with pink-pigmented ther
mophilie strains on original isolation, and sep
arating the slow-growing Thermoleophilum spe
eies was a tedious process. 

DNA hybridization studies indicated that T. 
album and T. minutum are of the same genus 
but different species (Table 3) (Zarilla and 
Perry, 1986). There was no homology with 
Thermomicrobium roseum, Bacillus thermoleo-
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Table 2. Properties of T. album and T. minutum. 

Strain Cell length (um) Generation time (h) n-Alkane substrate range GC content (mol%) 

T. album 
HS-5 0.9 6.5 
NM 1.0 9 
YS-3 0.7 6 
RR-D 1.0 7.5 

T. minutum 
YS-4 1.5 6 
PTA-I 1.1 7.5 

Fig. I. Electron micrograph of Thermoleophilum album 
strain RR-D after growth on n-heptadecane at 60°C. Bar = 

I !Lm. 

Table 3. Relative binding in reassociation reactions with 
[a-32P]deoxycytidine triphosphate-Iabeled DNA from T. 
album (HS-5) and T. minutum (YS-4). 

Strain 

T. album 
HS-5 
YS-3 
NM 
RR-D 

T. minutum 
YS-4 
PTA-I 

Relative binding (%) with the following 
source of radiolabeled DNA> 

T. minutum 
T. album HS-5 YS-4 

62°C 76°C 62°C 76°C 

100b 100 44 27 
81 76 42 27 

101 94 42 28 
86 79 39 28 

43 25 100 100 
44 25 99 99 

>Average of duplicate determinations. 
bTemperature at which reassociation occurred. 62°C is the 
optimal temperature; 76°C is the stringent temperature. 
Adapted from Zarilla and Perry, 1986. 

C\3-C2O 70.4 
C14-C20 68.8 
C\3-C2O 69 
C14-C20 70 

C13-C20 70 
C14-C19 68.8 
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Fig. 2. Thermal elution profiles of Thermoleophilum DNA 
duplexes reassociated at 62°C. One strand of each DNA 
duplex was made up of [a-32P]deoxycytidine triphosphate 
(dCTP)-labeled DNA from either Thermoleophilum album 
strain HS-5T (A) or Thermoleophilum minutum strain YS-
4T (B). The other strand was made up of DNA from strain 
HS-5T (0), YS-3 ( ... ), YS-4T (0), NM (,6,), RR-D (.), or 
PTA-l (e). The homologous duplex is indicated by a thick 
line. The thermal stability values are indicated by a vertical 
li ne on each curve and represent the temperature at which 
50% of the double-stranded DNA was eluted from the hy
droxyapatite. DNA was eluted with 0.14 M phosphate buffer 
(PB) containing 0.1 % sodium dodecyl sulfate until the max
imum temperature was attained, at which point any re
maining bound DNA was eluted by using 0.4 M phosphate 
buffer. Adapted from Zarilla and Perry, 1986. 
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vorans, or Thermus aquaticus. Data presented 
in Fig. 2 confirm that there are two species 
within this genus. 

Physiological Characteristics 

Menaquinones are widely distributed in the 
plasma membranes of prokaryotes and are gen
erally distinguished by the length of their iso
prenyl side chain. The number of isoprenoid 
units varies from 1 to 15, and there are also 
species differences in the number of these iso
prenoids that are saturated/unsaturated (Col
lins and J ones, 1981). Generally Gram-negative 
eubacterial menaquinones are composed of un
saturated isoprenoid units but a few Gram-neg
ative bacterial species have dihydrogenated me
naquinones. Examination of the respiratory 
quinones of T album strain NM led to the iso
lation of a novel tetrahydrogenated menaqui
none, 2 methyl-3-VI, VII-tetrahydrohepta
prenyl-1, 4-naphthoquinone, as depicted in Fig. 
3 (Collins et al. , 1986). The presence of this 
naphthoquinone in T album readily distin
guishes the genus from other Gram-negative, 
aerobic, obligately thermophilic groups. The ge
nus Thermus and Thermomicrobium roseum 
contain saturated menaquinone as their major 
respiratory quinone. 

Superoxide dismutase is induced in aerobic 
bacteria by high oxygen stress. This enzyme, 
together with catalase and peroxidase, removes 
toxic oxygen intermediates generated as by 
products in the univalent reduction of molec
ular oxygen. These highly reactive intermedi
ates of oxygen reduction are predominantly su
peroxide anion, hydrogen peroxide, and the 
hydroxyl radical. Growth of aerobic organisms 
at higher oxygen tensions or in the presence of 
methyl viologen (a superoxide generator) will 
effectively induce superoxide dismutase (Di
guissepi and Fridovich, 1984; Hassan and Fri
dovich, 1977). Studies suggest that thermophilic 
bacteria generally react unfavorably to in
creased oxygen tension (Allgood and Perry, 
1985b). As a consequence of this observation, 

o 
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an examination was made of the effect of oxygen 
stress on the level of superoxide dismutase, cat
alase, and peroxidase in T album NM. Growth 
of strain NM in the presence of methyl viologen 
did not affect the level of cellular superoxide 
dismutase but caused a marked increase in cat
alase activity. Peroxidase activity increased a 
small amount. Increasing the oxygen level also 
led to higher levels of catalase with a decrease 
in total growth (Allgood and Perry, 1985a, 
1985b, 1986b). The level of oxygen defense en
zymes is comparable with that in other aerobic 
bacteria. It does not appear that products of O2 

reduction are responsible for the negative re
sponse to increased aeration. 

The catalase from T album NM has been 
isolated, purified, (>96%), and characterized. 
The major properties of the enzyme are pre
sented in Table 4. For comparison the proper
ties ofthe equivalent enzyme from Escherichia 
coli, Rhodopseudomonas sphaeroides and Lac
tobacillus plantarum are included. The catalase 
from T album is thermoactive and thermost
able. It has a low Mn and the metal present is 
manganese. This is the only report of a man
ganese-containing catalase in an aerobic organ
ism. The significance of such a catalase in this 
ancient thermophile is not for us to understand 
at this time. 

The electrophoretic mobility of several en
zymes in crude cell-free extracts from T album 
strains were markedly different from the equiv
alent enzyme from other thermophiles (Zarilla 
and Perry, 1986). Among these enzymes of dif
fering mobility were malate dehydrogenase, cat
alase, esterase, and superoxide dismutase. Elec
trophoresis of purified catalase and malate 
dehydrogenase from T album NM resulted in 
the same pattern. 

T minutum YS-4 extracts contained all ofthe 
enzymes involved with the tricarboxylic acid cy
cle except a-ketoglutarate dehydrogenase (J. G. 
McCarthy and J. J. Perry, unpublished obser
vations). Exhaustive attempts to demonstrate 
this enzyme in any of the Thermoleophilum 
strains have been unsuccessful. An active iso
citrate lyase was present in extracts of Ther-

Fig. 3. Structure ofthe tetrahydrogenated menaquinone from Thermoleophilum album. Adapted from Collins et al., 1986. 
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Table 4. Comparison of the properties of the eatalase from T. album with that from other baeterial 
speeies. 

Organism 

Thermoleophilum album 
Eseheriehia eoli 
Rhodopseudomonas sphaeroides 
Laetobacillus plantarum 

Metal present 

Mn 
Fe 
Fe 

Mn 

moleophilum, suggesting that an active glyox
ylate cyde is present. All strains had NADH 
and NADPH oxidase activity. T. album NM 
had the large-sized citrate synthase typical of 
Gram-negative bacteria (K. Weaver and J. J. 
Perry, unpublished observations). Addition of 
14C-acetate to nonproliferating cells of T. album 
NM resulted in little incorporation of acetate. 
Addition of radiolabeled acetate to a culture 
during active growth on n-heptadecane did re
sult in some incorporation of acetate but at a 
level of less than 10% of the total cell carbon. 
Increasing the level of acetate from 0.1 mM to 
50 mM did not lead to any increase in incor
poration (K. C. Terlesky and J. J. Perry, un
published observations). The inability ofthe or
ganism to incorporate more added acetate and 
the absence of a-ketoglutarate dehydrogenase is 
reminiscent of these activities in the obligate 
autotrophs. It may be that the genus Thermo
leophilum cannot obtain energy from substrates 
other than the n-alkanes utilized. 
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CHAPTER 209 

The Genus Herpetosiphon 

HANS REICHENBACH 

The Herpetosiphon species are aerobic, che
moorganotrophic, filamentous bacteria that are 
Gram-negative but do not have a typical Gram
negative cell wall. The filaments are very long, 
unbranched, and multicellular, between 0.6 and 
1.5 J.l.m wide and usually 300 to more than 1200 
J.l.m long (Fig. 1). Short transparent sections 
("sleeves": Fig. 2) are seen at the ends of many 
filaments. These sleeves are characteristic of 
Herpetosiphon, and they make it possible to rec
ognize the organism easily under the micro
scope. 

Sleeves are also found with related organisms, 
like Chlorojlexus. Depending on the strain, the 
medium, and the age of the culture, the fila
ments may fragment into much shorter pieces 
and ultimately into single cells. The cells in the 
filaments are tightly attached to one another, 
and in living filaments their boundaries can 
only be seen with a microscope of high reso
lution at a high magnification, by phase or in
terference contrast (Fig. 2). They become clearly 
recognizable if the filament has been dried to 
the slide and stained (Fig. 2). The cells have the 

Fig. 1. Filaments of Herpetosiphon aurantiacus at low magnifications. (a) Filaments with slime tracks in chamber culture. 
(b) Filaments from a liquid culture, slide mount. (c) Filaments stained with Loeffler's methylene blue; the individual cells 
of the filament are c1early visible. (d) and (e) Twisted filaments from a liquid culture. Zeiss Standard Microscope and 
Axiomat (d, e), in phase contrast. Bar = 100 /Lm (for a and b). Bar = 25 /Lm (for c, d, and e). 
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same width as the filaments and measure 1.5-
5 ~m in length, rarely more. The filaments may 
perform slow gliding movements; thus, on suit
able substrates, the colonies develop into large 
spreading swarms (Fig. 3). The surface of the 
swarm is usually feltlike. Long flamelike pro
jections or protruding strands of curled fila
ments are seen at the edge (Fig. 3). Normally 
the colonies are colored in shades of yellow, 
orange, or brick red, but unpigmented strains 
do occur. The GC content of the DNA is 45-
53 mol%. 

Herpetosiphon is a common inhabitant of 
soil, freshwater, and sewage plants. Some spe
cies live in marine environments. 

It appears that Herpetosiphon was first dis
cussed in the scientific literature under the 
name of Flexibacter giganteus (Soriano, 1945, 
1947). Soriano's description of the filaments, 
the swarm colonies, and their color perfectly 
matches the cultures now called Herpetosiphon. 
Also, the habitats he studied and the isolation 
technique he applied must inevitably have led 
to the discovery of that organism. However, the 
first valid description of the genus, with one 
species, H. aurantiacus, was provided by Holt 
and Lewin (1968). The definition was based on 
three isolates of E. E. Jeffers obtained from the 
slime coat of a green alga, Chara sp., from Birch 
Lake in Minnesota. Later, a dispute arose about 
the presence of a sheath in Herpetosiphon, and 
the genus definition was slightly modified to ex
clude a sheath (Reichenbach and Golecki, 
1975). Also, Reichenbach and Golecki (1975) 
proposed that the species name aurantiacus be 
abandoned in favor of the name giganteus, 
which antedates it. This change could have been 
done without danger of confusion since Sori
ano's strain is no longer available. However, 
there are definitely several Herpetosiphon spe
eies, and one could argue therefore that Sori
ano's H. giganteus was different from aurantia
cus. Thus, it may be better to give up the name 
giganteus until we know more about the tax
onomy of the genus. Later, five more species 
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were added to the genus (Lewin, 1970). The or
ganism described from Lake Constance (Ger
many) as a new Vitreoscilla species, V. proteo
lytica (Gräf and Perschmann, 1970), is also 
undisputably a Herpetosiphon; strains ofthis or
ganism are still available and have been studied 
by the present author. Further, the bacterium 
isolated from the walls ofa sluice ofthe Neckar 
river near Heidelberg (Brauss et al., 1969) was 
most likely also a Herpetosiphon, although the 
authors feIt they could rule out that possibility. 
Also, filamentous organisms connected with 
bulking sludge in various sewage plants in 
southwestern Germany have been identified as 
Herpetosiphon and Herpetosiphon-related bac
teria (Salcher et al., 1982; Senghas and Lingens, 
1985; Trick and Lingens, 1984). In the rest of 
this chapter, the group isolated from sewage will 
be referred to as Herpetosiphon, while those iso
lated from sludge as Herpetosiphon-like bacte
ria. These organisms are of particular interest 
because of their practical implications, and be
cause filamentous bacteria in activated sludge 
have been notoriously difficult to classify (for a 
summary, see Pipes, 1978). 

A comparison of 16S rRNA oligonucleotide 
catalogs clearly shows a phylogenetic relation
ship of Herpetosiphon to Chloroflexus and 
Thermomicrobium (Gibson et al., 1985; Woese 
et al., 1985). The group is weH separated from 
aH other bacteria and represents one ofthe main 
branches (a phylum) in the bacterial tree of des
cent. By the same method, it has been possible 
to rule out any connection to filamentous, glid
ing Vitreoscilla, as weH as to Beggiatoa and Leu
cothrix, which belong to the beta and gamma 
branches, respectively, of the purple bacteria 
(the class Proteobacteria, as defined by Stacke
brandt et al., 1988). Any relationship with the 
filamentous cyanobacteria (a connection that 
was discussed for many years) has also been 
ruled out (Reichenbach et al., 1986; for a sum
mary, see Reichenbach, 1981). Interestingly, 
the relationship with Chloroflexus is also re
flected in the very unusual structure and com-

Fig. 2. Filaments of the type strain of Herpetosiphon aurantiacus at high magnifications. (a) Filaments from CY agar. 
Note the enormous variability of the filaments' diameter, which is especially pronounced on peptone media. Slight 
constrictions at the filaments' surface and dark bands in the interior indicate cell boundaries, which can be particularly 
clearly recognized in the thick filament in the upper left sector; dark dots seen in many cells may be mesosomelike 
membrane bodies. (b) The translucent segments seen next to the filaments are empty cell-wall cylinders and correspond 
to the sleeves often found at the ends of the filaments; here, as in other figures of this table, parallel running filaments 
approach one another very closely, which seems to exclude the presence of a sheath of any significance. (c) The knots in 
the filaments testify to their incredible flexibility; the filament on the left contains a necridium; from VY/2 agar. (d) The 
filament has a short sleeve at the end and a necridium which is almost ready to snap. (e) A short filament with sleeves 
at both ends and a necridium. (f) In several filaments, cross-walls are recognizable; there is a one- and a two-celled segment, 
the latter with a living and a dead cell; from CY agar. (g) Decaying filament fragmenting into cell-wall cylinders, each 
corresponding to one cello Because the cylinders separate cleanly, there can be no sheath. All micrographs were taken 
with Zeiss Axiomat, in phase contrast. Bars = 10 !Lm. 
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position of the cell walls of the two organisms. 
Both organisms contain a peptidoglycan in 
which meso-diaminopimelic acid is replaced by 
L-ornithine, and to which a polysaccharide is 
covalently bound; and both organisms lack a 
lipopolysaccharide (J ürgens et al., 1987, 1989). 

While so me progress has been made, our 
knowledge of Herpetosiphon is still very incom
plete (for summaries, see Reichenbach and 
Dworkin, 1981; Holt, 1989). A film showing the 
movements of the filaments and the develop
ment of the colonies is also available (Reichen
bach et al., 1980). 

Habitats 
Typical Herpetosiphon strains are regularly 
found in freshwater, in soil, and in decaying 
organic matter, such as rotting wood, dung of 
herbivorous animals, and compost. Herpetosi
phon appears to be rather common everywhere 
in aerobic environments, in the neutral pH 
range and under mesophilic conditions. So me 
freshwater habitats have already been men
tioned. A study on the distribution of Herpe
tosiphon in the surface layers of Lake Const
ance, a large, deep, fairly oligotrophic lake in 
southwestern Germany, demonstrated the or
ganism only in contaminated areas close to ci
ties or at the mouths of rivers, while it was ab
sent in clean stretches of water in the middle 
of the lake or along uninhabited and undis
turbed shores (Gräf and Perschmann, 1970). 
This suggests that the Herpetosiphon population 
at the lake surface has its origin in the soil of 
the sUITounding country and in contaminated 
waters running into the lake. The examples 
mentioned in the introduction show, however, 
that Herpetosiphon also thrives in the benthos 
of freshwater bodies. therefore, its absence in 
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the surface layers is best explained by a fast 
sedimentation of the flocs of entangled fila
ments, which can stay in suspension only in 
vigorously agitated liquids. 

Herpetosiphon and Herpetosiphon-like bac
teria grow abundantly in the activated sludge of 
sewage plants (Sa1cher et al., 1982; Senghas and 

. Lingens, 1985; Trick and Lingens, 1984). In 
fact, there may be such an explosive develop
ment that it leads to the much-feared bulking 
ofthe sludge. The reason for mass development 
is not yet fully understood and is probably not 
always the same, but one factor could be the 
presence of a high population of grazing pro
tozoa that remove competing unicellular bac
teria (Güde, 1979). Bulking in sludge is not due 
to the flocs not settling fast enough to become 
separated from the liquid, since the flocs settle 
indeed reasonably weIl. The problem is rather 
that the flocs show poor compaction properties, 
so that the sludge removed from the settling 
tank contains too much water. The cause of 
bulking sludge is always a microbiological one, 
and in most cases it is due to the excessive 
growth of filamentous bacteria. This has been 
known for many years, and several efforts have 
been made to classify the various types. of fil
amentous organisms found in sewage (for a 
summary, see Piper, 1978). Success in under
standing bulking was, however, rather limited, 
mainly because most ofthose bacteria could not 
be cultivated (also the case with many Herpe
tosiphon strains, as will be discussed later). Her
petosiphon must have been observed many 
times in sewage material, but it was never rec
ognized as such. Thus, the organism described 
from a Dutch sewage plant as belonging to 
group III (van Veen, 1973) was almost certainly 
Herpetosiphon (strain Rz in van Veen's Fig. 12 
shows the typical empty sleeves at the ends of 
the filaments). Those bacteria were practically 

Fig. 3. Various swarm colony types of Herpetosiphon aurantiacus. The colonies of Herpetosiphon are very variable and 
occasionally show striking patterns. (a) Swarm with a rhythmic growth pattern, on VY/2 agar. Bar = I mm. (b) Swarm 
showing surface growth (right), as weil as penetration into the agar (light areas). Bar = 1 mm. (c) and (d) Colonies with 
proboscislike protuberances; (c) survey picture; (d) protuberances at higher magnification. Bar = I mm in both (c) and 
(d). (e) Swarm growing from a streak of autoclaved E. coli on water agar; the curly pattern is characteristic for this kind 
of culture; the cloudy areas in the lower part indicate penetration of the organism into the agar. Bar = 1 mm. (f) and 
(g) Large swarm on VY/2 agar; the swarm sheet tends to contract and peel off the agar surface, producing large holes 
surrounded by ridges; this growth pattern is very characteristic for Herpetosiphon. Bar = I mm in both (f) and (g). (h) 
Delicately plicated surface of a swarm sheet on VY/2 agar; this is a relatively unusual pattern. Bar = 100 ~m. (i) to (I) 
Knobs; they are sometimes produced in large numbers and arranged in patterns (i, I) that make their resemblance to 
myxobacterial fruiting bodies even more striking; also, their size is in the range of fruiting bodies. Bar = I mm in (i) 
and (I), 500 ~m in (j), and 200 ~m in (k). (m) Microcolony showing its composition of long, coiling, and interwoven 
filaments on CY agar. Bar = 100 ~m. (n) Swarm on a streak ofautoclaved E. coli (center) on water agar spreading in an 
uncommon pattern of broad, tapelike tongues. Bar = 1 mm. (0) Edge of a swarm growing on a streak of living E. coli 
on water agar; in contrast to the usual pattern on this medium, as shown in (b) and (e), here the swarm ends in aseries 
of compact knobs with delicate, flamelike extensions (swarm center is to the right). Bar = I mm. Pictures made with 
Leitz Aristophot, (a to g); Zeiss Axiomat, (h, j, k, m); and Olympus SZH Stereo Microscope, (i, I, n, 0). 
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Fig. 3. Parts a to i. (Parts j to 0 on next page.) 
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Fig. 3. Parts j to o. 
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always present in activated sludge and probably 
also contributed to bulking. 

One species, H. geysericola, is described from 
the surroundings of a hot spring (Lewin, 1969, 
1970). It is represented by just one strain, which 
in addition appears to be thermotolerant rather 
than thermophilic (the literature is completely 
mute about that important point; but the ATCC 
catalog lists a growth temperature of 30°C for 
the strain). The environment from which H. 
geysericola was isolated is of interest insofar as 
this is the typical habitat of the related Chlo
rojlexus. In a study in a Yellowstone hot spring 
it was shown that the bacterial mat contained 
two other types of filamentous bacteria besides 
Chlorojlexus (Tayne et al. , 1987). Unfortu
nately, the antiserum used to identify Chloro
jlexus was not applied to Herpetosiphon out of 
all bacteria tested for cross-reactions. Perhaps 
Herpetosiphon is more common in that envi
ronment than has so far been assumed. 

Several Herpetosiphon strains came from ma
rine enviroments and were classified as separate 
species (Lewin, 1969, 1970). The organisms re
quire at least half-strength seawater for growth 
and thus must be regarded as genuinely marine 
bacteria. The present author's own experience 
with isolating gliding bacteria from marine 
sources shows me, however, that Herpetosiphon
type organisms cannot be particularly common 
in that environment; Lewin also isolated only 
three marine strains among 90 other gliding 
bacteria, although in his marine sam pies he ob
served a few more Herpetosiphon-like organ
isms, which he could not isolate. 

While Herpetosiphon obviously is a very 
common inhabitant of freshwater, it is equally 
at horne in nonaquatic environments. As a by
product during the isolation of myxobacteria, 
we have isolated in the course of 20 years more 
than 200 Herpetosiphon strains from soil sam
pIes, dung pellets, rotting wood, and similar ma
terials collected all over the world in various 
climate zones, including decidedly hostile, dry, 
and hot environments, like semi-deserts in Tun
isia and Arizona, steppe habitats in Mediter
ranean countries, the Canary Islands, and gyp
sum hills on Cyprus (H. Reichenbach, 
unpublished observations). 

Isolation 

Herpetosiphon may be isolated from any ofthe 
sources mentioned above. The terrestrial strains 
usually survive desiccation so that dry sampies 
can also be used. We were able to obtain Her
petosiphon from rotting wood after 8 years stor
age, from filter-paper preserves of contaminated 
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myxobacteria after 6 years, and from soil after 
2 years of storage in the dry state at room tem
perature. It has been noted that strains from 
sewage plants are also extremely resistant to de
siccation (Trick and Lingens, 1984). 

No specific enrichment techniques are 
known. For isolation use is made of the ability 
of the organism to glide away from the inocu
lum and to produce a typical swarm pattern. 
To elicit gliding and to suppress excessive 
growth of contaminants, media very low in or
ganic constituents are recommended. The sim
plest medium is plain water agar, to which cy
cloheximide may be added to prevent the 
development of fungi: 

WAT Agar 
CaCl,'2H,O 0.1% 
Agar 1.5% 

Adjust the pH to 7.2 with KOH. When used for crude 
cultures, cycloheximide (25 ILgjml medium) may be 
added after autoclaving, from a filter-sterilized stock so
lution (yielding WCX agar). 

Several small sam pies of soil or other source 
of inoculum (size of a lentil) are placed on the 
surface of the dry plate, a few cm from each 
other, and the culture is incubated at 30°C. Af
ter 2 to 20 days, the typical swarm colonies with 
long flares and coils of entangled filaments at 
the edge may be observed (Fig. 3). The very 
delicate pattern can only be seen, however, if an 
oblique light beam produced by a tiltable mirror 
is applied from below. We have had success with 
WAT agar plates with three thin, parallel streaks 
of living Escherichia coli, each of which is in
oculated at one end. Herpetosiphon grows in a 
spreading fashion within the streaks, usually 
without lysing the E. coli cells and often only 
appears along the edges of the streaks in the 
form oflong flamelike structures or a loose pat
tern of separate, coiling strands of filaments. 
Sometimes, however, large and more or less 
dense swarm sheets are produced that spread 
over much ofthe plate. An especially high yield 
of Herpetosiphon can sometimes be obtained if 
such cultures are incubated at 38°C. 

In a similar way, marine strains can be ob
tained by streaking littoral silt and mud on sea
water agar. 

Seawater Agar (Lewin and Lounsbery, 1969) 
Tryptone (Difco) 0.02% 
Agar 1% 
In seawater. 

After autoclaving, cycloheximide (l00 ILgjml) is added 
from a filter-sterilized stock solution. 
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The cultures are incubated at room temper
ature (24°C) and examined over a 2 to 3 week 
period for the appearance of spreading organ
isms. 

The strains on which the definition of the ge
nus is based were isolated by making a single 
streak from the slimy coat of Chara on a plate 
with 0.3% peptonized milk (Difco) and 1.5% 
agar. The culture was incubated at room tem
perature. Evidently, this relatively rich medium 
can be used only if the sampie contains few 
other microorganisms (Holt and Lewin, 1968). 

For the isolation ofplanktonic Herpetosiphon 
in freshwater, between 0.5 and 1 liter oflake or 
river water is passed through a sterile mem
brane filter (pore size, 0.4 tim). The filter is then 
cut into pieces, and the segments are placed on 
a low-nutrient agar medium. In the original 
study, rabbit dung agar was used, but any other 
lean medium would certainly also do. 

Rabbit Dung Agar (Gräf and Perschmann, 1970) I Dry dung pellets from wild rabbits (20 g) are boiled in 
I liter of distilled water for 20 min. The filtrate is used 
with 1.5% agar. The pH is adjusted to 7.2. 

The cultures are incubated at 33°C. After 
about 6 days, swarm colonies begin to spread 
from the edges of the filter. 

The strains from activated sludge were iso
lated by streaking a drop of the sludge sam pie 
on BG-ll agar (originally designed for the iso
lation of cyanobacteria) or on I agar (Salcher et 
al. , 1982; Trick and Lingens, 1984). 

BG-ll Agar (Stanier et al., 1971) 
NaNO, 1.5 g 
K,HPO. 0.04 g 
MgSO .. 7H,O 0.075 g 
CaCl2 '2H,O 0.036 g 
Citric acid 0.006 g 
Ferric ammonium citrate 0.006 g 
EDTA (Na,-Mg salt) 0.001 g 
Na,CO, 0.02 g 
Trace element solution A5 I ml 
Agar 15 g 
Water I liter 

The trace element stock solution A5 contains per liter: 
H,BO" 2.8 g; MnCl,'4H,O, 1.8 g; ZnSO.7H,O, 0.2 g; 
Na,MoO.2H20, 0.4 g; CuSO .. 5H,O, 0.08 g; 
Co(NO,)'6H,O, 0.05 g. 

I Agar (Salcher et al., 1982; [rom van Veen, 1973, 
modified) 

Glucose 
(NH.),SO. 
Ca(NO,), 
K,HPO. 
MgSO.7H,O 
KCl 

0.15 g 
0.5 g 
0.01 g 
0.05 g 
0.05 g 
0.05 g 

CaCO, 
Agar 
Water 

0.1 g 
15 g 

I liter 
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After autoc1aving, 10 ml of a filter-sterilized vitamin 
solution is added. The vitamin solution contains per 
liter: Ca pantothenate, 10 mg; nicotinic acid, 10 mg; 
biotin, 0.5 mg; cyanocobalamin, 0.5 mg; folie acid, 0.5 
mg; pyridoxine' HCI, 10 mg; p-aminobenzoic acid, 10 
mg; thiamine pyrophosphate, 10 mg; thiamine, 10 mg; 
inositol, 10 mg; riboflavin, 10 mg. 

As sewage organisms are notoriously fastid
ious and adapted to very low nutrient levels, I 
have suggested those complicated media; 
whether they are really required or could be re
placed by simpler recipes has not been deter
mined. While this is consistent with the behav
ior of the isolated, pure strains, those strains 
taken immediately from sewage may behave dif
ferently from those that have adapted to culti
vation. The cultures are incubated at 25°C and 
examined with a phase contrast microscope 
over several weeks, because these organisms de
veloped very slowly (Salcher et al., 1982). 

Pure cultures can be obtained by transferring 
filaments from the advancing swarm edge to the 
same media again, or, as soon as the culture is 
sufficiently pure, to richer media (see "Culti
vation," this chapter). We often have good re
sults with transfers to streaks of autoc1aved E. 
coli on water agar, although many Herpetosi
phon strains do not grow on autoc1aved bacteria 
(see below). As the organism has to be carefully 
removed from the contaminated plate, transfers 
are made best by cutting out a piece of the 
swarm edge on a small agar block using a 
drawn-out glass rod or, more conveniently, a 
fine steel injection needle (e.g., on ai-mI dis
posable syringe). The procedure is repeated un
til the strain is pure. Two recently discovered 
properties of Herpetosiphon may substantially 
speed up purification: I have found that all Her
petosiphon strains tested so far grew at 38°C 
(some even at 40°C), and that all are resistant 
to 250 mg kanamycin sulfate per liter. 

Cultivation . 

It appears that, in general, Herpetosiphon pre
fers low nutrient levels. Thus, one of our strains, 
Hp g175, produced good growth over six trans
fers on plain water agar, obviously living off 
minute quantities of contaminating material in 
the agar but without visibly attacking the agar 
itself. Rich media, like nutrient agar or nutrient 
broth, are often not suitable at all. 

About one strain out of three that is isolated 
from soil on streaks of living E. coli can be 
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cultivated without difficulty on complex media, 
such as VY/2 agar and CY agar. Those strains 
usually produce heavy growth, and often spread 
within a few days over the entire plate. So me 
strains tend to penetrate into the agar (Fig. 3). 
The yeast in VY/2 agar may or may not be lysed. 

VY/2 Agar 
Bakers' yeast (fresh weight of commercial 

yeast cake) 
CaClz·2H,0 
Cyanocobalamin 
Agar 
Adjust to pH 7.2. 

CY Agar 
Casitone (Difco) 0.3% 
Yeast extract 3 g 
CaClz·2HzO 0.1% 
Agar 1.5% 
Adjust to pH 7.2. 

0.5% 

0.1% 
0.5/Lg/ml 
1.5% 

The cultivation ofthe remaining 70% ofthose 
strains is essentially an unsolved problem. A 
few ofthem respond favorably to a reduction of 
the nutrient concentration and can be grown on 
media like VY/5 agar (as VY/2 agar, but yeast 
concentration reduced to 0.2%). Others grow 
more or less poorly on Eseheriehia eoli overlay 
agar, but most ofthem can barely be kept alive 
on streaks of autoclaved or living E. eoli on 
water agar. 

Eseheriehia eoli Overlay Agar 
The growth of four culture plates of E. eoli (on any 
suitable medium) is suspended in 100 ml ofwater agar 
(WAT agar, see "Isolation"). The suspension is auto
c1aved and poured as a thin layer on top of water agar 
plates. 

Many strains survive only on living bacteria, 
presumably because they require so me labile 
growth factor. The alternative explanation, that 
E. eoli removes so me inhibiting component, 
seems less likely because the Herpetosiphon fil
aments often creep far away from the E. eoli 
streak. All our efforts to identify growth factors 
have been unsuccessful, although many pos si
bilities have been tested (different vitamins, 
sugars, and amino acids; plant oil; chitin, cat
alase, cell fractions of E. eoli and of cultivable 
Herpetosiphon strains; anaerobic and microaer
ophilic conditions; different agar concentra
tions, temperatures, pH values; illumination). 

The freshwater strains can be grown on the 
same or on similar media as mentioned above. 
H. geyserieola was cultivated on medium 2 
(Lewin, 1970): 
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Medium 2 (Lewin and Lounsbery, 1969) 
Casamino acids 0.1 % 
Na glycerophosphate 0.01% 
Tris bulfer 0.1 % 
KN03 0.01% 
CaClz·2HzO 0.01 % 
MgSO .. 7HzO 0.01% 
Thiamine I mg/I 
Cyanocobalamin I /Lg/l 
Agar 1% 
Glucose 0.1% (added after autoc1aving) 
Adjust to pH 7.5. 

Medium 2 was used as a standard medium 
for the cultivation of many different organisms; 
thus, not every component may be required by 
Herpetosiphon (e.g., thiamine). 

For the sewage and sludge strains, either EC 
medium or ATCC medium 810 was used: 

EC Medium (Enriched Cytophaga Medium: Pate 
and Chang, 1979) I Tryptone (Difco) 

Yeast extract (Difco) 
Na acetate 
Agar 

0.2% 
0.05% 
0.02% 
1.5% 

ATCC Medium 810 (Myxo 810 Medium) I Skim milk powder 0.5% 
Yeast extract 0.05% 
Agar 1.5% 
The pH is not adjusted. 

The seawater organisms grow well on me
dium 1 (Lewin, 1970): 

Medium 1 (Lewin and Lounsbery, 1969) 
Tryptone (Difco) 0.5% 
Yeast extract (Difco) 0.5% 
Na glycerophosphate 0.1% 
KN03 0.05% 
Agar 1% 
In seawater. 
The pH is adjusted to 7.0. 

Most of the cultivable strains also grow in 
liquid media, in shake flasks, and in fermentors. 
A good medium for many strains is HP74 liquid 
medium. Other strains grow equally weIl or bet
ter in peptone-containing media, e.g., in CAS 
liquid medium or in MDlliquid medium. 

HP74 Liquid Medium 
~~~m~ 1% 
Yeast extract (Difco) 0.2% 
MgSO .. 7HzO 0.2% 
Glucose (autoc1aved separately as a 20% stock 1% 

solution) 

Dissolve the ingredients in phosphate bulfer (pH 6.5) at 
I mM. The bulfer is autoc1aved separately as a 50 mM 
stock solution. 
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CAS Liquid Medium 

MgSO .. 7H20 0.1% I Casitone (Difco) 1% 

The pH should be 6.8; do not adjust. 

MDI Liquid Medium 
Casitone (Difco) 0.3% 
CaCI2·2H20 0.07% 
MgSO .. 7H20 0.2% 
Cyanocobalamin 0.5.ug/ml 

Trace element solution (see below) is added after au
toclaving. The pH should be 6.8; do not adjust. 

Casitone (Difco) may be replaced by other 
enzymatically digested casein peptones, but 
then the pH has to be adjusted to about 7. 

Trace Element Solution 
MnCI2 '4H20 
CoCI2 

CuSO. 
Na2MoO .. 2H20 
ZnCI2 

LiCI 
SnCI2'2H20 
H 3B03 

KBr 
KI 
EDTA, Na-Fe; salt (trihydrate) 
Water 

100 mg 
20 mg 
10 mg 
10 mg 
20 mg 

5 mg 
5 mg 

10 mg 
20 mg 
20 mg 
8g 
I liter 

Sterilized by filtration, this solution is stable for months 
at room temperature due to its high EDTA content. The 
mix is used at I ml per I medium. 

In agitated cultures the organisms may grow 
as homogeneous suspensions, but often the fil
aments stick together to form flakes or tight 
spherules. One of our strains, Hp a2 (DSM 589), 
forms flakes when inoculated into HP74 liquid 
medium; the cultures become completely uni
form after a few days, but the organism forms 
flakes again upon transfer into fresh medium. 
Growth is not particularly fast: the doubling 
time is in the range of 15-20 h, and the cultures 
do not enter the stationary phase until after 4-
6 days of cultivation (30°C, HP74 liquid me
dium, shake flasks). Wet-weight yields are in the 
order of 1-3 g/liter in shake flasks, and 2-4.5 
g/liter in fermentors (HP74 liquid medium. The 
dry weight amounts to roughly 20% of the wet 
cell mass. 

For the cultivation of Herpetosiphon from 
sewage and sludge, EC medium (as above, with
out agar) is recommended (Trick and Lingens, 
1984; Senghas and Lingens, 1985). The organ
isms were grown at 25°C, their temperature op
timum; and the doubling time was 20-25 h. The 
cell yield after 5-6 days was 2-3.5 g/liter and 
0.5-1 g/liter (dry matter), respectively, with the 
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two sets of strains. The phosphate optimum of 
the sewage strains was at 0.01 %. 

The marine species were grown in medium 1 
(as above without agar). They require a salt con
centration between 0.5-fold and twofold that of 
seawater (Lewin and Lounsbery, 1969). 

All known strains are strictly aerobic. The 
temperature range differs with different strains. 
In general, the freshwater and marine strains 
seem to prefer lower temperatures, around 
25°C, while the soil and some freshwater strains 
grow very well at 30°C and above. All soil 
strains tested by us grew at 38°C, and so me 
strains still grew vigorously at 40°C (e.g., Hp 
gI96). The sewage strains showed a temperature 
minimum at 15°C, a maximum at 37°C, and 
an optimum at 25°C. H geysericola comes from 
the vicinity ofa hot spring but can be cultivated 
at 30°C (see "Habitats"). The optimal pH range 
is 7-7.5, although pH values of 8-9 seem oc
casionally be tolerated. 

Preservation 

Most Herpetosiphon strains survive on agar me
dia at 30°C or room temperature for up to 3 
months. Slant cultures, stored at 4°C, have been 
successfully subcultured after 14 months. Stock 
cultures should be transferred every 3-4 weeks. 
A good medium for such cultures is VY/2 agar. 

Herpetosiphon strains may be preserved by 
any of the standard procedures. A convenient 
and reliable method is storage at - 80°C. The 
bacteria are suspended in 1 ml of CAS or HP74 
liquid medium and simply put into the deep 
freeze. Thawing should be fast, best accom
plished by immersing the tube in cold water, 
and transfers to a suitable growth medium have 
to be made immediately after thawing. We have 
been able to reactivate such preserved cultures 
with no problems after 8 years of storage, the 
longest period tested. Alternatively, the bacteria 
can be frozen in liquid nitrogen. In one study, 
the filaments were suspended in growth me
dium (medium 1 or 2 as above, without agar), 
supplemented with 10% of either glycerol or di
methyl sulfoxide (DMSO) (Sanfilippo and 
Lewin, 1970). All five strains survived freezing 
and thawing with both additives. Only the glyc
erol preserves were tested again after 1 year, and 
all strains were still viable. When stored in 
growth medium without additives at -22°C, 
three out of four strains survived for 21 weeks 
(the longest period tested) and one for 6 weeks. 
Strains dried in skim milk could always be reac
tivated after storage for up to 12 years. We do 
not freeze-dry the organism itself, but only the 
skim milk: A few drops of a thick suspension 
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of Herpetosiphon filaments, taken from a young 
plate culture, are added to a plug offreeze-dried 
skim milk in an ampule. The plug absorbs the 
liquid without liquifying itself. The ampule is 
then dried at room temperature in a desiccator 
on a vacuum pump for several hours. After fill
ing the desiccator with nitrogen gas, the am
pules are sealed. 

Characterization 

The morphology of Herpetosiphon is so distinct 
that the bacterium can readily be recognized 
under the microscope. Only the phylogeneti
cally related genus Chloroflexus has a similar 
appearance, but it is a thermophilic, facultative 
phototroph found only in hot springs. Herpe
tosiphon forms extremely long, unbranched, 
multicellular filaments of uniform diameter 
(Fig. 1). The filaments often measure 300 to 
more than 1200 Mm in length. The cells in a 
filament cohere tenaciously so that the filament 
does not break easily. Unconstrained filaments 
in a liquid medium appear straight and stiff, 
but in fact they are extremely flexible and can 
sharply bend back and twist around themselves 
in a ropelike fashion or intertwine into plaitlike 
masses (Fig. 1). The width of the filaments var
ies with different strains from 0.5 to 1.7 Mm, 
mostly between 0.7 and 1.2 Mm, there is also 
considerable variation within the same culture 
(Fig. 2). Thus I have measured filament diam
eters between 0.7 and 1. 6 Mm in an 11-day-old 
culture of the type strain of H. aurantiacus on 
CY agar. In older cultures or under unfavorable 
conditions, the filaments often swell substan
tially and may become completely irregular in 
outline. In old cultures, the filaments also tend 
to be co me shorter, especially on peptone-con
taining media, simp1y because more and more 
cells die and the filaments snap at such sites. 
The fragments can be as short as one cello In 
old cultures, particularly on agar, short, opti
cally refractile, irregu1ar filaments are often seen 
(Fig. 4). As those are the only structures left in 
old, drying, but still viable cu1tures, they appear 
to be desiccation-resistant resting forms. How
ever, their germination has not been directly ob
served so far. 

The filaments consist of cylindrical cells that 
have the same diameter as the filament, and 
they are so c10sely attached to one another that 
only exceptionally shallow notches can be seen 
at the surface. Under a microscope with a high 
resolution using phase or interference contrast, 
the cells can sometimes be seen in living fila
ments (Fig. 2). The septa become more con
spicuous in older cultures, particularly when the 
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organism is grown on a peptone-rich medium, 
like CY agar. In such filaments the intracellular 
membrane bodies (see below) can often also be 
recognized (Fig. 2). The cells become c1early 
distinguishable ifthe filaments are first dried to 
the slide and then stained, e.g., with Loeffler's 
methylene blue, crystal vio1et, or alcoho1ic fuch
sin (rosaniline; Fig. 2). The lengths of the cells 
vary even within one filament, which suggests 
that the cells do not divide synchronously. The 
celliength mayaiso vary with the culture me
dium, the culture age, and the strain. With 
many strains, celliengths between 1.5 and 4.5 
Mm have been measured. The type strain of the 
genus appears to have especially long cells, 
measuring between 3 and 7, and sometimes 10 
Mm. 

A most characteristic feature of Herpetosi
phon is the presence at the ends of many fila
ments of transparent sections, which we call 
sleeves (Fig. 2). The sleeves have the same di
ameter as the filaments and are 1.4-5.5 Mm, usu
ally 1.5-3.5 Mm long (the measurements are 
those of strain Hp a2). The interpretation of 
those sleeves is still controversial. Some inves
tigators have regarded them as an indication of 
a sheath (Holt and Lewin, 1968; Skerman et al., 
1977) or at least of a microsheath (Trick and 
Lingens, 1984). We prefer a different explana
tion (Reichenbach and Golecki, 1975): The fil
aments appear to multiply by breaking at the 
sites of necridia, i.e., dead cells along the fila
ment. Such necridia can occasionally be ob
served in young cultures, and their number in
creases substantially with the age of the culture 
(Fig. 2). Their length (1.5-3.7 Mm) is in the size 
range of ordinary cells. Trichome division by 
breakage at necridial cells is well known from 
other bacteria and has been described, e.g., for 
Oscillatoria (Lamont, 1969) and Beggiatoa 
(Strohl and Larkin, 1979). When a filament 
snaps, the empty cell wall cylinder of the nec
ridium remains attached to the end of one 
daughter filament and gives rise to a sleeve. In 
strain Hp a2, the outer wall seems to rupture 
at one of the ends of the necridium near the 
cross-wall rather than across its middle, for the 
shortest and the longest sleeves correspond ex
actly to the lengths of the shortest and the long
est cells. This would also explain why only some 
of the filaments' ends bear a sleeve, although it 
seems that the sleeves mayaiso be shed; often 
empty sleeves can be seen lying in between the 
filaments. With the type strain of H. aurantia
cus, on the other hand, the sleeves are excep
tionally short, with a size distribution corre
sponding approximately to one-half that of the 
cell length, so that here the necridia seem to 
break preferentially in their center. There are, 
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Fig. 4. Special structures of Herpetosiphon aurantiacus. (a to c) Desiccation-resistant filaments in achamber culture. (a) 
and (b) Survey pictures; dark field; Bars = 200 !Lm: (a) 9 days old, with the filaments still essentially intact; (b) 32 days 
old, with only remnants of the filaments left. Bar = 200 !Lm. (c) At high magnification, the remaining segments of the 
old filaments appear irregular in outline and optically refractile; there are conspicuous slime tracks. Bar = 30 !Lm. (d) 
The empty sleeves that are visible here at the ends of many filaments are easy to recognize, even at a relatively low 
magnification, and thus help to quickly identify an isolate as a Herpetosiphon. Bar = 10 !Lm. (e) A necridium (arrow). 
Bar = 10 !Lm. (f) Bulbs. Bar = 20 !Lm. Zeiss Standard Microscope, (a) to (c). Zeiss Axiomat, (d) to (f); (c) to (f) in phase 
contrast. 

however, at least six more arguments against the 
presence of a sheath: 1) The filament glides as 
a whole, with its empty end-pieces in position, 
which would seem unlikely if the cells were en
closed in a sheath. 2) There is no movement of 
cells within the filament, e.g., at the site of a 
necridium, nor arelease of cells at the ends of 
the filament. This was observed by Holt and 
Lewin (1968), and also by the present author. 
But the literature is not in complete agreement 
on these points. Movement of a filament within 
its sheath has been described and "verified" by 
timelapse photography (Skerman et al., 1977); 
however, it is my impression that what was de
scribed as a sheath may really be a slime trail. 
Also, it was stated that single, gliding cells were 
released from the filaments (Brauss et al., 1969), 
but in this case it has not been ruled out that 
what was seen were simply short fragments that 
broke offthe ends ofthe filament. 3) Ifthe sleeve 
were a piece of a sheath, it would be difficult to 
understand why, as a rule, it does not exceed 
the length of a cell. 4) If a sheath were present, 
one could expect an occasional false branching 

of the filaments. 5) When a whole filament dies 
and decays, it falls apart into cell-sized pieces 
(Fig. 2). Obviously, there is no sheath to hold 
them together. 6) We have never been able to 
demonstrate anything resembling areal sheath 
under the electron microscope, with specimens 
prepared by freeze-etching, negative contrast, 
metal shadowing, or by thin-sectioning after 
several different fixation protocols (Reichen
bach and Golecki, 1975; see also Gräf and 
Perschmann, 1970). This is also true for the 
type strain (Fig. 5). However, the thin, tubelike 
structure composed of fibrils, which has been 
described by several investigators and has been 
interpreted as a microsheath (Skerman et al. , 
1977; Senghas and Lingens, 1985; Holt, 1989), 
probably has a different explanation. 

How can these differences of opinion about 
the existence of a sheath in Herpetosiphon be 
reconciled? Differences among strains can be 
ruled out, for we included the type strain in our 
studies and found no significant divergence 
from strain Hp a2. A sheath is a morphologi
cally distinct structure, a hollow cylinder with 
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Fig. 5. Electron micrographs of the type strain of Herpetosiphon aurantiacus. (a) and (b) Ultrathin sections; the peptid
oglycan layer can be elearly distinguished, but while there is plenty of extracellular slime material, no structure resembling 
a sheath can be located on the surface; also, the elose juxtaposition of the filaments in (b) speaks against a sheath. Within 
the cells, membrane bodies can be seen. (c) Shadowed preparation; an end piece with an empty cell-wall cylinder, or 
sleeve, is visible; again there is no sign of a sheath. Zeiss EM lOB electron microseope. Bars = 1 Itm; the magnification 
is identical for (a) and (b). (Courtesy of H. J. Hirsch.) 
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a discrete outer boundary, excreted by the cells 
and not covalently bound to their surface. Un
der the light microscope, a sheath should be 
clearly recognizable, e.g., after negative staining 
with nigrosin or India ink. Under the electron 
microscope, a sheath may be difficult to visu
alize in thin sections, because of poor contrast 
with the usual techniques, but with negative 
contrast or metal shadowing, it should be seen. 
Like all gliding bacteria, Herpetosiphon excretes 
slime, and slime fibrils can always be observed 
in the neighborhood of the trichomes, but this 
material is more or less diffuse. Under certain 
conditions this stirne may condense, perhaps as 
a consequence of dehydration during fixation, 
and then it may appearas a dense tube. This is 
probably what has been taken as evidence for a 
sheath by various investigators (Skerman et al., 
1977; Senghas and Lingens, 1985; Holt, 1989). 
Typically in all those cases cited, a wide gap 
opens between the filament and the thin, dense 
tube. More recently, efforts were made to dem
onstrate a sheath in the sludge organisms by first 
lysing the cells in the filament with lysozyme 
and then staining the remains with crystal vi
olet. In that case, indeed, a long thin tubelike 
structure could be produced (Senghas and Lin
gens, 1985), but this still is not an unequivocal 
proof of a sheath, for the technique gives reli
able results only if the organism has anormal 
bacterial cell wall. 

Electron microscopy of thin sections reveals, 
however, that Herpetosiphon has an unusual cell 
wall structure (Reichenbach and Golecki, 
1975). Outside the cytoplasmic membrane 
there is a well-defined peptidoglycan layer, 4-6 
nm thick, but no outer membrane can be re
solved. In fact, that membrane seems to be ab
sent. Rather there is a thin additionallayer, 21-
25 nm thick, granular in thin sections, fibrillar 
in freeze-etch preparations, on top of the pep
tidoglycan. This layer follows the peptidoglycan 
into the shallow notches between adjoining 
cells, but not into the cross-septa where only the 
peptidoglycan layer can be distinguished. We 
have never found any other defined layer out
side the fibrillar layer and in particular have 
found no layer running smoothly across the cell 
junctions, as would be expected for a sheath. 
This peculiar wall structure is corroborated by 
chemical analyses of the cell envelope (see be
low) and may be direct1y connected with the 
sheath problem. It appears that the additional 
layer is considerably more resistant to decom
position than the usuallipopolysaccharide-con
taining outer membrane, and it may give the 
peptidoglycan, to which it seems to be cova
lently bound, a higher stability. 
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Within the cells there are extensive intracel
lular membrane systems, some of which origi
nate at the cross-septa, others from the cyto
plasmic membrane along the longitudinal walls. 
They become especially conspicuous when the 
negative-contrast technique is applied. As men
tioned above, under certain conditions they can 
even be seen in the light microscope. 

In old cultures, the filaments are often locally 
inflated and form large, spherical structures, or 
"bulbs," with a diameter of 2.5-3.5 j.tm (Fig. 4; 
Reichenbach and Golecki, 1975; Trick and Lin
gens, 1984). Under the electron microsc:ope a 
membrane body at the end of a septum-like 
stalk can always be seen within the bulb. Those 
bulbs seem to be adegeneration phenomenon, 
and outgrowth or further development has 
never been observed from them. 

In wet mounts, Herpetosiphon filaments often 
can be seen to bend slowly and sometimes to 
oscillate back and forth. In contact with a suit
able interface, i.e., one to which the organism 
can stick, like a glass or an agar surface, the 
filaments glide slowly and, during this move
ment, deposit characteristic slime tracks (Fig. 
1). Gliding filaments often bend laterally to 
form hairpinlike loops (Fig. 1). In liquid media, 
the filaments apparently move along them
selves. They may coil around themselves 0If one 
another and produce all kinds of loops: and 
knots (Figs. 1 and 2). 

The colonies, or swarms, usually spread 
quickly over agar surfaces and may completely 
cover a culture plate within a few days. On poor 
media, the migrating filaments remain more or 
less separate and appear in the form of char
acteristic curls and whirls (Fig. 3). Such colonies 
may become extremely delicate and are barely 
recognizable even if oblique illumination is ap
plied. On media that allow good growth, dense 
and tough swarm sheets arise, with a rough, dry, 
peltlike surface. Sometimes the swarm surface 
is completely uniform, with an even, curly, or 
feit texture. But often elegant networks, massive 
concentric ridges, a pattern of large and sm all 
holes, or large, massive knobs are produced 
(Fig. 3). These last-mentioned knobs are par
ticularly impressive and have been observed 
with many different isolates (Holt and Lewin, 
1968; Brauss et al., 1969; Reichenbach and Go
lecki, 1975; Trick and Lingens, 1984). Their di
ameter varies between 200 and 2000 j.tm, and, 
as was noticed repeatedly, they strikingly resem
ble myxobacterial fruiting bodies, especially 
since they often are bright red or orange. But 
the filaments inside those knobs see m not to 
differ from those in other parts of the swarm, 
either morphologically or physiologically. Also, 
the ridges and knobs are not permanent struc-
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tures, but shift continuously from place to place 
and may even dissolve completely again. This 
can be seen, e.g., in the movie mentioned earlier 
(Reichen bach et al., 1980). All those structures 
seem to originate from chance interactions of 
the long, migrating filaments that locally pull 
together, tangle, and pile up. The dynamics of 
the excreted, drying, and contracting slime may 
also be involved. Even more spectacular are 
long, sometimes branched, fingerlike protuber
ances rising up to 5 mm above the swarm sur
face (Fig. 3). They consist of interwoven fila
ments and seem to be produced only by certain 
strains. 

Chemically, the cell wall of Herpetosiphon 
(H. aurantiacus type strain and strain Hp a2) 
consists of a peptidoglycan that contains L-or
nithine in place of diaminopimelic acid, a very 
unusual character for a Gram-negative bacte
rium (Jürgens et al. , 1989). A heteropolysac
charide composed of heptose, hexoses, pen
toses, and O-methyl sugars appears to be 
covalently bound to the peptidoglycan via mur
amic acid-6-phosphate. This heteropolysac
charide is probably the material seen in electron 
micrographs as the granularjfibrillar layer on 
the surface of the longitudinal walls. The pep
tidoglycan-polysaccharide complex amounts to 
20% of the cell dry weight, with a polysaccha
ride portion of 70%. No evidence for a lipo
polysaccharide was found, which would explain 
the absence of an outer membrane in thin sec
tions; nor was there evidence for the presence 
of additional sheath material. The cell wall of 
Herpetosiphon thus closely resembles that of 
Chloroflexus, in both its electron microscopic 
appearance (Pierson and Castenholz, 1974) and 
in its chemical composition (Jürgens et al. , 
1987; Meissner et al., 1988). Incidently, the fil
aments of Chloroflexus also often end with a 
sleeve, which for this organism also has been 
taken to suggest the existence of a sheath (Pier
son and Castenholz, 1974). Hydrolysates of ex
tracellular slime yielded arabinose and gluco
samine as the main constituents (for sewage 
strains; Trick and Lingens, 1984). 

The fatty acid composition has been deter
mined for one of the sludge organisms and for 
strain Hp a2 (Senghas and Lingens, 1985). It is 
dominated by CI6:0, CI8:0, CI6:1, and CI8:1, while 
branched-chain fatty acids, which are so typical 
for many other gliding bacteria, are essentially 
absent. Hydroxy fatty acids are completely lack
ing. The sludge strain contained, in addition, 
substantial amounts OfC 19:0 and 8-methyl CI7:0• 

The novel sulfonolipids, or capnoids, discov
ered in gliding bacteria ofthe Cytophaga group, 
were not found in Herpetosiphon (Godchaux 
and Leadbetter, 1983). The respiratory qui-
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nones are exclusively menaquinones (Kleinig 
and Reichenbach, 1977; Reichenbach et al., 
1978; Senghas and Lingens, 1985). The main 
menaquinone in H. aurantiacus is MK-6, and 
10% is MK-7. 

The harvested cell mass and dense colonies 
on agar plates may be brightly colored in shades 
of yellow-orange to brick-red. But so me strains 
are very pale or even totally unpigmented. The 
pigmentation also depends on the growth me
dium and is usually more intense with peptone
containing substrates. The pigments are cell 
bound. Chemically, they are carotenoids (Klei
nig and Reichenbach, 1977; Reichenbach et al., 
1978). The pigment patterns are remarkably 
uniform, at least with H. aurantiacus, the sew
age strains, and the sludge organisms (Trick and 
Lingens, 1984; Senghas and Lingens, 1985), 
showing only quantitative but no qualitative 
variation. The dominant compound has a 4-
OXO-a-carotene chromophore, with a hydroxyl 
in C-l' to which a disaccharide consisting es
sentially of glucose is connected via a glycoside 
bond. One of the sugars bears an ester-bonded 
fatty acid (Fig. 6). Composite carotenoids ofthis 
type are well known from myxobacteria, but in 
these latter organisms only monosaccharides 
are found as sugar constituents. Carotenoids 
with a disaccharide component are unique so 
far among prokaryotic pigments. 

It has been reported that Herpetosiphon (sew
age and sludge strains) contain granules ofpoly
ß-hydroxy-butyrate (Trick and Lingens, 1984; 
Senghas and Lingens, 1985), but analytical de
tails have not been given, and I have not seen 
any evidence for such material either under the 
light microscope nor in a large number of elec
tron micrographs, including those published by 
the authors themselves. 

The protein patterns as revealed by SDS-elec
trophoresis correspond rather weIl between dif
ferent Herpetosiphon types, and they appear to 
contain elements characteristic for the group as 
a whole as well as for the various types (Senghas 
and Lingens, 1985). 

The DNA of Herpetosiphon of the aurantia
cus type shows little variation in its content: 48 
to 50 mol% (buoyant density). The marine 
strains range between 45 and 52 mol%. The 
Herpetosiphon-like strains isolated from bulk
ing sludge (Senghas and Lingens, 1985) have a 
higher GC conte nt: 59 mol%. The base sequence 
of the 5S rRNA of one of the sludge organisms 
(strain Wie 2) has been determined (van den 
Eynde et al., 1987). While the Herpetosiphon 
sequence corresponds, in general, quite well 
with the model of eubacterial 5S rRNA struc
ture, there are several deviations-in two cases 
in highly conserved sites not modified in any 
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Fig. 6. Chemical structure of the main pigment of Herpetosiphon aurantiacus. (From Kleinig and Reichenbach, 1977.) 

other eubacterium. Also, the 16S rRNA of Her
petosiphon aurantiacus has been completely se
quenced (see "Taxonomy," this chapter) 
(Oyaizu et al., 1987). The unique multicopy sin
gle-stranded DNA (msDNA) common in glid
ing myxobacteria and also found in Flexibacter 
could not be demonstrated in Herpetosiphon 
(Dhundale et al., 1985). 

The nutritional requirements, the physiology, 
and the biochemical capabilities of Herpetosi
phon are not yet fully understood. Herpetosi
phon is a strict organotroph, but because it is 
often able to grow on media very low in organic 
constituents, the results of substrate-utilization 
experiments must be interpreted with great 
care. There seem to be substantial differences 
among individual strains, and even more among 
the three main types that can currently be dis
tinguished: 1) the aurantiacus group, inc1uding 
"H. giganteus," H. geysericola, and the sewage 
strains (Trick and Lingens, 1984); 2) the Her
petosiphon-like organisms isolated from bulk
ing sludge (Senghas and Lingens, 1985); and 3) 
the marine strains (Lewin and Lounsbery, 
1969). The marine strains have not been further 
studied. 

Although all known Herpetosiphon strains are 
aerobic, they seem to prefer microaerophilic 
conditions. Catalase is positive for the auran
tiacus group and negative for the sludge and the 
marine strains. Oxidase is positive with auran
tiacus, including the type strain for which it 
originally was c1aimed to be negative (Holt and 
Lewin, 1969); in our hands, however, young cul
tures on VY/2 agar give a strong positive re
action. The sludge organisms are oxidase neg
ative and tolerate up to 2% NaCI, but the other 
terrestrial strains are rather sensitive to elevated 
salt concentrations. 

It appears that many strains are able to grow 
on inorganic nitrogen sources (NH/ or N03-), 

but unequivocal data are often not available. 
Suitable N sources for the marine strains are 
tryptone, casamino acids, glutamate, and, for 
one strain, also nitrate. Nitrate reduction was 
shown for the sewage organisms, but only under 
anaerobic conditions, and it did not allow 
growth in the absence of molecular oxygen. Ni-

trogen fixation has been mIed out in all cases 
that have been investigated. 

Early reports suggested that carbohydrate uti
lization by Herpetosiphon is poor, but we have 
found this not to be the case. The sewage strains 
utilize various hexoses, pentoses, and sugar al
cohols as sole C sources, although without gas 
or acid production. Organic acids, with the ex
ception of ß-hydroxybutyrate, do not support 
growth. The sludge organisms grow on many 
different sugars and sugar alcohols, mostly with 
acid production. Some organic acids allow mod
est growth (H. Reichenbach, unpublished ob
servations). 

The aurantiacus-type organisms show im
pressive hydrolytic capabilities, while the sludge 
and the marine organisms are much less active 
in this respect. The low activity of sluice strains 
(Brauss et al., 1969) suggests that they may be 
similar to the sludge organisms. The data are 
summarized in Table 1. It should be understood 
that the results of those digestion experiments 
sometimes critically depend on the medium 
and the material used. In the case of pectin, a 
wide variety of preparations are available that 
give quite different results. With pectin from 
apple (38% methyl ester), I found pectin deg
radation by the (few) Herpetosiphon strains I 
tested. Also, in contrast to reports in the liter
ature, I have found that virtually all aurantia-

Table 1. Degradation of biopolymers by 
Herpetosiphon. 

Organism 

Polymer auranticus type Sludge 

Starch +, rarely - + 
Chitin +, some -
Celluloseb +, some -
Pectin 
Xylan +, some-
Agar ND 
Esculin +, some -
Gelatin + 
Casein +, rarely -
Tributyrin + 

Marine 

ND 
ND 
ND 
ND 

ND 
ND 
+ 

ND 

+, positive; -, negative; ND, not determined. 
"Crystalline cellulose in the form of filter paper or cel
lulose powder. 
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cus-type strains decompose xylan. Cellulose 
digestion is often seen among aurantiacus-type 
strains, but the type strain and strain Hp s2 are 
negative (H. Reichenbach, unpublished obser
vations). H. geysericola decomposes cigarette 
paper (Lewin, 1970). In cultures on filter paper 
placed on a mineral salts agar like ST6 or ST21 
agar, [in which (NH4)2S04 is replaced by 0.1 % 
KN03], I have found that the filter paper is only 
very slowly attacked (recognizably after 20-30 
days at 30°C). Cellulase activity can, however, 
quickly and reliably be detected on CELl agar 
(see below), on which large lysis zones are pro
duced within 8-12 days, reaching far beyond the 
swarm colony. This suggests that cellulose de
composition by Herpetosiphon is achieved by 
diffusible exoenzymes (H. Reichenbach, un
published observations). 

CELl Agar 
Cellulose powder 0.5% 
(NH.)2S0. 0.1 % 
Agar 1% 

Adjust to pH 7.2. After autoc!aving, the medium is 
poured as a thin layer on top of ST6 agar plates. A 
suitable cellulose powder, MN 300, is produced by 
Macherey and Nagel (Germany). 

ST6 Agar 
Part A: 
(NH.)2S0. 0.1 % 
MgSO .. 7H20 0.1% 
CaCI2'2H20 0.1% 
MnSO .. 2HzO 0.01% 
FeCI3'6H20 0.02% 
Trace elements 
The above ingredients are dissolved in one-third of the 
water volume. 

Part B: 
K2HPO. 0.1% 
Yeast extract 0.002% 
Agar 1% 
The above ingredients are dissolved in two-thirds ofthe 
water volume. 
After autoc!aving, Parts A and Bare combined and 
poured into plates. 

Chitin decomposition becomes clearly rec
ognizable on CT7 or CT agar (see Chapter 176, 
on Lysobacter). With many strains, I have ob
served DNA hydrolysis on DNA agar, but in 
so me studies (sewage and sludge organisms) 
tests for DNase were negative. Some, but not 
all, strains show ß-hemolysis (sheep and human 
erythrocytes; Gräf and Perschmann, 1970; 
Trick and Lingens, 1984). 

Most investigators report the lysis of living 
and dead bacteria, but not all types of bacteria 
are equally sensitive. For instance, in contrast 
to many other enterobacteria, E. coli turned out 
to be particularly recalcitrant (Quinn and Sker-
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mann, 1980; H. Reichenbach, unpublished ob
servations). Also, not all Herpetosiphon strains 
show identicallysis patterns. The sludge organ
isms do not lyse bacteria at all. The autoclaved 
yeast cells in VY/2 agar are often, but not always 
destroyed. 

The H2S, indole, acetoin, and phosphatase 
tests were negative (where looked for), the 
urease test was only rarely positive. Tyrosine in 
tyrosine agar is often degraded. It was observed 
that Herpetosiphon (aurantiacus type) is copro
philic, i.e., growth was stimulated by fecal ex
tracts, but the specific factors responsible for 
this effect are not known (Gräf and Persch
mann, 1970). Little is known about the anti
biotic sensitivity of Herpetosiphon. The marine 
strains are inhibited by low concentrations of 
penicillin. I have found that practically all 
strains are resistant to high levels ofkanamycin 
sulfate (250 mg/liter). 

Taxonomy 

Herpetosiphon is phylogenetically related to 
Chlorojlexus and, on a much lower level, to 
Thermomicrobium roseum. This was deduced 
from 16S rRNA studies, specifically from anal
yses of oligonucleotide catalogs via binary as
sociation coefficients (SAß values) or through oli
gonucleotide signatures (Gibson et al., 1985); a 
comparison of the complete base sequence has 
also been made (Oyaizu et al., 1987). The Her
petosiphon-like sludge organisms are clearly re
lated, but not identical with Herpetosiphon (SAß 
values with Herpetosiphon: 0.39, for Chloro
jlexus: 0.40, Herpetosiphon/Chlorojlexus: 0.31). 
The four genera together form the phylum of 
the so-called green nonsulfur bacteria. 

Among remarkable conclusions that can be 
drawn from these studies, are the conclusion of 
a very high age for the group. This high age is 
reflected in its unique base sequences, e.g., the 
one from base 607 to 630 which is identical in 
all eubacteria and archaebacteria but different 
in Herpetosiphon. The group shows a very deep 
branching point among the eubacteria, which is 
surpassed only by Thermotoga. As the cyano
bacteria appear significantly younger, it seems 
clear that the earliest, 3500 million-year-old 
stromatolites may have been deposited by Chlo
rojlexus-like organisms rather than by cyano
bacteria, as had always been previously as
sumed. In this connection, the unusual cell wall 
structure of Herpetosiphon is also of interest, 
and it can perhaps be interpreted as a primitive 
structure. In contrast to the other members of 
the group, Herpetosiphon appears to be a rap
idly evolving line, moving away from its ther-
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mophilic ancestors. The high thermotolerance 
of many Herpetosiphon strains (growth at 40°C 
and greater) may reflect those roots. 

Table 2 gives the distinguishing characteris
tics of the five presently recognized Herpetosi
phon species and the Herpetosiphon-like organ
isms. 

Considering the wide distribution of Herpe
tosiphon and its abundance in nature, these or
ganisms must have been observed by many in
vestigators, and in the older literature on indeed 
occasionally finds morphological descriptions 
that fit Herpetosiphon. A good candidate would 
be Oscillatoria angusta from lakes in central 
and northern Europe (Koppe, 1924,) later re
classified as Achroonema angustum (Skuja, 
1956), although neither description mentions 
the typical sleeves. Since no strains were ever 
isolated and cultivated, their relation to Her
petosiphon can only be decided after a system
atic study of the genus Achroonema. 

As far as one can tell, the H. aurantiacus com
plex includes organisms previously called 
"Flexibacter giganteus" (Soriano, 1945; 1947), 
Vitreoscilla proteolytica (Gräfand Perschmann, 
1970), the sewage Herpetosiphon (Trick and 
Lingens, 1984), probably H. geysericola (Lewin, 
1970; see below), and perhaps also the organism 
isolated from a river sluice (Brauss et al., 1969; 
but see comment under "Characterization"). It 
also includes my own isolates labeled H. gigan
teus (Reichenbach and Golecki, 1975). The spe
cies epithet giganteus was never meant to name 
a new species but to replace aurantiacus in favor 
of the older giganteus. This does not imply, 
however, that all these organisms belong to only 
one species. While they are very similar in some 
respects, e.g., in their GC content, pigment, and 
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menaquinone patterns, there are also substan
tial differences, e.g., in the diameter of the fil
aments, their enzymatic properties, and their 
growth requirements, which makes it likely that 
several species may be included in this assem
blage. 

Also standing on unstable taxonomic ground 
is the so-called "thermophilic" species H. gey
sericola, which was isolated from the vicinity 
of a hot spring and is not thermophilic but 
rather thermotolerant. Such thermotolerance, 
however, is not unusual for aurantiacus-type 
strains, which often grow very well at 38°C-
40°C and probably even higher (H. Reichen
bach, unpublished observations). From the 
published data only one clear difference be
tween H. geysericola and H. aurantiacus can be 
seen, cellulose decomposition. Perhaps the cel
lulose-degrading aurantiacus-type Herpetosi
phon would be better classified as H. geysericola 
(which then would become another misnomer). 
Originally it was suggested (Lewin, 1970) that 
H. geysericola is identical to Phormidium gey
sericola (Copeland, 1936), but this appears very 
unlike1y, because that organism was found at 
the rim of a geyser and in various alkali ne hot 
springs in Yellowstone, in water between 60 and 
84 oe. It thus is definitely a thermophile and 
would hardly grow at 30°C as does H. geyser
icola. Also, we know today that the bright or
ange mats found in alkali ne hot springs in the 
western Uni ted States may contain a variety of 
filamentous gliding bacteria, such as Chloro
flexus aurantiacus (Pierson and Castenholz, 
1974) and Heliothrix oregonensis, which ac
cording to 5S rRNA analyses, may be another 
relative of Chloroflexus and Herpetosiphon 
(Pierson et al. , 1985). There still may be un-

Table 2. Characteristics of the Herpetosiphon species and related organisms.a 

Characteristic H. aurantieus H. geyserieola H. eohaerens H. persieusjnigrieans Sludge organisms 

GC content (mol%) 48 (48-50) 48 45 52 59 
Pigments aurantieus type ND Saproxanthinb Saproxanthin/zeaxanthin b aurant ieus type' 
Fatty acids: 

CI9,O ND ND ND + 
8-Methyl-C17,o ND ND ND + 

Catalase + + 
Oxidase + ND ND ND 
Seawater required + + 
Hydrolysis of: 

Starch + (some -) + + 
Cellulose - (many +) + ND ND 
Casein + (some -) ND ND ND 

+, positive; -, negative; ND, not determined. 
aparentheses indicate characteristics of strains other than the type strain. 
bPigment extracts were examined spectrophotometrically, so that identification is preliminary only. H. persieus ami H. 
nigrieans seem to differ in their pigmentation. 
'Pigments behave chromatographically and spectrophotometrically like those of H. aurantiaeus. 



CHAPTER 209 

known and unnamed species (Tayne et al. , 
1987). Apparently many of the filamentous or
ganisms in hot springs previously described as 
blue-green algae (cyanobacterial) are in fact 
chlorophyll-free, because even when they are 
collected from the very same spring from which 
the species was originally reported, they often 
do not show the red fluorescence characteristic 
of chlorophyll (Brock, 1968). 

The marine Herpetosiphon species are poorly 
understood. H. persicus can only be distin
guished from H. nigricans by pigmentation, the 
latter producing a diffuse dark pigment on pep
tone medium, probably a melanin-like co m
pound that may be oflittle taxonomic relevance 
(see Table 2). Obviously, more marine strains 
have to be isolated and characterized. 

In conclusion, it is apparent that the taxon
omy of Herpetosiphon is not yet settled, and 
further taxonomic studies based on larger col
lections of strains are needed. 

Practical Aspects 

The involvement of Herpetosiphon and related 
organisms in the formation of bulking sludge 
has been discussed above. Considering the hy
drolytic capabilities of Herpetosiphon aurantia
cus, it may be assumed that the bacterium par
ticipates in the degradation of macromolecules 
and, perhaps, in the control of microbial pop
ulations in sewage and in nature. 

A screening for restriction endonucleases 
among gliding bacteria demonstrated the pres
ence of such enzymes in nearly all Herpetosi
phon strains tested (Mayer and Reichenbach, 
1978). The enzymes seem to be located in the 
periplasm. A whole family of 17 enzymes has 
been more or less completely characterized with 
respect to their recognition and cleavage spec
ificities (Brown et al., 1980; Kröger et al., 1984). 
All appear to be class Il endonucleases, pro
ducing cohesive ends, either in the 5'-strand or, 
in the cases of endonucleases Hgi AI and Hgi 
JIl, in the 3"-strands. Most interact with hex
anucleotide sequences, and so me with penta
nucleotide sequences, but virtually all recog
nition sequences are degenerate. The 
availability of such a large family of endonu
cleases is of considerable theoretical interest be
cause it allows a comparative study ofthe mech
anisms of protein-DNA interaction as well as 
of molecular evolution. The known Herpetosi
phon enzymes can be arranged in such a way 
that their recognition sequences overlap and the 
whole set thus becomes a continuous system 
(Kröger et aL, 1984). One of the enzymes, Hgi 
EIl, has a unique recognition sequence of 2 X 
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3 bases separated by six unspecific nucleotides. 
When the recognized bases are read in se
quence, they give the recognition sequence of 
Hgi CI, and it has been proposed that enzyme 
Hgi EIl originated by a inversion of the two 
enzyme subunits so that the recognition sites 
are now on the surface rather than in the center 
ofthe enzyme. Isoschizomeres can be found for 
almost all Herpetosiphon recognition se
quences, e.g., Sal I is one to Hgi CIIl and Hgi 
DIl. Interestingly, no hybridization was found 
between Sal I gene probes and Herpetosiphon 
DNA, whereas two other producers of Sal I isos
chizorneres, Rhodococcus rhodochrous and 
Xanthomonas amaranthicola, showed clear 
DNA homology under stringent conditions 
(Rodicio and Chater, 1988). While this suggests 
that the latter organisms and Streptomyces al
bus G have at least partially homologous en
zymes, the high GC difference of 20 mol% be
tween Herpetosiphon and Streptomyces could 
have obscured, through codon replacement, a 
structural relationship between their enzymes. 
A comparison of the base sequences of the 
genes, or of the amino acid sequences of the 
various enzymes should answer the question. 

The role of Herpetosiphon and the Herpeto
siphon-like bacteria in sewage disposal and 
sludge bulking has already been discussed. 
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The Genus Verrucomicrobium 

HEINZ SCHLESNER 

Introduction 

Heterotrophie baeteria with multiple appen
dages (prostheeobaeteria) have been grouped 
with the genera Prosthecomicrobium, Ancalo
microbium, and Stella (see Chapter 103 and 
104). These genera are mainly defined by mor
phologieal eriteria such as prostheeae shape, 
number, length, and loeation. The members of 
the genus Prosthecomicrobium exhibit 10 to 30 
prostheeae per eell, whieh extend in all diree
tions from the eell surfaee. They are typieally 
shorter than 2 #Lm and eonieal in shape (Staley, 
1984). Ancalomicrobium adetum, the only spe
eies in that genus, normally has less than eight 
prostheeae, whieh are tube-like and about 3 #Lm 
long (Staley, 1968). Cells of Stella are flat, six
pronged stars with prostheeae less than 0.5 #Lm 
long (Vasilyeva, 1985). No differentiation ofthe 
tips of the prostheeae has been observed. The 
GC eontent of the DNA of the above genera 
ranges from 65 to 73.5 mol% (Staley and Man
del, 1973; Staley, 1984; Vasilyeva, 1985). 

New isolates of prostheeate baeteria with 
bundles of fimbriae extruding from the tips of 
the prostheeae were plaeed in a new genus Ver
rucomicrobium with the single species V. spi
nosum (Sehlesner, 1987). This speeies has a sig
nifieantly lower GC eontent (57.9-59.3 mol%), 
thus indicating a low degree of relationship to 
the previously mentioned genera. This was sup
ported by the determination ofthe phylogenetie 
position of V. spinosum made by analyzing the 
16S rRNA by oligonucleotide eataloging and re
verse transeriptase sequeneing (Albrecht et al., 
1987). Similarity eoeffieients (SAß values), eal
eulated by eomparing the RNase TI catalog of 
V. spinosum with about 460 eatalogs of eubae
terial strains, were found to be as low as those 
separating individual eubaeterial phyla, indi
eating that V. spinosum represents a new divi
sion (Albrecht et al., 1987). 

Habitats 

Prostheeate baeteria with fimbriae have rarely 
been observed. Such baeteria oeeurred in an en
riehment eulture of Lake Plußsee water to 
whieh vitamin solution no. 6 (see below) was 
added (P. Hirsch, personal eommunication). 
Lake Plußsee is a small eutrophie lake near 
Plön, FRG. V. spinosum was isolated from Lake 
Vollstedter See (Holstein, FRG), a shallow 
(maximum depth, 2 m), eutrophie lake. One 
strain of Verrucomicrobium sp. eame from the 
"Sehrevenparkteieh," a pond in a publie park 
in Kiel, FRG. This pond is very eutrophie be
eause numerous waterfowllive there and are fed 
by visitors to the park. 

Enrichment and Isolation 

Verrucomicrobium spp. ean be enriehed in Er
lenmeyer flasks with 50 ml of enriehment me
dium over a sediment of CaC03• 

Enrichment Medium Composition 
The enrichment medium is composed of: 

N-Acetylglucosamine 1.0 g 
Hutner's basal salts (see below) 20 ml 
Vitamin solution no. 6 (see below) 10 ml 

Add distilled water to I liter. Adjust pH to 9.7. After 
autoc1aving and cooling to room temperature, add 
NaH2PO .. H20 aseptically to a final concentration of 
0.65 mM. 

Hutner's basal salts (Cohen-Bazire et al., 1957) 

Nitrilo triacetate (NTA) 
MgSO .. 7 H20 
CaCI2·2H20 
NaMoO .. 2H20 
FeSO .. 7H20 
Metal saits solution "44" (see below) 
Double-distilled water 

10.00 g 
29.70 g 

3.34 g 
12.67 mg 
99.00 mg 
50.00 ml 

900.00 ml 
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The NTA is first dissolved by neutralization with KOH. 
The other salts are then added. Adjust pH to 7.2 with 
KOH or H2SO •. Adjust volume to I liter with double
distilled water, Store in the cold (5°C). The solution 
should be clear. 

Metal salts solution "44" 

Ethylene diaminotetraacetate (EDTA) 
ZnSO .. 7H20 

250.0 mg 
1095.0 mg 
500.0 mg 
154.0 mg 
39.2 mg 
20.3 mg 
17.7 mg 

FeSO .. 7H20 
MnSO.·H,O 
CuSO .. 5H20 
CoCI2'6H20 
Na2B.O,.IOH20 
Double distilled water 1 liter 

To retard precipitation, add a few drops ofH,SO. before 
making to volume. Store in the cold (5°C). 

Vitamin solution no. 6 (Staley, 1968) 

Biotin 
Pyridoxine hydrochloride 
Thiamine hydrochloride 
Calcium pantothenate 
p-Aminobenzoic acid 
Folie acid 

a 

4.0 mg 
20.0 mg 
10.0 mg 
10.0 mg 
10.0 mg 
4.0 mg 

1,.om 
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Riboflavin 
Nicotinamide or nicotinic acid 
Vitamin B12 

Double distilled water 

10.0 mg 
10.0 mg 
0.2 mg 
1 liter 

3807 

Stirring of the mixture improves solubility. Sterilize by 
filtration only. Store in the dark and cold (5°C). 

Isolation of Verrucomicrobium spinosum 
When subsequent microseopie checks indicate an in
crease in prosthecate bacteria, make streaks on the fol
lowing agar-solidified medium M 13 (Schlesner, 1986): 

Agar 
Peptone 
Yeast extract 
Glucose 
Hutner's basal salts 
Vitamin solution no. 6 
0.1 M Tris HCl, pH 7.5 
Artificial sea water (see below) 
Distilled water 

18.0 g 
0.25 g 
0.25 g 
0.25 g 

20 ml 
10 ml 
50 ml 

250 ml 
670 ml 

Artificia/ sea water (Lyman and Aeming, 1940) 

NaCI 
MgCl, 

b 

23.477 g 
4.981 g 

tp 

~ 

Fig. 1. Morphology of Verrucomicrobium spinasum. (a) Cells with wart-like prosthecae (wp), from the tips of which 
fimbriae (fi) extrude. (b) A cell with a polarly inserted tube-like prostheca (tp). (From Schlesner, 1987). 
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Na2SO. 3.917 g 
CaCI2 1.102 g 
KCI 0.664 g 
NaHC03 0.192 g 
KBr 0.096 g 
H3B03 0.026 g 
SrCI2 0.024 g 
NaF 0.003 g 

Colonies that appear should be examined 
microscopically for the presence of prosthecate 
cells. This is conveniently done by applying the 
timesaving toothpick-procedure (Hirsch et al., 
1977), which allows the examination of very 
small colonies: sterile wooden toothpick is 
stabbed into a colony and then on the agar sur
face of a petri dish containing the appropriate 
medium, thus inoculating the agar. To allow in
oculation of a single petri dish with bacteria 
from a large number of colonies, a grid (with 
squares of about 5 mm in length) can be drawn 
with a marker on the bottom of the petri dish. 
After inoculation ofthe agar medium, the tooth
pick still generally contains enough bacteria to 
prepare a smear for microscopic examination. 
Three specimens can be prepared on one slide. 

Identification 

When studied with a phase contrast micro
scope, cells of Verrucomicrobium spp. resemble 
those of Prosthecomicrobium spp., i.e., the uni
cellular organisms have conical prosthecae ex
tending in all directions from the cell surface. 
These prosthecae are about 0.5 Jlm long (Fig. 
1a). Occasionally, one or two longer prosthecae 
(up to 2 Jlm) may occur, and often one ofthem 
is polarly inserted (Fig. 1 b). Under the electron 
microscope, bundles of fimbriae of varying 
number and length extruding from the tips of 
the prosthecae are visible. The Gram-negative 
cells are nonmotile. Colonies on medium M 13 
are light yellow. Growth of V. spinosum is op
timal between 26 and 33°C and the maximum 
growth temperature is 34 oe. The organism has 
a low salinity tolerance. Only 50% artificial sea 
water and 1 % NaCl are tolerated. V. spinosum 
is facultatively anaerobic. Various sugars are 
fermented without gas formation, but nitrate is 
not reduced under anaerobic conditions. 
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Only a limited number of substrates can be 
utilized as sole carbon and energy source, 
mainly hexoses, di- or trisaccharides, and de
rivatives of glucose. One- and two-carbon co m
pounds are not utilized, and neither are fatty 
acids or amino acids (Schlesner, 1987). Am
monia, urea, nitrate, and N-acetylglucosamine 
are suitable nitrogen sources. V. spinosum pro
duces exoenzymes that can be demonstrated by 
the hydrolysis of gelatin and starch. However, 
casein and Tween 80 are not hydrolyzed. Cat
alase, cytochromeoxidase, phosphatase, and 
urease are produced, but neither H2S (from thi
osulfate) or NH3 (from peptone) is produced. 
The cell wall contains m-diaminopimelic acid. 
The GC content ofthe DNA is 58.6 ± 0.2 mol% 
(Tm) for strain IFAM 1439T = DSM 4136 = 

ATCC 43997. 
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The Order Thermotogales 

ROBERT HUBER and KARL O. STETTER 

The order Thermotogales is a unique group of 
extremely thermophilic microorganisms, phy
logenetically distant from all other eubacteria. 
16S rRNA analysis indicates that the Ther
motogales represent the deepest branch and the 
most slowly evolving lineage within the king
dom of eubacteria (Achenbach-Richter et al. , 
1987; Woese, 1987; see also Chapter 1). A phy
logenetic tree based on comparative studies of 
eubacterial DNA sequences of the elongation 
factor Tu is in good agreement with the 16S 
rRNA tree (Bachleitner et al., 1989). 

The following common characters are uni
form for the order Thermotogales: thermo
philic, rod-shaped, anaerobic, fermentative eu
bacteria with an outer sheath-like envelope 
("toga"); nonsporeforming; Gram-negative, but 
meso-diaminopimelic acid is not present in the 
peptidoglycan; lysozyme sensitive; inhibition of 
growth by molecular hydrogen; unusual long
chain dicarboxylic fatty acids present in the lip
ids. 

Up to now, the Thermotogales are repre
sented by only one family, the Thermotogaceae, 
which consists of the genera Thermotoga 
(Huber et al., 1986), Thermosipho (Huber et al., 
1989), and Fervidobacterium (Patel et al., 1985; 
Huber et al., 1989). 

Habitats 

Members of the order Thermotogales are wide
spread and cosmopolitan. They thrive within 
active geothermal areas but they have not been 
found in any other sites. The Thermotogales 
occur in two different biotopes: 1) shallow and 
deep-sea marine hydrothermal systems; and 2) 
continental solfataric springs oflow salinity. Up 
to now, they have only been isolated from sam
pIes from habitats of high temperature (55-
100°C) and slightly acidic to alkali ne pH (5-9). 

Isolation 

Selective Enrichment 

To enrich members of the Thermotoga mari
tima group, starch-containing anaerobic sea
water medium is used. Selective enrichment is 
carried out by incubation of the medium at a 
temperature of 85°C. Selective enrichment 
methods for Thermotoga thermarum, Ther
mosipho, and Fervidobacterium are not known. 
In contrast to thermophilic archaebacteria, me
dia devoid of sulfur and hydrogen seem to favor 
growth of these latter eubacteria. Furthermore, 
carbohydrates, traces of yeast extract, and an 
incubation temperature ofaround 75°C are nec
essary for a successful enrichment. 

Isolation Procedures 

Various anaerobic culture media are inoculated 
with 0.5-1 ml sam pies, incubated at the appro
priate temperatures, and examined microscop
ically over aperiod of around four weeks. After 
growth occurs in the enrichment cultures, the 
bacteria are transferred five times in sequence 
into fresh medium. The isolates are obtained 
by serial dilutions (three times) followed by 
plating (see below). 

PLATING. For solidification, 1.5-2% agar is 
added to the media. After autoclaving, the 
plates are poured in the anaerobic chamber and 
dried for 24 hours in a closed pressure cylinder 
(Balch et al., 1979) at the temperature to be used 
later for incubation. Serial dilutions from 10-1 

to 10-8 are plated in parallel. The gas phase in 
the cylinder is exchanged 10 times. The cylinder 
is then pressurized using the desired gas phase 
(150 kPa) and 2% H2S (v Iv) is added. The plates 
are incubated at the appropriate growth tem
perature (see above) and are examined for 
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growth at intervals offour days in the anaerobic 
chamber. 

Cultivation 

For the cultivation of the Thermotogales, 
strictly anaerobic growth conditions are neces
sary; the anaerobic technique described by 
Balch and Wolfe (1976) is suitable. For cell mas
ses, the isolates are grown in batch cultures at 
the optimal growth temperature in 15-liter 
stainless steel fermentors and in 50- to 300-liter 
enamel-protected fermentors (HTE, Bioengi
neering, Wald, Switzerland). To increase the cell 
yields, the fermentors are gassed with nitrogen 
to get rid of inhibitory hydrogen which is pro
duced by the bacteria. 

PRESERVATION OF CULTURES. The bacteria are 
grown up to the stationary growth phase and 
are stored afterwards in the growth medium at 
4 oe. For all isolates, a transfer into fresh me
dium at three-month intervals is sufficient. 

Identification and 
Physiological Properties 

The Genus Thermotoga 

Morphologically, these bacteria are rod-shaped 
cells with an average size of 5 ~m in length and 
0.6 ~m in width. They are surrounded by a 
sheath-like outer structure, "the toga," balloon
ing over the ends (Figs. 1 and 2). This sheath, 
visible in all phases of growth, is composed of 
a regularly arranged outer membrane pro tein 
that may have porin-like function (Rachel et al., 

Fig. 1. Electron micrograph of a flagellated dividing cell of 
Thermotoga maritirna. Bar = 1 J.Lm. 
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1988). Nonmotile and motile species are known. 
On solid media, white, round colonies are 
formed. The pH optimum for growth is around 
7, and growth occurs in a pH range between 5.5 
and 9.0. 

Up to now, three species have been described, 
which can be placed in two different groups: 

THERMOTOGA MARITIMA-NEAPOLITANA GROUP. 
Thermotoga maritima MSB8, DSM 3109 
(Huber et al., 1986; Int. J. System. Bact., 1986), 
T. neapolitana NS-E, DSM 4359 (Belkin et al., 
1986; Jannasch et al. , 1988; Int. J. System. 
Bact., 1989), and 21 related isolates. This group 
is characterized by the ability to grow at both 
high salt concentrations (6.0% NaCI) and low 
salt concentrations (0.25% NaCl). The growth 
optimum is around 2.7% NaCl. 

Members of this Thermotoga group are the 
most extremely thermophilic eubacteria pres
ently known, with growth up to 90°C and an 
optimal growth temperature around 80°e. The 
minimum temperature for growth is around 
55°e. T. maritima was originally isolated from 
a geothermally heated, marine sediment at Vul
cano, Italy (Huber et al., 1986). The second spe
cies, T. neapolitana (Jannasch et al., 1988), was 
obtained from a submarine thermal vent at Lu
crino near Naples, Italy (Belkin et al., 1986) and 
from continental solfatara fields from Lac AbM, 
Djibouti, Africa (Windberger et al., 1989). Fur
ther members of this group were isolated from 
shallow marine habitats in Italy (Ischia), the 
Azores, Indonesia, Kolbeinsey (north of Ice
land; depth: 106 m) and from deep-sea sedi
ments from the East Pacific Rise (Guaymas 
Basin, Gulf of California; depth: 2000 m). 

T. neapolitana can be distinguished from T. 
maritima on the basis of its nonmotile char
acter, its rate of growth at optimum growth tem
perature (T. maritima: 75 min; T. neapolitana: 
45 min), its 5%-lower Ge content (T. maritima: 
46 mol%), and their low DNA homology of 
around 25%. 

These bacteria are fermentative microorga
nisms metabolizing a variety of carbohydrates, 
e.g., ribose, glucose, maltose, raffinose, starch, 
salicin, and cellulose. Main fermentation prod
ucts on glucose are D( + )-lactate, acetate, CO2, 

and H2• H2 is a potent inhibitor of growth and 
H2 inhibition can be overcome by the addition 
of sulfur, but not by the addition of sulfate, sul
fite, thiosulfate, nitrate, fumarate, or oxaloac
etate. The bacteria produce H2S in the presence 
of sulfur and under these conditions do not pro
duce inhibitory H2• The cells are able to fix mo
lecular nitrogen and to use it as a nitrogen 
source (R. Huber and K. O. Stetter, unpub-
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Fig. 2. Thin section of Thermo
toga maritima, using lead citrate 
and uranyl acetate for contrast. 
Bar = I !lm. 

,/ 

lished observations). Members of the genus 
Thermotoga possess a number ofimportant fea
tures atypical for eubacteria: 1) the cells are in
sensitive to 100 ,."g rifampicinjml, and the pur
ified RNA polymerase is resistant to 1 ,."g 
rifampicinjml; 2) growth is not inhibited by 10 
,."gjml of aminoglycoside antibiotics and the 
purified ribosomes are also resistant to this anti
biotics (Londei et aL, 1988); 3) the peptidogly
can contains D- and L-Iysine, which has never 
before been found in Gram-negative organisms; 
and 4) the majority of the lipids appear to be 
of novel structure; also, a new lipid structure 
was identified in T. maritima (Fig. 3; De Rosa 
et aL, 1988). 

Culture Medium for T. maritima, T. neapolitana, 
and Related Marine Isolates 

The medium contains per liter of distilled water: 

NaCI 
MgSO .. 7H20 
MgCl2'6H20 
KH2P04 

RO~O 
l' 

6.93 g 
1.75 g 
1.38 g 
0.5 g 
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CaCI2 
KCl 
NaBr 
H 3B03 

SrCI2'6H20 
KI 
(NH4)2Ni(S04)2 
Trace mineral solution (see below) 
Resazurin 
Starch 
Yeast extract (Bacto Difco) 

0.38 g 
0.16 g 

25 mg 
7.5 mg 
3.8 mg 
0.025 mg 
2 mg 

15 ml 
1 mg 
5g 
0.5 g 

Trace mineral solution (Balch et al., 1979): 
Nitrilotriacetic acid 1.5 g 
MgSO .. 7H20 3 g 
MnSO .. 2H20 0.5 g 
NaCI I g 
FeSO .. 7H20 0.1 g 
CoCl2 0.1 g 
CaCI2' 2H20 0.1 g 
ZnS04 0.1 g 
CuSO .. 5H20 0.01 g 
KAl(S04)2 0.01 g 
H,BO, 0.01 g 
Na2MoO .. 2H20 0.01 g 
Distilled water 1 liter 

31 

32 

(1)Q; R .. H. R' = C02M~ 
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R' 

Fig. 3. A new 15, 16-dimethyl-30 glyceryloxytriacontanoic acid from Thermotoga maritima. (Figure kindly provided by 
M. De Rosa and A. Gambacorta.) 
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In a stoppered glass bottle, I liter of the medium is 
flushed with nitrogen for 20 min, 0.5 g Na2S'9H20 is 
added with a syringe, and the pR is adjusted to 7 by 
the addition of H2SO •. In an anaerobic chamber, the 
medium is placed in 28-ml serum tubes in portions of 
10 ml each. The tubes are closed with rubber stoppers 
and on a gas station, a gas exchange is carried out (three 
times). N2 as the desired gas is pressurized (300 kPa), 
and the tubes are autoclaved for 20 min. In order to 
establish the optimal ionic strength for growth, inorganic 
compounds of the medium are simultaneously in
creased or decreased by the same ratio. 

THERMO TOGA THERMARUM GROUP. Thermo
toga thermarum LA3, DSM 5069 (Windberger 
et al., 1989): this isolate is characterized by its 
ability to grow only at low salinity in a salinity 
range between 0.2% and 0.55% NaCl. The 
growth optimum is around 0.35% NaCl. 

T thermarum (Fig. 4) and two strains of T 
neapolitana were isolated from continental sol
fatara fields at Lac Abbt\ Djibouti (Africa). The 
isolation of these bacteria demonstrates for the 
first time the occurrence of the genus Ther
motoga in low salinity environments also. 

T thermarum is able to ferment carbohy
drates, but so far growth has only been observed 
in medium containing yeast extract. As for the 
other Thermotoga species, molecular H2 is a po
tent inhibitor of growth. In contrast, T ther
marum is unable to form H2S from So and can
not grow on substrates when H2 and So is present 
in the culture medium. Furthermore, T ther
marum differs from all other known Thermo
toga speeies by its lower upper temperature 

Fig. 4. Electron micrograph of a cell of Thermotoga ther
marum, showing lateral flagellation. Bar = I !Lm. 
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limit for growth (max. 85°C), its lateral flagel
lation pattern, and its high sensitivity to rif
ampicin (l ~g/ml). The RNA polymerase of T 
thermarum exhibits subunits significantly 
smaller in molecular weight than that of the 
other members of the genus Thermotoga. Only 
partial immunologieal identity ofthe RNA pol
ymerase is evident by spur formation ofthe pre
cipitin lines with antibodies against the purified 
RNA polymerase of T maritima. Using DNA
DNA hybridization, T thermarum shows no 
significant homology against T maritima and 
T neapolitana. 

Culture Medium für T. thermarum 
NaCl 
MgSO .. 7H20 
MgCI2'6H20 
KH2PO. 
CaCl2 
KCl 
NaBr 
H 3B03 

SrC12'6 H20 
KI 
(NH.)2 Ni(SO.)2 
Trace mineral solution 
Ethylenediaminetetraacetate-tetra-

sodium-salt 
Resazurin 
Starch 
Yeast extract (Bacto Difco) 
Distilled water 

3.46 g 
0.88 g 
0.69 g 
0.5 g 
0.09 g 
0.08 g 

12.5 mg 
3.75 mg 
1.9 mg 
0.006 mg 
3 mg 

15 ml 
0.9 g 

I mg 
5g 
0.5 g 
I liter 

The anaerobic culture medium is prepared in the same 
way as described for T. maritima. The trace mineral 
solution is the same as used for the cultivation of T. 
maritima. 

The Genus Thermosipho 

From marine hydrothermal springs and hot 
sandy sediments ofthe Gulf ofTadjoura south
west of Obock (Djibouti, Africa), three isolates 
of thermophilie eubacteria were obtained. 
Within the Thermotogales, they represent the 
genus Thermosipho with the type species Ther
mosipho africanus (Ob7; DSM 5309; Huber et 
al. , 1989). 

The rod-shaped cells (average size: 3-4 ~m; 
width: 0.5 ~m) possess a surrounding sheath 
with ballooning ends, reminiscent of members 
of the genus Thermotoga. In contrast to Ther
motoga, however, Thermosipho can grow in 
chains (up to 12 rods) surrounded by the sheath 
(Fig. 5). 

The taxonomie position of Thermosipho as a 
second genus within the Thermotogales is based 
on 16S rRNA sequencing analysis. The two 16S 
rRNAs of T africanus (partial sequence depos
ited in the Gene Bank under accession no. 
M24022) and Thermotoga maritima are 89% 
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Fig. 5. Thermosipho ajricanus. Four cells within a tube-like sheath. Bar = I ~m. 

similar. Therefore, the bacteria are specific rel
atives on the level of two different genera. This 
taxonomic position is reflected moreover in a 
significant difference in the GC content of the 
two 16S rRNAs (T africanus: 60 mol%; T mar
itima: 63 mol%). 

Thermosipho can be furthermore clearly dis
tinguished from members of the genus Ther
motoga, by its ability to grow at much lower 
temperatures (growth range: 35-77°C), a GC 
content of only 30 mol%, and an RNA poly
merase which shows no serological cross-reac
tion with the same enzyme from Thermotoga 
maritima. 

Thermosipho africanus grows within a pH 
range from 6.0 to 8.0, with an optimum around 
7.2. The shortest doubling time is 35 min at the 
optimal growth temperature of 75°C. No 
growth is detected at 32°C or 80°C. Growth is 
observed between 0.11 % NaCI and 3.6% NaCl. 

Members of the genus Thermosipho are ob
ligately heterotrophic bacteria, unable to grow 
on defined homogeneous carbon sources. For 
growth, the bacteria need complex organic ma
terials such as yeast extract, peptone, or tryp
tone as weIl as cysteine. Molecular hydrogen 
inhibits growth but H2 inhibition can be over
come by the addition of elemental sulfur. Under 
these conditions, H2S is formed. 

Since T africanus grows at salt concentrations 
as low as 0.11% NaCI, members of the genus 
Thermosipho may possibly be present in nature 
also in low-salinity environments. T africanus 
can grow even within the mesophilic tempera
ture range (35°C: 15-h doubling time) and may 
therefore even exist in moderately heated en
vironments like black soils and shallow waters. 

Culture Medium for T. africanus and Related 
Isolates 

The medium contains per liter of distilled water: 

NaCI 
MgCI2'6H20 
MgSO .. 7H,o 
KCI 
NH.C1 
CaCI2·2H20 
K 2HPO. 
(NH.)2Fe(SO .)2' 7H20 

18 g 
4.30 g 
3.45 g 
0.34 g 
0.25 g 
0.14 g 
0.14 g 
2 mg 

(NH.)2Ni(SO.)2 2 mg 
Trace mineral solution 10 ml 
Vitamin solution 10 ml 
Sodium acetate I g 
Yeast extract (Bacto Difco) 2 g 
Trypticase peptone (Merck) 2 g 
Resazurin I mg 

Trace mineral solution (Ba1ch et al., 1979): 
The same trace mineral solution as for the cultivation 

of Thermotoga maritima is used. 

Vitamin solution (Balch et al., 1979): 
Biotin 2 mg 
Folie acid 2 mg 
Pyridoxine hydrochloride 10 mg 
Thiamine hydrochloride 5 mg 
Riboflavin 5 mg 
Nicotinie acid 5 mg 
DL-Calcium pantothenate 5 mg 
Vitam B12 0.10 mg 
p-Aminobenzoic acid 5 mg 
Lipoic acid 5 mg 
Distilled water I liter 

The medium is prepared in the same way as described 
for T. maritirna. As reducing agent, a mixture of 0.5 g 
Na2S·9 H20 and 0.5 g cysteine HCI is used. The pH is 
adjusted to 7.0 with formic acid, the gas phase consists 
of N2/C02 (80:20; 300 kPa). 

The Genus Fervidobacterium 

The first thermophilic eubacterium known to 
be a relative of Thermotoga maritima (Woese, 
1987) was an isolate, now called Fervidobacter
ium, obtained from a continental solfatara field 
at Hveragerthi, Iceland (strain H21; Huber et 
al. , 1990). Comparison of 16S rRNAs indicates 
that this bacterium is related to the genus Ther
motoga and Thermosipho at the rank of a third 
genus. The RNA polymerase of Fervidobacter
ium strain H21 shows no serological cross-re
action with the same enzyme of T maritima, 
confirming that this isolate is related to Ther
motoga above the species level. 

The rod-shaped motile cells of Fervidobac
terium (average size: 1.8 Jtm, width 0.6 Jtm) can 
be easily distinguished from those of Thermo
toga and Thermosipho by phase contrast mi
croscopy. Fervidobacterium cells do not pro
duce a sheathlike outer structure, but they do 
tend to form additional spheroids (Figs. 6 and 
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7). These spheroids occur terminally, and only 
one spheroid is produced per cell (Figs. 6 and 
7). In addition, the bacteria tend to form ag
gregates and, very rarely, show growth in chains 
or the formation of rotund bodies (Patel et al., 
1985). In their ability to form spheroids, they 
resemble an eubacterial isolate from a New Zea
land hot spring, which was described as Fervi
dobacterium nodosum (Rt-17B; ATCC 35602; 
Patel et al., 1985). Together with eight further 
isolates, these organisms were placed in the new 
genus Fervidobacterium (patel et al., 1985), but 
a further taxonomie classification was not done. 
Comparison of the 16S rRNAs of isolate H21 
and F. nodosum confirmed the presumption 
that H21 is related to the genus Fervidobacter
ium. Within this genus, however, H21 repre
sents a new species, which is described as Fer
vidobacterium islandicum (isolate H21, DSM 
5733; Huber et al., 1990). F. islandicum can be 
clearly distinguished from F. nodosum by a 6% 
higher GC content (F. nodosum: 33.7 mol%) and 
an insignificant DNA homology. 

The optimum growth temperature for mem
bers of the genus Fervidobacterium is 65°C to 
70°C, the maximum 80°C, and the minimum 
greater than 40°C. Growth occurs between a pH 
of6.0 to 8.0 with an optimum at 7.0 to 7.5. The 
optimal doubling time of F. islandicum at op
timal temperature is 150 min; for F. nodosum, 
doubling time is 105 min. 

F. islandicum and F. nodosum ferment a va
riety of carbohydrates. The main products 
formed during growth on glucose are D( + )-lac-

Fig. 6. Electron micrograph of dividing cells of Fervidobac
terium islandicum; platinum-shadowed. Bar = 1 ,..m. 
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Fig. 7. Thin section ofcells of Fervidobacterium islandicum; 
the arrow shows a spheroid. Bar = 1 ,..m. 

tate, acetate, ethanol, CO2, and H2• In addition, 
traces of n-butyric acid and n-valeric acid (F. 
islandicum) or isobutyric acid and isovaleric 
acid (F. nodosum) are formed. 

Both species can reduce elemental sulfur, 
forming H2S, and the addition of molecular hy
drogen inhibits growth. In contrast to Ther
motoga and Thermosipho, F. islandicum and F. 
nodosum are unable to grow in the presence of 
hydrogen when sulfur is added to the medium. 

Culture Medium for F islandicum and F nodosum 
The medium contains per liter of distilled wate!": 

NH4Cl 
MgCl,·6H,O 
KH,P04 
K,HP04·3H,O 
FeSO .. 7H,O 
Trace minerals (see below) 
Vitamin solution (see below) 
Glucose 
Trypticase peptone (Merck) 
Yeast extract (Bacto Difco) 

0.90 g 
0.20 g 
0.75 g 
1.97 g 
3 mg 
9ml 
5 ml 
5g 

lOg 
3g 
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Resazurin I mg 

Vitamin solution (Ba1ch et al., 1979): 
The same vitamin solution as for the eultivation of 

T. africanus is used. 

Traee minerals (Pate! et al., 1985): 
Nitrilotriaeetie acid 12.5 g 
FeCI,'4H,o 0.2 g 
MnCI2'4H20 0.1 g 
CoCI2'6H20 0.017 g 
CaCI,.2H20 0.1 g 
ZnCl2 0.1 g 
CuCI2 0.02 g 
H,BO, 0.01 g 
NaMoO .. 2H20 0.01 g 
NaCl I g 
Na2Se03 0.02 g 
Distilled water I liter 

The medium is prepared in the same way as deseribed 
for T. maritima. I g Na2S'9 H20 per liter of medium 
is used as redueing agent. The pH is adjusted to 7.2 with 
H2S04, the gas phase eonsists of N2 (300 kPa). 
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Cyanobacterial Symbioses 

HAINFRIED E. A. SCHENK 

Introduction, Terminology, 
and Overview 

The cyanobacteria appear to be an ancient class 
of organisms, weIl adapted to most habitats 
around the earth and often acting as pioneer 
"plants." They are a large and morphologically 
diverse group of prokaryotes, containing both 
unicellular and filamentous forms (some with 
specialized cells). However, sequence data of 
l6S rRNA have shown that the other major eu
bacterial taxa diverged significantly before the 
diversification ofthe modern photoautotrophic 
cyanobacteria (Giovannoni et al. , 1988). The 
chloroxybacteria (prochlorophyta) are included 
in this chapter, because, in a dendrogram con
structed by cluster analysis of either 5S or 16S 
RNA sequences, they are situated in a cluster 
containing all cyanobacteria as weIl as the 
Prochloron (Van den Eynde et al., 1988; Giov
annoni et al. , 1988). Obviously, the prochlo
rophytes branched offafter the divergence ofthe 
cyanobacteria. 

The cyanobacteria together with the prochlo
rophytes differ from all other prokaryotes ~y 
possessing a water-oxidizing photosynthesls 
like that of higher plants. In addition, many 
cyanobacterial strains possess an active nitro
genase, an oxygen-intolerant enzyme system. 
Nitrogen-fixing unicellular cyanobacteria com
bi ne within the same cell both photosynthesis, 
an oxygenic process, and nitrogen fixation, an 
oxygen-sensitive process. The filamentous ni
trogen-fixing cyanobacteria, on the other hand, 
have solved this problem of oxygen sensitivity 
by segregation of the nitrogen-fixation appara
tus in heterocysts, which are specialized cells 
with the capacity for nitrogen fixation. The het
erocysts are semiheterotrophic and this ability 
for semiheterotrophic growth seems to be a pre
requisite for intimate symbiotic associations 
(Korinek, 1928). The water-splitting photosyn
thesis system, in connection with excretion or 
loss of respiratory useful metabolites and/or the 
dinitrogen fixation with donation of amino-

compounds to the partner, are the main reasons 
supporting the origin and development of a 
symbiotic association between cyanobacteria 
and other uni- or multicellular organisms. 

How is the term "symbiosis" defined? Anton 
de Bary (1879) introduced this term with the 
phrase " ... Zusammenleben ungleichnamiger 
Organismen .... ," the (permanent or long-last
ing) association of differently named organisms 
(two or more bionts). This broad definition in
cludes both mutualistic and (in contrast to the 
colloquial usage) parasitic associations. Mutu
alistic relationships have also been called eu
symbioses, and the parasitic ones dyssymbioses 
(Schaede, 1962; for further definitions of or
ganismic associations, see Ahmadjian and Pa~
acer, 1986; and Smith and Douglas, 1987). It IS 

likely that all or most symbiotic partners are 
antagonists, and therefore there exist transition 
forms between eusymbioses and dyssymbioses. 
Also, in many associations, the relationships are 
not static and can change directions, depending 
on environmental conditions or endogenous 
factors, or on the ontogenetic phases ofthe sym
biotic partners. 

One can also distinguish between "ectosym
biosis," including episymbiosis, in which both 
partners have only external physical contact, 
and "endosymbiosis," in which one partner 
lives within the other. For the case that the en
dosymbiont exists extracellularly within the 
host soma, I pro pose the term "endosoma
biosis" for extracellular endosymbiosis (see 
later, Table 2). As an endosomabiont, the guest 
can live either "intracavitously" (within cavities 
inside the host tissue), or "intercellularly" be
tween cells in host tissue). Ifthe endosymbiont 
lies intracellularly within the host cell, it is 
termed an "endocytobiont" (Schwemmler, 
1979, 1989). Likewise, an intracellular endo
symbiosis is termed an "endocytobiosis" 
(Schnepf, 1975). Besides more ecological rela
tions, these four main forms of symbiotic as
sociations (epibiotic, intracavitous, intercellu
lar, intracellular) are found in cyanobacterial 
symbioses. 
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Pascher (1914) proposed the name "syncy
anosis" for the symbiosis of cyanobacteria with 
other organisms. Later (Pascher 1929), he dif
ferentiated between "endocyanoses" (syncy
anoses with intracellular cyanobacteria) and 
"ectocyanoses" (syncyanoses with extracellular 
cyanobacteria). The whole consortium was 
termed a "cyanome," and the symbiotic living 
cyanobacterium was termed a "cyanelle" (these 
terms have no taxonomic relevance). Geitler 
(1959) introduced a more restricted terminol
ogy: syncyanoses are symbiotic associations of 
cyanobacteria with regularly chromatophore
less unieellular host organisms (bacteria, flag
ellates, rhizopodes, apochlorotic algae, fungi, 
perhaps also ciliates). More recently, the term 
cyanelle (cyanella) has been used in a more re
stricted manner, referring only to unicellular en
docytobiotie cyanobacteria (those "living intra
cellularly") (Reisser, 1984). In addition, it 
should be mentioned that today the term cy
anelle is almost always (and preferably) used for 
plastid-like cell compartments that show a more 
or less clear descent from originally endoeyto
biotie cyanobacteria, but which are, like other 
eukaryotie cell organelles, unable to grow au
tonomously. However, it remains questionable 
whether it would not be better to follow Trench 
(1982) in applying the term eyanelle(s), or cy
anella( e), for "any symbiotie cyanobacteria, 
without attempting to guess at or speeulate on 
the level of integration achieved by the com
ponents of the association." 

In this chapter, the term syncyanosis is used 
in the broadest way for all cyanobacterial sym
bioses, ectocyanosis for extracellular, and en
docyanosis for intracellular syncyanoses. Thus 
the symbiosis of a cyanophilic lichen or the 
Azolla-Anabaena-symbiosis, would be consid
ered as ectocyanoses, while the cyanome Cy
anophora paradoxa and the Geosiphon-Nostoc
symbiosis may be examples of endocyanoses. 
The term "cyanobiont" is used for each sym
biotic cyanobacterium whieh has or will have a 
taxonomie name. Likewise, the term "eyanelle" 
is used for each (preferable unicellular; Reisser, 
1984), at least in principle taxonomically de
terminable eusymbiotie cyanobiont, which can 
live intracellularly, is often not virulent, and 
often no longer able to live outside the host cello 
The term "cyanoplast" is reserved here for the 
intracellular inclusions (organelles) whieh are 
obviously derivable from cyanobionts, forming 
a "symbiogenetic organelle" (new term), char
acterized by the impossibility of an easy taxo
nomie classification, and, with regard to so me 
or all of its own proteins, by areal "genetic 
dependence on the eukaryotic host nucleus" as 
demanded by Cavalier-Smith and Lee (1985). 
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In the section on "Symbiogenetic Organelles" 
(see later), the term is used in this sense. 

A final terminological question: Since the def
inition of Pascher (1914), the "main organism" 
is placed first in the name of a syncyanotie con
sortium (e.g., Azolla-Anabaena-symbiosis). The 
"main organism" is ordinarily considered to be 
the host. But who is the host in cyanophilic bas
idiolichens and in some cyanophilic ascolichens 
such as Collema? It is also apparently not clear 
in each case whether the "main organism" is 
an active or passive partner with regard to the 
establishment of the syncyanosis. In so me 
cases, the cyanobacteria are obviously the ac
tively invading partners. An overview on the 
broad spectrum of different syncyanotic con
sortia is given in Table 1. It is not the intention 
ofthe author to modify Pascher's nomenclature, 
but in view of the aims of this Handbook, the 
names of the symbiotic cyanobacterial strains 
are placed first in Table 1. 

With the help ofthe references given in Table 
1, the interested reader should be able to find 
reviews or relevant original papers, that will 
provide more information than that given in 
this chapter. Additionally, the reader is referred 
to the reviews of symbiotic cyanobacteria by 
Reisser (1984) and by Rai (1990b). 

The description of interspecific associations 
in the present paper, is limited to rather mu
tualistic symbioses (eusymbioses) in which 
there is intimate contact between the partners 
(Tables 1 and 2). More ecologieally epiphytic 
and pure ecological relations (see e.g., Gallucci 
and Paerl, 1983; Korinek, 1928; Mora-Osejo, 
1977; Wickstrom and Castenholz, 1978) are 
usually not discussed in this review. Also not 
discussed are the known examples of entecy: 
cyanobacteria within the branchial chambers of 
marine lob sters (Jennings and Gelder, 1976), 
Nostoc in degraded cells of Sphagnum lindbergii 
and S. riparium (Granhall and Hofsten, 1976), 
nor cyanellae (Nostoc?) in the sporangium of 
Andreaea rupestris (Bryophyta) recently diseov
ered by Filina and Filin (1989). Furthermore, 
only some very interesting ectocyanoses of epi
biotic cyanobacteria on unieellular organisms 
shall be mentioned, as described by Pascher 
(1914) (see also Fritsch, 1952), e.g., to a distinct 
small cyanobacterium epibiotic on Spirillum or 
to the cyanobacterium Chroostipes linearis epi
biotic on the monad Oicomonas syncyanotica. 
Also not discussed are such associations in 
which the cyanobacteria are hosts for still
smaller biologieal systems, such as viruses (cy
anophages) (Barnet et al., 1981) and bacteria 
(Jensen and Bowen, 1970; Wilkinson, 1979; 
Wujek, 1979). 
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Table 1. An overview of syncyanotic consortia. 

Syncyanosis Reference' 

Ectosymbioses and Endosomabioses (Ectocyanoses) 
Cyanophi1ic lichens 1 
Phormidium-Codium-symbiosis 2 
Nostoc-Hepaticae-symbiosis 3 
Anabaena-Azolla-symbiosis 4 
Nostoc-Cycadatae-symbiosis 5 
Nostoc-Lemna-symbiosis 6 
Nostoc-Gunnera-symbiosis 7 
Prochloron-Ascidiaceae-symbiosis 8 
Synechocystis-Ascidiaceae-symbiosis 9 
Oscillatoria-Ascidiaceae-symbiosis 10 
Nostoc-Diptera-symbiosis 11 
Cyanobiont-Desmospongiae-symbiosisb 12 

Endocytobioses (Endocyanoses) 
Richelia-Rhizosolenia-symbiosis 13 
Richelia-Hemiaulus-symbiosis 14 
Nostoc-Roperia-symbiosis 15 
Phormidium-Oedogonium-symbiosis 16 
Cyanobiont-Dinoflagellate-symbiosisb 17 
Nostoc-Geosiphon-symbiosis 18 
Nostoc- Trifolium-symbiosis 19 
Cyanobiont-Malacophryidae-symbiosisb 20 
Aphanocapsa-Calacarea-symbiosis 21 
Aphanocapsa-Desmospongiae-symbiosis 22 
Oscillatoria-Desmospongiae-symbiosis 23 
Phormidium- Verongia-symbiosis 24 
Synechocystis-Desmospongiae-symbiosis 25 
Cyanobiont-Desmospongiae-symbiosisb 26 
Prochloron-Anthozoa-symbiosis 27 
Cyanobiont-Tridacna-symbiosisb 28 
Cyanobiont-Echiurinea-symbiosisb 29 

Symbiogenetic organelles ("Endocyanoses") 
Cyanelle in Paulinella 30 
Cyanelle in Bacillariophyceae 31 
Cyanoplast in Glaucocystophyceae' 32 
Cyanoplast in Cyanidiaceae' 33 

Attempt to induce artificial symbioses 34 

'Reference citation: (1) Ahmadjian 1967, Rai I 990a, (2) Ja
cob 1961, Rosenberg and Paerl 1981, (3) Rodgers and Stew
art 1977, Enderlin and Meeks 1983, Honegger 1980, Meeks 
et al. 1985, Meeks et al. 1988, Rai et al. 1989, Riedl 1977, 
Meeks 1990, (4) see section Azolla-Anabaena. (5) Lindblad 
and Bergman 1990, (6) Cohn 1972, (7) Bonnett 1990, (8) 
Duclaux et al. 1988, Griffiths and Luong-Van Thinh 1987, 
Lewin 1984, Lewin 1986, Morden and Golden 1989, Nev
eux et al. 1988, 01son 1986, Parry 1988, Parry and Kott 
1988, Randall et al. 1987, (9) Cox et al. 1985, Lafargue and 
Duclaux 1979, (10) Larkum et al. 1987, (11) Dodds 1989, 
Kleinhaus and Kaiser 1988, (12) Rützler 1981, (13) Fogg 
1982, Koray 1988, Mague et al. 1974, Martinez et al. 1983, 
Taylor 1982, Villareal 1988, 1989, Weare et al. 1974, (14) 
Kimor et al. 1978, (15) Reisser 1984, (16) Verma and Singh 
1973, (17) Gaines and Elbrächter 1987, Zaika and Mali
nochka 1986, (18) see section Geosiphon. (19) Bhaskaran 
and Venkatamaran 1958, (20) Foissner 1980, Klaveness 
1984, (21) to (26) Berthold et al. 1982, Rützler 1988, Stod
dart 1989, Wilkinson 1980, 1983, 1987, Wilkinson and Ev
ans 1989, Zimmermann et al. 1989, (27) Voskoboinikov et 
al. 1990, (28) Cowen 1988, (29) Kawaguti 1971, (30) to (33) 
see section "Symbiogenetic organelles," (34) Gusev and 
Korzhenevskaya 1990. 
bThe symbiont has not been identified. 
'cyanoplast (new term, see Table 2 and text). 
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Table 2 gives an overview of all the cyano
bacterial genera containing strains capable of 
forming syncyanoses. The third column shows 
abbreviations for the divisions ofthe eukaryotic 
partner (macrosymbiont) followed by the lowest 
taxon, which still comprises the symbiotic 
strains, species, or genera, of this division. It is 
not possible in all cases to discriminate clearly 
between ecto- and endocyanoses, e.g., in Gun
nera and in so me sponges. As shown in Table 
2, members of all systematic groups of cyano
bacteria are involved in ectocyanoses. But the 
Pleurocapsales and Stigonematales occur as cy
anobionts only in ectocyanotic associations, and 
that exclusively with lichen fungi. Within the 
other ectocyanoses, the prochlorophytes (Chlo
roxybacteria) form a marine association (with 
ascidians), and the Chroococcales form two ma
rine associations (be si des aerophilic lichen as
sociations). Only the Hormogonales have a 
wider spectrum of symbiotic partners (one as
sociation with a marine alga, some associations 
with land and freshwater plants, and one with 
invertebrates), although the lichen fungi here 
too are the dominant group of macrosymbionts. 
Within the endocytobioses (endocyanoses), the 
situation is different. Here we find members of 
many different host families, but only one fun
gus as partner and host organism (Geosiphon). 
All other endocyanoses, with the exception of 
the two endocytobioses of Gunnera and Trifol
ium alexandrinum, are marine. Only members 
of the Chroococcales and Hormogonales are 
found as endocytobionts (as mentioned above). 
The main cyanobacterial group seems to be that 
of the Hormogonales, but this impression may 
be changed in the future by further discoveries 
of intracellular symbioses. Section 4 in Table 2 
lists those endocyanoses in wh ich the original 
endocytobiotic cyanobacterium has reached the 
status of a eukaryotic cell organelle, a "sym
biogenetic organelle" (new term, see above). 
These marine or freshwater organisms are all 
unicellular. Typical representatives are the 
Glaucocystophyta (Kies and Kremer, 1986b). 

There have also been some attempts to con
struct artificial symbioses (Gusev, 1990). One 
idea is that cell reconstruction techniques (e.g., 
cell fusion, micromanipulation) can be used as 
models to study the putative formation of eu
karyotic cells via endocytobiotic events (Brad
ley, 1979, 1983) using cyanobacteria or cyano
plasts (cyanelles) isolated from Glaucocystis 
nostochinearum. The application ofthese meth
ods is also considered as one of the new ways 
for modification of plant cells, e.g., infection of 
protoplasts of high er plants, such as Allium 
cepa, Daucus carota, Nicotiana tabacum, and 
Zea mays, by Agafodorova et al. , 1982 (with 
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Table 2. Cyanobacterial genera in natural symbioses (syncyanoses). 

Number of 
Cyanobacterialorder Genus Symbiotic partner division': classjorderjfamilyjgenus host species 
~------------------------------~----~------------~--~--~---------
I. Episymbioses (ectocyanoses) 

Chroococcales: Chroostipes Chr: Oicomonas 
2. Ectosymbioses and endosomabioses (Ectocyanoses) 

Chloroxybacteria: Prochloron Cho: Ascidiaceae 
Chroococcales: Aphanocapsa MAL: Lecanoraies 

Chroococcus MAL: Lecanoraies 
Gloeocapsa MAL: Lecanorales 
Synechocystis Por: Desmospongiae 
Synechocystis Cho: Ascidiaceae 

Pleurocapsales: Chlorococcidiopsis MAL: Lecanoraies 
Hyella MAL: Pleosporales 

Hormogonales: Anabaena MAL: Lecanoraies 
Anabaena 
Calothrix 
Dichothrix 
Nostoc 
Nostoc 
Nostoc 
Nostoc 
Nostoc 
Nostoc 
Oscillatoria 
Phormidium 
Rivularia 
Scytonema 
Scytonema 

Stigonematales: Stigonema 
3. Endocytobioses (Endocyanoses) 

Chloroxybacteria: Prochloron 
Chroococcales: Aphanocapsa 

Hormogonales: 

Unidentified 
Unidentified 
Synechocyst is 
Unidentified 
Unidentified 
Nostoc 
Nostoc 
Nostoc 
Oscillatoria 
Phormidium 
Phormidium 
Richelia 
Unidentified 

4. Symbiogenetic Organelles 
Cyanelle 
Cyanelle 
Cyanoplastb 

Cyanoplastb 

Cyanoplastb 

Pte: Filicatae 
MAL: Lecanorales 
MAL: Lecanorales 
MAL: Lecanorales, Sphaeriales 
Bry: Hepaticae 
Bry: Sphagnaceae 
SpG: Cycadatae 
SpA: Gunnerales 
Art: Diptera 
Cho: Ascidiaceae 
Chi: Siphonales 
MAL: Lecanorales 
MAL: Lecanorales, Gyalectales, Erioderma 
MBL: Aphyllophorales 
MAL: Lecanorales, Spilonema 

Coe: Anthozoa (corals) 
Por: Calacarea, Desmospongiae 
Din: Dinophysidacea 
Cil: Malacophryidae 
Por: Desmospongiae 
Ech: Echiurinea 
Mol: Bivalvia 
Chr: Bacillariophyceae 
Myc: Endogonaceae 
SpA: Gunnerales, Trifolium 
Por: Desmospongiae 
Chi: Ulotrichales 
Por: Verongia aerophila 
Chr: Bacillariophyceae 
Por: Phyllospongia lamellosa 

Rhi: Thecamoeba 
Chr: Bacillariophyceae 
Gla: Glaucocystophyceae 
Rho: Cyanidiophyceae 
Rho: Porphyridiaceae 

25 
26 

3 
21 
I 
7 

19 
20 
22 
12 
1 

40 
5 
2 

23 

24 

I 
2 
1 

3 

1 
() 

14 
3 genera 

2 

'Abbreviations: Art: Arthropoda; Bry: Bryophyta; Chi: Chlorophyta; Cho: Chordata; Chr: Chrysophyta; Cil: Ciliata; Coe: 
Coelenterata; Din: Dinophyta; Ech: Echiurida; Gla: Glaucocystophyta; Mol: Mollusca; M(yc): Mycophyta (MAL: ascoli
chens; MBL: basidiolichens); Por: Porifera; Pte: Pteridophyta; Rhi: Rhizopoda; Rho: Rhodophyta; SpA: Angiosperma
tophyta; SpG: Gymnospermatophyta. 
bPresumptive proposal with regard to the phylogenetic status of this plastid-like organelle within the given organismic 
group, formerly called Cyanelle. 

Chlorogloeafritschü, Anabaena variabilis); Bur
goon and Bottino, 1976 (with Gloeocapsa); 
Bradley and Duke, 1987 (with Anabaena sp., 

Plectonema sp., Gloeothece sp.); Cheong et al., 
1986, 1987 (with Nostoc muscorum); Gusev et 
al., 1984 (with Anabaena variabilis), and Meeks 
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et al. , 1978 (with Anabaena variabilis). Gusev 
et al. (1986) have also used whole plants for 
producing improved agricultural plants and 
transferring nitrogen-fixing ability from micro
organisms into higher plants (Anabaena varia
bilis in the intercellular space of tobacco shoot 
regenerates). The results of these hopeful in
vestigations have been rather disappointing as 
yet, because of the instabilities of the synthe
sized syncyanoses or of their low growth rates. 

Ectosymbiosis and 
Endosomabiosis 

In this seetion all the symbiotic consortia char
acterized by an ectocyanotic relationship of the 
symbiotic partners are described. The cyano
bionts live extracellularly, in physical or chem
ical (e.g., mucilaginous shell) contact with the 
cell surface of the macrobiont. The manner of 
the symbiosis can be paraphrased as epibiotic 
or, if the cyanobiont is living inside a multi
cellular macrobiont, as endosomabiotic (see 
"Introduction"). It is not possible in all cases 
to discriminate clearly between ecto- and en
docyanoses. In Gunnera and in sponges, both 
types of syncyanoses are usually found, e.g., in 
Gunnera cells the cyanobionts are surrounded 
with cell wall material of the plant cell. There
fore, Gunnera is included in this section 
(endosomabiosis), whereas the cyanophilic 
sponges, in which the cyanobionts are within 
the cytoplasm of the sponge cells, are placed 
among the endocyanoses. Some ectocyanoses 
are ecologically very successful and are mostly 
pioneers in their ecological niches. In this sec
tion, the cyanolichens and the Azolla-Anabaena 
association will be described. For information 
with respect to the other ectocyanoses the 
reader is directed to the literature cited in 
Table 1. 

Cyanophilic Lichens 

Lichens constitute those symbiotic associations 
between fungi (serving as morphological hosts 
but metabolic guests) and algae or cyanobac
teria as extracellular symbionts (serving as met
abolic hosts) in which a new morphological en
tity is formed, a stable thallus or body of specific 
structure (different from the original growth 
form ofboth partners). This definition rules out 
all loose lichen-like associations (Ahmadjian, 
1965). The morphological transformation (mor
phogenesis) during the association is controlled 
primarily by the fungus, the mycobiont, rather 
than the alga, the phyco- or photobiont (see e.g., 
Honegger, 1984). Despite the fact that lichens 
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are not aseparate systematic taxon, they are 
classified into three subdivisions (Hawksworth, 
1988a, Eriksson and Hawksworth, 1988), into 
orders, families, genera, and species (in paren
theses, nomenclature after Henssen and Jahns, 
1974): 1) Ascomycotina (Ascomycetidae) with 
80 (43) families and 13,250 lichenized species: 
2) Basidiomycotina (Holobasidiomycetidae) 
with four (three) families and 50 lichenized spe
cies; and 3) Deuteromycotina with 200 lichen
ized species. Within the fungal subdivision of 
the Mastigomycotina, with more than 1,100 
species, only one is lichenized. (The mastigo
mycete [phycomycete] species Geosiphon pyri
forme, in a non-lichen-like association with en
docytobiotic cyanobacteria, is considered in an 
own section in this chapter.) Taxonomically, 
both the myco- and the phycobiont have binary 
Latin names, but, unofficially, only the name of 
the fungus is used for the name of the related 
lichen (Int. Code for Botanical Nomenclature, 
article 13, 1983). There are about 13,500 
(Hawksworth and Hill, 1984; Galun, 1990) to 
15,000 (Ahmadjian and Paracer, 1986) named 
species of lichen-forming fungi. Interestingly, 
only approximately 30 different types of uni
cellular or simple filamentous algae and cyano
bacteria are reported as lichen-photobionts: one 
species ofthe Xanthophyceae, one ofthe Phaeo
phyceae, 22 genera of the Chlorophyceae, and 
11 to 16 cyanobacterial genera (see Tables 4 and 
5). Within 45 (11) orders, representing the 84 
(46) known families oflichen fungi, only 18 (14) 
families of ascolichens and two families of bas
idiolichens are recorded that include cyano
philic species (Table 3). 

Most of the families 7 (10) with cyanophilic 
species are observed within the order Lecanor
ales. Thwaites (1849) was the first to regard the 
unicellular "gonidia" of some members of the 
Lichinaceae as identical with free-living cyano
bacteria; later, Schwendener (1869) identified 
so me phycobionts ofthe Lichinaceae as species 
of the cyanobacterial genera Gloeocapsa and 
Chroococcus. Since that time, many other fam
ilies and species of cyanobacteria in lichens 
have been found about all in ascolichens (Table 
4), only few in basidiolichens (Table 5). Al
though the lists in Table 4 (and considerably 
less in Table 5) are incomplete, they allow one 
to estimate the distribution of the different cy
anobiont genera within the lichens. Most ofthe 
lichen cyanobionts are filamentous (Tables 4 
and 5) and belong to the Hormogonales to the 
common heterocystous genera Nostoc and Scy
tonema. In homoiomerous lichens (where the 
symbionts are distributed more or less uni
formly throughout the thallus), the structure of 
the symbionts is similar to that in culture. In 
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Table 3. Taxonomy of lichen families (Eriksson and 
Hawksworth 1988), incIuding the cyanophilic species, and 
their cyanobacterial type. 

Order 

Opegraphalesb 
Gyalectales 
Lecanorales 

Lichinales 

Peltigerales 

Dothideales' 
Uncertain orderh 

Aphyllophoralesk 

Family 

Opegraphaceae 
Stictidaceaec 
Arctomiaceae 
Coccocarpiaceae 
Collemataceae 
Heppiaceae 
Pannariaceae 
Peltulaceaed 
Stereocaulaceae 
Lichinaceae 
Pyrenothrichaceae 
Ectolechiaceae 
Nephromataceaec 
Peltigeraceae 
Placynthiaceae 
Lobariaceaef 
Arthopyreniaceae 
Protothelenaceae; 
C1avariaceae 
Corticiaceae' 

Cyanobacterial 
typea 

u, 1 
f, 1 
f, 1 
f, 1 
f, 1 

u, f, 1 
f,2C 
f, 1 

u, f, (2)C 
u, f, 1 

f 
f 

f, (C) 
f,2C 

f 
f,2C 

u 
f 

f, (2) 
f, 1 

aAbbreviations: u: unicellular cyanobiont; f: filamentous cy
anobiont; 1: the cyanobacterium is the sole phycobiont; 2: 
the cyanobacterium is the second phycobiont (C: in a ce
phalodium); (1), (2), or (C) (in parentheses): the occurrence 
of the given symbiontic type is not obligate for the whole 
family. 
bFormerly (Henssen and Jahns 1974) within the Arthoni
ales. 
cFormerly (Henssen and Jahns 1974) within the Gyalecta
ceae. 
dFormerly (Henssen and Jahns 1974) within the Heppi
aceae. 
cFormerly (Henssen and Jahns 1974) within the Peltigera
ceae. 
fFormerly (Henssen and Jahns 1974) Stictaceae. 
'Formerly (Henssen and Jahns 1974) Pleosporales. 
hFormerly (Henssen and Jahns 1974) within the Sphaeri
ales. 
;Formerly (Henssen and Jahns 1974) Microglaenaceae. 
kWith the only known cyanophilic basidiolichen families. 
'Now Dictyonemataceae (see, e.g., Slocum and Floyd 1977). 

contrast, in heteromerous lichens (where the 
symbionts are positioned in a discrete layer, the 
"symbiont layer"), the filaments of the sym
bionts are often contorted, appearing as packets. 
About half of the cyanophilic lichens also con
tain (eukaryotic) algal symbionts. Here, the al
gae are mostly found in the symbiont layer and 
the cyanobacteria are in cephalodia. 

The true identity of the cyanobionts has not 
been established for many cyanophilic lichens, 
as we can see regarding the new taxonomic iden
tification of the symbiotic cyanobacteria of 
so me members ofthe lichen family Lichinaceae 
or the observation of cyanobiont diversity in the 
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Lichinaceae and Heppiaceae, recently reported 
(Büdel and Henssen, 1983; Bubrick and Galun, 
1984; Büdel, 1985). The interaction between the 
symbionts results in an organism which is 
mostly morphologically and physiologically dis
tinct from either ofthe components (Green and 
Smith, 1974). Cyanobacterial symbionts are 
often altered to the extent that their origin be
comes completely obscured (Marton and 
Galun, 1976). For example, the symbiotic Nos
toc of Nephroma laevigatum appears in the in
tact thallus as enlarged, shapeless, and usually 
separated cells but upon isolation and culturing, 
Nostoc undergoes remarkable modifications 
and reverts to its typical free-living, filamentous 
growth form (Kardish et al., 1989). Recent pub
lications have clearly demonstrated that it is not 
sufficient to identify lichen phycobionts solely 
on microscopic observations within the lichen 
thallus. It is essential, therefore, when making 
a taxonomic determination, first to separate the 
phycobiont from the mycobiont and to cultivate 
the isolated phycobiont. By growing free of the 
mycobiont, the phycobiont is able to change its 
lichen phenotype to the phenotype of the free
living form. In this state, it may be possible to 
classify the isolated strain with regard to mor
phology, fission pattern environmental require
ments, physiology, and chemotaxonomical cri
teria, as a basis for a taxonomic determination. 
(For definitions of cyanobacterial genera see 
Rippka et al. , 1979; and Chapters 97 and 98. 
For lichen biology, especially cyanophilic li
chens, see the following books and reviews: Ah
madjian, 1965, 1967, 1973; Ahmadjian and 
Paracer, 1986; GaIun, 1988; HaIe, 1983; Hens
sen and Jahns, 1974; Ozenda and Clauzade, 
1970; Poelt, 1969; Rai, 1990a; Wirth, 1980). 

The basidiolichens (Table 5) represent only a 
very small group of tropical and subtropical li
chens in contrast to the thousands of ascolich
ens, but their biology is diverse (Oberwinkler, 
1970) and seems highly evolved in some fungus 
species (like Dictyonema). The evolution of 
these organisms may have led from a parasitic 
to a symbiotic (and partly endosymbiotic) as
sociation (Oberwinkler, 1980). The Dictyonema 
association shows a den se hyphal sheath around 
the cyanobacterial Scytonema filaments and an 
intracellular "central hypha" as an "endosym
biotic organ" (Oberwinkler, 1980). This group 
contains the only known case of symbiotic eu
karyotic guests in prokaryotic host cells. 

Lichens occur in most terrestrial habitats, 
from the equator to the polar regions, but very 
few species occur in permanently submerged 
habitats. Only seven truly submerged marine 
lichen species have been found e.g., the cyano-
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Table 4. Cyanobacterial phycobionts and genera or species of eyanophilie aseoliehens (ineomplete list). 

Cyanobaeterium Referencea Propertiesb Aseoliehenc Fungal familY" 

Chrooeoeeales 
Anacystis montana 2 u, e2, F Peltula Peltu 
Aphanocapsa u, e2, F Stereocaulon Ster 
Chroococcus sp. u, e, M Halographis runica Opeg 
Chroococcus sp. u, e, F Lichinella Lieh 
Chroococcus sp. u, e, F Phylliscum Lieh 
Chroococcus sp. u, e, F Pterygiopsis Lieh 
Chroococcus sp. u, e, F Cryptothelec Lieh 
Gloeocapsa alpina u, e, A Synalissa violacea Lieh 
G. kuetzingiana u, e, A Psorotichia sp. Lieh 
G. kuetzingiana 2 Pyrenopsis juliginoides Lieh 
G. kuetzingiana 2 P. leprosa Lieh 
G. kuetzingiana 2 Synalissa symphorea f Lieh 
G. muralis u, e, A Thyrea pulvinata' Lieh 
G. muralis u, e, A Collemopsis schaererih Lieh 
G. pleurocapsoides 2 U, e, Phylliscum endocarpoides Lieh 
G. rupestris 2 u, e, F Anema moedlingense Lieh 
G. rupestris u, e, F Peccania coralloides Lieh 
G. rupestris 2 U, e, Phylliscum endocarpoides Lieh 
G. rupestris 2 U, e, Collemopsis schaererih Lieh 
G. sanguinea 2 u, e, A Pyrenopsis juliginoides Lieh 
G. sanguinea 2 u, e, A P. grumulifera Lieh 
G. sanguinea 2 u, e, A P. rhodosticta i Lieh 
G. sanguinea 2 U, e, A Synalissa acharrii Lieh 
G. sanguinea 2 u, e, A S. phylliscina Lieh 
G. sanguinea U, e, A S. symphorea f Lieh 
Gloeocapsa sp. 2 U, e, A Gloeoheppia Hepp 
Gloeocapsa sp. 3 u, e, F Jenmania goebelii Lieh 
Gloeocapsa sp. 2 U, e, F Phylliscidium Lieh 
Gloeocapsa sp. u, e, F Phylliscum Lieh 
Gloeocapsa sp. 2 u, e, F Synalissa conjerata Lieh 
Gloeocapsa sp. 2 u, e, F S. symphorea Lieh 
Gloeocapsa sp. 3 u, e, A Gonohymeniai Lieh 
Gloeocapsa sp. 2 U, e, F Anema notarisiik Lieh 
Gloeocapsa sp. 2 U, e, F Thyrea pulvinata' Lieh 
Gloeocapsa sp. u, e2e, A Stereocaulon Ster 
G. as Xanthocapsa 2 Anema Lieh 
G. as Xanthocapsa 2 u, e, A Gonohymenia Lieh 
G. as Xanthocapsa 2 Peccania Lieh 
G. as Xanthocapsa 2 u, e, A Psorotichia Lieh 
G. as Xanthocapsa 2 U, e, F Thyrea Lieh 
Gloeothece U, e, Arthopyrenia Arth 
Gloeothece U, e, A. areniseda Arth 
Gloeothece U, e, A. subareniseda Arth 
Microcystis U, e, Arthopyrenia sp. Arth 

Pleuroeapsales 
Chroococcidiopsis U, e, F Anema nummularium Lieh 
Chroococcidiopsis u, e, F Peccania sp. Lieh 
Chroococcidiopsis U, e, F Psorotichia sp. Lieh 
Hyella caespitosa f/u, e, M Arthopyrenia halodytes Arth 
Xanthocapsa: see syn. Chroococcidiopsis 

and Gloeocapsa 
Hormogonales 

Anabaena 4 f, e2e, A Stereocaulon spp. Ster 
Calothrix sp. f, e, F Calotrichopsis ins. Lieh 
Calothrix crustacea f, e, F Lichina confinis Lieh 
Calothrix pulvinata f, e, F L. confinis Lieh 
Calothrix sp. 7 f, e, F L. polycarpa Lieh 
Calothrix sp. f, e, F L. pygmaea Lieh 
Calothrix sp. 7 f, e, F L. rosulans Lieh 
Calothrix sp. 7 f, e, F L. tasmanica Lieh 

(continued) 
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Table 4. Continued 

Cyanobaeterium Refereneea Propertiesb Ascolichenc Fungal famil)'" 

Calothrix sp. 7 f, e, F L. willeyi Lieh 
Calothrix sp. f, e, F Porocyphus sp. Lieh 
Dichothrix sp. 3 f, e, F Lichina sp. Lieh 
Dichothrix orsiniana f, e, F Placynthium nigrum Plac 
Nostoc commune f, e, F Collema tenax Coll 
N. muscorum f, e, F Collema sp. Coll 
N. laevigatum 7 f,e Nephroma laevigatum Neph 
N. linckia 7 f, e, Peltigera praetextata Pelt 
N. punctiforme f, e2c, A P. aphtosa Pelt 
N. punctiforme f, e, A P. canina Pelt 
N. punctiforme f, e, A P. erumpens Pelt 
N. punctiforme 6 f, e, A P. evansiana Pelt 
N. punctiforme f, e, A P. horizontalis Pelt 
N. punctiforme f, e, A P. limbata Pelt 
N. punctiforme f, e, A P. malacea Pelt 
N. punctiforme f, e, A P. polydactyla Pelt 
N. punctiforme 6 f, e, A P. praetextata Pelt 
N. punctiforme f, e, A P. pruinosa Pelt 
N. punctiforme f, e, A Peltigera sp. Pelt 
N. punctiforme 6 f, e, A P. venosa Pelt 
N. punctiforme f, e, A P. virescens Pelt 
N. sphaericum f, e, F Collema sp. Coll 
N. sphaericum f, e, F Hydrothyria venosa Peit 
N. sphaericum 5 f, e, F Leptogium sp. Coll 
N. sphaericum f, e, F L. issatschenkii Coll 
N. sphaericum f, e, F Pannaria Pann 
Nostoc sp. 3 f, e, F Arctomiaceae Arct 
Nostoc sp. 3 f, e, F Collemataceae Coll 
Nostoc sp. 3 f, e, F Lempholemma Lieh 
Nostoc sp. 6 f, ec, A Lobaria amplissima Loba 
Nostoc sp. 6 f, ec, A L. laetevirens Loba 
Nostoc sp. 6 f, ec, A L. pulmonaria Loba 
Nostoc sp. 6 f, e, A L. scrobiculata Loba 
Nostoc sp. 6 f, e, A L. virens 1 Loba 
Nostoc sp. 5 Massalongia sp. Pelt 
Nostoc sp. f, e, F, Microglaena sph.jle. Prot 
Nostoc sp. 6 f, ee, A Nephroma arcticum Neph 
Nostoc sp. 6 f, e, A N. parile Neph 
Nostoc sp. 3 f, e, F Pannariaeeae Pann 
Nostoc sp. 5 f, e, F Parmeliella Pann 
Nostoc sp. 5 f, e, A Polychidium musc. Plac 
Nostoc sp. 6 f, e2c, A Solorina crocea Pelt 
Nostoc sp. 6 f, e2c, A S. saccata Pelt 
Nostoc sp. f, e2e, Stereocauion Ster 
Nostoc sp. 5 f, e, A Sticta sp. Loba 
Nostoc sp. 6 f, e, A S. fulginosa Loba 
Nostoc sp. 6 f, e, A S. Iimbata Loba 
Rivularia: see Calothrix 
Scytonema sp. 3 f, e+I, A, Coccocarpia Coee 
Scytonema sp. 3 f, e+I, A Erioderma Pann 
Scytonema sp. f,e+I,A Heppia lutosa Hepp 
Scytonema sp. 3 f, e+I, A Koerberia Plae 
Scytonema sp. f, e2e, Lasioloma Eeto 
Scytonema sp. 3 f,e+I,A Lichinodium ahlneri Lieh 
Scytonema sp. f, e2e Lopadium Eeto" 
Scytonema sp. 4 f, e Massalongia Pelt 
Scytonema sp. f, e, F Pannaria Pann 
Scytonema sp. 3 f, e+I, A Parmeliella Pann 
Scytonema sp. f,e+I,A Peltula euploca Pelm 
Scytonema sp. 5 f,e+I,A Petractis clausa Stic 
Scytonema sp. 3 f,e+I,A Polychidium Plae 

(continued) 
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Table 4. Continued 

Cyanobaeterium 

Scytonema sp. 
Scytonema sp. 
Scytonema sp. 
Scytonema sp. 
Scytonema sp. 
Scytonema sp. 

Stigonematales 
FischereIla 
(Hyphomorpha)o 
Mastigocoleus 
Mastigocoleus 
(Sirosiphon)p 
Stigonema 
Stigonema 
Stigonema 

Refereneea 

4 
3 
4 
3 
3 
3 

7 
7 

Propertiesb 

f,e+I,A 
f, e+I, A 
f, e2e 
f,e+I,A 
f,e+I,A 
f, e+I, A 

f, e, 
f, e, 

f, e 
f, e 
f, e2e 

Aseoliehen' Fungal famil)'" 

Pyrenothrix nigra m Pyre 
Pyrenothrix riddleim Pyre 
Stereocaulon Ster 
Thermutis Lieh 
Vestergrenopsis Plae 
Zahlbrucknerella Lieh 

Arthopyrenia Arth 
A. sublitorales Arth 

Ephebe lanata Lieh 
Spilonema Coee 
Stereocauion Ster 

'Referenee: without a number-Ahmadjian 1967, (1) Büdel and Henssen 1983, (2) Bubriek and Galun 1984, (3) Henssen 
and lahns 1974, (4) Ozenda 1970, (5) Poelt 1969, (6) Smith and Douglas 1987, (7) other authors. 
bAbbreviations: A, aerob; e, eyanobiont is loeated in eephalodia; e, extraeellular eyanobaeterium; f, filamentous eyano
baeterium; F, also freshwater habitat; I, fungus with intraeellular haustoria within the eyanobiont; M, marine habitat; u, 
unieellular eyanobaeterium; 2, eyanobiont is the seeondary phyeobiont; abbreviation in parentheses, see d (below). 
'Other eyanophilie lichen genera are Collemopsidium, Epiphloea, Euopsis, Leciophysma, Lemmopsis, Leprocollema, Ny
landeropsis, Physma, Pseudocyphellaria, Pseudoleptogium, Pyrenocollema, Rechingera, Siphulastrum and Xanthopyrenia. 
dThe families of the fungi are abbreviated, e.g., Hepp = Heppiaeeae. See Table 3 for a list of families. 
'Formerly Pyrenopsidium. 
fFormerly S. ramulosa. 
8Formerly Pyrenopsis pulvinata. 
hFormerly Pyrenopsis schaereri = Psorotichia schaereri. 
iFormerly P. sanguinea. 
iFormerly Thallinocarpon. 
kFormerly T. notarisii. 
IFormerly Nephroma laetevirens. 
mpyrenothrix, was formerly Lichenothrix. 
nFamily uneertain. 
oIdentified as Stigonema, see Spilonema. 
pSyn. is Stigonema. 

Table 5. Cyanobaeterial phyeobionts and genera or speeies of eyanophilie 
basidiolichens. ' 

Cyanobaeteri um Propertiesa Basidioliehenb Fungal family 

Chrooeoeeales 
Chroococcus sp. u, e, A Wainiocora' Diet 
Chroococcus sp. u, e, A Athelia epiphylla Diet 

Hormogonales 
Scytonema sp. f, e2+I, A Athelia epiphylla Diet 
Scytonema sp. f, e2+I, A Clavaria sp. Clav 
Scytonema sp. f, e+I, A Cora pavonia d Diet 
Scytonema sp. f, e+I, A Cora sp.' Diet 
Scytonema sp. f, e+I, A Dictyonema irpicinum Diet 
Scytonema sp. f, e+I, A Dictyonema ligulatum Diet 
Scytonema sp. f, e+I, A Dictyonema moorei Diet 
Scytonema sp. f, e+I, A Dictyonema sericeum Diet 

'See Table 4 for abbreviations and Table 3 for list of families. Adapted from 
Oberwinkler (1970, 1980, 1984) and Ahmadjian (1982). 
bAphyliophorales (overall, Cortieiaeeae). 
'Probably synonymous with Cora pavonia = C. montana. 
dObviously also synonymous with Corella wainio. 
'Synonymous with Rhipidonema. 
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philic Halographis (Kohlmeyer and Volkmann
Kohlmeyer, 1988; see also Kohlmeyer, 1974). 

The range and complexity of symbioses be
tween fungi and algae (or cyanobacteria) can be 
seen to be still rather complex (Kohlmeyer and 
Kohlmeyer, 1979; Hawksworth, 1988b). In 
more recent tim es, observations have been re
ported of many fascinating cases of epiphytic, 
parasymbiotic, symbiotic, or parasitic algae 
(and cyanobacteria), bacteria, fungi, lichens, or 
mosses as additional bionts associated with es
tablished lichens, which collectively contribute 
to the century-old debate over the nature of li
chen associations, and provide indications 
about their evolutionary significance (Santes
son, 1967). Considering mutualistic and para
sitic (see e.g., Duebbeler, 1980) relationships of 
fungi to the symbiotic partners, Hawksworth 
(1988b) suggested that symbioses should be dis
cussed only in terms of the number of partici
pating organisms, or bionts, e.g., four-biont 
symbioses (3 photobionts to one mycobiont) as 
reported for Nephroma arcticum, which con
tains two morphologically distinct cyanobac
teria in addition to the principal one, Cocco
myxa (Jordan and Rickson, 1971). 

Separation and Cultivation of Symbionts 

Cy ANOBIONTS. Cyanobacterial photobionts of 
some lichen families have been isolated and cul
tivated in pure culture (some ofthem are avail
able from culture collections, e.g., Chroococci
diopsis sp. SAG 33.84 [Sammlung von 
Aigenkultufen, Universität Göttingen, Göttin
gen, FRG] from Psorotichia). Different methods 
for separation of the phycobiont from the my
cobiont can be used, such as irradiation ofthal
lus fragments with ultraviolet light (Henricks
son, 1951) and treatment with antibiotics 
(Watanabe and Kiyohara, 1963). Detailed in
structions are given by Ahmadjian (1967, 1973). 
Some more recent publications are listed in the 
next section. 

Cultivation of Chroococcidiopsis from Lichinaceae 
(Büdel and Henssen, 1983) 

The lichen thalli were washed in a washing chamber 
(Renner, 1980) for about 30 min. Sections of 30-40 ~m 
thickness were cut with a microtome, placed in 6-cm 
petri dishes on BG-li medium containing 1.5% agar 
(Waterbury and Stanier, 1978) and incubated at 20°C 
under continuous light at 2,000 lux (Osram, universal 
white, fluorescent light, 40 W). The recipe for BG-Il 
medium is given in Table 6. After 6-8 weeks, the first 
free colonies ofthe cyanobiont were observed within the 
disintegrating thallus sections and were transferred to 
fresh agar plates and incubated under the same condi
tions. Washed lichen fragements were incubated in 10-
ml bottles in liquid Bristol medium (Degelius, 1954) at 
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Table 6. Recipe for culture medium BG-ll." 

BG-ll medium: 
NaNO, 
K2HPO. 
MgSO .. 7H20 
CaCl2 '2H20 
Citric acid 
Ferric ammonium citrate 
Na2MgEDTA 
Na2CO, 

Trace metal solution: 
H,BO, 
MnCI2'4H20 
ZnSO .. 7H20 
Na2MoO .. 2H20 
CuSO .. 5H20 
Co(N03k6H20 

Concentration (g/I) 

1.5 
0.04 
0.075 
0.036 
0.006 
0.006 
0.001 
0.02 

2.86 
1.81 
0.222 
0.39 
0.079 
0.0494 

Adapted from Stanier et al., 1971. 
"The trace metal solution is added at 1 mlf!. The pH 
ofthe medium is adjusted to 7.1. 

20°C and 2,000 lux. From such fragments, colonies of 
the phycobiont may be harvested after approximately 4 
months. 

In contrast to the growth of these cyanobionts in 
ASM-I medium (Gorharn et al., 1954), growth in BG-
11 (Stanier et a!., 1971) and KM-D (Kratz and Myers, 
1955) media was unpredictable, and hence these two 
media were not routinely used by Bubrick and Galun 
(1984). 

Cultivation of Nostoc from PeItigeraceae (Boissiere 
et al., 1987) 

Two methods are described, but only one, the more 
rapid, is given here. A lobe of thallus is carefully and 
repeatedly washed with water, finally with distilled 
water. Then the lobe is opened with a vertical and a 
radial cut and put on a small sterilized glass plate cov
ered with a thin liquid layer of BG-l1 medium with 
0.14% agar. The plate is placed on sterilized solid agar 
(1.1% agar in BG-ll) in a petri dish (culture conditions: 
20°C; 150 ~ Einsteins/m2/s; light/dark cycle: 12 h/12 h). 
After 3 weeks, colonies of Nostoc can be observed with 
a binocular microseope. The colonies are transferred 
into new petri dishes containing the same medium for 
further proliferation. It is possible to purify such cul
tures from both, contaminating bacteria and mycobiont, 
to an axenic stage. Two further methods have been de
scribed. No difference in growth morphology was found 
between axenic cultures and cultures contaminated with 
bacteria (Boissiere et a!., 1987). Nostoc isolates from 
Nephroma laevigatum are described by Kardish et al., 
1989. 

MYCOBIONTS. Ahmadjian has done pioneering 
work on the cultivation of lichen fungi (Ah
madjian, 1973) and the experimental synthesis 
of lichen symbioses (Ahmadjian and Jacobs, 
1983). Two strategies are known for obtaining 
pure cultures of lichen fungi. The best way 
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seems to be to use spores from lichen ascocarps 
originating from the mycobiont (Ahmadjian, 
1961, 1963; Lallemant, 1985). In the other 
method, hyphal fragments from the lichen thal
lus have been used but the results ofthis strategy 
seem to be uncertain with regard to obtaining 
the true mycobiont, because lichen thalli are 
substrates for many parasitic and parasymbiotic 
fungi whose hyphae are in intimate contact with 
the cells of the phyco- and mycobiont (Ahmad
jian, 1964; see also Hawksworth, 1988b). Li
chen fungi on agar media (2% glucose) form 
compact, elevated colonies, which vary widely 
in size, shape, and color (Ahmadjian 1961, 
1963, 1964, 1989). 

For cultivation and axenic resyntheses of li
chens, ineluding questions of recognition and 
resistance, see Ahmadjian and Jacobs (1983), 
Ahmadjian (1989), and Stocker-Wörgötter and 
Türk (1989). Although lectins occur in different 
lichens (Petit, 1982; Lallemant and Savoye, 
1985), the authors doubt that a lectin-mediated 
recognition system exists in lichens because 
such systems imply elose affinities between the 
symbionts. On the other hand, studies on lichen 
synthesis raised the possibility that so me type 
of recognition occurs between algal and fungal 
symbionts (Ahmadjian et al., 1980; Ahmadjian 
and Jacobs, 1981; Galun, 1988). 

Biochemistry, Physiology, and 
Ecological Significance 

For metabolite exchange, the partners need reg
ular intimate physical contact. Five principal 
types of contacts have been described (Smith 
and Douglas, 1987): 1) thin-walled fungal hy
phae enter the gelatinous sheath of algal colo
nies (e.g., Nostoc) but do not co me into contact 
with the cell wall layers of the photobionts; 2) 
elose wall-to-wall contact between myco- and 
phycobiont without apparent formation of spe
cialized attachment structures (nevertheless, the 
fungus may dramatically influence the structure 
and cell wall composition ofthe cyanobiont, as 
demonstrated by Kardish et al., 1989, with re
gard to the Nostoc of Nephroma laevigatum); 3) 
elose contact of the hyphae to the phycobiont 
through the formation of specialized attach
ment structures (comparable with appressoria); 
4) "intraparietal haustoria" (hyphae form plug
like projections in the phycobiont cell without 
penetrating the phycobiont cell wall; and 5) "in
tracellular haustoria" (hyphae penetrate the 
phycobiont cell wall but not its cytoplasmic 
membrane). 

The best explanation of the relationship be
tween fungus and "alga" may be the view that 
lichens are examples of a controlled parasitism 
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(Ahmadjian, 1982b; Ahmadjian and Paracer, 
1986). The fungus accepts photoassimilated 
products from the alga (Green and Smith, 1974) 
and, in the case of cyanobacteria, also fixed ni
trogen. The fungus provides the alga with water, 
minerals, and protection from desiccation and 
high light intensities by using, in part, second
ary metabolites, the "lichen acids" (Culberson 
et al., 1977). These usually extracellularly in the 
cell wall material occurring and often crystal
line "lichen substances" are usually only pro
duced during symbiosis (Culberson and Ah
madjian, 1980; but see Honegger and Kutasi, 
1990). It is not certain whether the respiratory 
carbon dioxide exchange has evidence for the 
symbiosis, as discussed by (Coxson et al. , 
(1982). In cyanophilic lichens, the carbohydrate 
released from the cyanobiont and transferred 
into the fungus is glucose (Drew and Smith, 
1967; Smith and Douglas, 1987), in contrast to 
the algae which release specific a1cohols (po
lyols) as photosynthates. Free-living cyanobac
teria do not excrete glucose (Galun, 1990). The 
other contribution ofthe cyanobiont to the fun
gus is ammonia. All investigated cyanophilic li
chens (Millbank, 1984) fix nitrogen and are pho
toassimilating (Galun and Bubrick, 1984). 
Where filamentous cyanobacteria are the sole 
symbionts, the heterocyst frequency is 4-8%, 
and both photo assimilation and dinitrogen fix
ation rates are comparable to values for non
symbiotic cyanobacteria. But when the cyano
bionts are the second symbionts and restricted 
to cephalodia, a striking change occurs: heter
ocyst frequency is higher (14-36%) (Kershaw, 
1985), as is the nitrogen fixation rate, because 
the synthesis of the cyanobacterial enzymes for 
ammonia assimilation (glutamine synthetase 
and glutamate synthase) are suppressed (Rai et 
al. , 1981; Stewart et al., 1983) and the rate of 
photo assimilation is reduced (Smith and Doug
las, 1987), e.g., glutamine synthetase is present 
in high levels in free-living Nostoc but only in 
traces in symbiotic Nostoc (see also Champion
Arnaud and Lallemant, 1986). Approximately 
50% of the fixed nitrogen is excreted as am
monia and assimilated via glutamate dehydro
genase by the mycobiont (Galun, 1990). An un
solved problem is the regulation of phycobiontj 
mycobiont relation. It is conceivable that the 
mycobiont, as an heterotrophic organism, pro
duces urea via the urea cyele ineluding the re
versible arginase reaction. The urea is decom
posed by the enzyme urease (inducible by urea) 
into carbon dioxide and ammonia, molecules 
which are inductors and substrates for meta
bolie processes in the phycobiont. Via photo
synthesis the phycobiont produces more pri
mary metabolites which, partially, move to the 



3830 H.E.A. Schenk 

fungus. Here they induce the synthesis of more 
secondary metabolites including usnic acid, a 
competitive inhibitor ofurease. In this way, the 
offer of carbon dioxide and ammonia will be 
reduced for the phycobiont and, in the follow
ing, the growth ofthe phycobiont is diminished. 
Even, if these "urease theory" could explain 
(Ahmadjian and Paracer, 1986) how the fungus 
may control the rate ofpolyol excretion by chlo
rophycean photobionts (see also Perez-Urria et 
al. , 1990) and therewith the population density 
ofthe phycobiont, its function in the regulation 
of growth of nitrogen-fixing and ammonia-re
leasing cyanobionts remains uncertain. 

Lichens with cyanobionts are important con
tributors to the nitrogen economy of various 
ecosystems. Lobaria oregana is abundant in the 
Douglas fir forests of the Pacific Northwest 
(USA), and when its thalli fall offthe trees onto 
the ground, they decay and release significant 
amounts of nitrogen (2.3 kg fixed Njha). Or
ganic nitrogen compounds mayaiso leach out 
from lichen thalli during heavy rains (Ahmad
jian and Paracer, 1986). 

Lichens are very sensitive to air pollutants, 
especially to sulfur dioxide (e.g., Sharma et al., 
1982) but species vary in their sensitivity. 
Therefore, the species composition and growth 
forms on substrate can be used as accurate in
dicators for air pollution (Hawksworth and 
Rose, 1976). Lichens show a differential sensi
tivity to heavy metals (Brown and Beckett, 
1983). Because lichens are respiratory and pho
tosynthetic consortia, it was to be expected that 
certain plant-protective substances would influ
ence cyanophilic lichens (Da Silva et al., 1973; 
Hallborn and Bergman, 1979). 

For further information, see reviews by, e.g., 
Boissiere et al. (1987); Brown (1985); Büdel 
(1985); Büdel and Henssen (1988); Galun and 
Bubrick (1984); HaIe and Culberson (1966); 
Lallemant et al. (1986); Lawrey (1984); Mill
bank (1984); Peveling (1987); Pirocynski and 
Hawksworth (1988); Smith and Douglas (1987); 
Stewart (1977); and Tschermak-Woess (1988). 

The Azolla-Anabaena Symbiosis 

Taxonomy, Morphology, and Development 
of the Symbiosis 

The Azolla-Anabaena symbiosis is a eusym
biotic association between the nitrogen-fixing 
cyanobacterium Anabaena azollae and the eu
karyotic freshwater fern, Azolla. The genus 
Azolla was established by J. B. Lamarck as early 
as 1783 (Svenson, 1944). It comprises either 
seven or eight species (Table 7). Whether Azolla 
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pinnata var. imbricata is a variety or an inde
pendent species (Lin, 1980) is not clear. To date, 
more than 40 fossil species of Azolla have been 
described (Fowler, 1975; Hills and Gopal, 
1967). The genus used to be included with Sal
vinia in the Salviniaceae (Smith, 1955), but in 
the 1960s, it was placed in aseparate family, 
the Azollaceae (Sculthorpe, 1967; Moore, 1969; 
Konar and Kapoor, 1972, Lumpkin and Pluck
nett, 1980). The small, fast-growing water ferns 
of temperate and tropical aquatic ecosystems 
around the world float freely on the surface of 
freshwater ponds and marshes. The swimming 
plant (sporophyte, Fig. 2) has tiny roots and a 
short, branched stern (rhizome), which is cov
ered with small, overlapping leaves. The spo
rophyte has a dorsiventral organization (Peters 
and Calvert, 1983) and each rhizome apex has 
an upcurved meristem (see Fig. 1). Roots and 
lateral branches are derived from further divi
sions of the ventral cells of this meristem 
whereas leaves are derived from the correspond
ing dorsal cells. Each leaf is divided into a dor
sal and a ventral lobe. The thin ventral lobe (its 
distal half is only one cell thick) is nearly co 1-
orless and floats on the water surface. The ma
ture dorsal leaf lobe is aerial and has a clearly 
defined multilayered mesophyll as weIl as adax
ial and abaxial epidermal tissues. The abaxial 
epidermis has many stomata and single-celled 
papillae. Each mature dorsal leaf lobe has an 
ellipsoidal cavity formed by an infolding ofthe 
adaxial epidermis in the proximal half of its 
lamina. The cavity normally contains the en
dophytes, the cyanobacterium Anabaena azol
lae, and in addition Gram-positive, non-nitro
gen-fixing bacteria (Gates et al. , 1980), 
identified as Arthrobacter spp. (Wallace and 
Gates, 1986; Petro and Gates, 1987; Grilli 
Caiola et al., 1988). Vegetative Anabaena cells, 
the "apical Anabaena colony," are also found 
in the pocket of the apical meristem formed by 
the upcurved meristem and the young over
arching dorsal leaf lobe (Fig. 1). 

Development of the leaf cavity begins in the 
young leaves. An area of premesophyll tissue at 
the base of the dorsal leaf lobe enlarges much 
less than the more distal mesophyll, causing a 
depression to form in the adaxial epidermis. As 
the apical meristem continues to grow and be
comes further displaced from each leaf, fila
ments of the apical Anabaena colony become 
associated with each developing leaf in the area 
of its forming cavity. The actual partitioning 
process appears to involve a specialized epider
mal hair called the "primary branched hair" 
(PBH) (Calvert and Peters, 1981). Each leafhas 
only one PBH. It originates from the axil of the 
primordialleaf and grows with its terminal c:ells 
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Table 7. Taxonomy of the Azolla-Anabaena symbiosis.a 

Cyanobiontd Properties< Azolla species 

Section: Euazolla (New World species) 
Anabaena azollae F, e, f, N Azolla caroliniana Wilidenow 
A. azollae F, e, f, N Azolla filiculoides Lamarck (type species) 
A. azollae F, e, f, N Azolla mexicana Presl 
A. azollae F, e, f, N Azolla microphylla Kaulfuss 
A. azollae F, e, f, N Azolla rubra R. Brownb 

Section: Rhizosperma (Old World species) 
A. azollae F, e, f, N Azolla nilotica DeCaisne 
A. azollae F, e, f, N Azolla pinnata R. Brown 
A. azollae F, e, f, N Azolla imbricata (Roxb.) Nakai 

Varieties' 
A. azollae F, e, f, N Azolla pinnata var. imbricata 
A. azollae F, e, f, N Azolla pinnata var. pinnata 

aCyanobiont: Anabaena azollae Strasburger; host: Azolla (Azollaceae, Sa1-
viniales, Filicopsida, Pteridophyta). 
bA. rubra was also reported as A. japonicum (Peters et al., 1979; but see 
Zimmermann et al., 1988). 
'Listing is incomplete (see Lumpkin and Plucknett, 1982; Zimmermann 
et al., 1988). 
dIn the future, the "species" Anabaena azollae will probably be split into 
several different species. 
eAbbreviations: see Table 4. 
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Fig. I. Anatomy of the Azolla-Anabaena azollae symbiosis. Schematic, vertical, longitudinal section of an Azolla branch 
with the apical meristem, illustrating: the apical Anabaena colony (AAC) with vegetative Anabaena cells (A); differentiation 
of Anabaena cells into heterocysts (H) during maturation ofleaves; different stages in the formation of the leaf cavity (C) 
in the dorsal leaf lobe (DL); and of the transmission of the Anabaena cells from the apical colony in the leaf cavity. 
Abbreviations: BC, body cell; FC, forming cavity; LP, leaf primordium; PBH, primary branched hair; PC, pore closure 
ofthe cavity; R, root; SBH, secondary branched hair; SC, stalk cell; SH, single hair; SS, stern stele; TC, terminal cell; VL, 
ventralleaflobe. (Drawing based on an illustration from Peters and Calvert, 1983; also using electron micrographs from 
the same article and unpublished observations of H. E. A. Schenk.) 

into the apical Anabaena colony. Some Ana
baena filaments seem to be attracted to the PBH 
in the apical region and are, in the following 
development, separated from the apical colony, 

whereas the PBH is now positioned at the prox
imal end of the cavity depression. Cells around 
the rim of the depression become meristematic 
and produce epidermal cells, which form the 
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cover of the cavity engulfing the PBH with its 
associated Anabaena filaments. Now, so me An
abaena filaments begin to differentiate hetero
cysts, and additionally, many epidermal hairs 
begin to form on the cavity wall. One of these, 
the "secondary branched hair" (SBH), is posi
tioned at the back ofthe cavity. The other hairs 
(which have, during maturation of the cavity, 
increased in number up to 25 per cavity), 
termed "single hairs" (SH), consist oftwo cells, 
the stalk cell (SC) and the terminal cell (TC). 
Both cells (the terminal one, more quickly) dif
ferentiate a so-called transfer cell ultrastructure 
(TCU) as weIl as the different cell types of the 
PBH and the SBH. TCU is characterized by the 
presence ofnumerous cell wall elaborations and 
an organelle-rich, dense cytoplasm which con
tains abundant rough endoplasmic reticulum. 
For further detail, readers are directed to re
views by Peters and Calvert (1983); Shi and 
Hall (1988); and Braun-Howland and Nier
zwicki-Bauer (1990). Besides biochemistry and 
physiology, the above-mentioned authors have 
also comprehensively reviewed the genetics of 
the Azolla system. The capability for high di
nitrogen fixation rates is a fascinating charac
teristic of this symbiosis. The observed pro
duction of molecular hydrogen probably will 
rather remain a limited side effect (Newton, 
1976). 

Reproductive Cycles of Azolla 

The Taxonomy of the plant Azolla is based 
above all on characteristics of its reproductive 
structures. Azolla can reproduce either sexually 
by sporocarp development or asexually by veg
etative fragmentation (Rao, 1936; Watanabe, 
1982) (Fig. 2). The latter mode was found to be 
the main method of reproduction. It is rapid in 
Azolla, with a doubling time of about 2 days 
under optimal conditions (Peters et al., 1980). 
The less frequently observed type of reproduc
tion is the sexual cyele via sporocarp formation. 
The most important factors controlling the life 
cyele are light intensity (Becking, 1979; Watan
abe, 1982; Singh and Srivastava, 1985a), tem
perature (Becking, 1979; Watanabe, 1982), plant 
density (Becking, 1979; Watanabe, 1982), and 
photoperiod (Holst and Yopp, 1979; Singh and 
Srivastava, 1985b). The sexuallife cyele enables 
the plants to overwinter and withstand desic
cation (oversummering). The two generalized 
reproductive cyeles of Azolla are shown in 
Fig.2. 

MAINTENANCE OF THE SYMBIOSIS. The sym
biotic association between Anabaena and 
Azolla is maintained during both sexual and 
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asexual (Fig. 2) modes of reproduction. Aki
netes and/or filaments (Becking, 1978) of An
abaena (indicated by the asterisk) are appar
ently present during the development of both 
the mega- and the microsporocarps (generative 
life cyele), but are retained to maturity only in 
the former (Peters and Calvert, 1983). The con
tinuity of the Anabaena endophyte throughout 
the life cyele of Azolla does not preelude the 
possibility of a free-living form of the endo
phyte, but it does eliminate the necessity for 
such a free-living form. In this view, the Azolla
Anabaena symbiosis is distinct from all other 
prokaryote-plant associations. Also each plant 
produced by fragmentation (vegetative life cy
ele) carries its own Anabaena inoculum, be
cause each branch apex of the generative spo
rophyte contains a vegetative apical Anabaena 
colony. A very interesting problem is the control 
of the cell cyele of the cyanobiont by the ma
crobiont. In the growing point of the macro
biont, more rapidly dividing cells of the cyano
biont are observed than in its mature regions. 
The pattern of photosynthetic carbon and ni
trogenase functions change during thallus de
velopment. Hill (1989) suggested two operating 
controls on the cyanobiont cell cyele: 1) nutrient 
supply for cell maintenance and cell growth; and 
2) constraint or stimulation of commitment to 
divide. The separate operation ofthese controls 
leads to cyanobiont cells being in two possible 
stages: phase I, generative cells associated with 
growing host tissues and phase 11, differentiated 
cells in the mature regions of the host. 

Anabaena azollae 

The cyanobacterial endophytes of all Azolla 
species are members ofthe family Nostocaceae 
and are collectively referred to as Anabaena 
azollae Strasburger. However, Candales et al. 
(1988) have stated that because of its life cyele, 
the cyanobiont in Azolla may belong in the ge
nus Nostoc. In recent years studies have been 
made to determine whether the cyanobiont is 
the same in all Azolla species. Immunofluores
cence studies (Gates et al. , 1980; Ladha and 
Watanabe, 1982) suggest that the cyanobionts 
of all Azolla species are similar (if not identical). 
In contrast to these results, studies with lectin 
hemagglutination tests (McCowen et al., 1987; 
Mellor et al. , 1981) indicate that the cyano
bionts are different in at least three Azolla spe
eies. From restriction enzyme analysis of the 
nifDH region, Franche and Cohen-Bazire 
(1987) established that all nine symbiotic An
abaena strains investigated (from four Euazolla 
species and five Rhizosperma species) derive 
from a common ancestral Anabaena azollae 
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Fig. 2. Reproductive life cycles of Azolla. The asterisk indicates that Anabaena azollae is present. (Schematic diagram 
based on Braun-Howland and Nierzwicki-Bauer, 1989; Peters and Calvert, 1983; Shi and Hall, 1988.) 

and belong to two slightly divergent evolution
ary lines, the Euazolla and the Rhizosperma 
line. Many authors (e.g., Ashton and Walmsley, 
1976) claim to have grown A. azollae after iso
lation, and Newton and Herman (1979) de
scribed a new isolation procedure, the "bun
dIes" method. But, although these cultured 
isolates have exhibited some characteristics dif
ferent from general free-living cyanobacteria 
(Newton and Herman, 1979; Newton and 
Cavin, 1985; Rozen et al., 1986; Shi et al., 1987; 
Tel-Or and Sandovsky, 1982), there are still 
doubts. For example, a difference in surface an
tigenicity appeared to exist between freshly iso
lated A. azollae cells and those obtained from 
in vitro cultures (Arad et al., 1985; Gates et al., 
1981; Ladha and Watanabe, 1982, 1984). An
other point of view is the possibility that the 
major constituent of Azalla cavities is an obli
gate endosymbiont, and that free-living isolates 
may be minor constituents ofthe cavity that are 
selected for during isolation (Meeks et al. 1988; 
Braun-Howland and Nierzwicki-Bauer, 1990). 
Identification of strains as effective cyanobac
terial symbionts of Azalla will require a rein-

fection of cyanobacteria-free plant material 
with the in vitro cultivated cyanobiont (Koch's 
postulates) as was reported by Liu et al. (1984) 
and Lin et al. (1988). 

Cultivation of Symbiotic Consortia and of 
Partner-Free Symbionts 

Cultivation of the Azolla-Anabaena Consortium 
Kulasooriya et al. (1988) give the following instruction: 
A. filiculoides, A. caroliniana, and A. pinnata var. im
bricata were grown in a phytotron under a light/dark 
regime of 16:8 h, at temperatures of 27/22°C, respec
tively. A. filiculoides was grown in Hoagland medium 
diluted 1:8, A. caroliniana and A. pinnata var imbricata 
were grown in the medium of the International Rice 
Research Institute (IRRI) (Watanabe et al., 1977). For 
A. caroliniana, Kaplan and Peters (1988) used the N
free medium of Peters et al. (1980). 

Cultivation of Anabaena-free Azol/a 
Anabaena-free Azolla plants (Lin and Watanabe, 1988) 
are grown on IRRI's culture solution (Watanabe et al., 
1977) containing ammonium nitrate at 50-70 mg/I, 
placed in a lighted growth cabinet (120 W m-z, (day/ 
night), 75% humidity). The culture solution should be 
changed every 3 days. 
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Culture of the Endophyte Anabaena azollae 
For laboratory culture (Peters and Mayne, 1974), the 
Azolla fronds were grown in Erlenmeyer or Fernbach 
flasks in a growth chamber in N-free medium or in a 
medium containing nitrate as N source. Temperature, 
23/18°C; 16 h lightj8 h dark; illumination with mixed 
light of cool-white fluorescent and incandescent lamps, 
200 or 400 foot candles. 

N-free medium: 2 mM KCI, 2 mM CaCI2, 0.4 mM 
KH2PO., 0.8 mM MgSO.; each liter contained I mlof 
a stock solution of sesquestrene NaFe (FeEDTA) con
taining 5 mg Fe/mi and of a micronutrient solution (Al
len, 1968), pR 5.4-5.6 (see below). 

Laboratory Cultures of Anabaena (Boussiba, 1988) 
The cyanobacteria (isolate courtesy of E. Tel-Or, Re
hovot) were cultivated in 500-ml sterilized glass columns 
in a circulating water bath (30°C, controlled water tem
perature); a constant photon flux of 175 J.L Einsteins/m,! 
s at the surface of the growth vessel by eight cool-white 
fluorescent lamps. Continuous aeration was provided by 
bubbling filtered air containing 1.5% carbon dioxide. 
Under these conditions, the pR was maintained at 6.8-
7.0. The standard growth medium was BG-II (Stanier 
et al., 1971; see Table 6). 

Outdoor Cultures of Anabaena (Boussiba, 1988) 
2.5-m2 oval-shaped ponds with two channels forming a 
single loop were used. The culture (isolate of E. Tel-Or, 
Rehovot), 250-liter in volume (grown in medium BG-
11) and 10-cm depth, was stirred by a paddle wheel. 
Carbon dioxide was supplied to maintain the pR at a 
range of 6.5-7.5. Temperature, dissolved oxygen, and 
pR of the pond were monitored daily. Light intensity 
ranged from 900 to 1250 J.LEinsteins/m2/s, between 
March to August, respectively. To maintain steady-state 
growth, excess culture liquid was removed as required. 
In all outdoor experiments, the biomass concentration 
was kept between 6-8 mg chlorophyll/liter. Outdoor 
mass production (maximum yield of ash-free dry 
weight) Anabaena azollae was as folIows: 

August, 17.9 g/m2 d; March, 5.6 g/m2 d. 

Separation of Symbionts 

Endophyte-free plants rarely occur in nature but 
can be generated by several techniques (Peters 
and Mayne, 1974; Hill1975, 1977; Lin and Wa
tanabe, 1988). Also axenic cultures of A. azollae 
can be obtained (Bai et al., 1979; Newton and 
Herman, 1979). 

Methods for Isolation of the Cyanobacterial 
Endophyte 

1. Peters-Mayne or "Gentle" Method (Peters and 
Mayne, 1974): A single layer of Azolla caroliniana 
fronds was placed in a shallow porcelain pan, and N
free BG-II medium (see Table 6) supplemented with 
1% PVP-40 (polyvinyl pyrrolidone) was added until 
the fronds began to float. A teflon roller was used to 
gently squash the fronds. The resulting mixture was 
passed through four, then eight layers of cheesecloth, 
and centrifuged at low speed at room temperature for 
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2 min. The pellets were resuspended in N-free BG-II 
medium, passed through two layers of 100-J.Lm nylon 
mesh, centrifuged and resuspended in a small volume 
ofthe N-free medium. The entire procedure was car
ried out utilizing sterile techniques. 

2. For isolation of the endophytic Anabaena azollae, 
fronds grown in N-free medium were harvested and 
their fresh weight determined. Fronds were then put 
in the N-free medium containing I % soluble PVP-40 
(8 mlfg fresh weight) and ground for 30-60 s in a 
motor-driven, ice-cold, teflon homogenizer. The ho
mogenized material was sequentially passed through 
4 and then 8 layers of cheesecloth and a 110 J.Lm nylon 
mesh, followed by rinsing with the grinding medium. 
The filtrate was centrifuged at low speed for 20-30 s 
and the supernatant decanted. The pellet, containing 
the endophyte filaments, was resuspended in 2 ml of 
the growth medium without PVP-40 and recentri
fuged prior to final resuspension in the same medium 
for use in specific studies (Peters and Mayne, 1974). 

3. Further methods for isolation of the cyanobiont were 
recently described by Candales et al. (1988). 

Two Methods for Preparing Cyanobacterium-Free 
Azolla 

1. Antibiotic treatment method (Peters and Mayne, 
1974): 
Antibiotics were employed individually and in various 
combinations and concentrations. Cultures were left in 
nutrient medium with antibiotics for I week with one 
change to fresh antibiotic-containing medium, trans
ferred to antibiotic-free media for 1 week, and then 
transferred to media containing different antibiotics. 
This procedure was continued until four different com
binations or individual antibiotics had been employed. 
Three of the sequential treatments were successful and 
gave fronds which remained free of the symbiont and 
incapable of acetylene reduction during a 6-month pe
riod. For more details the reader is referred to the orig
inal publication. 
2. Lin-Watanabe method (Lin and Watanabe, 1988): 
The apical membranes and the indusium of each me
gaspore of harvested megasporocarps of A. microphylla 
or A. filiculoides to which massulae were attached were 
decapitated with a razor blade just beneath the level of 
the apical membrane. The decapitated megaspores were 
placed vertically on slightly sloping filter paper soaked 
with water in a petri dish. Sporocarp germination was 
induced at 24-48°C under fluorescent light (5 W/m2). 

When the first leaf emerged, the young Azolla plants 
were transferred to IRRI's culture solution (Watanabe 
et al., 1977) containing ammonium nitrate at 50-70 mg/ 
liter and placed in a lighted growth cabinet (120 W/m2, 

(day/night), 75% humidity). The culture solution was 
changed every 3 days. 
Reinfection of symbiont-free Azolla megasporocarps 
with Anabaena azollae and artificial reconstruction of 
the symbiotic consortium is described by Lin et al. 
(1988). 

Ecological Significance and Agricultural Use 
of Azolla 

Growth, mineral nutrition, and agricultural use 
of Azalla has been reviewed by Nierzwicki-
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Bauer (1990). Under optimal laboratory con
ditions, Azolla species have a rapid vegetative 
propagation with biomass doubling time of 2 
days or less. The consortium necessarily re
quires light, air, water, and the same macron
utrients as those, essential to other aerobic pho
toautotrophs (except for nitrogen, which can be 
supplied in total by dinitrogen fixation). Under 
natural conditions, their rapid growth enables 
these ferns to completely cover water surfaces 
and, depending upon where they occur, the 
plants can be considered either noxious weeds 
or a crop plant with agronomic potential. There
fore it seems not surprising that the cultivation 
of Azolla(-Anabaena) has a long history of use 
as a green manure for rice and as fodder for 
poultry and livestock in China, Vietnam, and 
other Far-eastern countries (Tuan and Thuyet, 
1979; Liu, 1979; Peters and Calvert, 1983; Shi 
and Hall, 1988). According to Liu (1979), re
ferred to in Shi and Hall (1988), one of the ear
liest mentions of Azolla seems to be in a 
Chinese book on agricultural techniques written 
by Jia Si Xue (540 A.D.), entitled "Qi Min Yao 
Shu" (The Art of Feeding the People). Within 
the part of the book on applied plant cultiva
tion, Jia Si Xue describes the cultivation of 
Azolla and its use in rice fields. In Vietnam, the 
use of Azolla was described by a Buddhist monk 
named Kongh Minh Kongh, who promoted the 
cultivation of Azolla in the 11 th century (Tuan 
and Thuyet, 1979). As the beginning of the 17th 
century there were many local records of its use 
as a green manure in China. However, because 
Azolla imbricata (the only species native in 
China) cannot overwinter and propagates 
slowly in early spring, the modern use of Azolla 
in China did not begin to expand markedly until 
1962 (Liu, 1979). "Perhaps the most significant 
breakthrough for the improvement of Azolla 
cultivation in China was the importation of an 
usually cold-resistant variety of A. filiculoides" 
(Lumpkin and Plucknett, 1982), which allowed 
the cultivation of Azolla to expand into north
ern and northeastern China. Its use currently 
has been extended to approximately 1.34 mil
lion ha (Peters and Calvert, 1983). Therefore it 
was not until the last 30 years that techniques 
for cultivation of Azolla and its use as an al
ternative to chemical nitrogen fertilizers were 
extensively developed. 

Numerous factors influence the Azolla nitro
gen input. Among others, they include th,e ag
ricultural system used, fertilization require
ments of the field, the presence of soluble iron, 
and problems with pests. Maximum estimated 
inputs during exponential growth of Azolla, as
suming unlimited growth, range from 335-670 
kg/ha/year (Becking, 1979). If account is taken 
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of more natural growth conditions, such as dis
continuous light intensity and variation in tem
perature, winds, humidity, water depth, and nu
trient availability in different geographical areas 
and with different Azolla species, the values 
may vary from 80-162 (rarely to 500) kg N/ha/ 
year. Azolla is rich in proteins, fats, and amino 
acids, and in addition to its use as a fodder for 
different animals, above all for pigs, it has even 
been suggested as food for humans (Singh, 
1979). It may serve as a weed suppressor when 
grown in dual culture with rice (Watanabe, 
1982) and might be useful for improvement of 
water quality (Cohn and Renlund, 1953). 

Endocytobioses (Endocyanoses) 

This Chapter (see Table 1) summarizes the 
properties of all facultative or obligate endo
cytobiotic consortia (eukaryotic host organisms 
with intracellularly living cyanobionts). Such 
consortia are composed of genetically indepen
dent symbiotic partners. Most of these consor
tia are marine, and it seems that they are all 
difficult to cultivate under laboratory condi
tions, with exception ofthe terrestrial Trifolium 
alexandrinum. But this consortium, with both 
Nostoc and Rhizobium as endosymbionts, must 
probably be understood rather as an endosom
abiosis (ectocyanosis, because obviously most 
cyanobacteria are living in the intercellular 
space ofthe nodules) than as an endocytobiosis. 
Further studies are necessary to clarify the real 
relationships of this symbiosis. 

A very interesting area for research concerns 
the cyanophilic sponges. At least four different 
cyanobacteria occur as symbionts both intra
and intercellularly within marine sponges (this 
number may expand as other sponges are ex
amined). Two unicellular cyanobionts are de
scribed as species of Aphanocapsa (Sara, 1971) 
although they are unlike free-living species of 
this genus. A multicellular cyanobacterium has 
been designated as Oscillatoria spongeliae; an
other unicellular form is yet to be named, but 
it resembles Synechocystis trididemni (Rützler, 
1981). One of the unicellular species, Aphano
capsa feldmanni, is by far the most widely dis
tributed, occurring in at least 14 sponge orders 
of the classes Calcarea and Desmospongia 
(Wilkinson, 1980). Cyanobacterial symbionts 
are only recorded in sponges from warm tem
perature to tropical habitats and only those 
growing in relatively shallow water « 30 m 
depth). The host species may be divided into 
two categories on the basis of the number of 
symbionts and the contribution made to the 
sponge. Most species have a thin layer of tissue 
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containing the cyanobionts in those parts ex
posed to light, whereas so me flattened sponges 
contain numerous symbionts distributed 
throughout the tissue. 

It is not the intention to deal with all the 
numerous associations (see papers listed in Ta
ble 1). However, one very fascinating biological 
system, Geosiphon pyriforme, is based on the 
work of Mollenhaver (1988). 

Geosiphon pyriforme 

Geosiphon pyriforme (Phycomycotina, Endo
gonales, phycomycete of unknown systematic 
classification, but probably within the relation
ship of Glomus Tulasne), first described by 
Wettstein (1915), forms a well-known, but 
rarely observed, unique, facultative endocyto
biosis (Fig. 3) between a hormogonal cyano
bacterium, related to Nostoc punctiforme (Mol
lenhauer, 1988) and the siphonous fungus 
Geosiphon pyriforme (Knapp, 1933). The only 
known occurrence at present (Mollenhauer, 
1988) is near Biebergemünd, Germany, on 
ridges of extensively used crop fields (geology: 
German Trias: Buntsandstein). The fungus col
onizes bare soil between liverworts, mosses, and 
dwarf phanerogams, forming an ecological as
sociation called the Centunculo-Anthocerote
tum-association. The fungus regularly occurs in 
intimate association with a moss protonema 
(not yet satisfactorily identified) which may be 
a Dicranella species (Mollen hauer and Mollen-

Fig. 3. Geosiphon pyriforme: mycelium with vesicles con
taining the endocytobiotic Nostoc filaments. Different times 
of infection result in vesicles of varying age, and therefore, 
of varying size. (Based on a photograph in Mollenhauer, 
1988.) 
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hauer, 1988). It is clear that this endocytobiotic 
consortium does not represent a lichen ("phy
comycotina lichen," as described by Henssen 
and Jahns, 1974), because the cyanobacterium 
lives intracellularly within cytoplasmic vacu
oles (Schnepf, 1964, 1966) of the fungus and a 
typical lichen thallus is not formed. Addition
ally, the synthesis of extracellular lichen sub
stances is unknown, and the morphology of the 
partners is not strongly modified during the 
symbiosis, except for the development of the 
symbiont-containing vesicles ofthe fungus. The 
fungus vesicles are observed on the soil surface 
whereas the uninfected hyphae grow below the 
soil surface between the soil particles. Besides 
the dark blue-green vesicles, Geosiphon also 
forms whitish globular bodies, which serve as 
resting spores (presumably "sporocarps" very 
similar to those of Glomus species), being able 
to form new hyphae (Mollenhauer, 1988). 

It has been possible to cultivate symbiont-free 
and symbiotic Geosiphon (Mollenhauer and 
Mollenhauer, 1988) and to demonstrate, in part, 
the mode of the infection of the fungus by mo
tile hormogonia of the cyanobacterium (Mol
lenhauer, 1988). This very interesting process 
of active infection attack by the motile hor
mogonia and the following endocytosis by the 
fungus (in the region ofthe apical end ofyoung 
hyphae) is described in the original papers of 
D. and R. Mollenhauer (see "Literature Cited"). 

After colonization of Geosiphon. the Nostoc
containing filaments develop heterocysts. Be
si des photo assimilated carbon, the cyanobac
terium also contributes fixed nitrogen to the 
fungal host. A transport system in the plas
malemma ofthe cyanobiont shows a high affin
ity for glutamate and a lower one for aspartate 
(Strasser and Falkner, 1986). Some observa
tions give indication that the symbiosis is a 
highly balanced equilibrium which, dependent 
on the environmental conditions, turns from a 
eusymbiotic into a dyssymbiotic relationship. 
In the parasitic state, the fungus digests the en
docytobiotic cyanobacteria in the vesicles (Mol
lenhauer, 1988). 

CULTIVATION AND SEPARATION OF THE SYM

BIONTS. Endocytobiotic Nostoc strains from 
Geosiphon were isolated by W. Koch (Göttin
gen: SAG) and by D. Mollenhauer (Forschung
sinstitut Senckenberg, Lochmühle, Bieberg
münd), from where strains are also available. 
For the Mollenhauer strain, batch and agar cul
ture conditions are described by Strasser and 
Falkner (1986). 

Using water exudates of the accompanying 
moss Dicranella, or, still better, of Funaria hy-
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grometrica, it is possible to cultivate mycelia of 
Geosiphon pyriforme (Mollenhauer, 1988). 

Symbiogenetic Organelles 
("Endocyanoses") 

Introduction and Taxonomic Overview 

Symbioses of cyanobacteria with other organ
isms as hosts are defined as syncyanoses 
(Pascher, 1914), and as ecto- or endocyanoses 
(Pascher, 1929) (see discussion of terminology 
in "Introduction, Terminology, and Over
view"). The endosymbiotic cyanobacterium 
(e.g., Chroococcaceae or N ostocaceae) of an en
docyanome is termed a "cyanelle" in analogy 
to "zoochlorelle" or "zooxanthelle" (Pascher, 
1929). The nonsystematic term "cyanelle" was 
later restricted to only unicellular endocyto
biotic cyanobacteria (Geitier, 1959). However, 
it is obvious that this cannot be more than a 
simple microscopic view of classification. Using 
this more restricted terminology, we shall easily 
arrive at confusing situations, because it is 
known that filamentous cyanobacteria can 
change phenotypically into unicellular forms 
during symbiosis. Additionally, constructing a 
phylogenetic tree by using 16S rRNA sequence 
data, it could be demonstrated (Giovannoni et 
al., 1988) that the morphotypes of section I (uni
cellular cyanobacteria) and section III (nonhet
erocystous, filamentous cyanobacteria) in the 
classification system of Rippka et al. (1979) are 
dispersed throughout the tree, indicating mul
tiple evolutionary origins for these species. 
Therefore, taxonomic classifications of cyano
bacteria based principally on morphology do 
not necessarily reflect phylogenetic relation
ships. Notwithstanding, for the purpose of this 
section on the organisms described here, the re
stricted term for cyanelles given above is used 
because most of these so-called cyanelIes have 
reached a high degree of genetic adaptation to 
the "host" cello At the end of this introduction, 
a proposal for the further use of the term "cy
anelle" is given. 

The first discovery of an endocyanosis in a 
unicellular organism was that of the theca
moeba Paulinella chromatophora described by 
Lauterborn (1895). After this time, more cy
anelle-bearing endocyanomes (Pascher, 1914, 
1929; Geitler, 1936; Schiller, 1954) were de
scribed (Table 8). They are reviewed (also with 
regard to plastid evolution) by Pringsheim 
(1958), Geitier (1923, 1959), Echlin (1970), Tay
lor (1970), Schenk (1973a, 1973b, 1977), Trench 
(1982), Kies (1984a, 1984b, 1979), Schenk et al. 
(1987), Smith and Douglas (1987), and Kies and 
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Kremer (1986a, 1986b, 1989). For along time 
most of these organisms were classified as cy
anomes, but some of them, have more recently 
been proposed as endocyanomes, such as Cyan
idium caldarium (Kremer et al., 1978; Kremer, 
1983). Many endocyanomes were found only 
one or two times, and, only a few are stored in 
culture collections. The SAG has: two strains of 
Cyanophora paradoxa (Pringsheim and Kies); 
Glaucocystis nostochinearum; Gloeochaete wit
trockiana; Glaucosphaera vacuolata; and Cyan
idium caldarium. L. Kies (Botan. Inst., Univ. 
Hamburg has astrain of Cyanoptyche dispersa. 
Researching and understanding the endocy
anoms is crucial, since these consortia represent 
all the steps from facultative to obligate endo
cyanoses. Therefore it would be desirable to re
discover the formerly described cyanoms 
(Schiller, 1954; Pringsheim, 1958), to discover 
new forms and to isolate and cultivate these 
consortia (certainly an important research field 
for limno- and phycologists) as sources for a 
broad research in cell evolution. At this point, 
it seems necessary to return to the classification 
problem of regarding the cyanelles as intracel
lular symbiotic cyanobacteria. By definition, a 
biological system, a living organism, and there
fore also a symbiont, has its own life cycle, its 
own independent genome, and is a represent
ative of its species as defined by a taxonomie 
binary name. The difference between a sym
biont and an aposymbiotic organism is a more 
or less strong metabolie or morphological de
pendence on the symbiotic partner (also in ob
ligate symbioses). Extensive studies with the 
"cyanome" Cyanophora paradoxa have shown 
that the cyanelles of C. paradoxa possess a ge
nome of reduced size comparable to that of 
chloroplasts (Herdman and Stanier, 1977; Löf
felhardt et al., 1980) and nucleus-encoded pro
teins (Bayer and Schenk, 1986; Burnap and 
Trench, 1989c; Bayer et al., 1990). 

Ifgenes coding (originally) for endogenic pro
teins of such a cyanelle (endocytobiotic cyano
bacterium) are found to be located on the nu
clear genome of the "host" cell, the 
endocytobiont should no longer be character
ized as a "biont," but rather as a cyanoplast 
(Schenk and Hofer, 1972; Schenk et al., 1987b), 
indicating that the cyanelle has reached more 
or less the status of a eukaryotic cell organelle, 
and can hence no longer be considered an en
docytobiont qualified to possess its own taxo
nomic name. Therefore, with regard to Caval
lier-Smith's suggestion (Cavallier-Smith and 
Lee, 1985), such cyanelIes cannot be considered 
to be one partner of a two-biont symbiosis but 
only a cell organelle (Schenk, 1990) of a new 
organismic unit, a new species, descended from 
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Table 8. Unicellular metacyanomes (phylogenetic descendants of 
endocyanomes; see text).a 

Metacyanome formerly 
CyanelIeb endocyanome Reference" 

Rhizopoda (Thecamoeba) 
Cyanelle (*) f, b, C Paulinella chromatophora 

Chrysophyta 
Bacillariophyceae 

Cyanelle (*) f Denticulata vanheurcki 2 
Cyanelle (*) f Epithemia adnata 3 
Cyanelle (*) f Epithemia sorex 2 
Cyanelle (*) f Epithemia turgida 2 
Cyanelle (*) f Epithemia zebra 2 
Cyanelle (*) f, N Rhopalodia gibba 4 
Cyanelle (*) f Rhopalodia gibberula 4 

Glaucocystophyta 5 
Glaucocystophyceae 

Glaucocystales; 
Glaucocystaceae 

Cyanelle (#) f Glaucocystis bullosa 
Cyanelle (#) f Glaucocystis duplex 
Cyanelle (#1) f, C Glaucocystis nostochinearum 
Cyanelle (#) f Glaucocystis oocystiforme 
Cyanelle (#) f Archaeopsis monococca (*) 
Cyanelle (#) f Glaucocystopsis africana (*) 6 

Cyanophorales 
Cyanophoraceae 

Cyanelle (#2) f, C Cyanophora paradoxa 
Cyanelle (#) f Cyanophora tetracyanea 
Cyanelle (#) f Peliaina cyanea (*) 
Cyanelle (#) f Strobilomonas cyaneus (*) 7 

Gloeochaetales 
Gloeochaetaceae 

Cyanelle (#) f, C Gloeochaete wittrockiana 
Glaucosphaeraceae 

Cyanelle (#) f, C Glaucosphaera vacuolata 
Cyanelle (#) f Cyanoptyche gloeocystis 8 
Cyanelle (#) f Chalarodora azurea (*) 

Cyanidiophyceae 9 
Cyanoplast a, C Cyanidium caldarium 10 
Cyanoplast a, C Cyanidioschyzon merolae 
Cyanoplast a, C Galdieria sulphuraria 

aThe author recommends changing the term cyanelle to cyanoplast for each 
listed strain where nucleus-encoded proteins of the cyanelle have been ob
served (see text). 
bAbbreviations: *: uncertain affiliation; a: acido- and thermophilie habitat; 
b: brackish water habitat; C: evidence for photosynthetic carbon dioxide 
fixation; f: freshwater habitat; N: evidence for nitrogen fixation; #: cyanelIes 
considered as cyanoplasts in this review; # I: Skujapelta nuda (Hall and Claus, 
1967); but see also #2; #2: Cyanocyta korschikoffiana (Hall and Claus, 1963): 
it is proposed to retain this name for the old and unknown ancestor of the 
cyanoplast of Cyanophora paradoxa (Schenk, 1990). 
cReference citation: (I) Pankow 1982, (2) GeitIer 1977, (3) Lowe et al. 1984, 
(4) Drum and Pankratz 1965, (5) aIllisted as GIaucocystophyta, after Kies 
and Kremer (1986), (6) Bourrelly 1960, (7) Schiller 1954, (8) Kies (1989), 
(9) Fukuda (1981), Seckbach et al. (1983), Seckbach et al. (1990), and (10) 
Kremer et al. (1978) and Maid et al. (1990). 
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an original endocyanome. Skuja (1950) has ar
gued, in a similar manner in the case of Glau
cocystis and Gloeochaete, that these "associa
tions involve such inseparable integration 

between the components that they may be con
sidered as one." Pringsheim (1963) agreed and 
suggested that these "cyanelIes should perhaps 
not be referred to the Cyanophyceae, although 
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they may well have arisen from them." That was 
also recognized intuitively by Schenk and Hofer 
(1972), Herdman and Stanier (1977), Löffel
hardt et al. (1980), Trench (1981), Heinhorst 
and Shively (1983), Bohnert and Löffelhardt 
(1984), Marten and Brandt (1984), Kies 
(1984a), and by Kies and Kremer (1986a, 
1986b). Without accepting this position, in the 
future, all plant organisms may be called sym
biotic consortia and their plastids renamed with 
taxonomic binary names. Consequently, I 
would like to propose that such developed de
scendants of endocyanomes be called "meta
cyanomes" (a new, nonsystematic term) and 
descendants from cyanelles be called "cyano
plasts." The originating "metacyanomic" cell is 
also no longer the eukaryotic "host" cello The 
original host and symbiont cells have co
evolved to a new eukaryotic cell type with a new, 
more complex intracellular, cybernetic system. 
Today, one could say that it was not correct to 
consider the species given in Table 8 as sym
biotic consortia (what cyanomes really should 
be by definition) or to call the cyanoplasts of 
these organisms as cyanelles (what, by defini
tion, these "cyanelles" truly are not). It remains 
undisputed that, apart from Cyanophora par
adoxa, this should be demonstrated for each 
case, in the future. If we wish to retain the term 
cyan elle, we should use it again in the sense of 
Pascher (1929), assuming that cyanoplasts are 
descendants of originally endocytobiotic cyano
bacteria, the endocyanelles, and knowing that 
cyanoplasts are not real cyanelles, but symbi
ogenetic organelles like the other plastids of 
plant organisms. But this does not say whether 
cyanoplasts are representatives ofmissing links 
or blind alleys with respect to chloroplast evo
lution. However, endocyanomes together with 
their cyanelles, as weIl as metacyanomes with 
their cyanoplasts, are clearly important analo
gous model organisms (Schnepf et al. , 1966; 
Echlin, 1966; Taylor, 1970, Schenk and Hofer, 
1972) for studying the mechanisms of plastid 
evolution with reference to the "(Endo) sym
biosis Theory" (Altmann, 1890; Meresch
kowsky, 1905, 1910; Geitler, 1923; Sagan, 1967; 
Margulis, 1970) and the "Serial Endosymbiosis 
Theory" (Taylor, 1974; Margulis, 1981). 

Metacyanomes 

THECAMOEBA. Paulinella chromatophora, a the
camoeba with two longish cyanobacterial-like 
entities called cyanelles, was observed in fresh
water habitats and in brackish water up to a salt 
content of ca. 1 % (Pankow, 1982). It apparently 
lives autotrophically (Pascher, 1929) since no 
food vacuoles could be observed either in the 
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light or electron microscope (Kies, 1974, 1980). 
All attempts to cultivate this fascinating cy
anome or its separated cyanelies have been un
successful (Kies and Kremer, 1979). Physiolog
ical studies (Kies and Kremer, 1979) have 
demonstrated the photoassimilation of carbon 
dioxide (at a rate comparable to free-living cy
anobacteria) and an incorporation ofup to 22% 
of the fixed carbon dioxide into glucose, ob
viously not unsimilar to the behavior found in 
cyanophilic lichens with one phycobiont. 
Pascher (1929) observed an elongation by 
growth of a cyanelle, dividing after isolation, so 
that it can be assumed that this rhizopode is 
really still an endocyanome with cyanelles. But 
the isolated cyanelles have not been cultivated 
(Kies and Kremer, 1979), and because of the 
strong internal control of cyanelle number 
(Kies, 1974, 1984b), a genetic integration seems 
likely. Therefore, Paulinella chromatophora 
could be one of the phyletically youngest rep
resentatives of the known metacyanomes. 

DIA TOMS. All diatoms listed in Table 8 are 
found in freshwater habitats in the littoral zone 
(periphyton) of lakes and ponds. They have 
been reported from middle Europe, (D. van
heurcki and E. zebra var. saxonica), "Sunda" 
in Sumatra (Ranau lake), and (USA) (E. ad
nata) in lake Michigan. In addition to the con
ventional diatom chloroplast, they contain dif
fering numbers of bluish-green inclusions, so
called "sphaeroid bodies" (Hutstedt 1930), 
which are transmitted from one generation to 
the other. During cell division, each daughter 
cell receives at least one spheroid body. The 
epithemiacean D. tenuis is an exception, not 
bearing such spheroid bodies (Geitler, 1953). 
Drum and Pankratz (1965) concluded from 
electron microscopic studies that because they 
have a thick five-layered cell wall, these bodies 
presumably are modified coccoid cyanobac
teria. The thylakoids are not concentrically ar
ranged as in most other cyanelles, but more ra
dially, and phycobilisomes seem to be absent 
(Floener and Bothe, 1980). Some characteristics 
of these bodies indicate their cyanelle nature: 
1) The number per cell is not constant; 2) the 
number is different in the various species, e.g., 
E. zebra bears 1-16 bodies/cell, E. sorex nor
mally only 2, and Rhopalodia gibba 2-5; 3) the 
division of the bodies is not synchronized with 
that ofthe diatom cell; and 4) their muItilayered 
cell wall, which is comparable to that of apo
symbiotic unicellular cyanobacteria. These 
bodies must have the capability for dinitrogen 
fixation, because cells of Rhopalodia gibba fix 
nitrogen at a low overall rate, as measured by 
acetylene reduction: IOnmoles ethylene formed 
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Fig. 4. Glaucocystis nostochinearum: (a) four daughter autospores (about 20 /Lm in length) within an old autospore mother 
cell wall (phase contrast); (b) crenulating outer membrane surrounding the cyanelle shown by arrows; (c) horizontal 
striations suggesting a crystalline substance in the lammelar-free region of an immature cyanelle. Electron-dense layer 
interpreted as peptidoglycan is visible at arrow; (d) cyanelIes (about 6 /Lm in length) isolated in Glaucocystis culture 
medium, 24°C; (e) spheroplast formation of cyanelIes in an osmoticum containing sorbitol (0.6 M) and lysozyme (5 /Lg/ 
ml), 24 oe. (From Scott et al. , 1984; with permission of H. Bonnett.) 
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Fig. 5. Cyanophora paradoxa: cross-section showing two 
cyanoplasts, mitochondria, starch granules, and peripheral 
lacunae. (Courtesy of M. Amiressami.) 

per mg protein and per h (Floener and Bothe, 
1980). Lowe et al. (1984) could demonstrate 
that the ability to fix nitrogen offers Epithemia 
and Rhopalodia a competitive advantage in ni
trogen-poor habitats. The question of wh ether 
these bodies really are cyanelles or are a new 
(dinitrogen-fixing) kind of cyanoplast still has 
to be examined. 

GLAUCOCYSTOPHYTA. Recently, the Glaucocys
tophyta with one dass, the Glaucocystophy
ceae, have been redefined on the basis of new 
biochemical and ultrastructural data (Kies and 
Kremer, 1986b; Skuja, 1954). Some main char
acteristics of this dass are: 1) a system of pe
ripherallacunae; 2) dorsi-ventrally shaped mo
tile stages; and 3) two subapical inserted 
heterokont and heterodynamic flagella (see also 
Heimann et al. , 1989), both with nontubular 
mastigonemes. The Glaucocystophyceae in
dude unicellular or colonial, monadoid, cap
salean, or coccoid eukaryotic algae which in
stead of chloroplasts contain blue-green cell 
compartments called "cyanelIes," wh ich resem
ble endocytobiotic cyanobacteria. Although it is 
relatively easy to isolate these cyanelIes, it is 
impossible to cultivate them. Because they are 
dependent not only metabolically but also ge
netically on the eukaryotic cell (nudeus), we 
prefer to call them "cyanoplasts" (see above). 
These entities are globular or elongated struc
tures, mostly surrounded by remnants of a cell 
wall (Fig. 4) (except for the cyanoplasts of Glau
cosphaera). This wall is, as demonstrated for 
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Cyanophora (Schenk, 1970, 1977; Heinz, 1973; 
Aitken and Stanier, 1979) and for Glaucocystis 
(Scott et al., 1984), a murein sacculus consisting 
of peptidoglycan. This wall around the cyano
plasts (of Cyanophora, Cyanoptyche, Glauco
cystis, and Gloeochaete) is one ofthe main mor
phological differences between them and the 
plastids of other algae and p1ants. The existence 
of this wall suggests that cyanoplasts are phy-
10genetically derived from cyanelies (endocy
tobiotic cyanobacterial ancestors). The cyano
plasts of the Glaucocystophyceae bear within 
the centrop1asm or assymmetrically 10cated at 
the sm aller end of the plastid (Glaucocystis), a 
dense polyhedral body called a carboxysome 
(Mangeney and Gibbs, 1987). The carboxy
somes of Cyanoptyche (Kies, 1989) and Gloeo
chaete (Kies, 1976) cyanop1asts are surrounded 
by "some sort ofmembrane which is not a unit
membrane." For more information the reader 
is directed to the review by Kies and Kremer 
(1989). 

Glaucocystis nostochinearum 

This species and other representatives of the 
genus Glaucocystis are found around the world 
(e.g., Griffiths, 1915; Chodat, 1919; Bourelly, 
1960; Prasad, 1961; Fenwick, 1966; Tell, 1979). 
Colwell and Wickstrom (1976) have investi
gated the interrelationships between cell divi
sion in cyanoplast and "host." They condude 
that host cell and cyanelle division mechanisms 
are partially independent of each other. The 
first ultrastructural investigation was published 
by U eda (1961), followed by those of Schnepf 
(1965, 1966), Lefort (1965), Echlin (1966), 
Schnepf et al. (1966), Schnepf and Koch (1966), 
Hall and Claus (1967), Robinson and Preston 
(1971 a, 1971 b), Schnepf and Brown, (1971), 
Willison and Brown (1978), Kies (1979), and 
Lefort-Tran (1981). The pigments were ana
lyzed by Chapman (1966): chlorophyll a, ß-car
otene, zeaxanthin, C-phyco- and allophycyanin; 
and by Schmidt et al. (1979): ß-cryptoxanthin 
(perhaps al ready detected by Chapman, 1966). 
Typical cyanobacterial carotenoids are absent. 
The lipid pattern was investigated by Scott 
(1987). The 14C-incorporation during photosyn
thetic carbon dioxide assimilation was men
tioned by Schenk and Hofer (1972), and dem
onstrated by Kremer et al. (1979). The 1atter 
authors conduded that from a taxonomic point 
of view, the results support the assumption that 
Glaucocystis may not be regarded as a repre
sentative of the Rhodophyceae as suggested by 
Schnepf and Brown (1971). 

Cyanophora paradoxa 

This alga (Fig. 5) represents the most l'xten
sively and best-investigated species within the 
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Glaucocystophyceae. In addition it is very in
teresting that two strains have been found, the 
Pringsheim and the Kies strains, with different 
cyanoplast ("cyanellar") DNA (cyDNA) (Löf
felhardt et al., 1983; Breiteneder et al., 1988). 
The cyDNA diversity between the two strains 
resembles plastid DNA diversity between dif
ferent species of the green alga Chlamydo
monas. The inner envelope membrane of the 
cyanoplasts, observed in freeze-fracture, resem
bles cyanobacterial plasma membranes and is 
dissimilar to the chloroplast envelope mem
branes of red or green algae (Giddings et al. , 
1983). The pigments were investigated quali
tatively by Chapman (1966), Trench and Ron
zio (1978), and Schmidt et al. (1979) and seem 
to be comparable to those of Glaucocystis; a 

method for routine measurements by in vivo 
visible light spectroscopy with regard to quan
titative estimations of carotenoids, chlorophyll 
a, phycocyanin, and allophycocyanin was given 
by Schenk at al. (1983). Michalowski et al. 
(1990) were able to detect a third phycobilipro
teid, namely, a second allophycocyanin gene. 

The metabolie relationships between the cy
anoplast compartment and the cytoplasmic 
space are summarized in Fig. 6. Carbon dioxide 
photo assimilation (CBC in Fig. 6) was de
scribed by Schenk and Hofer (1972), Trench et 
al. (1978), and Kremer et al. (1979): Besides the 
incorporation of 14C in the metabolites of the 
Calvin cycIe, it also shows a rapid incorporation 
into dicarboxylic acids. Kremer et al. (1979) 
stated that glucose is the main carbohydrate 
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Table 9. Gene locations of proteins of cyanelIes (cyanoplasts) of C. paradoxa. 

Gene location 

Gene product Cyanelle Nuc1eus Chloroplast Reference' 

Components of photosystem I 
Apoprotein P700a (psaA) + + I; 2 
Apoprotein P700b (psaB) + + I; 2 
Ferredoxin-N AD p. -oxidoreductase + 3 

Components of photosystem II 
D-I (herbicide-binding)-protein (psbA) + + I; 2; 4 
Apoprotein P680 (51 kDa) (psbB) + + I; 2 
Apoprotein (44 kDa) (psbC) + + I; 2 
D-2 protein (psbD) + + I 
Apoprotein cytochrome b-559 (psbE) + + 1 
Apoprotein cytochrome b-559 (psbF) + + I 
Protein psbJ + + 5 
Small polypeptide of PS II (psbK) + + 6 
Protein psbL + + 5 

ATP-synthase complex 
a-Subunit, CF, (atpA) + + I; 2; 4 
ß-Subunit, CF, (atpB) + + I; 2; 4 
E-Subunit, CF, (atpE) + + I; 4 
I'-Subunit, CF, + 7 
Subunit I, CF, (atpF) + + 8 
Subunit III, CFo (atpH) + + 2; 4 

Cytochrome b,lf complex 
Apoprotein cytochrome f (petA) + + 1; 4 
Apoprotein eytoehrome b6 (petB) + + 2 
Subunit IV (petD) + + 2 
Subunit V (petG) + + 9 
Ferredoxin I (petF I) + 10 

Ribulose I ,5-bisphosphate earboxylase 
Large subunit (rbeL) + + 1;2;4;11;12 
Small subunit (rbeS) + I; 2; 11; 12 

Ribosomal proteins (small subunit) 
Protein S4 (rps4) + 8 
Protein S7 (rps7) + 8 
Protein S8 (rps8) + + 13 
Protein SII (rpsll) + 8 
Protein SI2 (rpsI2) + 8 
Protein SI8 (rpsI8) + + 14 
Protein SI9 (rpsI9) + + 2; 14 

Ribosomal proteins (large subunit) 
Protein L2 (rpI2) + + 14 
Protein L3 (rpB) + 14; 15 
Protein L5 (rpI5) + 13 
Protein L6 (rpI6) + 13 
Protein L20 (rpI20) + + 13 
Protein L22 (rpI22) + + 14 
Protein L33 (rp\33) + + 14 
Protein L35 (rpI35) + 13 

Translation proteins 
Initiation factor IF-l (infA) + 8 
RNA polymerase, a-subunit (rpoA) + 8 

Phycobiliproteins 
a-Subunit, C-phyeoeyanin (pcyA) + n.p. 1; 11; 16 
ß-Subunit, C-phycocyanin (pcyB) + n.p. 1; 11; 16 
a-Subunit, allophycoeyanin (apcA) + n.p. 1; 11; 17 
ß-Subunit, allophyeoeyanin (apcB) + n.p. I; 11; 17 
o-Subunit, allophycoeyanin (apeD) + n.p. 18 
Linker phyeobiliprotein LCM 100 (apcE) + n.p. 19 
Linker polypeptides (L 1-4) + n.p. 7 

Symbols: +, deteeted; -, not detected; n.p., proteins not present in chloroplasts. 
'Reference citations: (1) Lambert et al. 1985, (2) Bohnert et al. 1985, (3) Bayer et al. 1990, (4) Ko et al. 
1985, (5) Cantrell and Bryant 1987, (6) Stirewalt and Bryant 1989a, (7) Burnap and Trench 198ge, (8) 
Wasmann et al. 1987, (9) Stirewalt and Bryant 1989b, (10) Bayer and Schenk 1989, Neumann-Spallart et 
al. 1990, (1 I) Starnes et al. 1985, (12) Heinhorst and Shively 1983, (13) Bryant and Stirewalt 1990, (14) 
Evrard et al. 1990b, (15) Evrard et al. 1990a, (16) Lemaux and Grossmann 1984, (17) Bryant et al. 1985, 
(18) Michalowski et al. 1990, (19) Bryant 1988. 
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transferred (from cyanoplast to cytoplasm). Flo
ener et al. (1982) could demonstrate that, sim
ilar to the chloroplasts ofhigher plant cells, only 
nitrite is reduced in the cyanoplasts (see A in 
Fig. 6) and not nitrate. A surprising observation 
was the discovery ofpolyunsaturated eicosenoic 
acids, i.e., arachidonic and eicosapentaenoic 
acid, as main fatty acids besides palmitic acid 
in the cyanoplasts (Schenk et al., 1985; Kleinig 
et al. , 1986; Zook et al., 1986). These eicosenoic 
acids have as yet not found in cyanobacteria. 
They seem to be derived from C18 fatty acids, 
synthesized in the cyanoplast compartment, 
and formed by elongation and dehydrogenation 
of C18 fatty acids in the cytoplasmic space and 
finally, retransferred to the membranes of the 
cyanoplast, a process that represents a typical 
case of "metabolic substitution" (Schenk, 
1990). The phycobiliproteids in C. paradoxa 
not only have the function of accessory pig
ments but also that of nitrogen-storage proteins 
(Schenk et al., 1983, 1987a) (arrow from PBP 
to AA in Fig. 6). It seems that the phycobili
proteids of G. nostochinearum do not share ni
trogen-storage functions (Schenk et al., 1987a). 
The amino acid sequence of ferredoxin is a typ
ical cyanobacterial one (Stevanovic et al., 1989; 
Neumann-Spallart et al. , 1990). Jehn and 
Zetsche (1988) reported in vitro synthesis of 
cyanoplast proteins by isolated cyanoplasts and 
cyanoplast RNA. Information on the gene 10-
calization of cyanoplast proteins is given in Ta
ble 9. It seems of interest that the cyanoplast 
genome, unlike the chloroplast genome, still 
codes for the SSU small subunit of nibulose
bisphosphate carboxylase (Rubisco) (Heinhost 
and Shively, 1983), for ferredoxin (Bayer and 
Schenk, 1989) and for the ribosomal L3 protein 
(Evrard et al., 1990a, 1990b). Up to 90% (Bayer 
and Schenk, 1986) or more than 80% (Burnap 
and Trench, 1989a, 1989b) of the soluble cy
anoplast proteins are encoded on the nuclear 
genome. That could be demonstrated with 
crossed inhibition experiments of translation 
and transcription, and in the same manner 
also for the ferredoxin-NADP+-oxidoreductase 
(Bayer et al., 1990), a first indication of the ex
istence of "gene transfer." Burnap and Trench 
(1989c) were able to detect some indication of 
precursor proteins (with "transit sequences": 
1. 5-7 kDa) of nucleus-encoded cyanoplast pro
teins. For further information about this inter
esting organism, the reader is directed to the 
reviews by Trench (1982), Wasmann et al. 
(1987), and Schenk (1990). Cluster analyses 
with 5S rRNA sequences (Van den Eynde et al., 
1988) and with 16S rRNA partial sequences 
(Giovannoni et al. , 1988) suggest that the cy
anoplast of C. paradoxa, indeed, is not situated 
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within the cyanobacterium-plastid cluster but 
rather is contained within the cyanobacterial ra
diation. 
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Prokaryotic Symbionts of Amoebae and Flagellates 

KWANG W. JEON 

Amoebae and flagellates have long been known 
to be associated with both extracellular and in
tracellular symbionts (Hall, 1969; Kirby, 1941a; 
Lee et al., 1985). The presence of prokaryotic 
symbionts on and in flagellates and in some 
amoebae, as observed by light microscopy, was 
reported by several authors during the late 
1800s and the early part ofthis century, as was 
comprehensively reviewed by Kirby (1941a). 
Symbiont-bearing flagellates were chiefly found 
in termite guts, and only a few free-living flag
ellates were found to have adhering symbionts. 
Hall (1969) extensively reviewed the literature 
on symbionts of protozoa published since 1941. 
Both in flagellates and amoebae, the suspected 
presence of so me of the small bacterial sym
bionts had to be confirmed later by more so
phisticated methods such as electron micros
copy and specific staining. 

Amoebae and flagellates represent two very 
diverse groups ofprotozoa and it is not possible 
to cover all known prokaryotic symbionts in 
depth. In this chapter, we shall simply list 
known symbionts described in the above two 
reviews in a tabular form (Tables land 2) and 
then consider newly found symbionts or resuIts 
of recent studies on earlier symbionts in some 
detail. The significance of symbiotic relation
ships remains obscure in most cases and in only 
a few instances has the host-symbiont relation-

Table I. Symbionts of amoebae. 

ship been studied in detail. Some disagreements 
remain about whether the term "symbiosis" 
should be limited to associations where definite 
benefits have been proven to exist or not. In this 
chapter, we shall use the broader definition of 
symbiosis to inelude parasitism, commensal
ism, and mutualism, as did Kirby (1941a) and 
Hall (1969). Thus, the list of prokaryotic sym
bionts will inelude those whose relationships to 
their hosts are not known or may not be mu
tually beneficial. 

The heightened interest in cellular symbiosis 
in recent years has been stimulated, in part, by 
the notion that eukaryotic cell organelles such 
as mitochondria, chloroplasts, and microtu
bules may have originated from endosymbionts, 
i.e., the Serial Endosymbiosis Theory (Sagan, 
1967; Margulis, 1970, 1981; Taylor, 1974; pa
pers in Lee and Fredrick, 1987). So me authors 
have feit that the role of endosymbiosis in the 
origin of eukaryotic cell organelles has not yet 
been elearly established (Gray and Doolittle, 
1982), but the theory is gaining wider support 
in view of recent resuIts on the elose relation
ship between the ribosomal RNAs of prokar
yotes and those of chloroplasts and mitochon
dria (e.g., Watson et al. , 1987). It should be 
noted that an opposing view has existed, ac
cording to which such organelles evolved as a 
result of autogenous intracellular differentiation 

Symbiont name or type Host species (origin) Reference 

M ethanobacterium 
Methanobacterium 
Schizomycetes 
Bacilli 
Bacilli 
Bacilli 
Bacilli (X-bacteria) 
Cocci 
Cocci 
Micrococci 
Micrococci 
Micrococci 

Mastigella 
Pelomyxa 
Pelomyxa 
Acanthamoeba sp. 
Acanthamoeba castellanii 
Amoeba proteus (Chicago) 
A. proteus (Scotland) 
A. albida 
A. proteus 
Entamoeba minchini 
E. muris 
Sappinia 

Goldschmidt, 1907 
Gould-Veley, 1905 
Penard, 1902 
Hall and Voelz, 1985 
Drozanski, 1956 
Roth and Daniels, 1961 
Jeon and Lorch, 1967 
Nagler, 1910 
Cohen, 1957 
Mackinnon, 1914 
Wenyon, 1907 
Dangeard, 1896 



3856 K.w. Jeon CHAPTER 213 

Table 2. Symbionts of flagellates. 

Symbiont name or Host species (origin) Reference 
type 

Ectosymbionts 
Green bacteria Mastigamoeba Lauterborn, 1916 
Fusijormis Caduceia Kirby, 1936 
Fusijormis Devescovina Duboscq and Grasse, 1926 
Fusijormis Foaina signata Kirby, 1942b 
Fusijormis Lophomonas Grasse, 1926 
Fusijormis Mactrichomonas Kirby, 1942a 
Fusijormis Polymastix Grasse, 1926 
Treponema Devescovina Duboscq and Grasse, 1926 
Bacilli Barbulanympha Cleveland et al., 1934 
Bacilli Bullanympha Kirby, 1938b 
Bacilli Chrysostephanosphaera Geitler, 1948 
Bacilli Kalotermes Kirby, 1938a 
Bacilli Lophomonas striata Beams et al., 1960 
Bacilli Macrotrichomonas Kirby, 1938b 
Bacilli Metapolystoma Skuja, 1958 
Bacilli Oxymonas grandis Cross, 1946 
Bacilli Rhynchonympha Cleveland et al., 1934 
Bacilli Streblomastix strix Grimstone, 1961 
Bacilli Trichonympa Kirby, 1932 
Bacilli Urinympha Cleveland et al., 1934 
Spirochetes Devescovina vestita Kirby,1941b 
Spirochetes Holomastigotoides Koidzumi, 1921 
Spirochetes Hyperdevescovina Nurse, 1945 
Spirochetes Mixotricha Cleveland and Grimstone, 1964 
Spirochetes Rostronympha Duboscq et al., 1937 
Spirochetes Spirotrichonympha Sutherland, 1933 
Spirochetes Spirotrichonymphella Sutherland, 1933 

Endosymbionts 
Carococcus Trichonympha Kirby, 1944 
Pseudomonas Volvox aureaus Hamburber, 1958 
Bacilli Costia pyrijormis Davis, 1943 
Bacilli Euglenoids Tschermak -Woess, 1950 
Bacilli Gigantomonas Kirby, 1946 
Bacilli Hyperdevescovina Kirby, 1949 
Bacilli Macrotrichomonas Kirby, 1942a 
Bacilli Volvox carteri 
Bacilli (bipolar body) Strigomonas 
Bacilli (diplosome) Blastocrithidia 

without involving symbionts (Cavalier-Smith, 
1975; Raff and Mahler, 1972; U zzel and Spol
sky, 1974, 1981). 

Meanwhile, it is interesting to note that Pe
lomyxa palustris, which does not have mito
chondria (Daniels et al., 1965; Leiner and Wohl
feil, 1953) contains several types of intracellular 
symbionts (Daniels, 1973), and the suggestion 
has been made that such symbionts may carry 
out metabolie functions in place of mitochon
dria (Chapman-Andresen, 1971). Bacteria pres
ent in P. palustris have been found to be meth
anogenic (van Bruggen et al. , 1983, 1985; see 
also Chapter 33) and may function as electron 
sinks related to energy production, comparable 
to mitochondrial function in aerobic eukaryotic 
cells. 

Kochert and Olson, 1970 
Newton and Horne, 1957 
Novey et al., 1907 

In the ca se of amoeba-bacteria symbiosis, the 
D strain of Amoeba proteus became sponta
neously infected with a large number (60,000-
150,000 bacteria per amoeba) of rod-shaped 
Gram-negative bacteria (Jeon and Lorch, 1967). 
Initially, the bacteria were harmful and brought 
about damaging effects to their hosts, called xD 
amoebae, such as reduced cell size, slower cell 
growth, increased membrane fragility, sensitiv
ity to starvation, and a poor clonability. When 
introduced into symbiont-free D amoebae, the 
bacteria multiplied and killed their new hosts 
within a few host cell generations. However, ad
verse effects of infection gradually diminished 
over aperiod of about 1 year, and the bacteria 
became less virulent, bacteria-bearing xD 
amoebae growing well with near-normal growth 



CHAPTER 213 

rates. Also, some ofthe newly infected D amoe
bae survived, indicating a reduced virulence as 
compared to earlier infection. 

Within a few years, host amoebae became de
pendent on their endosymbionts (Jeon, 1972). 
Thu~, xD amoebae lost viability when they were 
depnved of endosymbionts either by nuclear 
transplantation (Jeon and Jeon, 1976), by treat
ment with antibiotics (Jeon and Hah 1977) or 
by raising the culture temperature (Jeon ~nd 
Ahn, 1978). Aposymbiotic xD amoebae could 
be resuscitated only by reintroducing live X
bacterial symbionts (Lorch and Jeon, 1980). 
Newly infected amoebae became dependent on 
their symbionts after about 200 cell generations 
or 18 ~onths. The reason for the hosts' depen
dence 1S not known, but preliminary evidence 
suggests that a symbiont-synthesized protein 
may be required for the survival ofhosts. When 
xD amoebae are grown in the presence of chlor
amphenicol (100-700 Jlg/ml) or rifampicin (125 
Jlg/~l), the synthesis of a unique 29-kDa poly
peptide by endosymbionts is instantly sup
pressed and xD amoebae die much sooner than 
do symbiont-free D amoebae (Kim and Jeon, 
1986, 1987a). The symbiont's gene coding for 
the xD-specific protein has been cloned (Park 
and Jeon, 1988) and its nucleotides sequenced 
(Park and Jeon, 1989). The symbiotic bacteria 
we~e found to accumulate host actin selectively 
(Kim and Jeon, 1987b), as studied using a mon
oclonal antibody against the amoeba actin. 
Thus, in t~is ex~mple, the transition of spon
taneously mfectmg parasites to required cell 
components was observed while it occurred 
(Jeon, 1980, 1983, 1986, 1987). While the host's 
dependence on symbionts developed over 200 
host cell generations, so me physiological char
acters changed after a few host cell divisions 
(Lorch and Jeon, 1981, 1982). 

In Blastocrithidia culicis and Crithidia on
cop.elti, symbi?tic ba.cteria were found to supply 
the1r hosts ~1th lysme (Gill and Vogel, 1962, 
1963), hemm (Guttman and Eisenman 1965' 
Chang and Tr~g~r, 1974; Newton, 1956: 1957): 
and other nutntlOnal factors. An aposymbiotic 
host, yroduced by growing symbiont-bearing 
cel~s m the presence of chloramphenicol, re
qUlred exogenous hemin for growth. The ecto
symbiotic spirochetes on Myxotricha were 
found to help their host move by their coordi
~ated undulation while the host's flagella func
tIoned ~mly to steer its movement (Cleveland 
and Gnmstone, 1964). Flagella of prokaryotic 
symbionts attached to Cryptotermes were also 
found to help propel the host cell (Tamm 
1978b). ' 

These are a few examples in which protozoan 
hosts and prokaryotic symbionts have devel-
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oped an intimate relationship, and symbiont in
tegration and host-symbiont interactions have 
been experimentally studied. 

Habitats 

General 

The host-symbiont relationship appears to be 
s?mewh~t specific ~or both ecto- and endosym
blOnts, smce certam symbionts are almost al
ways fo~nd associated with given hosts (Hall, 
1969; Kirby, 1941a). However, the mechanism 
~or specific recognition ofthe host by symbionts 
1S ~ot known. For ectosymbionts, their only re
qUlrement for continuing symbiotic association 
wit~ their hosts would be to stay attached to 
the1r host-cell surfaces. So me symbionts cover 
the whole surface of their host while others are 
li~ited to certain areas of 'the host's body 
(Kirby, 1941a). In some cases, specialized at
tachment sites such as brackets and underlying 
network of fibrous strands are present as in 
Myxotricha (Fig. lA; Cleveland and Gridtstone 
1964). On the basis of extensive electron-mi~ 
croscopic observations, Cleveland and Grim
stone reconstructed the attachment complexes 
as shown in Fig. IB. Tamm (1978a) also found 
membrane specialization where two kinds of 
bacteria, rod-shaped and filamentous, were at
tached to Crytptotermes cavifrons. Thus, the at
tachment of ectosymbionts is not haphazard 
~ut appears to be helped by structural adapta
tions on the part of host cells. 

For endosymbionts, their habitat in the cy
toplasm of host cells can be considered to be 
an . extreme environment comparable to hot 
spnngs and salt lakes (Moulder, 1979), although 
most symbionts live within symbiont-contain
ing vesic1es and the membranes protect them 
from direct exposure to the host cytoplasm. 
These symbiont-containing vesicles have been 
called "symbiosomes" (Fig. 2; Roth et al. , 
1988). It appears that endosymbionts have 
adapted in various ways to overcome adverse 
effe~ts of t~e. harsh environment, e.g., the pos
ses~lOn of ng1d cell walls to withstand digestive 
actlO~ of the hosts' hydrolytic enzymes (Dro
zanski and Chmi~lewski, 1979; Han and Jeon, 
1980) or preventlOn of lysosomal fusion with 
symbiosome membranes, thus avoiding expo
sure to hosts' digestive enzymes (Ahn and Jeon 
1979; Armstrong and Hart, 1971; Jeon, 1983): 

Amoebae 

~n amoebae, all known bacterial symbionts are 
mtracellular. This is understandable since 
amoebae do not have a firm cortex and ecto-
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Fig. I. A diagram of Myxotricha paradoxa showing the at
tachment of ectosymbionts on the cell surface (A) and a 
reconstruction of a sm all area of the cell surface showing 
the attachment complex (B). (A) An optical section is shown 
on the left and surface structures are shown on the right. b, 
bacteria; br, brackets; n, fibrous network; s, spirochetes. 
(From Cleveland and Grimstone, 1964.) 

symbionts cannot permanently attach to them 
as do flagellates. Several different bacterial types 
have been reported in the cytoplasm of amoe
bae, mostly enclosed in symbiosomes singly or 
in groups (Fig. 3). Roth and Daniels (1961) were 
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MEMBRANE 

Fig. 2. A schematic diagram of a symbiosome to show its 
components. Each line represents a membrane and the in
trasymbiosome space is shown to contain incIusions. (From 
Roth et al., 1988.) 

Fig. 3. Electron micrographs of symbiosomes in amoebae. 
(A) A small symbiosome with a single round symbiont (S) 
called a "DNA-containing body" and (B) a larger symbio
some with several rod-shaped symbionts. (A) A mitochon
drion (M) with tubular cristae is shown for comparison. (B) 
The interbacterial space is filled with incIusions containing 
fibrous matter. Bar = 0.5 lim. (Fig. 3B from Jeon, 1987.) 

among the first to confirm by electron micros
copy the bacterial nature of previously reported 
bacteria-like particles (0.5 X 2 ~m) in vacuoles 
of Amoeba proteus (Cohen, 1957). These sym-
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bionts could not be eliminated by starvation or 
penicillin treatment. Chapman-Andresen and 
Hayward (1963) found rod-shaped bacteria (0.5 
X 3-5 ~m) in astrain of A. proteus (about 4000 
bacteria per cell), that could not be detected by 
light microscopy. Drozanski (1963a) reported 
Gram-negative rods (0.6-0.8 X 1.3-2.1 ~m) 
that caused a fatal infection in Acanthamoeba 
castellanii. These bacteria first multiplied in 
food vacuoles and later in the cytoplasm. Other 
reports followed that confirmed the presence of 
a large number ofbacteria in various strains of 
amoebae (Jeon and Lorch, 1967; Wolstenholme 
and Plaut, 1964). In one strain of Pelomyxa pal
ustris, Daniels et al. (1966; Daniels and Breyer, 
1967) found rod-shaped bacteria (0.3 X 3 ~m) 
within individual vesicles characteristically sur
rounding the nuclei, while another type of bac
teria of similar size was located in other parts 
ofthe cytoplasm. In Acanthamoeba (Drozanski, 
1963a; Hall and Voelz, 1985; Proca-Cibanu et 
al. , 1975), symbionts are found throughout the 
cytoplasm. In the large, free-living Amoeba, all 
symbionts were enclosed in symbiosomes 10-
cated in all parts of the cell (Jeon and Lorch, 
1967; Wolstenholme and Plaut, 1964). So far, 
no endonuclear symbionts have been found in 
amoebae. Many unsuccessful attempts have 
been made to grow symbiotic bacteria in vitro 
(Drozanski, 1963b; Jeon and Lorch, 1967; K. 
Jeon, unpublished observations), and none of 
the reported bacterial symbionts of amoebae 
has been grown outside living cells. 

The fact that symbionts of amoebae cannot 
be cultured outside amoebae indicates the sym
bionts' dependence on their hosts, but in many 
cases the dependence does not appear to be spe
cies-specific. Thus, bacteria isolated from in
fected Acanthamoeba castellanii were able to 
infect trophic forms of Hartmannella rhysodes, 
Schzopyrenus resselli, Didasculus thorntoni, 
and other unidentified amoebae of Limax type 
(Drozanski, 1963b). Jeon and Jeon (1982) found 
that X-bacteria isolated from xD amoebae 
(Amoeba proteus) cross-infected an unrelated 
species of giant amoeba, Chaos carolinensis. 

Flagellates 

Unlike amoebae, all ofwhose symbionts are in
tracellular, flagellates have symbionts in various 
parts of the cells, some as ectosymbionts and 
others in the nucleus, in the endoplasmic retic
ulum, in chloroplasts, or free in the cytoplasm. 
Most ofthe prokaryotic symbionts offlagellates 
were first found as ectosymbionts by light mi
croscopy early in the 20th century (Table 2), and 
the hosts were mostly flagellates living in ter
mite guts. Some suspected prokaryotic endo-
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symbionts were reported in those flagellates, but 
confirmation of the bacterial nature of such en
dosymbionts had to await electron-microscopic 
observation and advanced biochemical tests. 
Thus, definitive reports of the presence of en
dosymbionts in flagellates started to appear in 
the late 1950s. For example, Roth (1959) found 
rod-like bacteria within the nucleus of Pera
nema, several hundred per nucleus, while others 
reported endocytoplasmic symbionts in Volvox 
(Kochert and Olson, 1970). Since then many 
other flagellates have been found to harbor en
dosymbiotic bacteria. Gromov (1977) described 
the presence of Gram-negative bacteria in the 
surface cortical region of Trichonympha turkes
tanica and suggested that the symbiotic bacteria 
playa role in the host flagella operation. Gerola 
(1978) reported inclusion bodies of several bac
teria-like elements in Euglena cells from an al
pine water pool rich in organic residues; the 
endosymbionts were free in the host cytoplasm, 
but there was no sign of cytoplasmic reaction 
around the symbionts detectable by electron mi
croscopy. Endosymbiotic bacteria living inside 
the endoplasmic reticulum were reported in 
Ochromonas monicis isolated from a saline 
pool (Doddema and van der Veer, 1983), and 
these authors thought that the symbionts en
abled their hosts to survive in vitamin-poor 
water. Sousa-Silva and Franca (1985) studied 
the ultrastructure of two species of dinoflagel
lates, Gyrodinium instriatum and Glenodinium 
foliaceum, harboring bacterial symbionts, some 
of which were in the nucleus while others were 
in the cytoplasm, and the third group appeared 
to live in both. 

Chesnick and Cox (1986) presented a sum
mary of results from 17 studies reporting the 
presence of endosymbiotic bacteria in algal spe
eies. In most eases, baeterial symbionts were 
usually found in small vesicles. However, in the 
marine alga Penicillus, bacteria were contained 
in one large central vacuole, with occasional 
presence found in the tip cytoplasm (Turner 
and Friedmann, 1974). Wilcox (1986) found 
small bacteria-like symbionts within chloro
plasts of the dinoflagellate, Woloszynskia pas
cheri, and suggested that the bacteria may have 
been in a symbiotic relationship for some time, 
although no supporting evidence was presented. 
The author also consider it possible that the 
"symbionts" may represent regions where chlo
roplasts' nucleic acids are packaged in mem
branes. Different species of Giardia have been 
found to have mycoplasma-like organisms at
tached on the surface oftrophozoites while har
boring intracellular bacteria in trophozoites and 
cysts (Feely et al., 1988). 
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While the roles of many symbionts are not 
clear, the presence of symbionts has so me ef
fects on the structure and physiology of their 
hosts. Freymuller and Camargo (1981) com
pared the ultrastructure of symbiont-bearing 
and symbiont-free species of trypanosomatids 
and found some differences. For example, par
axial rods of flagella or intraflagellar structures 
were present only in symbiont-free species, 
while branching of mitochondria was found ex
clusively in symbiont-bearing species. Endon
uclear symbionts of Peranema trichophorum 
appeared to cause structural changes in their 
hosts, such as fragmented karyosome and gran
ulation of DNA and RNA within the nucleus 
(Radchenko, 1983). McLaughlin et al. (1983) 
found differences in lectin agglutinability be
tween symbiont-bearing and aposymbiotic 
strains of Crithidia and Blastocrithidia. Later, 
it was found that aposymbiotic hosts failed to 
incorporate detectable amounts of fucose into 
a major surface glycopeptide (McLaughlin and 
Cain, 1985a). These authors attributed the dif
ferences in lectin agglutinability to different car
bohydrate compositions of the flagellates' sur
faces. In contrast, McLaughlin and Cain 
(1985b) failed to detect differences in the in
corporation of labeled leucine and methionine 
between symbiont-bearing and aposymbiotic 
strains of these hemoflagellates. Krylov et al. 
(1985) detected many differences between sym
biont-bearing (Sym+) and symbiont-free (Sym-) 
strains of Crithidia oncopelti and proposed that 
the two strains be named as different species; 
observed differences included cell size, flagel
lum length, colony shape and size, rate ofmove
ment, electrophoretic mobility of malate de
hydrogenases, growth rate at 32°C, oxygen 
consumption, and sensitivity to antibiotics. In 
most other cases, however, host-symbiont re
lationships have not been clarified. 

There have been so me reports for the pres
ence of blue-green algae as endosymbionts in 
various species of dinoflagellates (reviewed by 
Gaines and Elbrachter, 1987; Steidinger and 
Baden, 1984). Some of the symbiotic algae ap
peared to have nutritional importance to their 
hosts and others were thought to produce tox
ins. 

Isolation 

Since all the known endosymbiotic prokaryotes 
of flagellates and amoebae are obligatory sym
bionts and do not grow in vitro, the only sure 
source for their isolation would be symbiont
bearing hosts. Even for facultative ectosym
bionts offlagellates that may live free from their 
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hosts at one time or another, their natural host 
is the best source. Amoeba proteus cells are 
grown in dilute salt solution (Goldstein and Ko, 
1976; Jeon and Jeon, 1975). Since these amoe
bae are strict1y phagocytic, they have to be fed 
live prey organisms, commonly used food or
ganisms for mass culture being Tetrahymena 
cultured axenically in a rich, complex medium 
containing various vitamins and mineral ad
ditives with proteose peptone and liver extract 
as the main ingredients (Goldstein and Ko, 
1976). Amoebae are fed with washed Tetrahy
mena daily or every other day, depending on 
the desired growth rate. Acanthamoeba are cul
tured axenically in a medium containing pro
teose peptone, yeast extract, and glucose (Dro
zanski, 1984). Various media have been used to 
culture hemoflagellates and other flagellates as 
hosts of bacterial endosymbionts (e.g., Chang 
and Trager, 1974). 

Bacterial endosymbionts have been isolated 
in mass from a few species of amoebae and flag
ellates. No reports are found for mass isolation 
of ectosymbionts from flagellates. For example, 
symbiotic bacteria have been isolated from xD 
amoebae Amoeba proteus (Ahn and Jeon, 1982; 
Han and Jeon, 1980) and Acanthamoeb castel
lanii (Drozanski et al. , 1984). In the first ex
ample (Han and Jeon, 1980), symbionts were 
collected by Ficoll gradient centrifugation trom 
lysed amoebae. Later, the method was modified 
to apply filtration through nylon screens to re
move larger pieces of cell debris first (Ahn and 
Jeon, 1982). Pure bacteria were collected after 
centrifugation on a sucrose-step gradient. In 
either procedure, the recovery of symbionts 
could be greater than 90%. Symbiotic bacteria 
from A. castellanii were obtained by centrifu
gation from lysed amoebae (Drozanski et al. , 
1984). 

Chang (1975) isolated endosymbionts of 
hemoflagellates by a sequential treatment of 
host flagellates by hypotonic shock, comple
ment-dependent immune lysis, and needle pas
sage. Host flagellate cells were incubated in Tra
ger buffer (Trager, 1959) containing guinea-pig 
serum and rabbit antiserum against flagellates, 
followed by DNase digestion and differential 
centrifugation. The final fraction was free of 
contamination, and the recovery of symbionts 
was about 20%. 

Identification 

Since symbionts of amoebae and flagellates can
not be cultured in vitro, the traditional methods 
of identifying and classifying them (e.g., Ber
gey's Manual, see Buchaman and Gibbons, 
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1974) cannot be used. Thus, these symbionts 
have been simp1y identified as fusiform, rod
shaped, round, or filamentous on the basis of 
their external morphology based on light or 
electron-microscopic observations. Most of the 
bacterial endosymbionts have been reported to 
be Gram negative, either as a result of Gram 
staining or by electron microscopic examina
ti on for the presence of characteristic surface 
membranes. More specialized methods are 
available to identify bacterial species, such as 
serological tests, bacteriophage typing, and 
DNA and rRNA sequencing. In particular, the 
use of specific oligodeoxynucleotide probes, 
which can be applied in identifying single mi
crobial ceHs (Giovannoni et al., 1988), should 
be helpful in dealing with endosymbionts that 
cannot be grown in vitro. It is also desirable to 
culture isolated symbionts in vitro for their de
finitive identification based on their metabolic, 
physiological, and biochemical characteristics. 

Concluding Remarks 
This short survey reiterates that many prokar
yotic organisms live on and in a wide variety 
of flageHates and amoebae as symbionts. Their 
presence is known to bring about various struc
tural, physiological, and biochemical changes in 
the host. However, many questions still remain 
unanswered regarding the host-symbiont rela
tionship. For example, it is not clear in many 
instances how the host and symbionts recognize 
each other and establish a specific association, 
how endosymbionts escape digestion by their 
host, how the symbiont population is con
troHed, and how the host and symbionts benefit 
or suffer from their association. Studies of pro
karyotic symbionts in flageHates and amoebae 
have lagged behind those in ciliates (see Chapter 
214), where identification and culture of sym
bionts in vitro and the clarification of the ge
netic interaction between the host's and sym
bionts' genomes have been weH established. It 
is hoped that similar advancement will be 
achieved so on with symbionts in flageHates and 
amoebae. 
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Prokaryotic Symbionts of Ciliates 

KLAUS HECKMANN and HANS-DIETER GÖRTZ 

Prokaryotes living in ciliates were first noticed 
over a century ago by J. Müller (1856). Rod
shaped structures were observed in the macro
nuclei and micronuclei of a number of ciliates, 
and less commonly, in their cytoplasm. In the 
beginning, it was not clear whether they were 
parasites or spermatozoa because the micro
nucleus was considered to be a testis and the 
macronucleus an ovary, while chromosome fil
aments and endonuclear symbionts were mis
taken for spermatozoa. This view was corrected 
by Bütschli (1876), who also wrote the first re
view on parasites in ciliates (Bütschli, 1889). 
Accounts of early observations of bacteria in 
protozoa that followed this initial period were 
reviewed by Kirby (1941), Wichterman (1953), 
and Ball (1969). 

Interest in prokaryotic endosymbionts of cil
iates arose again in the 1950s when it was dis
covered that a "killer" phenotype is frequently 
associated with them. The phenomenon that 
cells of certain ciliate strains may kill cells of 
other strains by a toxie agent, liberated into the 
medium, had first been noticed by Sonneborn 
(1938) in paramecia during experiments on 
mating types that involved mixing different 
strains. He found that under certain conditions 
conjugation could be brought about between 
killer and sensitive paramecia so that genetic 
analysis of these traits became technically fea
sible. Sonneborn (1943) demonstrated that the 
killer phenotype was an inherited trait that was 
transmitted via cytoplasmic particles, which he 
named kappa. His findings aroused great inter
est among geneticists and other biologists, be
cause it furnished one ofthe first clear examples 
of a cytoplasmic genetic factor. That kappa was 
an endosymbiont was not known at that time. 
From data obtained in studies using X rays, 
Preer (1948a) determined that kappa was sim
ilar in size to bacteria. He subsequentlydem
onstrated the presence of kappa in the cyto
plasm of killer paramecia as Feulgen-staining 
bodies (Preer, 1950). In the following years, cy
tological, biochemical, and physiological stud
ies by a number of workers established that 

kappa was actually a Gram-negative bacterium. 
In 1974 it was given a binomial designation
Caedobacter taeniospiralis, since changed to 
Caedibacter taeniospiralis (for a detailed re
view, see Preer et al., 1974, and Preer and Preer, 
1984). 

After the initial discovery of the first killer 
paramecia, other types were found. Siegel 
(1953) described "mate-killers," whose toxins 
act only during cell-to-cell contact at conjuga
tion, and Schneller (1958) described "rapid
lysis" killers, which may injure sensitives in 10 
min and kill them in 30 min, a process that is 
much more rapid than when kappa is the killing 
agent. In each of these killer paramecia, parti
cles were found that later proved to be pro kar
yotic symbionts. One only needed to wash the 
paramecia free of bacteria, crush the ciliates, 
and observe the resulting preparations in a 
phase contrast microscope to ascertain the pres
ence of the symbionts. This procedure also re
vealed, however, that so me strains carry endo
symbionts without showing any kind of killing 
ability. The symbionts of nonkiller paramecia 
were named nu (Sonneborn et al., 1959). 

Bacterial symbionts have been studied most 
extensively in the Paramecium aurelia species 
complex (for reviews see Beale et al., 1969; L. 
B. Preer et al., 1972; Gibson, 1974; Preer et al., 
1974; Soldo, 1974; Preer and Preer, 1984). They 
have also been found and studied in other ci 1-
iates, particularly in Paramecium caudatum 
(for reviews, see Ossipov, 1981; Görtz, 1983) 
and in Euplotes species (reviewed by Heck
mann, 1983). More recently the presence of 
endo- and episymbionts of marine and fresh
water ciliates living in anaerobic habitats have 
generated interest among ecologists and micro
biologists. In these habitats, many of the sym
bionts were identified as methanogenic bacteria 
(Stumm and Vogels, 1989). 

None of these symbionts have found com
mercial or technical applications, and it is un
likely that they will in the future. The symbionts 
comprise a heterogeneous group of mostly 
Gram-negative bacteria, which are grouped in 
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many unrelated genera, but are alike in that 
their habitat is the cytoplasm or the nuc1eus of 
a ciliate. As will become apparent, many of 
these symbionts appear to be well adapted to 
their environment; they are no longer free living 
and have genomes that are reduced in size, in
dicating a lengthy period of symbiont-host as
sociation. Most of the symbionts are not infec
tious, but a few are. They have developed 
specific features that guarantee uptake and 
transport to the sites where they can multiply. 
In most cases, it is not c1ear whether the sym
bionts provide their host with a selective ad
vantage, and under laboratory conditions, most 
ofthe symbionts have proved to be dispensable. 
On the other hand, it is significant that the ma
jority of cells of Paramecium biaurelia freshly 
collected from nature contain symbionts (Beale 
et al., 1969), and work by Landis (1981, 1987) 
suggests that paramecia that bear kappa have a 
selective advantage over those that are free of 
kappa. Moreover, Polynucleobacter necessarius 
(formerly called omikron) and the c10sely re
lated omikron-like symbionts occurring in sev
eral freshwater Euplotes species have been 
shown to be necessary for survival oftheir hosts 
(Heckmann, 1975; Heckmann et al. , 1983). 
Since in these cases the hosts depend on their 
symbionts and these in turn depend upon their 
hosts-they are no longer free living-the dis
tinction between "symbiont" on the one hand 
and "organelle" on the other hand becomes 
blurred. 

Ciliates can usually be handled easily, and 
so me of them-partieularly species of the Par
amecium aurelia complex-have been investi
gated so thoroughly that they can be manipu
lated in a variety of ways. This has led to a 
wealth of information about their symbionts 
that is unparalleled. Since the endosymbionts 
of the P. aurelia complex have been reviewed 
repeatedly, we will treat them here less exten
sively than they deserve. We are also not able 
to list all the types of symbionts of ciliates en
countered. Their number is very large, and we 
are sure that many more will be added to this 
list. Few ofthem, however, have been deposited 
in stock cultures and have been investigated in 
such a way that they can easily be identified 
when found again. An even smaller number 
have been described in keeping with the inter
national rules of nomenc1ature and have re
ceived binomial names. It is however, primarily 
these last ones that will be discussed in detail 
in this chapter. We hope that this chapter will 
generate interest in symbionts of ciliates among 
mierobiologists who have never been very ac
tive in investigations of this subject. 

Prokaryotic Symbionts 
of Paramecium 
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With respect to endosymbionts, Paramecium is 
by far the best-studied ciliate genus. In the Par
amecium aurelia species complex, consisting of 
14 sibling species described by Sonneborn 
(1975) and named P. primaurelia to P. quadec
aurelia, many different types of endosymbionts 
have been discovered. They have been thor
oughly reviewed by Preer et al. (1974) and a 
detailed description by L. B. Preer appeared in 
the first edition of this handbook (L. B. Preer 
1981). Figs. 1 to 5 and valuable information on 
their isolation and identification are taken from 
this chapter. We have added information on en
dosymbionts of other Paramecium species and 
have enlarged the coverage of symbionts of the 
genus Holospora. The latter differ from most of 
the Paramecium symbionts in being infectious 
and in their ability to invade nuc1ei for repro
duction. The holosporas are now being inves
tigated to elucidate the mechanisms that allow 
a prokaryote to invade a eukaryote. Being rel
atively large, they have the advantage that their 
route of infection and the changes that they 
undergo after entering a cell can be followed 
under a light microscope. 

Habitat and Biology of the 
Paramecium Symbionts 

Intracellular symbionts may be found in the mi
cronuc1eus, in the macronuc1eus, in the peri
nuc1ear space, and in the cytoplasm of para
mecia. Different types of symbiont invade 
different parts ofthe cell and they are moreover 
often adapted to one Paramecium species only. 
The cell compartment in whieh a symbiont 
multiplies and the species in which it occurs are 
therefore important taxonomie characters. 

Most of the endosymbionts are easy to ob
serve. Paramecia are collected from ponds and 
brought into the laboratory. With the help of a 
mieropipette, a few cells are placed on a miero
scope slide, covered with a cover slip, and then 
observed with a light microscope using phase 
contrast opties. Crushing of the paramecia is 
sometimes necessary (Preer and Stark, 1953). 
Staining ofthe paramecia according to the tech
nique ofBeale and Jurand (1966) may facilitate 
the observations. Many of the paramecia 
brought in from nature are found to contain 
symbionts. Usually there are hundreds and 
sometimes even thousands of symbionts per 
paramecium (see Figs. 1-5). 

Many ofthese symbionts confer on their hosts 
the ability to produce toxins capable of killing 
sensitive Paramecium strains of the same spe-
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cies and even of other species. If the toxins are 
liberated into the medium, the toxin producers 
are called "killers" and their victims "sensi
tives." If the toxins act only during cell-to-cell 
contact at conjugation, the toxin producers are 
called "mate-killers." Different killer stocks of 
Paramecium induce different prelethal symp
toms in sensitives mixed with killers. These 
symptoms include spinning, vacuolization, pa
ralysis, formation of aboral humps, and rapid 
lysis. The symptoms are valuable characters for 
identification of a symbiont. In addition to 
making their hosts capable of producing toxins, 
the symbionts also confer upon the hosts spe
cific resistance to the toxins produced. When a 
symbiont is lost from a killer strain the para
mecia lose both toxin production and toxin re
sistance (Sonneborn, 1959). Killer strains have 
been reported not only for species of the P. au
relia complex but also for P. caudatum 
(Schmidt et al., 1987c, 1988), P. bursaria (ehen, 
1955; Dorner, 1957), and P. polycaryum (Tak
ayanagi and Hayashi, 1964). In the latter two 
species, however, symbionts were not observed 
although it is likely that they were present and 
were responsible for the killing properties of the 
paramecia. 

Several symbionts have been shown to require 
the presence of specific Paramecium genes for 
their maintenance (Sonneborn, 1943; Siegel, 
1953; Schneller et al., 1959; Gibson and Beale, 
1961). It is not known whether the genes that 
assure the maintenance of the symbionts are 
active-e.g., providing the symbionts with so me 
essential metabolite-or whether they are 
merely inactive alleles, the active ones pre
venting growth of an "invader" (Preer et al., 
1974). In this connection it should be men
tioned that, although not all species of the P. 
aurelia complex have been studied with the 
same thoroughness, the species 3, 7, 9, 10, 11, 
12, 13, and 14 have never been found to contain 
symbionts (Preer and Preer, 1984). 

It has been argued that symbionts profit from 
living inside a paramecium by being better pro
tected from digestion, as compared with free
living species of bacteria, and that symbionts 
are provided with a convenient and abundant 
supply of nutrients (Beale et al., 1969). Which 
metabolites ofthe host are used, however, is not 
known. Although many of the symbionts have 
a smaller genome size than free-living bacteria 
(Soldo and Godoy, 1973) and some of the as
sociations are probably very ancient (Preer, 
1977), no indications for a transfer of genes 
from symbiont to host nucleus have been dis
covered, as has been found in the case of mi
tochondria (Gellissen and Michaelis, 1987). 
Schmidt (1984), studying the association of 
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Caedibacter varicaedens with P. biaurelia was 
unable to obtain evidence for a sharing of the 
translational systems ofhost and symbiont. His 
observations indicate that all major proteins 
found in Caedibacter are synthesized in the 
symbiont itself. 

That the host cells profit from bearing sym
bionts has been demonstrated in only a few 
cases; Soldo (1963) and Soldo and Godoy 
(1973a) found that it was not necessary to pro
vide a Paramecium stock bearing Lyticum fla
gellatum (formerly called lambda) with folic 
acid, while the same stock freed of this sym
biont required the vitamin. Holtzman (1959) 
observed that P. pentaurelia bearing Pseudo
caedibacter falsus was more resistant to killer 
paramecia bearing Lyticum flagellatum than P. 
pentaurelia strains that were free of symbionts. 
And Landis (1981, 1987) showed that under 
natural conditions paramecia with killer prop
erties have a selective advantage over nonkillers. 
On the other hand, in the laboratory the sym
bionts are all dispensable and many ofthem are 
lost when paramecia are cultured for some time. 
The reason for such loss is in most cases a rapid 
multiplication of the paramecia, resulting in a 
dilution ofthe symbionts and then in their loss. 
Although there is little information about what 
occurs in nature, it appears highly unlikely that 
re-infection of paramecia that have lost their 
symbionts plays a major role. Most symbionts 
are not infectious and are propagated in the host 
cells by division only. An exception to this rule 
is provided by symbionts of the genus Holo
spora. In addition to being propagated during 
cell division, they develop forms specialized for 
infection that are released and infect new cells 
upon being taken up with food. Unlike most 
other endosymbionts, they te nd to harm their 
hosts and can therefore be regarded as parasites, 
although it cannot be excluded that under cer
tain conditions the host cells may have advan
tages from presence of these symbionts (Görtz, 
1983). 

Isolation of the Paramecium Symbionts 

The techniques used in collecting and cultivat
ing paramecia have been described by Sonne
born (1950, 1970). Paramecia are easily de
tected in sam pies of pond or lake water with 
the help of a dissection microscope. Paramecia 
do not form cysts and, unless they have been 
introduced with the water added, cannot be ob
tained from infusions of straw or hay. When 
brought in from nature, the paramecia must be 
grown slowly at low temperature (about 16°C) 
without adding any antibiotics, if the purpose 
is to look for symbionts. Their presence can be 
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I 

Fig. 1. Vegetative macronuc1eus of Paramecium biaurelia stock 562. The spiral endosymbionts filling the macronuc1eus 
are cells of Holospora caryophila. A few symbionts are also visible in the cytoplasm. Osmium-lacto-orcein preparation, 
whole mount, bright phase contrast. Bar = 10 ILm. (From L. B. Preer, 1969.) 
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monitored as described above. If the paramecia 
are grown at high fission rates, their symbionts 
often become diluted and may even be lost. 

Natural populations of Paramecium are in
fected with symbionts to varying degrees. Most 
strains carry only one kind of symbiont. A cul
ture containing only one type of symbiont may 
be obtained, therefore, by isolating a single par
amecium and growing it into a clone. If astrain 
of Paramecium does carry more than one type 
of symbiont, it is often possible to obtain pure 
cultures by growing the strain at a high fission 
rate until the symbionts are diluted down to no 
more than one symbiont per paramecium. Cells 
isolated at that time and cultured at a low fission 
rate will grow into populations containing one 
type of symbiont only. This technique has also 
been used to separate different types of sym
bicnts (Preer, 1948b). 

A simple method of culturing paramecia in
volves the use of bacterized Cerophyl medium 
(Sonneborn, 1970). For a stock solution, 75 g 
of Cerophyl (now available from Sigma under 
the name "dehydrated cerealleaves") are boiled 
for 15 min in 1 liter of distilled water. The so
lution is then filtered, diluted with water (1:30), 
buffered with Na2HP04, and autoclaved. A day 
before use, the autoclaved medium is inoculated 
with Enterobacter aerogenes, Klebsiella pneu
moniae, or another bacterium suitable as food 
for Paramecium. The medium should have a 
pH ofabout 7. The growth rate of Paramecium 
can be regulated by varying the temperature and 
the amount ofbacterized medium that is added 
to a culture. 

An even simpler method is to culture para
mecia in autoclaved straw or hay infusions. 
However, this method is less reproducible than 
the one using Cerophyl medium. For preparing 
the straw or hay medium, 3 to 5 g per liter of 
straw or hay is boiled, filtered, buffered with 
Na2HP04 (pH 6.8 to 7.0), and then autoclaved. 
After cooling and a day before use, the medium 
is inoculated with bacteria. 
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Unfiltered straw medium, with the straw re
maining in the medium, may be used for main
taining stock cultures. In these cultures, para
mecia with or without symbionts can be kept 
for months at low temperatures (6 to 16°C) 
without special care. Another, even safer, 
method for maintaining stocks is to freeze the 
paramecia and to keep them in liquid nitrogen, 
from which they may be recovered with their 
symbionts on thawing (Simon and Schneller, 
1973). A great number of Paramecium stocks 
bearing symbionts are maintained in the frozen 
state at the American Type Culture Collection, 
Rockville, MD, USA. 

Paramecia can also be grown axenically. For 
sterile growth, the paramecia must first be 
washed free of bacteria. This is achieved by al
lowing the paramecia to swim through sterile 
medium for a time sufficient to permit the bac
teria in the food vacuoles to be eliminated (Son
neborn, 1950; Van Wagtendonk and Soldo, 
1970). A simple method modified from Heath
erington (1934) is to place several paramecia at 
one edge of adepression filled with wash fluid, 
allow them to swim to the other side, and then 
to transfer them to a new depression. The pro
cedure should be repeated four times before the 
cells are left in the fifth wash for an hour. They 
should then be transferred to a new depression 
and this should be repeated hourly for another 
4 hours. The paramecia must be taken up each 
time in a new sterile micropipette with as little 
fluid as possible; slides and wash fluid have to 
be sterile. The use of antibiotics to obtain bac
teria-free cultures is to be avoided, because such 
substances may harm the symbionts. 

A method for culturing paramecia without 
bacteria involves use of the photoautotrophic 
alga Chlamydomonas reinhardtii as a food or
ganism (L.B. Preer et al. , 1974). The medium 
contains 1 g of yeast autolysate, 0.25 g sodium 
acetate, 0.625 g Cerophyl, and 0.125 g Na2HP04 

in 1 liter of double-distilled water. The medium 
is dispensed into test tubes, autoclaved, and 
stored. Before it is used, the medium is inoc-

Fig. 2. Electron micrograph of longitudinal section of Caedibacter varicaedens, endosymbiont of Paramecium biaurelia 
stock 7 with an R body (for explanation ofR bodies, see "Identification of Paramecium Symbionts"). Note the numerous 
dark-staining phages inside the coiled body. Bar = I !Lm. (From Preer and Jurand, 1968.) 

Fig. 3. Electron micrograph of an R body isolated from Caedibacter taeniospiralis of Paramecium tetraurelia stock 51. 
The R body begins to unroll from the inside. Negative staining with phosphotungstic acid. Bar = I !Lm. (From L. B. 
Preer et al., 1972.) 

Fig. 4. Electron micrograph of Lyticum jlagellatum of Paramecium octaurelia stock 327. Negative staining with phos
photungstic acid. Bar = 1 !Lm. (From Preer et al., 1974.) 

Fig. 5. Paramecium tetraurelia stock 239 bearing endosymbiont Lyticum jlagellatum, seen as dark-staining rods in the 
cytoplasm. Osmium-Iacto-orcein preparation, whole mount, dark phase contrast. Bar = 10 !Lm. (From Preer et al., 1974.) 
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ulated with a small number of Chlamydomonas 
and incubated under light for two days. A single 
bacterium-free paramecium, put into a tube 
half-filled with this Chlamydomonas medium, 
usually will multiply and ingest most of the al
gae within 3 to 4 days. 

Most of the axenic media used for growing 
paramecia are based on a recipe initially de
signed by Soldo et al. (1966). Recent modifi
cations by Thiele et al. (1980) and Schönfeld et 
al. (1986) have proved particularly valuable for 
large-scale cultures of P. tetraurelia. A modifi
cation (Soldo, 1987) that should be capable of 
supporting the axenic growth of paramecia and 
many other ciliates of fresh-water and marine 
origin follows. 

Medium for Axenic Growth of Marine and 
Freshwater Ciliates 

Proteose peptone 
Trypticase 
Yeast nucleic acid 
Biopterin 
Folic acid 
Nicotinamide 
D-Pantothenate, Ca 
Pyridoxal hydrochloride 
Riboflavin 
Thiamine hydrochloride 
DL-Thioctic acid 
Phospholipid (oleate-containing) 
Stigmasterol 

10.00 mg/mi 
5.00 mg/mi 
1.00 mg/mi 
0.50/Lg/ml 
0.50/Lg/ml 
2.50 /Lgfml 
7.50/Lg/ml 
2.50/Lg/ml 
2.50/Lg/ml 
0.01 /Lgfml 
0.01 /Lg/ml 

250.00 /Lgfml 
2.00/L/ml 

The medium is prepared in distilled water for freshwater 
ciliates and in sea water (density 1.015-1.026 g/ml) for 
marine forms. The final pH is 7.2. Stigmasterol is added 
from a stock solution (0.5 g stigmasterol dissolved in 
100 ml hot absolute ethanol, stored at 4°C in a tightly 
capped plastic bottle) by injection into the culture me
dium from a syringe. 

It is important to transfer paramecia gradu
ally from a bacterized to an axenic medium. 
The ciliates need to be allowed to adapt slowly. 
Several procedures have been proposed for this 
transfer (see e.g., Van Wagtendonk and Soldo, 
1970; Fok and Allen, 1979). An adapting me
dium (called VS medium) based on that of Al
len and Nerad (1978) is one containing all the 
vitamins of the axenic medium given above 
plus stigmasterol, but not the other compo
nents, the pR being adjusted to 7.0. In VS me
dium, bacteria (e.g., Klebsiella pneumoniae pre
viously grown in a tryptone medium) are 
suspended and adjusted to ODS90 = 3.0 by di
lution. The bacteria are then dispensed in I-mI 
portions in screw-cap tubes and placed in the 
deep freeze. The final medium is prepared, 
about a week's supply at a time, by adding 1 
ml of the frozen bacterized VS medium to 9 ml 
of unbacterized VS medium. This medium is 
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autoclaved and inoculated with paramecia. The 
protozoa grow in this medium at a rate of 1/2 
to 2 fissions per day. Not all stocks of Para
mecium can be adapted to an axenic medium. 
Furthermore, some media were found to sup
port growth of paramecia, but the latter were 
not able to maintain their symbionts under 
these conditions. 

The purification of symbionts from parame
cia (i.e., separation from host cell material) has 
been achieved in a number of ways: passage of 
cell homogenates through ion-exchange cellu
lose columns (Mueller, 1963; Smith, 1961), 
through filter paper columns (Preer et al., 1966), 
and centrifugation (Soldo et al., 1970) have all 
been used. Depending on the type of symbionts, 
different methods of purification may be nec
essary. For example the R-body-containing 
Caedibacter caryophila particles can best be iso
lated with the help of a discontinuous 70% Per
coll gradient, while isolation of Caedibacter car
yophila containing no R bodies, is better 
achieved by means ofan ECTEOLA (anion ex
changer) column (Schmidt et al., 1987b, 1988). 
For explanation ofR bodies, see "Identification 
of Paramecium Symbionts." 

For the isolation of holosporas, two different 
approaches have been followed. One method 
starts with homogenization of the host cells, the 
other involves separation of the macronuclei 
from the cytoplasm and then isolation of the 
symbionts. The latter method involving prior 
isolation of nuclei (Freiburg, 1985) proved es
pecially useful for preparing clean reproductive 
forms of the symbionts, because it avoids con
tamination with bacteria from food vacuoles. 
For isolation of nuclei, the paramecia are lysed 
in a buffer containing 10 mM Tris, pR 7.9, 0.25 
M sucrose, 3 mM CaCI 2, 8 mM MgCI 2, plus 
0.1 mM phenylmethylsulfonyl fluoride, 0.1 % 
w/v spermidine, and 0.2% Nonidet P40 (Shell 
Co., FRG) by gently stirring the cells in an ice
bath and subsequently passing the suspension 
5 to 10 times through a 20-ml pipette. The nu
clei are concentrated on a cushion of 1.6 M su
crose by spinning for 10 min at 700 X g. The 
purified nuclei are then homogenized in a Mg
free buffer, and the bacteria are pelleted. Two 
different forms of the bacteria, the infectious 
and reproductive forms can be separated by 
sedimentation. The infectious form sediments 
at 350 X g within 10min, while the reproduc
tive form remains in the supernatant (Görtz et 
al. , 1988). 

Protocols for isolating holosporas directly 
from cell homogenates have been published by 
Fujishima and Nagahara (1984), Schmidt et al. 
(1987a), and Görtz et al. (1988). Infected cells 
are homogenized in sodium phosphate buffer 
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with a hand homogenizer. The Teflon pestle 
should fit tightly. The homogenate is then cen
trifuged at about 3,000 X g for 10min. The 
pellet is resuspended in buffer and centrifuged 
in a preformed continuous gradient of70% Per
coll for 12 min at 40,000 X g. In order to main
tain the gradient, it is advisable to use a cen
trifuge with an acceleration rate control. For H. 
obtusa, H. elegans, and H. undulata the infec
tious forms then concentrate in a sharp band 
wh ich is usually uncontaminated with food bac
teria and cell debris. The reproductive forms do 
not form a band in a continuous Percoll gra
dient. These forms can be obtained with the 
help of a discontinuous gradient (at 10,000 X 
g) where-depending on the species-they are 
found above a step of about 60% Percoll. Most 
of the cell organelles of P. caudatum do not en
ter at the 50% Percoll step. 

The isolation procedures described here have 
been helpful for studying ultrastructural details 
and protein composition of symbionts, their R 
bodies, and their DNA. Attempts to culture en
dosymbionts outside their hosts have usually 
been unsuccessful (Preer et al., 1974). 

Identification of the 
Paramecium Symbionts 

Since endosymbionts do not multiply outside 
their hosts, characterization based on metabo
li sm and growth, as is customary for bacteria, 
is not possible. Instead, morphological and bi
ological features and sometimes data on the Ge 
conte nt ofthe symbiont's DNA, have to be used 
for identification. Nonetheless, a preliminary 
identification is often possible with the help of 
a light microscope equipped with phase con
trast. A very useful staining procedure that al
lows observations in regular bright field is given 
by Beale and Jurand (1966): Paramecia are 
placed in a small drop on a slide, as much of 
the fluid as possible is withdrawn by a micro
pipette, the paramecia are lightly fixed by ex
posure to OS04 vapor for a few seconds, and 
immediately stained with a small drop oflacto
orcein (1 g orcein dissolved in 25 ml ofhot 45% 
acetic acid, mixed with 25 mllactic acid, diluted 
with water I: 1, and then filtered). A coverslip, 
with vaseline applied around the edges, is 
placed over the drop of stained paramecia and 
is lightly pressed down, flattening but not dis
rupting the cells. The preparations can then be 
observed with a 100 X oil immersion objective. 
In order to remove lipids that sometimes ob
scure observation of endosymbionts, the para
mecia can be treated with a drop of acetone or 
a 3: 1 mixture of ethanol and acetic acid before 
staining. 
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In addition to microscopical observations, 
killer tests should be performed when a stock 
is brought in from nature. Standard sensitives 
(e.g., cells of stock 152 of P. triaurelia) may be 
employed in such tests. Equal volumes of the 
culture to be tested and a culture of sensitive 
cells are mixed in adepression slide and ob
served with appropriate controls for prelethal 
effects. Mate killing can only be detected by 
mating sensitive cells with symbiont bearers. 
Any symbiont-free strain that will mate with an 
unknown strain is usually adequate. 

A feature unique to the genus Caedibacter is 
the ability to produce R bodies. These are pro
teinaceous ribbons, 20-30 JLm long, coiled in
side the bacterial cell to form a hollow cylin
drical structure (Figs. 2 and 3). This structure 
has a diameter of about 0.4 JLm in all species 
and is about 0.4 JLm long, except in C. cary
ophila where the R bodies are approximately 
0.8 JLm in width and length. R bodies unroll 
when ingested into a phagosome and also under 
certain in vitro conditions, e.g., when placed at 
low pH (Preer et al., 1966). With respect to the 
shape of the ends and the mode of unrolling, 
the different types of R body vary (for details 
see Preer et al., 1974; Quackenbush, 1988; Pond 
et al., 1989). 

It has been suggested that the R bodies play 
an important role in the killing media ted by 
Caedibacter. Mueller (1963) and Smith-Son
neborn and Van Wagtendonk (1964) demon
strated that only Caedibacter partieles that con
tained R bodies were toxic to sensitive 
paramecia. In addition, R bodies purified from 
certain strains of C. varicaedens have been 
shown to be toxic to sensitive paramecia (L. B. 
Preer and Preer, 1964; L. B. Preer et al., 1972). 
However, neither the toxin itself nor its mode 
of action have yet been identified, nor is it 
known how paramecia are protected from the 
toxic action of their own symbionts. 

The genetic determinants of R bodies are 
probably plasmids or bacteriophages that have 
lost the ability to lyse their host cells-the sym
biotic bacteria-upon maturation of the virions 
(Preer and Preer, 1967; Preer et al., 1974). Dilts 
(1976) isolated plasmid DNA from C. taenio
spiralis 51 and suggested that the extrachro
mosomal DNA might be the determinant ofthe 
R bodies. Further investigation revealed that 
plasmids are present in all strains of C. tae
niospiralis and that they are highly homologous, 
as determined by restriction-endonuclease 
mapping (Quackenbush, 1983). Evidence that 
the genetic determinant for R-body synthesis 
resides on the plasmid was presented by Quack
enbush and Burbach (1983), who cloned por
tions of a plasmid and obtained expression of 
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the R-body-encoding sequences in Escherichia 
coh. Analysis of various subclones allowed 
them to determine the approximate location of 
the R-body-encoding sequence. The DNA re
quired for type 51 R-body synthesis is about 1.8 
kbp in size and has been completely sequenced 
(D. P. Heruth, Ph.D. thesis; see Pond et al. , 
1989). However, none ofthe R-body-producing 
E. coh clones was found to be toxie to sensitive 
paramecia. The DNA sequence required for 
toxin production has not yet been located. It is 
believed to also reside on the plasmid (Pond et 
al. , 1989). 

Recently Dilts and Quackenbush (1986) have 
provided evidence that R bodies are required 
for the killing trait to be expressed but not for 
resistance ofthe ciliate host to kiHing mediated 
by Caedibacter taeniospirahs. They described a 
mutant strain of C. taeniospirahs 169 that si
multaneously lost the ability to produce R bod
ies and to kill sensitive paramecia, but still ren
dered its host resistant to killing. Investigations 
of the R-body-encoding plasmid isolated from 
the mutant revealed that a transposon-like ele
ment had been inserted within the R-body-en
coding region, thereby eliminating R-body pro
duction. Unless two separate mutational events 
occured in the same ceH, one inactivating the 
R-body-encoding sequence and the other in
activating the toxin-encoding sequence, this 
shows that R bodies are crucial to expression 
ofthe killer trait. Their exact role remains, how
ever, unknown. Evidence indieates that their ac
tion probably involves delivery of the toxin to 
the sensitive paramecium and to its target site 
by unrolling and penetrating the food vacuole 
membrane (Dilts, 1986). 

The R bodies of other species of the genus 
were shown to be associated with icosahedral 
viral capsids (Preer and Jurand, 1968; Grimes 
and Preer, 1971). The capsids were in most 
cases found to contain DNA (Preer et al., 1971). 
The relationships between genomes of different 
phages of kappa and between R-body-encoding 
plasmids and kappaphage genomes have been 
studied by restriction-endonuclease analysis 
and by DNA-DNA hybridization (Quacken
bush, 1978; Quackenbush et al., 1986). These 
studies demonstrate that the R-body-encoding 
plasmids show little or no homology with kap
paphages, and that there is also considerable 
diversity among the kappaphages. 

R bodies have also been reported in the free
living bacteria Pseudomonas taeniospirahs 
(Lalucat et al., 1979) and P. avenae (WeHs and 
Horne, 1983). However, with respect to anti
gencity, genetic determinants, and other fea
tures, these R bodies appear to be unrelated to 
the R bodies of Caedibacter species (Bedingfield 
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et al. , 1984; Gibson, 1984; Meenaghan et al. , 
1984; Kanabrocki et al. , 1986; Lalucat et al. , 
1986). R bodies have also been reported for 
Rhodospirillum centenum, a novel nonsulfur 
photosynthetie bacterium (Favinger et al. , 
1989). Since R bodies are often present at low 
frequencies, it appears likely that R-body-pro
ducing bacteria are more common than previ
ously suspected. 

Species of the genus Holospora are host-spe
cific as weH as nucleus-specific, i.e., they infect 
only one type of nucleus, either the miero- or 
the macronucleus (Ossipov, 1973; Ossipov et 
al. , 1975). They can form short, reproductive 
rods that undergo binary fission as weH as long, 
infective forms that leave paramecium and in
fect others very efficiently (Ossipov and Pod
lipaev, 1977; Wiemann and Görtz, 1989; Wie
mann, 1989; Fig. 6). The infectious forms have 
a structure unique among bacteria. The cyto
plasm is condensed and located toward one end 
of the symbiont, while a voluminous peri
plasmic area is located mainly at the other end. 
The periplasm consists of finely granular, 
strongly osmiophilic material. Some less os
miophilic material is located at the end, distal 
from the cytoplasm (Fig. 7). When an infective 
form has been taken up by a paramecium and 
is on its way into the nucleus, the periplasmic 
material disappears while the cytoplasm ex
pands (Fig. 6). It is assumed that the periplasm 
of the infectious form contains substances that 
interact with host membranes during the infec
tion process (Görtz et al., 1988; Görtz and Wie
mann, 1989). The further development of the 
infectious form into the short, reproductive 
form is completed in the nucleus. 

The infectious form differs from the repro
ductive form not only in morphology, but also 
in the protein patterns produced on SDS-poly
acrylamide gel electrophoresis (Fig. 8). So me 
proteins specific for the infectious form of H. 
obtusa are located in the periplasm as shown by 
means of immune electron microscopy using 
poly- and monoclonal antibodies as probes 
against these proteins (M. Wiemann and H..-D. 
Görtz, unpublished observations). 

The fine structure of the reproductive forms 
ofspecies of Holospora resembles that ofGram
negative bacteria. Freeze-fracture studies of H. 
obtusa revealed that the outer membrane of the 
reproductive form has a density of intra-mem
brane partieIes (IMPs) that is similar to that of 
the inner membrane. In contrast to this, the 
outer membrane of the infectious form was 
found to contain only very few IMPs (Görtz et 
al. , 1989). These differences correlate with a dif
ference in the behavior of the two forms during 
the division of the host nuclei. The infectious 
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Fig. 6. The route of Holospora ob
tusa into the macronueleus of Par
amecium caudatum. I) The infec
tious form ofthe bacterium (long 
rod) is ingested by the parame
cium into a phagosome (food vac
uole). Fibrillar connections (FC) 
are established between the bac
terial surface and the phagosome 
membrane. 2) The bacterium is 
sluiced out of the phagosome. It 
remains encireled by a host mem
brane that forms a transport ve
siele (TV). 3) Fibrillar connections 
(FC) are established between the 
host membrane and the bacte
rium. Later on, the transport ve
siele is surrounded by flat vesieles, 
so me of them bearing ribosomes. 
These vesieles finally form a sec
ondary transport vesiele (STV). 4) 
The TV membrane disintegrates 
or becomes part of a fibrillar lam
ina (FL) enelosing the bacterium. 
The STV membranes fuse with 
the nuelear membranes. Thus, the 
bacterium is incorporated into the 
macronueleus. (From Görtz and 
Wiemann, 1989.) 

. #._.~Macronucleus 

~ 

Fig. 7. Holospora obtusa in the ma
cronueleus of Paramecium cauda
turn. IF, infectious form; RF, repro
ductive form. Bar = I !Lm. (From 
Görtz et al., 1988.) 

forms of H. obtusa are concentrated in the con
necting piece around the separation spindie of 
the dividing nucleus and are later released from 
the host cello The reproductive forms are trans
ported to the poles and in this way get into the 
daughter nuclei (Ossipov et al., 1975; Ossipov, 
1981; Wiemann, 1989; Wiemann and Görtz, 
1989). It is of interest that H. obtusa makes use 
of the division apparatus of the host nucleus. 

The classification of the endosymbionts of 
Paramecium is based on the following charac
teristics: morphology; killing activity; the spe
eies in which they live; DNA base ratios cal
culated from the buoyant density (Bd) or from 
thermal denaturation profiles (Tm), and inter
strain DNA/DNA hybridizations. Type strains 
which have been deposited at the American 
Type Culture Collection (ATCC), are listed be-



3874 K. Heckmann and H.-D. Görtz 

1 2 3 

kOa 
-205 

-116 
- 97.4 

-66 

-45 

-36 

-29 

-20.1 

-14.2 

Fig. 8. SDS-polyacrylamide gel electrophoresis oftotal pro
tein of Holospora obtusa and Eseheriehia eoli. Lane I, H. 
obtusa. infectious form (from 2 X 10' cells); lane 2, H. 
obtusa. reproductive form (from 2 X 108 cells); lane 3, E. 
eoli (from 5 X 10' cells). The position and size (kDa) of 
marker proteins are indicated on the right. (From Görtz et 
al., 1988.) 

low by their ATCC numbers. Some type strains 
have also been deposited in the culture collec
tion ofthe Laboratory ofInvertebrate Zoology, 
Biological Research Institute, Leningrad Uni
versity, and can be obtained from that source. 

GENUS CAEDIBACTER PREER AND PREER 1982. 
Straight rods or coccobacilli, 0.4-1.0 ~m in di
ameter and 1.0-4.0 ~m in length. Usually less 
than 10%, but sometimes up to 50% ofthe sym
bionts contain refractile (R) bodies. Cells con
taining R bodies are usu~lly larger ~~an cells 
that do not contain R bodIes. In addItIOn to R 
bodies, many spherical phage-like struct~res or 
covalently c10sed circular DNA plasm!ds are 
present. The symbionts are Gram-negatI,:e and 
nonmotile. The GC content of the DNA IS 40-
44 mol%. For a detailed description of this ex
tensively studied genus, see Preer et al., 1974; 
Preer and Preer, 1984; Pond et al. , 1989. The 
following five species have been described: 

1. Caedibacter taeniospiralis Preer and Preer 
1982. Rods, 0.4-0. 7 ~m in diameter and 1.0-
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2.5 ~m 10ng. The GC content is 41 mol%. 
Found in the cytoplasm of P. tetraurelia only. 
R bodies unroll from the inside and contain 
plasmids. Ingestion of R-body-containing 
symbionts by sensitive paramecia results in 
the development of c1ear small blisters on 
their surface in 2 to 3 hours. During the 4th 
to 5th hour, a bulge develops first in the pos
terior part of the oral side and later moves 
to the posterior aboral side. The position of 
the bulge gave rise to the designation "hump
killer." Death takes place in 1 to 2 days, the 
corpses remaining intact for sometime. Type 
strain: in ATCC strain 30632 (stock 51 of P. 
tetraurelia; see Preer et al., 1974). 

2. Caedibacter varicaedens Quackenbush 1982. 
Rods, 0.4-1.9 ~m in diameter and 2.0-4.0 ~m 
long. The GC content is 40-41 mol%. Found 
in the cytoplasm of P. biaurelia. Different 
strains cause either vacuolization, paralysis, 
or rapid reverse rotation while swimming 
(spin-killing) of sensitive cells. Vigoro~s ro
tation to the right becomes nearly umnter
rupted by the 4th to 6th hour and then be
comes slower. R bodies unroll from the 
outside. The outer terminus of the unrolled 
R body is blunt. The R body is usually as
sociated with bacteriophage capsids. Type 
strain: in ATCC 30637 (stock 7 of P. biaurelia; 
see Preer et al., 1974). 

3. Caedibacter pseudomutans Quackenbush 
1982. Cigar-shaped rods, approximately 0.5 
~m in diameter and 1.5 ~m long. The GC 
content is 44 mol%. Found in the cytoplasm 
of P. tetraurelia. Cause rapid reverse rotations 
of sensitive paramecia while swimming 
(spin-killers). R bodies of the C. va:icaedens 
type. Type strain: in ATCC stram 30633 
(strain 51 ml of P. tetraurelia; see Preer et al., 
1974). 

4. Caedibacter paraconjugatus Quackenbush 
1982. Small rods. Contain phage-like struc
tures. Less than 1 % ofthe symbionts contain 
R bodies of the C. varicaedens type. Found 
in the cytoplasm of P. biaurelia. Ingestion of 
symbionts by sensitive strains does not pro
duce any observable toxic effect. Cell-to-cell 
contact between host and sensitive paramecia 
is required for toxic effects to be observed in 
the sensitive paramecia (mate-killers). Type 
strain: in ATCC strain 30638 (stock 570 of P. 
biaurelia; see Preer et al., 1974). 

5. Caedibacter caryophila Schmidt, Görtz, and 
Quackenbush 1987. Rods, 0.4 to O. 7 ~m wide 
and up to 2.5 ~m long. Those with R bodies 
are larger than those without R b?dies. The 
GC content is 34.6 mol%. Found m the ma
cronuc1eus of P. caudatum. R bodies unroll
ing from the inside, outer terminus blunt, in-
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ner terminus acute. R bodies are associated 
with phages. Width ofR bodies after isolation 
0.8JLm. Sensitive strains are killed by paral
ysis. Coinfections with Holospora obtusa, H. 
undulata and H. elegans may occur in natural 
populations (H.-D. Görtz, unpublished ob
servations). Type strain: in ATCC strain 
50 168 (clone C221 of P. caudatum, see 
Schmidt et al., 1987c). 

GENUS PSEUDOCAEDIBACTER QUACKENBUSH 
1982. Rods, 0.25-0.7 JLm in diameter and 0.5-
4.0 JLm long. Do not produce R-body-containing 
cells. The symbionts are Gram-negative and 
nonmotile. The GC content is 35-39 mol%. The 
genus includes some species that confer a killer 
trait on their hosts, so me that render them mate 
killers, and others that do not produce any kill
ing ability. Four species have been described: 

1. Pseudocaedibacter conjugatus Quackenbush 
1982, formerly mu. Rods, 0.3-0.5 JLm in di
ameter and 1.0-4.0 JLm long. The GC content 
is 35-37 mol%. Found in the cytoplasm of P. 
primaurelia and P. octaurelia where a mate
killer phenotype of the hosts is produced. 
Type strain: in ATCC strain 30796 (stock 540 
of P. primaurelia; see Preer et al., 1974). 

2. Pseudocaedibacter minutus Quackenbush 
1982, formerly gamma. Rods, often double; 
single rods 0.25-0.35 JLm in diameter and 
0.5-1 JLm long. The GC content is 38 mol%. 
Found in the cytoplasm of P. octaurelia. In 
the host cell, the symbiont is surrounded by 
an extra set of membranes, apparently con
tinuous with the endoplasmic reticulum of 
the host. The paramecia which bear these 
symbionts are very strong killers that cause 
sensitives to develop vacuoles, accompanied 
by swelling of the cells, finally becoming 
spherical and undergoing lysis. Death occurs 
after about 8 hours. Type strain: in ATCC 
strain 30699 (stock 214 of P. octaurelia; see 
Preer et al., 1974). 

3. Pseudocaedibacter falsus Quackenbush 1982, 
formerly nu and pi. Rods, 0.4-0.7 JLm in di
ameter and 1.0-1.5 JLm long. The GC content 
of the DNA is 36 mol%. No toxic actions 
known. Found in the cytoplasm of P. biau
relia, P. tetraurelia, and P. pentaurelia. Type 
strain: in ATCC strain 30640 (stock 1010 of 
P. biaurelia; see Preer et al., 1974). 

4. Pseudocaedibacter glomeratus Fokin and Os
sipov 1986. Small rods, about 0.3 JLm wide 
and up to 1.2 JLm long. Found in the cyto
plasm of P. pentaurelia. No toxic actions 
known. Symbionts are individually enclosed 
in vacuoles which are tightly associated with 
the endoplasmic reticulum. Type strain: in 
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strain Bp 171 of P. pentaurelia (deposited in 
the culture collection of the Laboratory of 
Invertebrate Zoology, Biological Research 
Institute, Leningrad University, USSR). 

A symbiont living in the cytoplasm of P. bur
saria and found to be antagonistic to symbiotic 
chlorellae was named Caedobacter chlorello
pellens by Skoblo et al. (1985), who did not 
know that the genus name Caedobacter had 
been changed to Caedibacter. Caedibacter was 
then restricted to symbionts that produce R 
bodies and confer killer traits upon their host 
paramecia (Preer and Preer, 1982). The sym
biont in P. bursaria is egg-shaped, rarely rod
shaped, 0.35 JLm wide and up to 1.4 JLm long. 
Since no R bodies were observed and no toxic 
actions on sensitives were observed, the species 
should be placed in the genus Pseudocaedibac
ter. 

GENUS LYTICUMPREER AND PREER 1982. Large 
rods, 0.6-0.8 JLm in diameter and 3.0-5.0 JLm 
long. Resemble bacilli in general appearance 
and bear numerous peritrichous flagella (Figs. 
4 and 5), but are not obviously motile. They 
are enclosed in vacuoles in the cytoplasm of 
their hosts. They do not contain R bodies. The 
GC conte nt is 27 mol% in one type and 45-49 
mol% in another type. The symbionts are 
Gram-negative. They produce toxins that kill 
sensitive paramecia by lysing them within 10 
to 20 min (rapid lysis killing). Two species have 
been described: 

1. Lyticum flagellatum Preer and Preer 1982 
(formerly lambda). Straight rods, 0.6-0.8 JLm 
in diameter and 2.0-4.0 JLm long. The GC 
content is 27 mol% in one strain and 49 mol% 
in another. Found in the cytoplasm of P. te
traurelia and P. octaurelia. Type strain: in 
ATCC strain 30700 (stock 299 of P. octau
relia; see Preer et al., 1974). 

2. Lyticum sinuosum Preer and Preer 1982, 
formerly sigma. Curved or spiral rods, 0.7-
0.9 JLm in diameter and 2.0-10 JLm long, 
sometimes forming chains of 2-3 cells. The 
GC content is 45 mol%. Found in the cyto
plasm of P. biaurelia. Type strain: in ATCC 
strain 30696 (stock 114 of P. biaurelia; see 
Preer et al., 1974). 

GENUS PSEUDOLYTICUM Boss, BORCHSENIUS, 
AND OSSIPOV 1987. Large symbionts with nu
merous flagella. No motility observed. May con
tain refractile bodies consisting of polyhydro
xybutyric acid. No killer activity and no 
infectivity could be detected. Only one species 
known, Pseudolyticum multiflagellatum Boss, 
Borchsenius, and Ossipov 1987. Straight rods, 
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1.0-2.0 JIm in diameter and 3.5-14 JIm long. 
Found in the cytoplasm of P. caudatum. The 
symbionts are individually enclosed in vacu
oles. The membrane of these vacuoles forms 
numerous projections that are continuous with 
the endoplasmic reticulum. No toxic actions 
known. 

GENUS TECTIBACTER PREER AND PREER 1982. 
The species ofthis genus are distinguished from 
other symbionts by a layer of electron-dense 
material surrounding the outer ofthe two mem
branes. The symbionts have sparse peritrichous 
flagella and show slight motility on occasion. 
They appear not to be toxic. For a more detailed 
description see Preer et al., 1974. Only one spe
cies described, Tectibacter vulgaris Preer and 
Preer 1982, formerly delta. Straight rods, 0.4-
0.7 JIm in diameter and 1.0-2.0 JIm long. Gram
negative. Hosts: P. primaurelia, P. biaurelia, P. 
tetraurelia, P. sexaurelia, and P. octaurelia. 
Type strain: in ATCC strain 30697 (stock 225 
of P. sexaurelia; see Preer et al., 1974). 

GENUS NONOSPORA FOKlN, OSSIPOV, SKOBLO, 
RAUTIAN, AND SABANEYEVA 1987. Rod-like 
symbionts living in the macronucleus. Aagella 
have not been observed. No toxic actions 
known. The symbionts are retained in macro
nuclear fragments of exconjugants and enter 
macronuclear anlagen by fusion of old frag
ments with the anlagen (Fokin et al., 1987a). 
Only one species described, Nonospora ma
cronucleata Fokin, Ossipov, Skoblo, Rautian, 
and Sabaneyeva 1987. Symbionts rodlike, 0.2-
0.3 JIm in diameter and mostly about 1.0 JIm 
long, sometimes forming chains up to 10 JIm 
long. The surface of the symbionts appears ir
regularly wavy in the electron microscope. 
Found in the macronucleus of P. caudatum, 
often clustered in the center of the nucleus. 

GENUS HOLOSPORA (EX HAFKINE 1890) GROMOV 
AND OSSIPOV 1981. Symbionts ofthis genus live 
in the micronucleus or the macronucleus of Par
amecium and exist in two forms: a short rod, 
1.0-3.0 JIm long and 0.5-1.0 JIm wide that can 
replicate; and a long form 5.0-20 JIm long and 
0.8-1 JIm wide that cannot replicate. The long 
form is released from the host and can infect 
other paramecia. The infective form is differ
entiated into a refractile portion with a less elec
tron-dense, pale tip and a posterior part that 
contains typical bacteria1 cytoplasm, stains with 
DNA-specific dyes, and appears dark in phase 
contrast. An unnamed symbiont ofthis type has 
been observed repeatedly in Stentor multifor
mis and in S. polymorphus (Görtz and Wie
mann, 1987), and another one has been ob-
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served in the peritrich ciliate Zoothamnium 
pelagicum by Laval (1970). This indicates that 
symbionts of the genus Holospora are not re
stricted to Paramecium. Some strains of Para
mecium were found to be harmed after infec
tion with holosporas, whereas other strains 
apparently remained unaffected. Six species 
have been described: 

1. Holospora undulata (ex Hafkine 1890) Gro
mov and Ossipov 1981. Lives in the micro
nucleus of P. caudatum. Two forms are seen, 
a short, spindle-shaped reproductive form, 
about 0.8 JIm in diameter and 1.5-2.0 JIm 
long, and a long, spiral-shaped infectious 
form that has tapered ends and is 7.0-15 JIm 
long. Type strain: in clone M 1-48 of P. cau
datum (deposited in the culture collection of 
the Laboratory of Invertebrate Zoology, Bi
ological Research Institute, Leningrad Uni
versity, USSR). 

2. Holospora obtusa (ex Hafkine 1890) Gromov 
and Ossipov 1981. Lives in the macronucleus 
(Fig. 7). Reproductive form: short rod, 0.8 
JIm in diameter and 1.5-2.5 JIm long. Infec
tious form: long rod with rounded ends, 0.8-
1.0 JIm in diameter and 7.0-20 JIm long. Type 
strain: in clone M-115 of P. caudatum (de
posited in the culture collection of the Lab
oratory of Invertebrate Zoology, Biological 
Research Institute, Leningrad Univerity, 
USSR). 

3. Holospora elegans (ex Hafkine 1890) Preer 
and Preer 1982. Lives in the micronucleus. 
Reproductive form: short rod, 0.8 JIm in di
ameter and 1.5-2.0 JIm long. Infectious form: 
long rod with tapered ends, 0.6-0.8 JIm in 
diameter and 7.0-18 JIm long. Type strain: in 
ATCC strain 50008 (stock C101 of P. cau
datum, Görtz and Dieckmann, 1980). 

4. Holospora caryophila Preer and Preer 1982, 
formerlyalpha. Lives in the macronucleus of 
P. biaurelia; mayaiso be found in P. cauda
tum (Görtz, 1987). Reproductive form: thin, 
fusiform rod, 0.4 JIm in diameter and 1.0-
3.0 JIm long. Infectious form: spiral shaped 
with tape red ends, 0.5 JIm in diameter and 
5.0-6.0 JIm long. Type strain: in ATCC strain 
30694 (stock 562 of P. tetraurelia; see Preer 
et al., 1974). 

5. Holospora acuminata Ossipov, Skoblo, Bor
chsenius, Rautian and Podlipaev 1980. Lives 
in the micronucleus of P. bursaria. Repro
ductive form: fusiform rod, 0.6 JIm in di
ameter and 2.0-2.5 JIm long. Infectious form: 
straight fusiform rod with tapered ends, 0.8-
1.0 JIm in diameter and 4.0-6.0 JIm long. 
Type strain: in stock AC61-1 0 of P. bursaria 
(deposited in the culture collection of the 
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Laboratory of Invertebrate Zoology, Biolog
ical Research Institute, Leningrad Univer
sity, USSR). 

6. Holospora curviuscula Borchsenius, Skobl0 
and Ossipov 1983. Lives in the macronucleus 
of P. bursaria. Infects only certain strains of 
three syngens. In other strains the develop
ment into the infectious form is not co m
pleted. Occasionally, infection ofboth macro
and micronuclei was observed (Skobl0 and 
Lebedeva, 1986). Reproduetive form: fusi
form rod, 0.8 J,tm in diameter and 1.5-2.0 J,tm 

long. Infeetious form: slightly eurved rod 
with tapered ends, approximately 0.8 J,tm in 
diameter and 6.0-10 J,tm long. 

The striking similarity of the biology and ey
tology of the different Holospora species led to 
their classifieation in one genus. A eomparison 
of the protein patterns of H. obtusa and H. ele
gans, however, revealed great differenees. More
over, the hybridization of the total DNAs and 
a eomparison of DNA banding patterns after 
digestion with restrietion enzymes indieate that 
the two speeies may not be as closely related as 
originally assumed (Sehmidt et a1., 1987a). The 
differenees at the moleeular level suggest that 
the genus Holospora has eoevolved with ciliates 
for a long time. 

SYMBIONTS OF PARAMECIUMWITHOUT BINOMIAL 

NAMES. Jenkins (1970) described a Gram-neg
ative baeterium living within bulbous disten
sions of the outer membrane of the nuclear en
velopes of both the micro-and maeronucleus of 
astrain of P. multimicronucleatum. It is a very 
short rod, sometimes appearing nearly eoecoid, 
approximately 0.35 J,tm in diameter with longer 
forms reaehing 0.7 J,tm in length. It was named 
epsilon. 

Another symbiont, reported to occur in the 
perinuclear spaee, has been deseribed by Fokin 
(1988). It was found inside the nuclear cisternae 
of the macronucleus of P. duboscqui. The sym
biont is 0.3 J,tm in diameter and 0.7-1.4 J,tm 

long, looks spindle-shaped and is Gram-nega
tive. No killing aetivity was observed when 
symbiont bearers were tested against non-sym
biont bearers. 

A symbiont oecurring in the macronucleus of 
P. caudatum has been studied by Esteve (1978). 
It eonfers a killer trait on its host. When it was 
investigated cytologically, a greatly enlarged 
macronucleus was observed to contain numer
ous kappa-like baeteria, some of which con
tained R bodies. Electron mierographs of this 
baeterium showed spherical phages inside the 
R bodies. Schmidt et a1. (1987c) assumed that 
the symbiont is identical with Caedibacter car
yophila reeently described and named by them. 
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A so-far-unnamed symbiont living in the mi
eronucleus of P. bursaria was found by Görtz 
and Freiburg (1984). It is a small rod, 0.5 J,tm 

in diameter and up to 2 J,tm long. Its ultrastruc
ture suggests that it is a Gram-negative baete
rium. No flagella were found and no killing ea
pacity of its host was observed. 

Another symbiont of the nonkiller type was 
diseovered in the eytoplasm of P. woodrujfi, a 
ciliate living in brackish water. The symbiont 
is a Gram-negative rod, 0.2-0.8 J,tm in diameter 
and 0.6-2.5 J,tm long. It has no flagella. It was 
found to eontain hexagonal viroid particles 
(Fokin et a1., 1987b). 

A baeterial endosymbiont of P. sexaurelia 
was repeatedly observed by Görtz (1981) to in
vade the maeronucleus but not the micronu
cleus. Onee the symbiont has entered the ma
eronucleus it tends to disappear from the 
eytoplasm. The baeterium is slightly curved 
with a diameter ofO.5-0.8 J,tm and up to 25 J,tm 

long. When present in the eytoplasm, the sym
biont tends to be closely associated with food 
vaeuoles. Onee the symbiont has entered the 
macronucleus, it multiplies there without eaus
ing nuclear hypertrophy. After autogamy the 
symbiont is found only in the eytoplasm and 
not in new macronuclear anlagen. It remains 
there until a new infection of the maeronucleus 
oeeurs. 

The following key to the prokaryotic sym
bionts of Para meciu m only includes symbionts 
that have been given binomial names. The key 
is based on the one proposed by L. B. Preer 
(1981) and on information from articles eited 
in this ehapter. 

Key to the Prokaryotic Symbionts 
of Paramecium 

I. Host paramecia are killers or mate-killers 
A. 2-50% of symbiont population contain R bodies 

I. Host paramecia are killers 
a. Kill by producing aboral humps on sensitive para

mecia; R bodies unroll from inside at low pR, reroll 
at high pH; found in P. tetraurelia 
............................. Caedibacter taeniospiralis 

b. Kill in ways other than producing aboral humps 
(1) Found in P. tetraurelia; R bodies unroll from out

side irreversibly when exposed to high tempera
ture or certain detergents 
. . . . . . . . . . . . . . . . . . . . . . .. Caedibacter pseudomutans 

(2) Found in P. biaurelia; R bodies unroll from out
side irreversibly when exposed to high tempera
ture or certain detergents 
........................... Caedibacter varicaedens 

(3) Found in P. caudatum, found in the macronucleus 
only; R bodies unroll from inside 
. .......................... , Caedibacter caryophila 
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2. Host paramecia are mate-killers 
.............................. Caedibacter paraconjugatus 

B. Symbiont population does not contain R bodies 
I. Host paramecia are killers 

a. Rapid lysis killer; symbionts are large flagellated cells 
(I) Straight rods found in P. tetraurelia, 

P. octaurelia 
............................... Lyticum f/agellatum 

(2) Sinuous rods found in P. biaurelia 
............................... ,. Lyticum sinuosum 

b. Kill by vacuolization; symbionts are very small cells, 
often doublets 

Pseudocaedibacter minutus 
2. Host paramecia are mate-killers 

., ............ " ............ Pseudocaedibacter conjugatus 
11. Host paramecia are nonkillers 

A. Symbionts are present only in the cytoplasm 
1. Symbionts lack flagella 

a. Host: P. bursaria; egg-shaped, rarely rod-shaped, up 
to 1.4 !Lm long. Antagonistic to symbiotic algae 
(Chlorella) of the host 
· .. .. .. .. .. .. .. .......... Caedobacter chlorellapellens 

b. Hosts: P. biaurelia. P. tetraurelia. P. pentaurelia; rods, 
up to 1.2 !Lm long 

Pseudocaedibacter falsus 
c. Host: P. pentaurelia; rods, up to 1.2 !Lm long: the 

symbiont-containing vacuole is surrounded by en
doplasmic reticulum 
... .................... Pseudocaedibacter glomeratus 

2. Symbionts with flagella 
a. Host: P. caudatum; rods, 3.5 to 14 !Lm long; refractile 

inclusions (polyhydroxy butyric acid); with numer
ous flagella, but no motility observed 
· .................... Pseudolyticum multiflagellatum 

b. Host: P. primaurelia; rods, up to 2 !Lm long; Gram
negative with a thick surface layer visible in EM; with 
sparse flagella, occasionally slight motility; coexists 
with other symbionts such as Caedibacter and Pseu
docaedibacter 

Tectibacter vulgaris 

B. Symbionts are present almost exclusively in the nuclei 
I. Symbionts exclusively in the micronucleus, show two 

morphologically distinct forms, and are highly infec
tious 
a. Long form of symbiont (infectious form), spiral

shaped with tapered ends, 7-15 !Lm long; host: P. 

caudatum 
· .................................. Halospara undulata 

b. Long form of symbiont (infectious form), straight 
rod with tapered ends 
(I) Host: P. caudatum; long form 7-18 !Lm long 

.. .............................. Halospara elegans 
(2) Host: P. bursaria; long form 4-6 !Lm long 

.............. ............... Halospara acuminata 
2. Symbionts exclusively in the macronucleus 

a. Symbionts are highly infectious, two morphologically 
distinct forms often observable 
(I) Host: P. biaurelia (sometimes also observed in P. 

caudatum); long form with tapered ends, 5-6!Lm 

long 
............................. Holospora caryophila 
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(2) Host: P. caudatum; long form, straight rod, with 
rounded ends, 7-20 !Lm long 
. .. .......... .... ................ Holospora obtusa 

(3) Host: P. bursaria; long form slightly curved, with 
tapered ends, 6-10 !Lm long 
............................ Holospora curviuscula 

b. Symbionts are weakly infectious, only one morpho
logical form observable. Host: P. caudatum; rods 
smalI, about I !Lm long, sometimes forming "chains" 
that are up to 10 !Lm long; mostly aggregated in the 
center of the macronucleus; may coexist with H. ob
tusa or H. undulata 
........................... Nonospora macronucleata 

Prokaryotic Symbionts of Euplotes 

Endosymbiotic bacteria are also very common 
in Euplotes, a ciliate genus that comprises both 
freshwater and marine species. So far, only one 
of the symbionts has been given a binomial 
name. The others are still referred to by Greek 
letters as was formerly customary for cyto
plasmic elements. Several Euplo.t~s symbi~mts 
remained unnamed or were provlslOnally glven 
Latin letters as names when they were encoun
tered. However, most ofthese symbionts are not 
weIl characterized. 

Habitat of the Euplotes Symbionts 

All except one ofthe bacterial symbionts ofEu
plotes are confined to the cytoplasm. They. can 
easily be observed with a phase contrast mlc:o
scope. Fixation and staining of Euplotes wlth 
aceto-carmin or aceto-orcein can be helpful for 
the observation and identification of these en
dosymbionts. When stained, Polynucleobacter 
necessarius (formerly omikron) and the closely 
related "omikron-like" bacteria reveal many nu
cleoids (Heckmann, 1975; Heckmann et al., 
1983). It appears that most of the Euplotes sym
bionts cannot grow outside their hosts, although 
this has been investigated thoroughly only for 
P. necessarius. Like Caedibacter and other sym
bionts ofthe P. aurelia species complex, the Eu
plotes symbionts appear not to be infectious, at 
least under laboratory conditions. The sym
bionts found to date have not been observed to 
be harmful to their hosts, which, however, in 
some cases are converted by infection into kill
ers or mate-killers. P. necessarius and the closely 
related omikron-like bacteria are essential for 
their hosts (Heckmann, 1983) . 

The names ofthe prokaryotic endosymbionts 
of Euplotes, their properties, and the species in 
which they were found are listed ~n Table 1. 

Isolation of the Euplotes Symbionts 

Euplotes minuta, E. crassus and E. vannus are 
marine species. They can be isolated from water 
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Table I. Characteristics of the prokaryotic endosymbionts of the genus Euplotes. 

Symbiont designation Euplotes species' Site Killing type Reference 

Polynuc!eobacter necessarius E. aediculatus (15) Cy NK Heckmann and Schmidt, 1987 
Omikron-like symbiont E. eurystomus (25) Cy NK Heckmann et al., 1983 
Omikron-like symbiont E. plumipes (24) Cy NK Heckmann et al., 1983 
Omikron-like symbiont E. daidaleos (13) Cy NK Heckmann et al., 1983 
Omikron-like symbiont E. octocarinatus (11) Cy NK Heckmann et al., 1983 
Omikron-like symbiont E. patella (5) Cy NK Heckmann et al., 1983 
Omikron-like symbiont E. woodruffi (22) Cy NK Heckmann et al., 1983 
Epsilon E. minuta (K"K3,K7) Cy K Heckmann et al., 1967 
Epsilon-like E. minuta (VF'7) Cy K+MK Heckmann et al., 1967 
Eta E. crassus Cy K Nobili et al., 1976 
A E. crassus Cy NK Rosati et al., 1976 
BI E. crassus (Cs) Cy MK Dini and Luporini, 1976 
B3 E. crassus Cy NK Rosati et al., 1976 
C E. crassus Cy NK Rosati et al., 1976 
D E. crassus Cy NK Rosati et al., 1976 
Unnamed E. crassus Ma NK Rosati and Verni, 1975 
Unnamed E. vannus Cy K+MK Demar-Gervais and Genermont, 1976 

Symbols: Cy, cytoplasm; Ma, macronuc1eus; NK, nonkiller; K, killer; MK, mate-killer. 
aThe typical strain designation is given in parentheses. 

sam pies containing algae or detritus collected 
at the seashore. All these species can be easily 
grown in the laboratory in seawater with Du
naliella salina as the food organism (for details 
see Heckmann, 1963). The other Euplotes spe
cies listed in Table 1 are freshwater organisms 
that may be collected from ponds. They can be 
grown in a diluted soil medium (Ruthmann and 
Heckmann, 1961) or in culture medium (CME) 
for Euplotes (Kuhlmann and Heckmann, 1989) 
and fed with Chlorogonium elongatum or Chi
lomonas paramecium. Most Euplotes species 
can also utilize bacteria as food. 

Since the symbionts may differ in different 
strains of a host species, it is advisable to start 
Euplotes cultures from single cells, so that the 
cultures maintained in the laboratory form 
clones. In most cases, this will ensure that one 
is dealing with homogeneous populations of en
dosymbionts. However, double and tripie in
fections have also been observed. 

Polynucleobacter necessarius is the only en
dosymbiont of Euplotes known so far that has 
been is01ated. In this case, cells of strain 15 of 
E. aediculatus were homogenized mechanically, 
and the symbionts were then purified by apply
ing the homogenate to an ECTEOLA column, 
followed by elution with phosphate buffer 
(Heckmann, 1975; Schmidt, 1982). The pro
cedure basically followed the one developed for 
the isolation of kappa symbionts from Para
mecium by Smith-Sonneborn and Van Wagten
donk (1964) and resulted in very clean prepa
rations of symbionts. 

Identification of the Euplotes Symbionts 

The bacterial symbionts of Eup!otes can be 
identified by direct observation with a phase 

contrast microscope, by observation of physi
ological effects produced on other Euplotes cells 
that lack symbionts, or by a combination of 
these methods. 

GENUS POLYNUCLEOBACTER HECKMANN AND 

SCHMIDT 1987. These are obligate endosym
biotic bacteria living in the cytop1asm of fresh
water ciliates of the genus Euplotes. The sym
bionts are characterized by multiple nucleoids, 
are essential for their host species, are non
motile, and Gram-negative. The type species is 
Polynucleobacter necessarius. 

Polynucleobacter necessarius Heckmann and 
Schmidt 1987, formerly called omikron. 
Slightly curved rods, about 0.3 ~m in diameter 
and 2.5-7.5 ~m long. Ifstained with DNA-spe
cific dyes, usually 3 to 9 but, in some cases up 
to 12 intensely stained and regularly spaced 
dots become visible (Fig. 9). They are consid
ered to be nucleoids. When examined with the 
electron microscope, these nucleoids differ from 
those of most free-living bacteria by exhibiting 
an electron-dense centra1 core that resembles 
the chromatin of eukaryotes (Fig. 10). Whether 
this core is formed by proteins associated with 
DNA or some other material is not clear (Heck
mann, 1975). 

The symbionts are individually contained in 
vesicles, to which ribosomes are often attached. 
P. necessarius reproduces by transverse binary 
fission in a typical bacterial mann er. However, 
the fission products have often been found to 
differ in size. Frequently, a 7-~m-Iong rod con
taining eight to nine nucleoids was observed to 
bud off a 2.5-~m piece that contained three nu
cleoids (Heckmann, 1975). The GC content of 
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the DNA of P. necessarius was 48 mol% by ther
mal denaturation. A value that was 2.8 mol% 
lower was found when the GC content was cal
culated from the buoyant density, which was 
1.7036 g/cm3 (Schmidt, 1982). The differences 
could be caused by rare ba ses; however, no DNA 
chemistry has been done for P. necessarius. The 
average DNA conte nt of the symbiont was de
termined to be 5.8 X 10-3 pg. Taking into ac
count the average number of nucleoids, a DNA 
content of 0.5 X 109 daltons per nucleoid was 
calculated. This value is in close agreement with 
the value ofthe kinetic complexity ofthe DNA, 
which was determined to be 0.57 X 109 daltons 
when corrected for the GC content (Schmidt, 
1982). Equally sm all genomes have been re
ported for Lyticum flagellatum, Pseudocaedi-
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Fig. 9. Auorescence micrograph of 
Polynucleobacter necessarius in the 
cytoplasm of a slightly crushed Eu
plotes aediculatus cell after staining 
with N,N'-diethylpseudoisocyanin 
chloride. The symbionts are revealed 
by the DNA-specific yellow fluores
cence of their nucleoids. Ma, macro
nucleus; Mi, micronucleus. Bar = 10 
ILm. (From Heckmann, 1975.) 

Fig. 10. Electron micrograph of Poly
nucleobacter necessarius. Longitudi
nal section. The ultrastructure of this 
symbiont resemb1es that of Gram
negative bacteria. Bar = 0.5 ILm. 
(From Heckmann, 1975.) 

bacter conjugatus, and P. falsus, endosymbionts 
of the P. aurelia species complex (Soldo and 
Godoy, 1973b), for xenosomes of Parauronema 
acutum (Figueroa-de Soto and Soldo, 1977), 
and for chlamydiae, rickettsiae, and mycoplas
mas (Bak et al. , 1969). The genomes of these 
organisms are the smallest known for cells. 
They code for only about 700 to 900 proteins. 

Heckmann (1975) has shown that it is pos
sible to remove P. necessarius from E. aedicu
latus by treating a rapidly growing culture with 
100 to 500 units/ml of penicillin for 5 to 6 days. 
Aposymbiotic hosts may undergo one or two 
fissions but then stop multiplying and die about 
15 to 20 days after the last fission. The same 
results were obtained with several other anti
biotics or with sufficiently high doses ofX rays. 
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Reinfection and rescue of E. aediculatus have 
been achieved either by adding a cell homoge
nate from symbiont bearers or by injecting sym
biont-containing cytoplasm (Heckmann, 1975; 
Fujishima and Heckmann, 1984). Type strain: 
in ATCC strain 30859 (clone 15 of E. aedicu
latus; see Heckmann and Schmidt, 1987). 

THE OMIKRON-LIKE ENDOSYMBIONTS OF Eu

PLOTES These symbionts are very similar in ap
pearance to P. necessarius. They were found in 
six freshwater Euplotes species (E. eurystomus, 
E. plumipes, E. octocarinatus, E. patella, and 
E. woodruffi). These species have a 9 type 1 
fronto-ventral cirrus pattern like E. aediculatus, 
the bearer of omikron, and are considered to be 
closely related. The symbionts may differ from 
P. necessarius in size, shape, and other features, 
but they always share with P. necessarius the 
characteristic of multiple nucleoids (Heckmann 
et al., 1983). Symbionts of this type, but about 
twice as large as P. necessarius, were first noticed 
by Faure-Fremiet (1952) in stocks of E. patella 
and E. eurystomus. He also observed at that 
time that small doses of penicillin led to a 10ss 
of symbionts and to death of the host ciliates. 
He therefore suggested that the symbionts 
might be essential for survival of the ciliate. 
This was later confirmed when Heckmann et 
al. (1983) subjected a large number of stocks of 
Euplotes species with a 9 type 1 cirrus pattern 
to a penicillin treatment of the kind that had 
earlier been found to remove P. necessarius. 
They found that all the ciliates stopped dividing 
and eventually died when their symbionts were 
removed. Heckmann et al. (1986) suggest that 
all Euplotes species with a 9 type 1 cirrus pat
tern suff er from a common deficiency that arose 
in a common ancestor of this group of organ
isms. This ancestor must have lived in sym
biosis with a prokaryote that compensated for 
the acquired deficiency. P. necessarius and the 
omikron-1ike symbionts are considered to be 
progeny of this prokaryote. 

THE EpSILON SYMBIONTS OF EUPLoTEs. The ep
silon symbionts from killer strains K I , K3 , and 
K7 of E. minuta, collected from the Mediter
ranean Sea at Villefranche-sur-Mer (France), 
were described by Heckmann et al. (1967). They 
are small rods, about 0.4 JIm in diameter and 
0.8-2.5 JIm long, when observed in freshly 
crushed cells with bright phase optics, and ap
pear somewhat darker than free-living bacteria. 
When the killer strain K3 was fixed in Schau
dinn's fluid, hydrolyzed in 1 N HCI, and stained 
with basic fuchsin as described by Dippell and 
Chao (in Sonneborn, 1950), several dozen 
darkly stained bodies were found scattered in 
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the cytoplasm. Their staining properties, size, 
shape, and cellular distribution resembled that 
of Caedibacter species and other endosym
bionts of Paramecium. Since epsilon particles 
were found only in killer strains, it is assumed 
that they are responsible for the killer pheno
type of E. minuta. 

Siegel and Heckmann (1966) noticed that cer
tain strains of E. minuta killed certain other 
strains of this species when conjugation oc
curred. It was found that the sensitive cells 
formed vacuoles, ceased their normal swim
ming movements, settled to the bottom of the 
culture vessel, and finally lysed. These changes 
occurred within 1 to 4 days after the strains had 
been mixed. No evidence for killing was ob
served when cells of the three killer strains were 
mixed together. 

A good example of the difficulties encoun
tered in the identification of endosymbionts is 
provided by the killer particles of stock VF 17 of 
E. minuta. Heckmann et al. (1967) had noticed 
that this strain caused symptoms in sensitives 
slightly different from those observed in mix
tures with the other E. minuta killers. Here, 
vacuole coalescence generally proceeded to the 
point where only one large vacuole was present 
in the posterior region of the sensitive, giving 
the whole affected organism a pear-shaped 
form. Nevertheless, no morphological differ
ences between these symbionts and epsilon par
ticles could be detected. Later, when stock VF17 

was employed for cross-breeding experiments in 
a study ofthe genetic control of cortical pattern 
in E. minuta (Heckmann and Frankei, 1968), 
it was found that this stock not only killed sen
sitive strains via particles liberated into the me
dium, but that it also acted as a mate-killer. 
From a pair of conjugants, one generally de
veloped into a healthy looking exconjugant, 
whereas the other one failed to develop a large 
macronuclear anlage, became quiescent, and fi
nally died. The surviving exconjugant clones 
had the same cortical pattern as stock VFI7 and 
were all found to act as killers. They were there
fore cytoplasmic descendents of the mate-killer 
parent. That they were true hybrids, i.e., that 
they had received a gametic nucleus from the 
sensitive partner, was shown from presence of 
certain genetic markers followed in these 
crosses. Whether VF 17 was host to a mixed pop
ulation ofsymbionts-with one type responsible 
for the killer trait and the other one for the 
mate-killer trait, both types being so similar that 
they could not be distinguished morphologically 
from each other, or whether a single class of 
particles present in VFI7 determined both 
traits-cannot be decided. Both the killer trait 
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and the mate-killer trait were lost concurrently 
with aging of the stock (Frankei, 1973). 

THE ETA SYMBIONT OF EUPLOTES. The eta sym
biont, which can be observed only by electron 
microscopy, is round or oval shaped with an 
average diameter ofO.9 JLm. It is bound by three 
juxtaposed membranes. The outermost mem
brane has ribosomes attached to it. The interior 
ofthe symbiont is granular with a few scattered 
fibrous strands (Rosati and Verni, 1977). The 
symbiont was found in strains of E. crassus col
lected by Luporini (1974) from a site on the 
coast of Somalia on the Indian Ocean. It was 
named eta by Nobili et al. (1976), who inves
tigated the killer trait conferred on its host by 
this symbiont. Sensitive testers, when exposed 
to the culture fluid of killer strains or to a ho
mogenate prepared from cells ofthese lines, de
velop a large vacuole in the posterior part of 
the body within 6 to 24 hours. Affected cells are 
gradually transformed into transparent spheres 
that eventually "explode." 

THE BI SYMBIONT OF EUPLOTES. A symbiont 
very similar in morphology to eta appears to be 
responsible for the mate-killer properties of 
strain Cs of E. crassus (Dini and Luporini, 
1976); it was named BI' When cells ofthis strain 
were treated with penicillin, both the mate
killer trait and the symbiont disappeared. Dini 
and Luporini (1982) provided evidence for the 
existence of specific host genes required for 
maintenance of the BI partides. 

INCONSPICUOUS SYMBIONTS OF EUPLOTES. The 
other symbionts of Eup!otes listed in Table 1 
(A, BJ, C, D, and the unnamed ones) have been 
discovered by chance during electron micro
scopic investigations of certain strains. No spe
cial functions ofthese symbionts are known, nor 
have any effects of the symbionts on their hosts 
been reported. 

The Xenosomes of 
Parauronema acutum 

The term xenosome was coined by Soldo to 
denote the infectious particles that he found in 
the cytoplasm of the marine ciliate Parauro
nema acutum (Soldo et al. , 1974). They were 
later shown to be sm all bacteria that possess 
multicopy genomes and resemble Caedibacter 
taeniospiralis (kappa) and other cytoplasmic 
symbionts of Paramecium in many respects. 
Two types of xenosomes are distinguished at 
the present time: killer xenosomes, which in-
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hibit growth when taken up by susceptible cil
iates, especially those of the genus Uronema 
(Soldo and Brickson, 1978); and non-killer xe
nosomes (Soldo et al. , 1987). The xenosomes 
have not yet received binomial names. 

Habitat 

Parauronema acutum is a small hymenostome 
marine ciliate that can be maintained axeni
cally. The culture medium is basically that de
veloped for species of the Paramecium aurelia 
complex by Soldo and Van Wagtendonk (1969), 
distilled water being replaced by seawater (den
sity 1.015-1.026 gjml) and modified to contain 
500 JLgjml asolectin as the sole source of lipid 
(Soldo et al. , 1974). The association with xe
nosomes is stable. Symbiont-bearing strains 
have now been maintained for more than 15 
years. 

Xenosomes released from host cells are ca
pable of infecting symbiont-free strains of P. 
acutum. A single xenosome is capable of in
fecting a susceptible animal. However, a 
"threshold" of 100-200 xenosomes appears to 
be required before a single xenosome can infect 
a potential host (Soldo, 1983) 

Soldo and co-workers measured the oxygen 
consumption of purified xenosome prepara
tions and reported a rate of oxygen uptake of 
1.3 nmoles 02jminjmg protein, which is higher 
than the oxygen uptake of Bdellovibrio and of 
the same order of magnitude as that of rickett
siae and Caedibacter taeniospiralis. It is about 
20 tim es lower than that of E. coli. The rate of 
oxygen consumption was found to be stimu
lated by various fatty acids, by intermediates of 
the glycolytic pathway, and by intermediates of 
the citrate cyde with the exception of citrate 
itself, which had no effect. Cyanide was found 
to be a potent inhibitor of oxygen consumption 
of xenosomes (Soldo, 1983). 

Isolation 

Xenosomes can be isolated from Parouronema 
acutum by the same procedures as those used 
for the isolation of Paramecium-symbionts 
(Soldo and Godoy, 1974). It has been shown 
that killer xenosomes isolated in this way and 
purified with the help ofPercoll gradients retain 
their ability to infect P. acutum and remain ca
pable of killing sensitive Uronema strains 
(Soldo et al., 1986a). Results obtained from ex
periments in which isolated killer xenosomes 
lost their capacity to kill after they had been 
treated with various enzymes or had been 
coated with antibodies directed against the xe
nosomes, indicate that the toxic principles of 
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the xenosomes is a protein present at or near 
the surface (Soldo, 1987). 

Identification 

Rod-shaped, Gram-negative bacteria, 0.3 Jlm in 
diameter and 0.8 Jlm long. The GC content is 
33.9 mol%. The symbionts occur in the cyto
plasm of the marine ciliate Parauronema acu
tum in numbers ranging from 50 to 300 per cello 
Negative staining reveals the presence of fla
gella, wh ich provide the symbionts with a spin
ning and darting motility when released from 
the host (Soldo, 1987). The xenosomes were 
found to contain inclusions in the form of hel
ical arrays. These structures (called H bodies) 
are about 0.6 Jlm long and 0.026 Jlm wide. They 
occur singly and in multiples and extend almost 
the entire length ofthe symbiont. H bodies were 
found in over 50% of killer- and nonkiller xe
nosomes (Soldo et al., 1987). 

The genome size of xenosomes was found to 
be only 515 kbp, which is much smaller than 
that of free-living bacteria. Analytical measure
ments and data from sedimentation-rate anal
yses led to the conclusion that the chromosomal 
DNA exists in the form of nine circularly per
muted double-stranded DNA molecules, each 
about 515 kbp in length (Soldo et al. , 1983). 
Both the small size and the multicopy nature 
ofthe genome are typical ofbacterial symbionts 
rather than for freeliving bacteria (Soldo and 
Godoy, 1973b; Soldo, 1987). 

Killer and nonkiller xenosomes both contain 
plasmids (Soldo et al., 1986b; Soldo, 1987). The 
nonkiller plasmids consist oftwo circular DNA 
duplexes, each 63 kbp in length. The killer plas
mid consists of four circular 63-kbp DNA du
plexes. When a ciliate which previously har
bored killer xenosomes but had been freed of 
them, is infected with nonkiller xenosomes, it 
becomes a killer. Soldo et al. (1986b) report that 
together with this transformation the restriction 
pattern of the extrachromosomal DNA is al
tered. The mechanism by which this transfor
mation takes place is unknown. 

Prokaryotic Symbionts of Ciliates 
from Anaerobic Environments 

Ciliates living in an anaerobic habitat, such as 
the rumen or sewage sludge rich in hydrogen 
sulfide, show special adaptations. They usually 
lack mitochondria,bear hydrogenosomes, and 
are often associated with methanogenic bacteria 
(Stumm and Vogels, 1989). It has been shown 
that anaerobic ciliates genera te their energy by 
converting carbohydrates to lactate, acetate, 
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and butyrate and that they can remove reducing 
equivalents in the form of H2 (Müller, 1988). 
Production of H2 by proton reduction involves 
the enzyme hydrogenase. However, this enzyme 
functions weIl only ifthe concentration ofH2 is 
kept low « 1 0-5 atm). This requirement is ap
parently achieved by methanogenic bacteria, 
which consume H2 and tend to be abundant in 
these habitats. 

Habitat 

An episymbiotic association with methanogenic 
bacteria was described for 11 species of rumen 
ciliates of the family Ophryoscolicidae (Vogels 
et al., 1980). The attached bacteria were rods 
0.9-3.8 Jlm long and 0.6-0.7 Jlm wide that oc
curred as clusters or long chains. They were 
identified as methanogens (probably Methano
brevibacter ruminantium) on the basis of spe
cific fluorescent coenzymes (F350 and F42Q). Ex
periments with a fistulated sheep revealed a 
decrease of the association frequency of meth
anogenic bacteria with rumen ciliates when the 
hydrogen concentration in the rumen fluid in
creased and the reverse when hydrogen became 
scarce (Stumm et al., 1982). This is interpreted 
in favor of an interspecies transfer of hydrogen. 
The finding that rumen ciliates have hydrogen
osomes, showing strong hydrogenase activity, 
supports this view (Yarlett et al., 1981). Stumm 
and Vogels (1989) propose that the attachment 
of hydrogen-consuming methanogens to rumen 
ciliates facilitates hydrogen removal, which is 
advantageous to both the ciliates and to their 
episymbionts. 

Episymbiotic bacteria have been known from 
sand-dwelling ciliates for many years (Sauer
brey, 1928; Kahl, 1933, 1935; Faure-Fremiet, 
1950a, 1951). They are firmly attached to the 
cell surface and appear to differ in size, shape, 
pigmentation, and wall structure from species 
to species (Fenchel et al., 1977). Faure-Fremiet 
(l950b) carried out a unique study ofthe sym
bionts oftwo species ofthe genus Kentrophoros 
(formerly Centrophorella). He investigated their 
symbionts and found them to be attached to 
the nonciliated dorsal side of these ribbon
shaped ciliates. The oblong symbionts were 
densely packed and protruded perpendicularly, 
so that they appeared like bristles of a brush. 
They were Gram-negative, nonmotile rods, and 
were observed to divide by longitudinal fission. 
Besides containing rather large quantities of 
polysaccharides, indicated by iodine treat
ment, they contained dark-refractive sulfur 
globules, so that the host appeared black. The 
dark pigmentation is a strong indication that the 
symbionts are purple sulfur bacteria (Chroma-
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tiaceae). Faure-Fremiet, who found the sym
bionts exc1usively on the ciliates and neither on 
accompanying sand grains nor on glass slides 
that had been in the sand in which these ciliates 
live for several days, considered the symbionts 
as obligatorily epizoic. Electron microscope 
studies by Raikov (1971, 1974) confirmed 
Faure-Fremiet's observations and led to the dis
covery that the epizoic bacteria are phagocy
tized. He studied Kentrophoros fistulosum and 
K. latum and found that these ciliates take up 
the epizoic bacteria by pseudopodia-like cyto
plasmic protrusions and enc10se them in food 
vacuoles. This may occur at any place on the 
nonciliated body side of these ciliates, which 
have no special mouth structures. The unique 
form of phagocytosis discovered in these species 
has been named "random phagocytosis." Based 
on the content of the food vacuole of these cil
iates, their epizoic bacteria appear to be their 
main nutrition source. 14 Kentrophoros species 
are now known. They all live in the interstices 
of sandy marine sediments. 

Fenchel et a1. (1977) examined marine-sedi
ment-dwelling ciliates for cytochrome oxidase 
activity and for fine-structural details. They 
found that many of the ciliates of this habitat 
lacked cytochrome oxidase activity and mito
chondria but contained microbodies (mem
brane-bound organelles, spherical or irregular 
in shape, 1-2 Mm in length, with a homogeneous 
granular matrix). In addition, these ciliates har
bored a species-specific flora of epi- and en
dosymbiotic bacteria. Large numbers of sym
bionts per cell were observed, ranging from 
about 1,000 bacteria per ciliate, corresponding 
to less than 1 % of the host's biomass, to about 
100,000 bacteria per ciliate, corresponding to 
about 20% of the ciliate's biomass. Some of 
these anaerobic ciliates were found to contain 
both epi- and endosymbionts, and often more 
than one type of episymbiont was recognized. 
Fenchel et a1. (1977) hypothesized that the bac
teria and the ciliates interact metabolically. 
This, however, has not yet been investigated. 
Anaerobic conditions also exist in sediments 
that are rich in decaying plant material, such as 
those of freshwater ponds, lakes, ditches, and 
swamps. This habitat was named "die sapro
pelische Lebewelt" (life in the sapropel) by Lau
terborn (1901). Endosymbiotic bacteria in sap
ropelic ciliates were first described by Faure
Fremiet (1909). Later, Liebmann (1937, 1938) 
noted that all the sapropelic ciliates that he in
vestigated contained rod-like bacteria in their 
cytoplasm. In recent years, this habitat was 
thoroughly investigated by a group ofDutch mi
crobiologists (Stumm and Vogels, 1989), and it 
is now, next to the rumen, the best-studied an-
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aerobic habitat. It is inhabited by large numbers 
of anaerobic protozoa and methanogenic bac
teria. A survey of sapropelic ciliates by means 
offluorescent microscopy revealed the presence 
of methanogenic bacteria inside the cells; they 
were spread throughout the cytoplasm in con
siderable quantities (Van Bruggen et a1., 1983). 

Electron microscopic investigations of sap
ropelic ciliates revealed the absence of mito
chondria and the presence of microbodies. In 
Metopus striatus, a Gram-positive rod-shaped 
bacterium was regularly found to be in dose 
association with a microbody consisting of a 
granular matrix surrounded by a membrane 
(Van Bruggen et a1., 1984). The bacterium was 
isolated and identified as Methanobacterium 
jormicicum. A similar or even c10ser association 
of microbodies and methanogenic bacteria is 
reported for Metopus contortus (Van Bruggen et 
a1. , 1986) and for Plagiopyla nasuta (Goosen et 
a1. , 1988). Because the methanogens isolated 
from sapropelic ciliates were found to consume 
hydrogen it has been hypothesized that the sym
biont-associated microbodies are hydrogeno
somes (Van Bruggen et a1., 1986). A direct proof 
was recently provided by Zwart et a1. (1988) 
who demonstrated hydrogenase activity in mi
crobodies of Plagiopyla nasuta and Trimyema 
compressum. 

Isolation 

For enrichment and culture of sapropelic cil
iates, sam pies fromanoxic natural sediments 
are introduced into mineral media under re
ducing conditions. Two media which have suc
cessfully been used for this purpose are given 
by Wagener and Pfennig (1987). They also re
port the first monoxenic large-scale culture of 
an anaerobic ciliate. They enriched Trimyema 
compressum from anoxic mud sam pies and 
then established a pure culture. The ciliate was 
fed with a bacterial strain isolated from the: en
richment culture that proved capable of serving 
as food. During continued cultivation, T. com
pressum gradually lost its endosymbionts. 

An isolation method for methanogenic bac
teria from sapropelic ciliates has been described 
by Van Bruggen et a1. (1986): a small number 
of ciliates is collected with a pipette and is 
washed free of potential contaminants in an iso
lation medium under a dissection microscope. 
The microscope is covered with a plastic hood 
flushed with nitrogen. The ciliates are then ho
mogenized in an anaerobic glove box. The ho
mogenate with the symbionts is plated on solid 
isolation medium containing penicillin G or ly
sozyme, which do not effect methanogenic bac
teria. The homogenate is incubated at 22 to 
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37°C under an atmosphere of R 2/C02 (80:20). 
In liquid media, growth can be followed by 
measuring the methane production. 

Identification 

The symbionts of several sapropelic ciliates 
have been identified as methanogenic bacteria. 
The endosymbionts of species ofthe ciliate Me
topus (Fig. 11) were first recognized to be meth
anogens by their autofluorescence when irra
dia ted with short-wavelength blue light (Van 
Bruggen et al., 1983; 1986). According to Dod
dema and Vogels (1978), epifluorescence mi
croscopy can detect the presence of the deaza
flavin coenzyme F420 and the pterin compound 
F342 both ofwhich are specific for methanogens. 
The methanogenic character of the endosym
bionts has subsequently been proven by studies 
ofthe isolated symbionts and measurements of 
their methane production in situ. The sym
bionts were finally identified as Methanobac
terium formicicum (Van Bruggen et al., 1984). 
The methanogenic symbionts of Plagiopyla na
suta were also identified as M. formicicum 
(Goosen et al., 1988). This is a bacterium that 
often occurs in sapropelic habitats; it is a slen
der, nonmotile rod, with a diameter of 0.4 Jim 
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and a length of 2-7 Jim. It was identified by 
colony form, cell morphology, temperature and 
pR optimum, substrate specificity, DNA base 
composition, and type of coenzyme F420• It ap
pears likely that M. formicicum is preadapted 
for endosymbiosis, because symbiont-free lines 
ofthe ciliate Trimyema compressum could also 
successfully be infected with this bacterium 
(Wagener et al., 1990). 

Methanoplanus endosymbiosus was isolated 
from the marine ciliate Metopus contortus (Van 
Bruggen et al. , 1986). In liquid media the iso
lated bacteria were irregular, nonmotile, non
sporeforming discs with a diameter of 1.6-3.4 
Jim. In a side view, they appeared as rods that 
were sometimes branched. The symbionts were 
osmotically fragile and lysed immediately when 
suspended in water. Growth and methanoge
nesis were observed with R 2/C02 or formate as 
substrates, with generation times of 7 or 12 h, 
respectively. The temperature range from 
growth was between 16 and 36°C with an op
timum at 32°C. The optimal pR range for 
growth was 6.8-7.3. Tungsten and NaCl at a 
concentration of 0.25 M were required for op
timal growth. The GC content of the DNA is 
38.7 mol%. 

For detecting methanogenic endosymbionts, 
epifluorescence microscopy proved to be a pow-

Fig. 11. Metopus contortus containing methanogenic endosymbionts. The methanogenic bacteria are located parallel to 
the kineties (ciliary rows) or the inner side of the cel!. Cell fixed with 1.2% formaldehyde and 0.3% glutaraldehyde. (a) 
Bright field micrograph. (b) Epifluorescence micrograph. Bars = 10 /oLm. (From Van Bruggen et a!., 1986.) 

b 



3886 K. Heckmann and H.-D. Görtz 

erful method. Even when symbionts are inside 
cells their blue autofluorescence may be visible. 
Endosymbionts that fluresce have been ob
served in the sapropelic ciliates Bachonella spir
alis, Caenomorpha medusula, C. universalis, 
Lacrymaria cucumis, Metopus es, and M. lam
inarius (Van Bruggen et al., 1983). They have 
not been found in ciliates from aerobic habitats. 
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Prokaryotic Symbionts of Marine Invertebrates 

HORST FELBECK and DANIEL L. DISTEL 

The symbiosis of prokaryotic organisms with 
eukaryotic taxa is a widespread phenomenon 
that has had profound impact on the physiol
ogy, ecology, and evolution of the host organ
isms. Although these symbioses range from 
relatively loose coexistence to highly interde
pendent intracellular associations, in this chap
ter we will mainly discuss symbionts and sym
bio ses of the latter type, as exemplified by the 
symbiotic associations of chemoautotrophic 
bacteria with marine invertebrates. We will also 
discuss the symbioses of methane-oxidizing 
bacteria with marine invertebrates and the sym
bioses of cellulolytic/nitrogen-fixing bacteria 
with wood-boring marine bivalves (ship
worms). 

Little is yet known about these symbionts, 
largely because, except for the symbionts of the 
shipworms, it has not yet been possible to grow 
these organisms in pure culture. Therefore, 
much of what is known about these symbionts 
comes from studies of the physiology of the in
tact symbioses. In the following pages we will 
review what is known about these symbionts 
based on these studies and on studies of purified 
symbionts and of purified symbiont macro
molecules. 

The discovery of the symbiosis between che
moautotrophic bacteria and marine inverte
brates was made in conjunction with the dis
covery of the deep-sea hydro thermal vents 
(Cavanaugh et al., 1981; Felbeck, 1981). The 
hydro thermal vents are underwater hot springs 
that occur near zones of sea floor spreading 
(Jannasch and Mottl, 1985). In these geologi
cally active zones, the earth's crust is relatively 
thin. Seawater seeps into the thin crust, is 
heated by magma beneath the ocean floor, and 
is ejected again through cracks and fissures in 
the bottom. During its contact with the hot 
rocks, the chemical composition ofthe seawater 
is radically changed; the water absorbs many 
minerals and some of its sulfate is reduced to 
sulfide. 

Unlike most deep-sea environments, which 
are only sparsely populated, some hydrother-

mal vents are surrounded by large and densely 
populated animal communities. These com
munities contain a large variety of inverte
brates, including vestimentiferan tubeworms, 
clams, and musseis. The presence of these large 
animal populations was extremely puzzling at 
first because ofthe absence ofany obvious food 
source for these communities. Soon, however, 
it was found that bacteria playa primary role 
in supporting these animal populations (Cavan
augh et al., 1981; Felbeck, 1981). Unlike all pre
viously described communities that obtain 
their energy directly or indirectly from the sun 
via photosynthesis, the vent communities are 
based on bacterial chemosynthesis fueled by 
sulfide arising from the geothermal reduction of 
sulfate (Jannasch, 1985). Sulfide from the vent 
effluent serves as a rich source of energy and 
reducing power, making possible an abundant 
growth of free-living chemoautotrophic bacte
ria. In addition to these free-living chemoau
totrophic bacteria, it has also been found that 
many ofthe animals in these communities con
tain chemoautotrophs as endosymbionts within 
their tissues. These endosymbionts form a po
tentially important food source for the inver
tebrate hosts. The complete absence of a diges
tive tract in the adult vestimentiferans and the 
greatly reduced digestive systems of the vent 
bivalves are strong indications that these eu
karyotic hosts rely heavily on their endosym
bionts to provide them with the energy and nu
trients that they require for growth. Therefore, 
both in terms of ecology and physiology, these 
vent communities represent a significant de
parture from previously described environ
ments. 

Similar symbioses have also been found in 
many other animal species, including annelids, 
pogonophorans, bivalves, and gastropods. The 
morphology of these symbioses varies widely, 
as might be expected from the divergent phy
logenetic origins of these hosts. A common 
characteristic, however, is that in these hosts the 
digestive system is typically absent or reduced 
in function. The environments that support 



3892 H. Felbeck and D.L. Distel 

these symbioses are also quite varied, both in 
terms of their geographie loeation and eeolog
ieal features. All these environments seem to 
share so me common features, however, includ
ing the presenee of a redox boundary where a 
source of redueed sulfur compounds may be 
found in close proximity to a source of oxygen. 
Sewage outfalls, eelgrass beds, mangrove 
swamps, and hypoxic oeean basins are some of 
the environments that support these symbioses 
(Felbeck and Somero, 1983; Jannasch and Nel
son, 1984; Southward, 1987). 

In addition to the sulfur-based ehemoauto
trophie (thiotrophic) symbioses discussed 
above, two additional types of symbioses with 
marine invertebrates have been recently de
scribed. The first are the symbioses involving 
methylotrophie bacteria. These resemble the 
thiotrophic symbioses, except that the souree of 
energy is a redueed single-carbon compound. 
This type of symbiosis has been found primar
ily in areas such as marine hydroearbon or hy
persaline seeps (Cavanaugh et al., 1987; Chil
dress et al., 1986; Fisher et al., 1987). The third 
type of symbiosis that we will discuss is the 
symbiosis with cellulolytiejnitrogen-fixing bac
teria found in the wood-boring clams of the 
family Teredinidae. These symbionts allow 
their hosts to subsist on a diet of wood, using 
cellulose as their sole carbon source (Gallager 
et al., 1981; Waterbury et al., 1983). The com
mon feature connecting these symbioses is that, 
in each ca se, the eukaryotic host is able to utilize 
new energy and carbon sources by harnessing 
the remarkable metabolie flexibility of prokar
yotic cells. 

Few generalizations can be made concerning 
these symbionts themselves, partly because 
these symbionts are diverse in function, and 
partly beeause we know very litde about these 
organisms. In the same way as the host organ
isms have been classified aecording to their dif
fering modes of nutrition, the symbionts them
selves can also be crudely categorized by 
nutritional modes. These are the thiotrophic, 
methylotrophic, and cellulolyticjnitrogen-fixing 
modes. All of the "trophic" endosymbionts so 
far examined have cell wall structures typical of 
Gram-negative bacteria. These symbionts range 
in size and shape from 0.3-0.75~m spheres in 
Bathymodiolus thermophilus (Fiala-Medioni et 
al. , 1986) to extremely large pleomorphic rods 
of greater than 5 ~m in width and 1 0 ~m in 
length in Lucinoma annulata (Distel and Fel
beck, 1987). Membrane-bound sulfur inclu
sions in the periplasmic space, similar in struc
ture and appearance to those seen in Beggiatoa 
and Thiovulum species, are frequently observed 
in the thiotrophic symbionts (Vetter, 1985). The 
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cytoplasm of the sulfur-oxidizing symbionts is 
typically described as granular in appearance. 
This granular nature has been ascribed by var
ious authors to the presence of either carbox
ysomes, ribosomes, or glycogen granules, but 
the true nature of these granules is yet to be 
resolved. The methylotrophic symbionts range 
from cocci ofO.75-2.0 ~m in diameter in Hor
ida escarpment mytilids (Cavanaugh et al. , 
1987) to rods of approximately 1 X 2 ~m in Si
boglinum poseidoni (Schmaljohann and Flügel, 
1987). Stacked internal membranes similar to 
those seen in type I methylotrophic bacteria (see 
Chapter 118) are a typical distinguishing feature 
of the methylotrophic symbionts (Childress et 
al. , 1986; Schmaljohann and Flügel, 1987). A 
proposed second symbiont lacking these inter
nal membranes has been reported in the Florida 
escarpment mytilid by Cavanaugh et al. (1987). 
The cellulolyticjnitrogen-fixing symbionts of 
the teredinid bivalves are vibrioid rods approx
imately 0.4-0.6 X 3-6 ~m (Waterbury et al. , 
1983), typically containing phase-dark material 
at the apical regions. These symbionts have no 
flagella when observed in tissue, but when 
grown in liquid culture they are motile by a 
single polar unsheathed flagellum. Those sym
bionts whose phylogeny has been examined 
(some sulfur oxidizers and the cellulolyticjni
trogen fixer) fall into the gamma subdivision of 
the protebacteria (see "Characterization With
out Pure Culture" in this chapter). The phylo
genetic position of the methane oxidizers re
mains to be elucidated. Only one of these 
symbionts (the cellulolyticjnitrogen fixer) has 
been grown in pure culture and has been char
acterized in considerable detail. Other sym
bionts have been characterized primarily by 
their presumed function in the intact symbiotic 
systems as evidenced by the presence of unique 
enzyme activities, by examination of symbiont 
cells purified from host tissue by mechanical 
means, and by light and electron microscopy of 
sectioned host tissue. 

Because so much of what we know about 
these symbionts comes from studying the en
vironment where the symbionts live, i.e., the 
host organisms, we will begin our detailed dis
cussion by describing the intact symbioses. 
With this as a foundation, we will then move 
on to discuss the studies ofthe symbionts them
selves. 

Morphology of the Symbioses 

In the vestimentiferans and pogonophorans, 
symbionts are a characteristic feature of all 
members of the phyla. They are embedded 
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within cells of a specialized tissue called the 
trophosome, wh ich is the main tissue found in 
the trunk ofthe vestimentiferans (Jones, 1985). 
In vestimentiferans, the trophosome accounts 
for up to 16% of the animals' wet weight while 
the percentage is much lower in the pogono
phorans, which have a very similar organ (Arp 
and Childress, 1983; Southward, 1982). The tro
phosome tissue of the vestimentiferans, wh ich 
is taken as representative here, is composed of 
many lobules which are each about 0.15 mm in 
diameter and are heavily vascularized by the 
closed circulatory system typical for both of 
these phyla (Bosch and Grasse, 1984; Hand, 
1987). Located in their center are the bacter
iocytes containing the symbionts. These bac
teria make up 15% to 35% of the volume of the 
entire trophosome (Powell and Somero, 1986). 
Within the lobules, as well as from the posterior 
to anterior end of the trophosome, the pheno
type of the bacteria changes (de Burgh et al. , 
1989): the symbionts in the Vestimentifera 
range in size from 1 ,um to 10 ,um (de Burgh et 
al., 1989) and are very pleomorphic, while those 
in Pogonophora are typically rods 0.15 ,um-0.3 
,um thick and 2 ,um-4.8 ,um long (Southward, 
1982). In both cases, they are usually sur
rounded by a host membrane including one or 
more bacteria. DeBurgh et al. (1989) describe 
numerous cytoplasmic inclusions inside of the 
symbionts of several vestimentiferan species, 
tubular membrane systems, glycogen-like par
ticles, and poly-ß-hydroxybutyrate (PHB) or 
sulfur bodies. One pogonophoran species, Scler
olinum brattstromi. has been described as con
taining symbionts that are not enclosed in a host 
membrane but are free in the cytoplasm. 

The symbionts in several bivalve and a gas
tropod species can be found inside of special
ized gill cells where they are in close contact 
with the surrounding seawater. The most de
tailed description is available for lucinid clams 
(see Figs. 1 and 2). Here, the bacteriocytes, or 
bacteria-containing cells, are arranged in tu
bular stacks whose centers form open cylinders 
that allow water to flow freely between the man
tle cavity and the interlamellar space (Distel 
and Felbeck, 1987). The symbionts are found 
in vesicles completely surrounded by a host 
membrane. They are typically rod- to oval
shaped and rather large (2-5 ,um wide and up 
to 10 ,um long) but very pleomorphic. They have 
numerous inclusions of elemental sulfur in their 
periplasmic space. These sulfur granules ac
count for up to 2.1 % of the dry weight of the 
gill tissue. Between the bacteriocytes, interca
lary cells are located whose thin extensions 
cover the surface of the bacteriocytes, thus 
forming the inner lining of the open cylinders 
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Fig. 1. Structure of the symbiont-containing tissue within 
the gill of a lucinid c1am. (A) A c1am (Lucinoma aequizon
ata) with the left valve removed. (B) A transverse section 
through the entire c1am at the median point ofthe anterior
posterior axis. (C) An enlargement of a block of gill tissue 
removed from the region indicated by the small box in Fig. 
IA. (D) An enlargement ofthe block ofgill tissue removed 
from the region indicated by the box in Fig. Ie. Symbols: 
aa, anterior adductor; bz, bacteriocyte zone; cf, ctenidial 
filaments; cfz, ctenidial filament zone; f, foot; il, inner la
mella; ilb, interlamellar bridge; ils, interlamellar space; Ibc, 
large bacteriocyte channel; Id, left demibranch; m, mantle; 
0, ostium; 01, outer lamella; pa, posterior adductor; rd, right 
demibranch; sbc, small bacteriocyte channel; tz, transition 
zone; v, valve; vm, visceral mass. (From Distel and Felbeck, 
1987.) 

described above. The micromorphology of the 
gastropod gill is similar (Okutani and Ohta, 
1988; Stein et al., 1988). 

In the bivalve family Thyasiridae, the sym
bionts are apparently located between gill cells 
below the cuticle (Southward et al., 1986). How
ever, other authors describe them as being in
tracellularly located inside of a large vacuole 
(Herry et al., 1989; Reid and Brand, 1986). Sev
eral different sizes of rod-shaped symbionts 
have been observed of 0.2-0.5 ,um in diameter 
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and 0.5-2 ~m in length, but usually there is only 
one phenotype in any host species. In two un
described host species, two distinct and mor
phologically different symbionts could be de
tected, which may indicate that these 
associations are less selective than the intracel
lular symbioses described above. 

Morphologically, the symbioses described in 
annelids are fundamentally different from the 
ones described so far. The bacteria are never 
intracellular but occur either between cells in 
many oligochaetes or attached to the outside 
epidermis as a bacterial lawn in some poly
chaetes. Oligochaetes with symbiotic bacteria 
have been described mainly in the tubificid 
subfamily Phallodrilinae. All of the species in 
two genera, Inanidrilus and Olavius, are de
scribed as having symbionts and being gutless 
(Erseus, 1984). The bacteria are located under
neath the cutic1e between irregular and long ex
tensions of the epidermis cells. In Inanidrilus 
(formerly Phallodrilus) leukoderrnatus, the 
best-described oligochaete showing symbiosis, 
two different shapes of bacteria have been ob
served, an oval one measuring about 3.5 ~m X 
2.3 ~m with a very "delicate" outer membrane, 
and a rod-shaped one of about 0.5 ~m X 1.7 
~m which has a multi-Iayered thick cell enve
lope. Both contain inc1usions of elemental sul
fur and PHB (Giere, 1985; Giere and Langheld, 
1987). 

Two polychaetes with external bacterial sym
bionts have been found at hydrothermal vents; 
both species, Alvinella pornpejana and A. cau
data are of the same genus. They usually are 
found on the outside walls of the chimneys 
formed by zinc sulfide precipitations from the 
vent waters in temperatures of up to about 
40°C. The bacteria are associated in both cases 
with the polychaete epidermis. In both species, 
c1uster-like bacterial/associations are located in 
intersegmentary spaces. The bacteria are rod
shaped, coccoid, or filamentous. In addition, in
dividual bacteria (rod-shaped, prosthecate, spi
ral, curved, or unsheathed filamentous in 
appearance) are distributed over the entire an
imal tegument. In A. pornpejana, filamentous 
bacteria are also associated with epidermic ex
pansions, while in A. caudata similarly shaped 
bacteria can be found inserted on the posterior 
parapods (Desbruyeres et al., 1985; Gaill et al., 
1988). 

Ecophysiology of the Symbioses 

When symbioses of chemoautotrophic bacteria 
with marine invertebrates were first discovered, 
all information about the physiology ofthe bac-
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teria was limited to the activities of a few en
zymes that were found in the tissues containing 
the bacteria: ribulose-bisphosphate carboxylase 
and ribulose 5-phosphate kinase (both charac
teristic enzymes of the Calvin cyc1e), and ATP 
sulfurylase, and adenosine phosphosulfate 
(APS) reductase (indicative of sulfur oxidation) 
(Felbeck, 1981; Felbeck et al., 1981; Southward 
et al., 1981). These enzymes are normally ab
sent in animal tissues or are found in very small 
amounts only. Their presence was a strong in
dication that the bacteria were able to fix CO2 
through the Calvin cyc1e using energy from the 
metabolism of sulfur compounds. The abun
dance of sulfide and oxygen in the environment 
suggested that the major pathway for energy 
production was the oxidation of reduced sulfur. 
Aside from these enzymes involved in carbon 
and sulfur metabolism, nitrate reductase was 
detected in some symbiont-containing tissues. 

Since then, these initial observations of sym
biont physiology have been supported by many 
more results, such as the measurement of stable 
isotope ratios, incorporation studies with ra
diolabelled tracers, and physiological studies of 
the mechanisms of sulfur and carbon transport 
and metabolism. 

Stable Isotope Ratios 

Carbon, nitrogen, and sulfur exist in two or 
more stable isotopes in significant quantities in 
the natural environment. Their isotopic ratios 
are used to determine the source of an element 
in a biological system. The most widely used 
ratio is that of carbon (\3CjI2C). The natural 
abundance of the heavier carbon isotope is ap
proximately 1.11 %. When carbon dioxide is first 
incorporated into organic molecules by auto
trophic organisms, the enzymes responsible for 
this action use the lighter carbon isotope pref
erentially. Ruby et al. (1987) c1early showed iso
tope fractionation in two cUltures of sulfur-ox
idizing bacteria. The degree of preference can 
provide information about the character of the 
initial carbon-fixation step. The carbon isotope 
ratio established in this step then changes only 
slightly during the further transfer of organic 
carbon within a food chain. 

The carbon isotope ratio is usually expressed 
as a function of the ratio found in the fossil 
PeeDee belemnite (PDB) standard: 

Ol3C = ([(l3C/12C)sample/(l3C/12C) standard] 
- I} X 103 (%0) 

A sampie with a negative number, therefore, 
is enriched in 12C relative to the PDB standard. 

Generally, it has been suggested that an iso
tope ratio between about -12 to -24%0 indi-
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Fig. 2. An electron micrograph of the 
bacteriocyte tissue in Lucinoma ae
quizonata. A microvilli-covered in
tercalary cell is visible at the top of 
the figure, with prominent nucleus 
and mitochondria. Beneath this cell, 
a portion of two bacteriocyte cells 
containing large oval- to rod-shaped 
symbionts is seen. Bar = 1.0 I'm. 

cates a photoautotrophic food source, while a 
value below this to approximately - 45%0 sig
nals a chemoautotrophic source of carbon. 
When carbon isotope ratios even lower than -
45%0 are found, they are considered to indicate 
methanotrophy. All of these generalizations, 
however, have to be viewed carefully because 
there are many possible sources of error, e.g., if 
a carbon source is unusually enriched or de
pleted in one of the isotopes or if an organism 
is carbon limited the resulting carbon isotope 
ratios in an organism can be greatly altered. 

Stable isotope ratios did, however, provide 
important clues about the nutritional strategies 
of the hosts of chemoautotrophic bacteria. The 
fact that the bacteria-containing tissues and host 
tissues had similar isotope ratios that were un
like any possible food source nearby indicated 
the dependence of the host on the symbionts 
(Rau, 1981a; Rau, 1981b; Rau, 1985). In ad
dition, using carbon isotope ratios, one can also 
estimate what percentage of the body carbon is 
from each of two carbon sources whose isotope 
ratios are known. This ca1culation is important 
for those symbioses where the host animal still 
maintains a functional gut and can, therefore, 
supplement the carbon supplied by the sym
bionts by externally obtained food. This cal
culation has been done for the mud-dwelling 
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clam Lucinoma aequizonata: it was assumed 
that the isotope ratio of carbon supplied by the 
bacteria stays the same after transfer to the clam 
and that the only other possible food source is 
dissolved organic matter in the surrounding 
mud. Using the measured isotope ratios ofthese 
two sources it was ca1culated that about 70% of 
the clam's carbon is provided by the symbionts 
(Cary et al. , 1989). Similar studies have been 
done for the protobranch clam Solemya velum, 
where a bacterial contribution of 98% was es
timated (Conway et al., 1989). 

Similar investigations and arguments can also 
be made based on sulfur or nitrogen isotope 
ratios. In both cases, however, even larger errors 
than for carbon can arise during the interpre
tation of an isotope ratio in an animal, because 
the nitrogen ratio does not stay constant during 
heterotrophic processes, and the sulfur ratio can 
change widely due to a wide variability of the 
isotope ratios of the original sulfur sources for 
the symbioses. These facts make detailed pre
dictions based on these ratios almost impossi
ble. 

Radioactive Tracer Studies 

As mentioned earlier, it is generally assumed 
that the bacteria provide all or part ofthe host's 
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nutritional needs. There are two ways this could 
be accomplished, either as a result of continu
ous growth followed by digestion ofthe bacteria 
by the host, somewhat like an internal che
mostat culture, or as a result of excretion of 
reduced carbon compounds by the bacterial 
symbionts, followed by incorporation into the 
host's metabolism. 

Several ultrastructural studies have demon
strated that bacteria are indeed digested by their 
hosts. Bosch and Grasse (1984), deBurgh et al. 
(1985), and Hand (1987) found aseries of de
generative stages ofbacteria within the tropho
some of the tubeworm Riftia pachyptila where, 
in a gradient from the periphery of the tropho
some lobules towards their center, the sym
bionts degenerate progressively and form mye
lin-like bodies in the centers of the lobules. 
Similar observations of lysosomal digestion 
have been reported for the hydrothermal vent 
mussei Bathymodiolus thermophilus (Fiala-Me
dioni et al., 1986) and the vent clam Calypto
gena magnifica (Fiala-Medioni et al., 1990). 
The quantitative significance of these observa
tions is however unclear. If the bacterial con
tribution made by this process were significant, 
one would expect to see large numbers of di
viding bacteria to replenish their stock. This, 
however, has not been observed to date, sug
gesting that the digestion of the symbionts may 
simply be due to "housekeeping", as has been 
proposed by deBurgh (1985) or it may be a way 
to provide some essential nutrients that cannot 
be synthesized solely from the excreted prod
ucts of bacterial metabolism. 

The most straightforward way to investigate 
possible transfer of metabolites between sym
biotie partners is to ',bserve the movement of 
labeled tracers between the partners. This teeh
nique has been used in ease of the symbiosis 
with chemoautotrophic bacteria in a variety of 
studies. Initial studies with the gutless clam So
lemya reidi and the tubeworm Riftia pachyptila 
(Felbeek, 1983; Felbeek and Somero, 1983) suf
fered from the lack of a suitable technique to 
separate the baeteria from host tissue. It was, 
therefore, difficult to separate the radioactive 
labeling patterns for metabolie pathways from 
host or symbiont. Since then, however, a tech
nique has been developed by Distel and Felbeck 
(1988a) to purify the symbionts quickly from 
host tissue and to incubate them individually 
or to separate them quickly after an experiment 
before further proeessing of the tissues. This 
method could be used suceessfully for sulfur
oxidizing symbionts because these symbionts 
contain inclusions composed of elemental sul
fur (sp. gr. 2.05-2.09), which increase their 
buoyant density. Thus, sulfur-oxidizing sym-
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biont eells typically exceed 1.1 g/ml in density 
and can be separated from the less-dense host 
cells and cell constituents. Symbiont cells pur
ified by this method remain physiologically ac
tive for several hours. Distel and Felbeck 
(1988b) found that purified baeteria from the 
clam Lucinoma aequizonata ean incorporate 
radioactivity from external CO2 into reduced 
organic compounds, mainly aspartate and mal
ate. 

Fisher and Childress (1986) demonstrated, 
using autoradiographic techniques, that the in
itially very high fraction of the fixed radioac
tivity incorporated into symbiont-containing 
tissues ofthe clam Solemya reidi decreased sub
stantially after extended ehase periods of up to 
5 days. Concomitant to this decrease, an in
crease in labeling of symbiont-free tissues was 
noted, e.g., in mantle or foot tissue. Their re
sults showed clearly that a translocation offixed 
carbon takes plaee between the bacteria and the 
host but they cannot distinguish between a 
translocation through transfer of low-molecu
lar-weight organic material or a lysis ofthe bac
teria. Again, however, it is very difficult to es
timate the quantitative importance from these 
data. Their published value of 45% of the car
bon originating from the bacteria can at best be 
viewed as a rough estimate, because ofthe large 
margins of error in the data used for the eal
culation. Reeently, however, it was shown by 
Anderson et al. (1987) that Solemya reidi has 
the ability for net CO2 uptake from the envi
ronment. Under certain environmental condi
tions, the concentration of CO2 in the environ
ment deereased, proving that the clams fixed 
more earbon from CO2 than was released due 
to the sum of all other metabolie processes. This 
result again supports the conclusion that sym
biotic bacteria enable this gutless clam to live 
by fixing inorganic carbon from the surrounding 
seawater. 

Data on the metabolic interactions of annelid 
symbioses are relatively scarce. Studies with the 
symbiont-containing oligochaetes were ham
pered by the small size of the animals (150 ~m 
thiek and about 1 em long) beeause they had to 
be collected individually. Felbeek et al. (1982) 
demonstrated that this animal/bacteria sym
biosis was probably chemoautotrophic and sul
fur oxidizing. Results of experiments using ra
diolabeled CO2 showed an incorporation of 
label into organic acids and sugar phosphates. 
Also, Giere et al. (1988) found an increase in 
the CO2 fixation rate of these animals when 
thiosulfate was added to the incubation me
dium, suggesting that this sulfur species may be 
a substrate for the bacteria. 
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The main problem with experiments using 
the two polychaete Alvinella species is that no 
method has yet been found to keep them alive 
after they are removed from their habitat at 
2,500 m depth. Thus, experimentation has been 
restricted to in situ studies and observations on 
tissues. The characteristic enzyme ofthe Calvin 
cycle, ribulose-bisphosphate carboxylase, has 
been detected in extracts of the episymbiotic 
bacteria, and incubations with radiolabeled CO2 

showed a significant incorporation in some of 
the bacterial species. Aside from this indication 
of autotrophy, however, studies on the uptake 
of labeled thymidine suggested the existence of 
facultative heterotrophy (Alayse-Danet et al. , 
1987). The nature of this symbiosis is not yet 
clearly understood. Some morphological fea
tures of the host appear to be specializations for 
metabolic interactions between the symbiotic 
partners, but comparisons of labeling patterns 
in the Alvinella species with a closely related 
species without symbionts showed no differ
ences (Alayse-Danet et al., 1987). 

Physiological Studies 

Physiological studies can be used to demon
strate how the intracellular symbionts obtain 
nutrients and how their metabolism is stimu
lated by the condition of the external environ
ment. Reduced sulfur compounds and oxygen 
must be transported to the bacteriocytes, and 
the symbionts' habitat must be tightly con
trolled to prevent excessive growth of this bac
terial "culture." The bacterial symbionts ofthe 
various marine invertebrates are "housed" in 
several distinctive ways, and different mecha
nisms are utilized to create environments suit
able for the bacteria. We will, therefore, discuss 
the various symbioses according to the host in
volved. 

VESTIMENTIFERA AND POGONOPHORA. The sym
bioses in these tubeworms are fairly similar; in 
both cases, the bacteria are housed in a tissue 
inside of the worm's body, i.e., everything has 
to be transported to this organ via the closed 
circulatory system and the blood (Jones, 1988; 
Southward, 1982). This fact made the blood of 
these animals an early subject for investigation 
of transport mechanisms, especially for a way 
to carry sulfide from the environment to the 
"trophosome" (Arp and Childress, 1983). A 
complication of this transport is that sulfide is 
extremely poisonous to aerobic eukaryotic or
ganisms because of the inhibition of cyto
chrome c oxidase, the terminal enzyme of the 
respiratory chain and due to the conversion of 
hemoglobin to sulfhemoglobin, which is unable 

Prokaryotic Symbionts of Marine Invertebrates 3897 

to carry oxygen. Oxygen therefore, cannot sim
ply be carried to the tissues in solution but has 
to be bound or otherwise detoxified to allow its 
transport through and contact with the host tis
sues. These animals are unique in that their 
hemoglobin is able to bind sulfide tightly with
out undergoing an irreversible chemical reac
tion, thus preventing its release into the host 
tissue (Arp and Childress, 1983). This binding 
is reversible, thus allowing transport from the 
outside medium to the symbionts. In addition, 
the blood is able to concentrate sulfide from 
nanomolar concentrations in the environment 
to millimolar levels (sum ofbound and free sul
fide) within the blood. The sulfide is very stable 
when bound to the freely dissolved hemoglobin 
in the blood, in contrast to the unbound form 
of sulfide, which is extremely reactive and is 
readily oxidized by oxygen. The binding site on 
the hemoglobin is on the nonheme portion of 
the molecule. It is not yet understood how the 
hemoglobin is triggered to release the sulfide 
again in the symbiont-containing organ, but it 
has been shown that sulfide is released in the 
presence of symbiotic bacteria. 

This binding and transport mechanism also 
has several advantages for the bacterial sym
bionts. Fisher et al. (1988) demonstrated an in
hibition ofC02 fixation in crude symbiont prep
arations by sulfide concentrations of more than 
100 J.LM, while lower concentrations increased 
the fixation rate. In the presence of blood, no 
inhibition ofthe fixation was observed until the 
blood-binding capacity was saturated with sul
fide. At higher concentrations sulfide was again 
highly inhibitory. These results suggest that the 
blood acts as a buffer for sulfide providing a 
relatively constant controlled level in the im
mediate environment of the bacteria. The pool 
of sulfide is high due to the total bound sulfide 
in the blood but the concentration offree sulfide 
is in a favorable range for the bacteria. 

BIVALVES. Only three bivalve species have been 
investigated for mechanisms by which suitable 
environments for their bacterial symbionts are 
maintained, Calyptogena magnifica, Lucinoma 
aequizonata, and the gutless clam Solemya 
reidi. All three differ from each other in im
portant ways as to how they ensure sulfide, ox
ygen, and carbon dioxide supplies to the bac
teria. 

Calyptogena magnifica is found at hydroth
ermal vents, usually at greater distances from 
the vents than Riftia pachyptila. Frequently, 
these clams can be observed wedged into cracks 
in the sea floor where warm water with sulfide 
is emitted. It has been suggested that the ani
mals concentrate sulfide through their foot, 
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which they extend deep into the fissures. This 
behavior enables them to gain direct access to 
the outflowing sulfide-laden water rather than 
having to concentrate sulfide from the sur
rounding water where much lower sulfide con
centrations are present. A large fraction of the 
body weight of the bivalves is formed by blood 
containing hemoglobin within erythrocytes for 
oxygen transport. In addition, a large nonheme 
serum protein is present whieh is able to bind 
sulfide and may function as its transport pro
tein. Unlike that of Ri/tia pachyptila, the he
moglobin of C. magnifica is easily poisoned by 
sulfide resulting in the formation of sulfhemo
globin and inability to bind oxygen. Due to the 
presence of the sulfide-binding protein a high 
affinity for sulfide, the clam's blood shows no 
indication of sulfhemoglobin in vivo. Since the 
bacteria in the gill cells live in close proximity 
to the environment, no elaborate transport 
mechanisms for any other substances appear to 
be necessary. 

The bivalve Lucinoma aequizonata is col
lected in the Santa Barbara (CA) channel at a 
depth close to the interface of a hypoxie basin 
with the overlying oxygen rich waters. The hab
itat is unusual because the local oxygen con
centrations are very low «20~M) and almost 
no sulfide, either bound as metal sulfide or free, 
is detectable. The bacteria, however, appear to 
be sulfur oxidizers because they accumulate el
emental sulfur in high concentrations. In ad
dition, the clams have no apparent mechanism 
to concentrate sulfide. This puzzling situation 
may be explained by the presence of pockets of 
sulfidic mud in the proximity ofthe animal; the 
pockets may be accessible through the clam's 
long extendable foot (Cary et al., 1989). Sulfide 
toxicity is avoided in this case through the ac
tion ofa sulfide oxidase capable oftransforming 
sulfide to the much less toxie form ofthiosulfate 
after sulfide enters the body. Thiosulfate levels 
in the blood have been observed to be two or
ders of magnitude higher than the environmen
tal sulfide concentration, suggesting that this 
compound rather than sulfide may be an energy 
source for the bacteria rather than sulfide (Cary 
et al., 1989). 

A similar mechanism to maintain a suitable 
environment for the symbiotic bacteria is used 
by the protobranch clam Solemya reidi, which 
has only been collected so far from areas around 
sewage outfalls and at the outflow of a paper 
mill. In contrast to the previous example, how
ever, both environments are characterized by 
extremely high concentrations of sulfide (several 
millimolar). No sulfide-binding protein has 
been found in the animal. In parallel to the case 
of Lucinoma aequizonata, the sulfide is oxi-
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dized to thiosulfate by a sulfide oxidase in the 
host tissue and then used by the symbionts. An
other unusual aspect of this symbiosis is that, 
in addition to the action of this enzyme, intact 
host mitochondria are able to oxidize sulfide to 
thiosulfate, thus producing ATP. 

Solemya reidi is the bivalve that has been best 
investigated for the uptake of substances from 
the environment. Anderson et al. (1987) have 
studied in detail the net flux of sulfide, CO2, 

and oxygen by live Solemya reidi under a va
riety of conditions. The presence of relatively 
low levels ofsulfide (50-100 ~M) or thiosulfate 
(250-350 ~M) stimulated the net uptake ofC02 

from the incubation water, while higher con
centrations of sulfide (250-500 ~M) inhibited 
aerobie respiration and halted net CO2 uptake. 
This latter phenomenon is most likely due to a 
partial poisoning of the aerobic metabolism of 
the host caused by a shortage of oxygen for sul
fide detoxification. 

Symbioses with Methane
Oxidizing and Cellulolytic Bacteria 

Much less is known of the two other kinds of 
bacterial symbiosis found to date in the deep 
sea. Two bivalve species (closely related to the 
hydrothermal vent mussei Bathymodiolus ther
mophilus that has sulfur-oxidizing bacteria) and 
a pogonophoran species have been shown to 
contain methane-oxidizing bacteria. 

As with the sulfur-oxidizing types, the meth
ane-oxidizing symbionts of the bivalve species 
are incorporated in the giH ceHs and have a sim
ilar morphology, i.e., they are surrounded by a 
host membrane and are located in bacteriocyte 
cells at the surface of the gills. Fisher et al. 
(1987) describe one type of bacterium seen in 
the seep mussei, which is spherical and ap
proximately 0.7 to 2.0 ~m in diameter. It is 
characterized by many stacked intracellular 
membranes like those found in Type I meth
anotrophs. Cavanaugh et al. (1987) describe two 
different types of bacteria in a mussei from the 
Florida escarpment seeps, large coccoid-shaped 
or rod-shaped cells about 1.6 ~m in diameter 
containing intracellular membrane stacks, and 
a small coccoid or rod-shaped type without in
ternal membranes. 

That these bacteria indeed oxidize methane 
in situ is shown by the presence of methanol 
dehydrogenase in cell extracts, a characteristic 
enzyme ofthe methylotrophic pathway, and by 
the incorporation and consumption of labeled 
CH4• Cary et al. (1988) could also demonstrate 
that this mussei species from the Louisiana 
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coast was able to grow with methane as sole 
carbon and energy source. In addition, the sta
ble isotope ratios found in both of the musseis 
were indieative of methane as a carbon source. 
The methane used in situ originates from sev
eral possible sources, and these sources differ in 
the two sites where the musseis have been 
found. In the oil fields offthe coast ofLouisiana, 
the methane originates mainly from thermo
genie processes (03/02 > -45%0), i.e., gener
ated by geological processes, and biogenie 
sources (C13/CI2 < -60%0), i.e., generated by 
bacterial sources. For most of the specimens 
tested the value of CJ3 /02 varied from - 40 to 
- 58%0, showing origin from both sources, but 
thermogenic origin predominated (see "Stable 
Isotope Ratios," this chapter) (Brooks et al., 
1987). In contrast, the mussei found at the Flor
ida escarpment site where brine seeps out ofthe 
sea floor uses mostly biogenic methane gener
ated by bacteria in the surrounding muds (Cary 
et al., 1989). 

Since methane is nontoxic, mechanisms like 
that in the sulfide-oxidizing symbioses to avoid 
poisoning are not necessary. 

One species of pogonophoran tubeworm, Si
boglinum poseidoni from the central Skagerak 
elose to Denmark, has been shown to have 
methane-oxidizing symbionts in "trophosome" 
cells. The Gram-negative rod-shaped bacteria 
are 1-1.5 ~m wide and 2.0-4.0 ~m long. They 
contain numerous membrane stacks and lipid
like storage products. Methylotrophy could be 
demonstrated by the uptake, metabolism, and 
incorporation of radiolabeled methane 
(Schmaljohann, 1987; Schmaljohann and Flü
gel, 1987). 

The third type ofbacterial symbiosis with in
vertebrates covered in this chapter is the one 
found in several wood-boring bivalve species 
(shipworms) of the family Teredinidae. Using 
electron mieroscopy, Popharn and Dickson 
(1973) observed bacteria in a region ofthe gills 
of these species referred to as the gland of De
shayes. The bacteria are Gram-negative vi
brioid rods of about 0.4-0.6 ~m X 3-6 ~m and 
typically contain phase-dark material at the ap
ical regions. These bacteria provide the enzyme 
for cellulose digestion, cellulase, and also the 
nitrogen-fixing enzyme, nitrogenase (Waterbury 
et al., 1983). In addition, Trytek and Allen 
(1980) demonstrated, using labeled glucose, that 
the bacteria synthesize some amino acids that 
may be essential for the host. These character
istics of the symbionts enable the shipworms to 
survive on a pure wood diet without any ad
ditional carbon or nitrogen source (Gallager et 
al., 1981). 
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Culture and Isolation of 
Bacterial Endosymbionts 

To date, the bacteria involved in the symbioses 
described above have been identified primarily 
only by their association with the respective eu
karyotic host species in which they are found, 
e.g., the symbionts of the tubeworm Ri/tia pa
chyptila have been known only as "Riftia sym
bionts." However, progress is being made 
toward identifying and studying these sym
bionts as organisms in their own right. 

Before a prokaryotie endosymbiont species 
can be adequately identified and characterized, 
the symbiont cells (or informational macro
molecules from the symbionts) must be sepa
rated from host cells. Two approaches have been 
successfully applied: the first is pure culture of 
the symbionts in vitro and the second is char
acterization of the symbionts or the symbiont's 
nueleic acid from the host cells and cell con
stituents after purification by mechanical 
means. 

Pure culture of endosymbiotic bacteria is no
toriously difficult. Lack of information relating 
to the intracellular environment of the sym
bionts, the evolutionary loss offunctions essen
tial for free-living existence, and insufficient 
knowledge of effective selection factors are some 
of the obstaeles that hinder pure culture of en
dosymbionts. The most formidable difficulty, 
however, is the problem of demonstrating the 
authenticity of the putative symbiont strains 
once they have been isolated. Traditionally, se
rial dilution and the presence of diagnostic phe
notypic traits have been the best lines of evi
dence available. Symbionts, which are typically 
present in the bacteriocyte tissues at densities 
of about 108 to 109 cells per gram (Cavanaugh, 
1985), should be expected to be isolated con
sistently from dilutions of 10-6 or greater (as
suming one symbiont cell in 100-1,000 remains 
viable after host cell disruption). Furthermore, 
the same strains would not be expected to be 
isolated from similar dilutions made from host 
tissues that do not contain symbionts or from 
water or sediment sampies from the environ
ment surrounding the host organism. The pres
ence of the same phenotypic determinants in 
both the symbiont-containing tissues and in the 
cells of the putative symbiont isolates has also 
been presented as evidence to authenticate pu
tative symbiont isolates. These inelude unique 
morphological traits and enzymes diagnostic of 
specific metabolic pathways. As we will point 
out below, each of these types of evidence has 
proven individually unreliable. Therefore, both 
types of data in concert should be considered 
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the minimum supportive evidence to demon
strate the authenticity of a putative symbiont 
isolate. More recently, direct lines of evidence 
have been employed to determine whether pu
tative symbiont strains are genuine. The most 
successful of these has been the comparison of 
molecular sequences of rRNA and, still more 
recently, the hybridization of specific oligonuc
leotide probes to rRNA. Such direct evidence, 
when presented in concordance with traditional 
data, provides the most comprehensive means 
of determining if a given isolate is indeed a gen
uine symbiont species. 

A number of bacterial strains have been iso
lated from homogenates ofhost bacteriocyte tis
sues. These hosts include Riftia pachyptila (J an
nasch and Nelson, 1984), Lucinoma borealis, 
Myrtea spinijera, Thyasira flexuosa, T. sarsi 
(Wood and Kelly, 1989), Siboglinum poseidoni 
(Schmaljohann and Flügel, 1987), and several 
wood-boring clams from the family Teredinidae 
(Waterbury et al., 1983). Ofthese, only the latter 
isolates meet the minimum criteria for authen
ticity previously described. 

In the case of Riftia pachyptila, Jannasch and 
Nelson (1984) report isolating from trophosome 
tissue five bacterial strains at dilutions greater 
than 10-5• Of these strains, two showed growth 
enhancement with addition of sulfide, two with 
addition ofthiosulfate, and one (the only isolate 
with similar morphology to the R. pachyptila 
trophosome symbiont) proved to be a hydrogen 
oxidizer. However, analysis of the 5S rRNA se
quences of the R. pachyptila trophosome sym
bionts and these putative symbiont isolates has 
demonstrated that none of these isolates are 
clOsely related to the authentic trophosome 
symbiont (Jannasch and Nelson, 1984). Wood 
and Kelly (1989) have reported isolation of 
seven bacterial strains from the gills of four bi
valve species including: L. borealis (family: Lu
cinidae), T. flexuosa, T. sarsi, and M. spinijera 
(family: Thyasiridae). Of the seven isolates, 
only one (from L. borealis) was autotrophic and 
capable of oxidizing thiosulfate, while the re
maining six were methylotrophic. All four of 
these host species have been shown to contain 
ribulose-bisphosphate carboxylase (an enzyme 
diagnostic of autotrophie carbon fixation via the 
calvin cycle) in their gills. APS reductase has 
also been detected in all four hosts, and ATP 
sulfurylase has been found in all but L. borealis. 
This combination of enzymes is strongly indjc
ative ofsulfur-based chemoautotrophy. None of 
these host species have been shown to contain 
enzymes typieal of methylotrophic metabolism 
in their bacteriocyte tissues. 

Methylotrophic symbionts described to date 
have contained complex arrays of stacked in-
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ternal membranes. Such membranes are lack
ing in the symbionts of these four species. Fur
thermore, serial dilution data are lacking for the 
isolates from these hosts. No evidence has been 
provided that these same strains could be con
sistently isolated from more than a single spec
imen at a given dilution or that these strains 
were not isolated from symbiont-free host tis
sues. In fact, a number of different bacterial 
strains were isolated from one host species when 
specimens were taken from different locations. 
Thus, although it is likely that these bacterial 
strains are associated with the host species in 
so me way, there is currently no evidence to sug
gest that these isolates are actually the sym
bionts observed in the gills ofthese host species. 
In fact, enzymatic and morphological evidence 
suggests that they are not. Schmaljohann and 
Flügel (1987) have reported the isolation of a 
methylotrophic isolate from the sm all pogo
nophoran, Siboglinum poseidoni. Again, serial 
dilution evidence is lacking, but the authors 
have demonstrated that the host bacteriocyte 
tissue and intact host animals are capable of 
incorporating CH4 and that both the isolate and 
the bacteria in the host tissue have similar co m
plex membrane stacks and lipid storage depos
its. Waterbury et al. (1983) have reported iso
lation of a single species of cellulolytic/nitrogen
fixing bacteria from gill homogenates from six 
species of teredinid bivalves. This bacterium 
could be repeatedly isolated from dilutions in 
excess of 10-7 from a number of different spec
imens of each species, and it has been shown 
that cellulase and nitrogenase activities coexist 
in both the host tissue and in the putative sym
biont isolates. These enzyme activities are not 
known to occur in animal cells and have only 
rarely been seen to coexist in bacteria. Analysis 
of 16S rRNA sequences from four species from 
four morphologically diverse teredinid genera 
showed that these isolates were identical with 
respect to this molecular sequence, although the 
host specimens were taxonomically widely di
vergent and were collected from the coasts of 
Massachusetts, Florida, California, and Aus
tralia respectively (Distel, 1990). Specific oli
gonucleotide probes based on the 16S rRNA se
quence determined from these putative 
symbiont isolates were demonstrated by dot
blot assay to hybridize with bulk rRNA purified 
from intact shipworm gills but not with rRNA 
purified from three bacterial species known by 
16S rRNA sequence to be closelY related to the 
shipworm isolate. Finally, this same oligonuc
leotide probe was shown to hybridize in situ 
with the ribosomal RNA of the symbionts 
within thin sections of host tissue but not with 
other tissues of the host animal (Distel, 1990). 
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The teredinid symbiont isolates are the only pu
tative symbiont isolates discussed which we 
consider to be authenticated. 

The shipworm symbiont has been placed in 
the new genus and species Teredinibacter tur
nerae (Waterbury et al., in preparation), and iso
lates have been characterized extensively in 
terms of substrate utilization and growth char
acteristics. Optimum conditions for growth of 
the symbionts in pure culture are between 30-
35°C, pR 8.5, and NaCI concentrations ofO.3-
0.4 M. The isolates are able to grow with cel
lulose as the sole source of reduced carbon, and 
with dinitrogen as the sole nitrogen source. The 
symbionts are microaerophilic. Growth does 
not occur in vigorously shaken cultures if com
bined nitrogen is not provided, apparently due 
to the poisoning of the nitrogenase by oxygen. 
Growth in liquid cultures is accompanied by a 
decline in the pR of the medium due to the 
excretion of substantial quantities of organic 
acids, including succinate and formic acid 
(Green and Freer, 1986). 

Teredinibacter turnerae cells are Gram-neg
ative curved rods that are motile by virtue of a 
single polar unsheathed flagellum. Flagella are 
expressed only in the cultured symbionts and 
are seen whether these cells are grown in liquid 
or on solid media. Flagella are apparently not 
expressed by cells within the host tissue. Analy
sis of 16S rRNA sequences places Teredinzbac
ter turnerae in the gamma subdivision of the 
proteo bacteria. Oceanospirillum linum is 
among the species most closely related to T. tur
nerae although this relationship is relatively dis
tant (Distel, 1990). 

Characterization Without Pure Culture 

A variety of methods have been used to attempt 
to identify and to characterize endosymbionts 
of marine invertebrates without growing them 
in pure culture. Aprerequisite for these meth
ods was the ability to concentrate or purify sym
biont cells or symbiont nucleic acids from ho
mogenates of symbiont-containing host tissues. 

Belkin and Nelson (1985) used differential 
centrifugation to achieve a "partial fractiona
tion" of the gills of Bathymodiolus thermo
phi/uso A low-speed (3,000 X g) centrifugation 
was performed to remove large cellular debris 
from gill homogenates, followed by a high-speed 
centrifugation (15,000 X g) to pellet the sym
biont cells. This resulted in apreparation that 
was enriched in symbiont cells. This was de
termined by the relative enrichment for rapidly 
renaturing DNA that was higher in GC content 
than was the genomic DNA from host tissues 
containing no symbionts. Gross incorporation 
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of 14C-Iabeled bicarbonate was also increased 
three-fold in this fraction in comparison to total 
gill homogenate. Gross incorporation of 14C-Ia
beled bicarbonate by these "bacterial" prepa
rations occurred at a maximum rate at tem
peratures between 12-15°C. On this basis, the 
authors suggest that the symbionts of B. ther
mophilus are psychrophilic. Incorporation of 
14C-Iabeled bicarbonate occurred only under 
aerobic conditions in the symbiont-enriched 
preparations and ceased when sam pies were 
stripped of oxygen. Rates of carbon incorpo
ration were not sensitive to pressures up to 250 
atm. Thiosulfate but not sulfide was shown to 
stimulate carbon fixation in gill homogenate 
from B. thermophilus. No data, however, were 
presented for the "purified" symbiont prepa
ration. These "purified" symbiont preparations 
were not examined for physical integrity of the 
symbiont cells nor for contamination by host 
cells and cell constituents. Also, the com
pounds, into which labeled carbon was incor
porated, were not identified. Therefore, it can
not be concluded from these results that the 
incorporation observed was due to a pathway 
capable of net carbon fixation. In Lucinoma ae
quizonata, a considerable amount of labeled 
carbon is incorporated by both the host and 
symbiont cells via equilibrium exchange 
through pathways that are not capable of net 
carbon fixation (Distel and Felbeck, 1988b). 
Such pathways could easily account for all of 
the label uptake reported here. Finally, it should 
be noted that the thiosulfate stimulation re
ported here is based on a single data point. If 
this single measurement were erroneous, no 
trend would be seen in the data. 

Distel and Felbeck (1988a) purified and sep
arated the symbiont cells from host tissue by 
means of centrifugation through density gra
dients. This method is successful for sulfur-ox
idizing symbionts because these symbionts con
tain inclusions composed of elemental sulfur 
(sp. gr. 2.05-2.09), which increase their buoyant 
density. Symbiont cells purified by this method 
were shown by light and electron microscopy, 
as weH as by enzymatic and biochemical cri
teria, to be intact and largely free of host ceH 
contamination, and to remain physiologicaHy 
active for several hours. This preparation was 
used to examine the pathway of carbon fixation 
in the symbiont cells from Lucinoma aequizon
ata and to determine the individual contribu
tions of host tissue and symbiont tissue to the 
carbon metabolism ofthe intact symbiosis (Dis
tel and Felbeck, 1988b). 

The compounds into which carbon from 14C_ 
labeled bicarbonate were incorporated by pur-
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ified symbionts were aspartate, 3-phosphogly
cerate, malate, and citrate, in an approximate 
ratio of 80: 15:5:2. When the symbionts were 
exposed to labeled bicarbonate while still within 
the host tissues and then were subsequently pur
ified, they incorporated labeled carbon into the 
same compounds in approximately the same ra
tios. The appearance of labeled carbon in 3-
phosphoglycerate and the analysis of the posi
tion of label incorporation in citrate confirmed 
that some of the observed carbon fixation oc
curred via ribulose-bisphosphate carboxylase. 
This indicates that at least a portion of the ob
served carbon fixation occurred via Calvin cycle 
reactions that are capable ofnet carbon fixation. 
However, the majority of the carbon fixation 
detected (carbon fixation into the 4-carbon po
sition in aspartate) occurred via other pathways. 
Pulse-chase experiments suggest that so me of 
the carbon initially incorporated into aspartate 
may subsequently enter the Calvin cycle in a 
manner analogous to that of aspartate/C-4-pho
tosynthetic carbon fixation in plants. 

Wilmot and Vetter (1990) have used purified 
symbiont preparations to demonstrate that the 
symbionts of Riftia pachyptila are unusual 
among sulfur-oxidizing bacteria in being "sul
fide specialists," i.e., these bacteria are capable 
of metabolizing sulfide but not thiosulfate or 
sulfite as their sole energy source. The bacteria 
can utilize sulfide over a broad range of con
centrations (55 MM-2 mM), but maximum 
stimulation of respiratory rate occurred at con
centrations above 1.0 mM. The symbionts, 
which appeared to be microaerophilic, showed 
no inhibition of oxygen consumption even in 
relatively high concentrations of sulfide (up to 
2.0 mM), which would be inhibitory' to most 
sulfur bacteria. R. pachyptila symbionts can ox
idize sulfide completely to sulfate, although in 
short incubations the majority of sulfide is ox
idized only to elemental sulfur. 

Still another approach to the characterization 
of as-yet-unculturable symbionts has been the 
analysis of symbiont nucleic acids. Stahl et al. 
(1984) characterized the symbionts ofthree sul
fur-oxidizing symbioses by comparing the mo
lecular sequences ofthe symbiont 5S ribosomal 
RNA with sequences of known free-living bac
teria. The host and symbiont 5S rRNAs were 
extracted from intact symbiont-containing host 
tissue and then were separated by electropho
resis on polyacrylamide gels. The symbiont 5S 
rRNAs were then sequenced by enzymatic and 
chemical digestion from both termini. Sym
bionts from R. pachyptila, Calyptogena mag
nifica (from the Galapagos hydrothermal 
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vents), and Solemya velum (from tidal flats in 
Bourne, MA) were examined. These symbionts 
proved to be members of the gamma subdivi
sion of the proteobacteria. Two-dimensional gel 
electrophoresis of 32p end-Iabeled symbiont 5S 
rRNAs gave evidence of only a single symbiont 
type in each host species. 

Distel et al. (1988) purified 16S ribosomal 
RNAs from the symbionts of six sulfur-oxidiz
ing symbiotic hosts and used the RNAs to char
acterize the symbionts phylogenetically (Distel 
et al. , 1988). These hosts included Riftia pa
chyptila, Calyptogena magnifica, and Bathy
modiolus thermophilus (from the Galapagos hy
drothermal vent site), as weIl as Lucinoma 
aequizonata, L. annulata (from the coast ofCal
ifornia), and Codakia orbicularis (from the Ba
hamas). The results ofthis study are in general 
agreement with the results of Stahl et al. (1984) 
based on analysis of 5S rRNA sequences. How
ever, the 16S rRNA molecule (1,500 nucleo
tides) is considerably larger and has more in
formation than the 5S rRNA (120 nucleotides). 
Therefore, analyses of 16S rRNAs allow finer 
resolution of phylogenetic relationships. Also, 
the scope of the investigation was broadened to 
include several additional symbionts, and mul
tiple sam pies of each specimen were examined. 
This allowed comparison of symbiont popula
tions within individual host species as weIl as 
among different host species. A summary of the 
results is given in Fig. 3. All of the sulfur-oxi
dizing symbionts examined fall into a restricted 
cluster within the gamma subdivision of the 
proteobacteria (Wilmot and Vetter, 1990). No 
free-living bacterial species are yet known that 
clearly fall within this symbiont cluster. The 
closest free-living relative known is Thiomi
crospira species L-12 (Ruby and Jannasch, 
1982), a sulfur-oxidizing obligate chemolitho
troph that was isolated from the Galapagos 
deep-sea hydrothermal vent site. There is con
siderable diversity among the symbionts ex
amined. Two distinct subgroups have been 
identified, one containing the symbionts of the 
lucinid clams and of Riftia pachyptila and a 
second containing the symbionts of Bathymo
diolus thermophilus and Calyptogena magnifica 
(see Fig. 3). Each of the sulfur-oxidizing sym
biotic hosts examined to date has its own 
unique symbiont species. When separate spec
imens of the same host species were examined, 
they were found to contain symbionts identical 
with respect to 16S rRNA sequence. These re
sults are in agreement with previous examina
tion ofthe 5S rRNA sequences of R. pachyptila, 
C. magnifica, and Solemya reidi, where only a 
single symbiont sequence was detected in each 
host. 
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Fig. 3. The 16S rRNA-based phylogeny of invertebrate-associated symbiotic bacteria. All of the bacteria belong to the 
proteobacteria. This tree is a simplified version of a larger one that inc1uded additional, unpublished sequences. The 
horizontal components of the tree branches represent the estimated number of nuc1eotide substitutions per sequence 
position (see the scale on the horizontal axis). (From Distel et al., 1988.) 

The symbionts of R. pachyptila have been ex
amined by analysis ofthermal denaturation ki
netics (Nelson et al., 1984) and by DNA-DNA 
hybridization (Edwards, 1989) of total genomic 
DNA extracted from trophosome tissue. Ther
mal denaturation kinetics are consistent with a 
symbiont population in the trophosome of R. 
pachyptila that is homogeneous and composed 
of a single type of prokaryotic cello The sym
biont DNA was estimated to have a Ge content 
of about 58 mol% and a genome size of about 
2.1 X 109 Daltons (Nelson et al. , 1984). Ed
wards (1989) used esel gradients to separate 
the genomic DNA of the symbionts of R. pa
chyptila from that of the host cells. This was 
possible because of the large difference in Ge 
content between the symbionts (58 mol%) and 
the host (34 mol%). DNA-DNA hybridization 
experiments indicated that there was little var
iation between the symbionts of R. pachyptila 
specimens from a given site. Estimates of se
quence relatedness were based on relative bind
ing ratios (RBR) of total genomic DNA. The 
RBR was defined by comparison to the degree 
ofbinding ofthe reference DNA to itself, which 
was considered to be 100%. RBRs for specimens 
collected within each vent site were from 91-
102%. These values are well within the range 

typically associated with a single prokaryotic 
species indicating that only a single symbiont 
species was present in all specimens. R. pa
chyptila symbiont DNA from specimens from 
distantly separated sites showed a degree of se
quence similarity that was not significantly dif
ferent from that found in specimens from 
within any single site. The sites examined were 
the Galapagos, l3°N, and Guaymas Basin hy
drotherma1 vent fie1ds. Each site is separated by 
at least several hundred miles. Thus, in agree
ment with rRNA-based analyses (Distel et al., 
1988; Stahl et al. , 1984), the symbionts of R. 
pachyptila appear to represent a single species 
that is specifically associated with this host re
gardless of local environment. 

The symbionts oftwo other vestimentiferans, 
Tevnia species and Lamellibrachia species were 
also compared to R. pachyptila symbionts in 
this study. The Tevnia symbionts appear to be 
very closely related to the R. pachyptila sym
bionts, differing at a level (RBR = 76%) high 
enough to be attributed to strain differences 
within a single species. Lamellibrachia sym
bionts, on the other hand, had RBR values con
siderably lower than this (RBR = 11%) indi
cating that this symbiont is not closely re1ated 
to those of Ternia. 
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Prokaryotic Symbionts of the Aphid 

DAVID L. GUTNICK 

All aphids have an intimate association with 
prokaryotic symbionts (Buchner, 1965; Houk, 
1987). These symbionts are housed in special
ized cells termed mycetocytes, which aggregate 
to form a subcellular organelle, the mycetome 
(Houk and Griffiths, 1980). While mycetocytes 
generally contain only one type of symbiont, the 
entire mycetomal population may consist of 
two or at most, three different symbionts 
(Houk, 1987). For example, the pea aphid 
(Acyrthosiphon pisum Harris) contains two en
dosymbionts designated the primary (P) sym
biont and secondary (S) symbiont (Griffiths and 
Beck, 1973; McLean and Houk, 1973; Fig. 1). 
The P symbiont is the predominant organism 
and is located in the mycetocyte while the S 
symbiont, when present, is located in the sheath 
ceHs surrounding the mycetome. Within the 
mycetocyte, the P symbionts are found exclu
sively in vacuoles (Houk and Griffiths, 1980). 

Evidence as to the prokaryotic nature of the 
endosymbiont population sterns from morpho
logical (Buchner, 1965; McLean and Houk, 
1973; Griffiths and Beck, 1973), chemical 
(Houk and Griffiths, 1980; Houk, 1974a; Houk 
et al. , 1977), nutritional (Dadd et. al. , 1967; 
Dadd and Mittler, 1966), biochemical (Houk et 
al. , 1976; Ishikawa, 1982a, 1982b, 1982c), and 
molecular biological studies (Houk et al., 1980; 
Ishikawa, 1982a, 1984a, 1987; Unterman et al., 
1989). 

Almost aH types of aphid symbionts have two 
peripheral membranes. In addition, they aH ap
pe ar to reproduce by binary fission. The outer 
membrane is a fluid structure (Hinde, 1971 b) 
capable of forming the characteristic blebs ob
served on the cell surface of typical Gram-neg
ative eubacteria. Moreover, when pea aphids 
were fed an artificial diet supplemented with 
penicillin, this led to alternations in the outer 
envelope of both P and S symbionts, resulting 
in the accumulation of an electron-opaque ma
terial in the putative periplasm (the space be
tween the two membranes) (Griffiths and Beck, 
1973). Finally, peptidoglycan constituents were 
demonstrated both microscopicaHy and by 

chemical analysis (Houk et al. , 1977). In ad
dition to the two membranes, both P and S sym
bionts frequently exhibit an outermost mem
brane, which is an extension of the host-ceH 
endoplasmic reticulum (Griffiths and Beck, 
1973). 

One fascinating feature ofthe microbial sym
biotic relationship within aphids is the trans
mission of the symbiont transovarially into the 
developing eggsjembryos from the mycetocyte 
(Buchner, 1965; Lanham, 1968). The precise 
mechanism of this transmission from genera
tion to generation is unknown. Microscopic 
studies have indicated that as the embryo 
reaches the blastula stage the symbionts are re
leased from mycetocytes and enter the blastula 
via the blastopore (Buchner, 1965). These sym
bionts are devoid of the host membrane during 
and immediately after entry. In addition, dur
ing this process both the P and S symbionts mix 
together and are extracellular (Hinde, 1971 c). 
The actual infection process itself has not been 
visualized microscopically, suggesting that it 
must occur rather quickly (Hinde, 1971c). 

Aphids can be grown on artificial diets that 
lack required nutrients such as sulfur-contain
ing amino acids, B-type vitamins, and sterols. 
(Dadd et al. , 1967; Dadd and Mittler, 1966; 
Henry, 1962; Hinde, 1971a; Krieger, 1971; Tok
umitsu and Maramorosch, 1966; Turner, 1971, 
1977). Since these materials are not normally 
produced by the aphid, the inference is that they 
are produced by an endosymbiont. The admin
istration of antibiotics to aphids growing on 
such artificial diets generate aposymbiotic 
aphids which become nutritionally deficient 
very quickly, lose their fecundity, and eventu
ally die off (Griffiths and Beck, 1974). Among 
the antibiotics that have been used are the tet
racyclines (Koch, 1968); penicillin (Ehrhardt, 
1968a; Ehrhardt and Schmutterer, 1966; Mit
tler, 1971; Srivastava and Auclair, 1976); strep
tomycin (Ehrhardt and Schmutterer, 1966; Ehr
hardt, 1968a; Mittler, 1971; Srivastava and 
Auclair, 1976); chloramphenicol (Ehrhardt, 
1968a; Mittler, 1971a, 1971 b; Srivastava and 
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Auclair, 1976); neomycin (Srivastava and Au
clair, 1976); and erythromycin (Ehrhardt, 
1968a; Mittler, 1971 a, 1971 b). 

Once techniques for the isolation of endo
symbionts were developed (see "Isolation," this 
chapter) the capacity of the endosymbionts to 
synthesize marcromolecules was shown to be 
sensitive to such antibiotics as nalidixic acid 
(lshikawa, 1982a), rifampicin (Ishikawa, 1982a, 
1982b), and chloramphenicol (Ishikawa, 1982a, 
1982b). The RNA synthesized in the endosym
biont was shown to consist primarily of tRNA, 
5S RNA, and 16S and 23S RNA (Ishikawa, 
1982b). In addition, Houk et al. (1980) reported 
the Ge conte nt of the DNA of pea aphid en
dosymbionts to be as low as 31mol% and con
cluded that this low Ge composition was a re
flection of its intracellular habitat. Similar 
results were obtained by Ishikawa (1987) and 
by Unterm an and Baumann (in press). How
ever, it has recently been shown by the last au
thors that this Ge composition is identical to 
the Ge content of the aphid DNA itself. Thus, 
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Fig. I. Primary (P) and secondary (S) 
endosymbionts from the pea aphid 
Acyrthosiphon pisum. Bar = 1 /oLm . 
(Courtesy of E. J . Houk.) 

determination of the Ge composition of iso
lated DNA is insufficient to establish proof of 
purity, and more sensitive molecular biological 
techniques, such as probing with suitable 
probes, may be required to identify the isolated 
DNA (see "Isolation," this chapter). 

Isolation 

Method of Houk and McLean (1974). 
The isolation of the pea aphid symbionts was achieved 
by Houk and McLean (1974). Myeetoeytes were isolated 
from homogenized adult pea aphids in a hypertonie me
dium and disrupted in a lysis medium (Bruening et al., 
1971) by gently bubbling air through them. The medium 
was supplemented with 1% polyvinyl pyrrolidone (PVP-
40) to prevent cross-linking of proteins due to oxidation 
of any polyphenolic materials. Aphids were wrapped in 
eheesecloth and ground in amortar and pestle eOlltain
ing 3 volumes of isolation buffer per unit weight of 
aphids. The filtrate was eollected, passed through Mir
acloth, and homogenized in a Teflon homogenizer. The 
suspension was then centrifuged at 5,000 g for 15 min. 
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The pellet was redissolved in isolation medium (diluted 
1:1000). The suspension medium was added at a ratio 
of 3:2 (v/w) of the original aphid mass. The symbionts 
were isolated from the suspension by density gradient 
centrifugation using a preformed, discontinuous Ficoll 
gradient (2 to 10%). The gradients were formed by lay
ering four different concentrations of 2, 4, 6, and 10% 
Ficoll respectively in O.OlM phosphate buffer (pH 7.2) 
in the bottom of 50-mi tubes (Houk and McLean, 1974). 
Three ml of suspension medium were used for every 2 
g of aphids and layered carefully on top of the Ficoll 
gradients and centrifuged at 400 g for 10 min. The 
amount ofmateriallayered on the gradient was typically 
equivalent to 2 g of aphids. The region of the gradient 
containing the symbiont fraction was readilly detected 
as a sharp opaque band that could be isolated by as
piration of a 3-ml aliquot with a no. 20 hypodermic 
needle into a sterile syringe. The primary symbiont pop
ulation was found to sediment with a relative mobility 
(Rm ) of 0.60 (calculated as the distance from the me
niscus travelled by the microbial population divided by 
the distance from the meniscus to the bottom of the 
tube). By comparison, Eseheriehia eali was found to 
sediment at an Rm of 0.36 while Streptacoeeus faeealis 
was even smaller and travelled with an Rm of 0.20. The 
gradient fractions were sedimented by centrifugation 
(15,000 g) and examined by electron microscopy. Houk 
and McLean (1974) observed that the symbiont frac
tions prepared as above were contaminated to some ex
tent (between 4.5-6.5% contamination as judged mic
roscopically) with secondary symbionts, mitochondria, 
and membrane fragments. This contamination was de
pendent to some extent on the volume of sam pie re
moved from the Ficoll gradient. It was therefore rec
ommended that the maximum sam pie size be no more 
than 3-4 ml from such a gradient. 

Method ofIshikawa (1982a) 
This is a modified version ofthe original symbiont iso
lation procedure described above. Aphids were lightly 
homogenized in buffer A (.035M Tris-HCl, pH 7.6; 
0.25M sucrose, 0.025M KCI, 0.01 M MgCI2 , I mM di
thiothreitol, 5mM phenylthiourea). The homogenate 
was passed through cheesecloth and centrifuged at 2,500 
rpm for 25 min in a swinging bucket. The pellet was 
resuspended in buffer A, layered over a solution ofbuffer 
A containing 2.2 M sucrose, and centrifuged at 160,000 
g for 30 min. The pellet containing the isolated myce
tocytes was then homogenized in a minimal volume of 
buffer A containing 0.3% (v/v) Nonidet P-40 (BDH). 

Aliquots ofthe homogenate were layered over a linear 
Percoll gradient (10-90%) and centrifuged for 15 min 
at 7,000. The Percoll mixture contained 5 g polyethylene 
glycol 6000 (Sigma), I g bovine serum albumin, I g 
Ficoll 400 (Pharmacia) and 8.6 g sucrose in 100 ml Per
coll (Pharmacia). The Percoll mixture was diluted in 
Buffer A before the gradient was formed. In this system, 
the band of symbionts was readily observed in the gra
dient (Ishikawa, 1982a). However, cells of E. coli were 
found to move only slightly slower than the isolated 
symbionts in the Percoll gradient, as opposed to the 
results with the Ficoll gradient in which the cells of E. 
ea/i were much smaller and showed a considerably lower 
Rm (Houk and McLean, 1974). In this method, unbro-
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ken mycetocytes pelleted at the bottom of the gradient 
while mitochondria and membrane fragments were 
found scattered above the symbiont band. 

Cultivation 

It is commonly accepted that the prokaryotic 
symbionts of aphids cannot be cultivated out
side the insect (Houk, 1987). However, condi
tions for the maintenance of isolated symbionts 
for periods of up to 12 hours have been de
scribed (Houk, 1974a). An optimal temperature 
for protein and nucleic acid synthesis was found 
to be 28-30°C. The only medium tested for 
these experiments was Grace's insect tissue cul
ture medium (Tokumitsu and Maramorosch 
1966; Houk, 1974b). Under these conditions 
there was no detectable dependence on supple
mentation with fetal calf serum. It should be 
noted, however, that no other systematic ap
proaches to cultivating the symbionts in vitro 
on more "classical" media have been reported. 

Identification 

A number of aphid hosts have been examined 
for their symbiont populations (for references, 
see Houk and Griffiths, 1980). In the majority 
of cases the symbiont populations were found 
to be Gram negative (see Fig. 1). 

Unterm an et al. (1989) analyzed the sequence 
ofgenes in the 16S rRNAs ofboth primary and 
secondary symbionts ofpea aphids. In these ex
periments, DNA was isolated from both the in
tact insect and an isolated mycetomal prepa
ration. Although identical restriction fragments 
were obtained with either preparation, the DNA 
from the whole aphid was used since the my
cetomal preparation was more readily suscep
tible to nuclease digestion. The identification of 
P (primary) symbiont DNA and S (secondary) 
DNA was on the basis ofthe relative intensities 
of restriction endonuclease fragments using a 
cloned gene for 16S RNA from E. eoli as a 
probe. For example, EcoRI digestion of aphid 
DNA yielded two fragments of 10 kb and 2 kb, 
respectively. After hybridization the 10 kb frag
ment was much more intense than the 2 kb 
band. Since the P symbiont is present in much 
larger numbers than the S symbiont in the pea 
aphid (McLean and Houk, 1973), the 10 kb 
fragment was assumed to code for the rDNA 
sequence of the P symbiont. However, the au
thors did not include controls using DNA from 
aposymbiotic aphids prepared after growth in 
the presence of antibiotics (Mittler, 1971 b). 
When the sequences ofthe two 16S RNA genes 



3910 D.L. Gutnick 

were compared with the sequences of selected 
prokaryotes and analyzed for evolutionary re
latedness (Ristel et al., 1988; Olsen et al., 1986; 
Woese, 1987) with selected eubacteria, Unter
man et al. (1989) were able to place both the 
primary and the secondary symbionts within 
the ,,-subdivision of the proteobacteria (Stack
ebrandt et al., 1988; Woese, 1987). The analysis 
showed the S symbiont to be a member of the 
Enterobacteriaceae. The P symbiont, which is 
elosely related to the Enterobacteriaceae appar
ently diverged from E. caU about 420 million 
years ago, while the S symbiont diverged from 
same organism some 250 million years ago. It 
is interesting to note that both the P and the S 
symbionts are elearly distinct from the obligate 
intraceHular parasites, the chlamydiae, and the 
mycoplasmas. The chlamydia and mycoplas
mas belong to the Gram-positive branch of the 
eubacteria. Unterman et al. , (1989) speculate 
that the initial divergence of the P and S sym
bionts may have been the result of adaptation 
of the P symbiont to the intracellular environ
ment followed by a later infection of the of the 
aphid host by the S symbiont. One interesting 
observation from this work is that the pea aphid 
symbionts contain only a single copy of the 
rRNA operon (Unterman et al., 1989). Similar 
results (Unterman and Baumann, in press) were 
obtained with the symbionts from the peach 
aphid Myzus persicae and the sorghum aphid 
Schizaphis graminum as well as with one mem
ber ofthe family Coccoidae (Peudacaccus citri). 
It is interesting to note the comparison with E. 
caU which has seven rRNA operons (Boros et 
al., 1979), and B. subtilis which appears to have 
ten (Rudner et al., 1988). Since the presence of 
a single copy of rRNA operons has been cor
related with a very slow growth rate (Neumann 
et al., 1983; Razin, 1985), it is not surprising 
that attempts at in vitro cultivation have failed. 
If the growth of the endosymbiont is correlated 
with the growth of the host, the expected dou
bling time ould be about two days (Srivastava 
et al., 1980). 

Biochemical Activities 

Two general approaches have been used to 
study metabolic processes by aphid symbionts. 
In the first approach, the ability of the whole 
aphid to incorporate a radioactive precursor 
into product subsequently detected by autora
diography is compared with the activity in apo
symbiotic aphids prepared by treatment with 
antibiotics. This approach has been used to 
study such processes as: 1) incorporation of sul
fur into amino acids (Ehrhardt, 1968a, 1968b.); 
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2) the synthesis and incorporation of lipids 
Houk, 1974b); and 3) the incorporation of(14C] 
acetate into sterols (Ehrhardt, 1968b) and other 
elasses oflipids. In sharp contrast, it was shown 
(Campbell and Nes, 1983) that aphids of Schi
zaphis graminum could not incorporate [2_14C] 
mevalonic acid into either sterols or into sterol 
intermediates, such as squalene and 2,3-oxi
dosqualene, when reared on an artificial diet. It 
is possible that the family Aphididae could be 
divided into two groups, one that is capable of 
de novo synthesis of sterols via their endosym
bionts, and one that is not. 

The second approach involves similar types 
of labelling experiments except that isolated 
symbionts are used. Houk et al. (1976) showed 
that isolated symbionts of the pea aphid incor
porated (14C] acetate into most of the common 
elasses of lipids. The same radioactive precUf
sor, as weH as PH] mevalonate, were also in
corporated into sterols, with cholesterol being 
the major product. 

DNA, RNA, and protein synthesis have been 
extensively studied in isolated symbionts of pea 
aphids (Ishikawa, 1982a, 1982b, 1984a, 1984b 
1985, 1987) using [methyPH]thymidine" [5-
3H]uridine, or L-p5S]methionine respectively. 
DNA synthesis was inhibited by nalidixic acid, 
RNA synthesis by rifampicin, and protein syn
thesis by both rifampicin and chloramphenicol. 
This analysis led to results indicating that the 
proteins synthesized by the isolated symbionts 
in vitro are apparently quite different trom 
those associated with the symbionts inside the 
insect. In fact, it has been asserted that the syn
thesis of only a single symbiotic protein species, 
symbionin (MW 63,000), is sensitive to ch10r
amphenicol in the intact insect (Ishikawa et al., 
1985). This protein was not synthesized by the 
isolated symbionts in vitro, suggesting that 
either the gene or the messenger RNA encoding 
this protein do not reside in the symbiont itself, 
but are imported! In support of this conelusion 
was the finding that symbionin (identified by 
two-dimensional gel electrophoresis) was the 
only protein isolated from the whole insect 
whose synthesis was apparently resistant to cy
eloheximide and sensitive to chloramphenicol 
(Ishikawa, 1982b). Evidence has been presented 
suggesting that symbionin is present in much 
higher amounts in the symbionts from nymphal 
tissue than in those of adult aphids (Ishikawa 
et al., 1985). While no direct evidence for en
hanced turnover was presented, a number of 
low molecular-weight molecules have been iso
lated that actually inhibit protein synthesils in 
symbionts (Ishikawa, 1984). One intriguing 
possibility is that the aphids produce some ma
terials during their development which turn off 
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macromolecule synthesis as the insects age. The 
hypothesis was advanced that symbionin was 
required for embryonie development following 
fertilization. The interpretation of the results 
are complicated by the possibility of contami
nation with bacteria, mitochondria, or mem
brane fragments during the isolation ofthe sym
bionts. Controls using aposymbiotic hosts and 
specific immunological probes would be useful 
in linking a particular biochemical reaction to 
a specific isolate. 

The Basis of Symbiosis 

The function ofthe symbionts in aphid survival 
has remained a subject of some controversy. 
The various hypotheses can be grouped as fol
lows: biosynthesis-for sulfur-containing amino 
acids, tryptophan, vitamins, and sterols, and 
other lipids (Buchner, 1965; Houk and Griffiths, 
1980); energy production (Lanham, 1968); os
moregulation (Houk and Griffiths, 1980); and 
the production of polysaccharide-degrading en
zymes (Campbell and Dreyer, 1985; Dreyer and 
Campbell, 1987). Evidence for nutritional and 
biosynthetic activities sterns from the ability of 
different aphid populations to survive for many 
generations on artificial diets in the absence of 
specific nutrients that are not normally synthe
sized by insects. In the presence of antibiotics, 
such diets are inadequate and the aphids lose 
their fecundity and subsequently die off. Sterol 
synthesis has received the most attention, since 
as a group, insects do not synthesize these co m
pounds de novo. Both biochemical (Houk et al., 
1976) and morphological evidence supporting 
the notion that the symbionts provide the host 
with endogenous sterols (Griffiths and Beck, 
1 977a, 1977b) have been presented. Moreover, 
the fact that the aphids can be reared on an 
artificial diet without sterol supplementation 
provides additional support (Akey and Beck, 
1972; Dadd and Mittler, 1966). However, the 
possibility offungal contamination during feed
ing experiments cannot be ruled out as a source 
of sterols in the diet. In addition, Campbell and 
Nes (1983) pointed out that the specific sterols 
or other essential nutrients provided by the 
symbionts may be specific for only one class of 
aphids but not for all classes. 

Recently, the hypothesis was advanced that 
the prokaryotic symbionts furnish the aphid 
host with polysaccharide-degrading enzymes 
such as pectinases, cellulase, and hemicellulases 
(Campbell and Dreyer, 1985). Such enzymes 
could be used by the aphids for plant tissue 
penetration and phloem feeding. In this regard, 
it has been shown that the more susceptible a 
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particular sorghum variety is to the aphid Schi
zaphis graminum (the greenbug), the greater the 
rate of pectin hydrolysis. Moreover, aphid bio
types that can overcome resistant speeies of sor
ghum appear to have a different array of poly
saccharidases from aphids that cannot 
overcome resistant speeies. Substantial activi
ties for these enzymes were found in aphid ho
mogenates (Campbell and Dreyer, 1985), even 
though such enzymes are generally only asso
ciated with microorganisms, either bacteria or 
plant-pathogenic fungi (Bateman and Basham, 
1976). Different regulatory patterns for enzyme 
synthesis coupled with associated mutations 
could explain the ability of the aphid to over
come the resistance to aphid infection of spe
eific plant varieties. Thus far, no direct evidence 
has been forthcoming suggesting that symbionts 
in fact either produce these enzymes or con
tribute to their production in the insect host. 
However, it has recently been shown (Eisenbach 
and Mittler, 1987), by crossing resistant strains 
of greenbugs (Schizaphis graminum) with sen
sitive strains, that the ability to overcome the 
resistance of a particular sorghum biotype was 
maternally inherited. This non-Mendelian pat
tern of inheritance may result from symbiotic 
transfer and subsequent expression of the re
sistance characteristics by the prokaryote (Ei
senbach and Mittler, 1987). Ideally, one should 
be able to probe symbiotic DNA with genetic 
probes for the degradative enzymes. The use of 
specific monoclonal antibodies for this purpose 
should also prove useful. 

Applications 

Aphids are among the most important agricul
tural pests in modern agriculture (Minks and 
Harreweijn, 1987). This sterns not only from the 
damage they cause through sap-sucking, but 
also as a result oftheir ability to serve as vectors 
in transmitting viral diseases (Raccah, 1986). A 
better understanding of the basis of aphid sym
biosis should lead to new experimental models 
for the manipulation of the symbiont popula
tion, which in turn may lead to a unique ap
proach to the biological control of these im
portant agricultural pests. 
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Thermophilic, Aerobic, Hydrogen-Oxidizing 
(Knallgas) Bacteria 

MICHEL ARAGNO 

Introduction 

Geothermal fluids and gases often contain sig
nificant concentrations of molecular hydrogen 
(~1 % v/v). This suggests that hot springs and 
other geothermal manifestations might harbor 
thermophilic, aerobic, hydrogen-oxidizing 
(Knallgas) bacteria. It is therefore surprising 
how few attempts were made before 1980 to 
isolate thermophilic hydrogen bacteria from 
these environments (Goto et al., 1977), although 
they were found in cold nongeothermal habitats 
(McGee et al., 1967; Emnova and Romanova, 
1977; Aragno, 1978; Schenk and Aragno, 1979). 

The discovery of strains of the highly ther
mophilic, obligately chemolithoautotrophic Hy
drogenobacter (Kawasumi et al., 1984; Kryukov 
et al., 1983), of Bacillus tusciae (Bonjour and 
Aragno, 1984), and ofthe geothermal habitat of 
B. schlegelii (Bonjour et al., 1988) recently con
firmed that geothermal sites were the source of 
several new, highly thermophilic, hydrogen-ox
idizing aerobes, and that these could playa role 
in the primary production of organic matter in 
such environments. Moreover, these organisms, 
which often have a high growth rate and pro
duce large numbers of cells, certainly present 
an interesting potential for biotechnological ap
plications. 

Ecology 

Origin of Geothermal Manifestations 

The total heat flux of internalorigin on earth 
amounts to about 3X 1010 kW, corresponding to 
about 0.2% of the heat flux reaching the earth 
as solar energy. The internal heat probably is 
composed partly of a residue of the initial en
ergy (due to the impact and the early decom
position of short-lived radioactive elements), 
and partly from the decomposition of still-pres
ent long-lived radioactive elements. 

In normal conditions, this flux generates a 
temperature gradient under the surface (starting 

10m below ground level, where solar energy 
becomes insignificant), of about 3°C/100 m. 
Anomalies in this gradient generally occur near 
the limit oflithospheric plates, where fluid mag
matic masses come dose to the surface. In re
gions where the Earth crust is fractured by ac
tive tectonism, convective circulation of warm 
fluids is more probable and thus may generate 
hot springs or fumarolic fields. Water, the main 
fluid present in this case, in liquid or gaseous 
form, is almost exdusively of superficial origin: 
the deuterium/hydrogen (D/R) ratio of geo
thermal waters is identical to that of cold in
terstitial waters ofthe same region (Panichi and 
Gonfiantini, 1978); the increased 180/160 ratio 
of these waters is due to isotopic exchange be
tween waters and rocks in the deep reservoir 
(Panichi et al., 1974; Panichi and Gonfiantini, 
1978). 

Consequently, hot springs and other geother
mal manifestations are present mainly in vol
canic zones, even where there has been no vol
canic activity for a long time. Rain water 
penetrating geothermal fields is heated by con
tact with hot rocks. Ions and gases dissolved in 
geothermal fluids occur mainly by the reaction, 
at high temperature (>800°C), ofwater and hot 
rocks or magma. During their dimb along fis
sures, geothermal fluids lose heat by adiabatic 
expansion and conduction of the neighboring 
rocks. Finally these fluids may reach the surface, 
giving rise to hot springs, solfataras, or fumar
oles. 

Submarine hot springs are perhaps more 
abundant on earth than terrestrial ones. Some 
are situated in shallow waters near volcanic is
lands like Vulcano (Eolian Islands, Sicily), San
torini (Aegean arc, Greece), and S. Miguel 
(A~ores) where the mixing of sea water with 
hydrothermal fluid probably occurs. A border
line case would be seaside hot springs, such as 
in Porto di Levante (Vulcano Island, Sicily) or 
the Izu Peninsula (Japan). 

Other hydrothermal vents are situated in the 
mid-oceanic ridges, where continental plates 
separate, at a depth of 2,000 to 3,000 m (Jan-
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nasch and Mottl, 1985). Two main types are 
recognized: the so-called "black smokers", or 
hot vents, where pure hydrothermal fluid 
reaches the crust surface at 350 ± rc at a flow 
rate ofabout 1 to 2 m·sec- I ; and "warm vents," 
which typically open through submarine bas
altic pillow-Iavas, at a temperature of 2 to 20°C 
over ambient and a flow rate of 0.5 to 2 
cm ·sec- I ; in these, the hydrothermal fluid mixes 
with normal seawater at a depth of 10 to 200 m. 

The neighborhood of deep-sea vents is known 
for harboring a rich animal community, mainly 
worms, musseis, and crustaceans, as well as a 
rich bacterial biomass. Some of these chemo
lithoautotrophic prokaryotes are the primary 
producers of the whole nutrient chain in these 
ecosystems. H2S appears to be the main pri
mary source of energy and electrons, but H2 and 
other reduced compounds might also playa sig
nificant role (Jannasch and Mottl, 1985). AI
though hydrogen is present in fairly high con
centrations in the hot vents, its concentration 
in the low-temperature, warm vents appears to 
be very low. 

Very little is known so far about the mecha
nisms of aerobic oxidation of hydrogen in ma
rine springs. Jannasch and Nelson (1984) have 
reported the isolation of an aerobic, hydrogen
oxidizing bacterium from a Riftia trophosome, 
whereas Nishihara et al. (1990) have isolated an 
organism related to Hydrogenobacter from a 
seaside saline hot spring in Japan. Further re
search on the occurrence of hydrogen-oxidizing 
bacteria in marine hydrothermal vents is there
fore necessary and seems promising. 

Origin of Mo1ecu1ar Hydrogen and of CO2 
in Geothermal Manifestations 

Mo1ecular hydrogen occurs frequently in the gas 
phase of geothermal manifestations. It can 
reach concentrations ofthe order ofseveral per
cent v/v of the total dry gas, for example 4.6-
4.8% in S. Federigo solfatara, in Tuscany, Italy 
(Bonjour and Aragno, 1984; Conrad et al. , 
1985). 

Several mechanisms have been suggested to 
exp1ain the occurrence of H2 in geotherma1 
gases. The following reaction may be possib1e 
at high temperature between water and silicon 
(Si) radica1s (Kita et al., 1982): 

Si· + H20---+ SiOH + H· 
H· + H· ---+ H2 

The following reactions for the reduction of 
water by hot (>800°C) ferrous rocks (d'Amore 
and Nuti, 1977) have also been proposed: 

2FeO + H20 ---+ Fe20 J + H2 
2FeJ0 4 + H20---+ 3Fe20 J + H2 
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CO2 is generally the most abundant gas in the 
uncondensable fraction of geothermal gas. In S. 
Federigo (Bonjour and Aragno, 1984; Conrad et 
al., 1985), it makes up 80-90% (v/v) ofthe total. 
It can originate from metamorphic reactions be
tween silicic and carbonate rocks, the simplest 
equation being: 

Si02 + CaCOJ ~ CaSiOJ + CO2 

A small part of the CO2 could also originate 
from the atmospheric CO2 and from that pro
duced by the decomposition of organic matter 
that is transported by water (Gunter and Mus
grave, 1966). 

The gases directly samp1ed from me1ted 
magma at 1,050 to 1,150°C were CO2, H2, CH4, 

NHJ, S02, and some H2S. 

Ecological Factors Governing Bacterial 
Growth in Terrestrial Geothermal Habitats 

The ecology and evolution of bacteria of su
perficia1 geothermal habitats are governed by 
several factors unique to these environments. 
The most important are listed below: 

1. The very small area ofthese habitats and the 
often-considerable distances between one 
geothermal region and another (::::.:: thousands 
ofkm). 

2. The temperature varies between the ambient 
temperature and the boiling point of water. 

3. The pH, even in a given geothermal region, 
may vary considerably from one manifesta
tion to another. Values from pH 1.5 to 10.5 
have been reported (Brock, 1978; Aragno, 
1981) 

4. Potential electron donors present in the geo
thermal gases often include significant con
centrations of H2, H2S, S, NHJ, or CH4 (Ta
b1es 1 and 2), all of which may serve as 
electron donors for chemolithotrophs. 

5. Presence of CO2 in the geotherma1 gases. 
6. Oxygen is limiting, since most of the oxygen 

reaching these waters simply diffuses from 
the air. The oxygen concentration in geo
thermal waters is generally very 10w; not only 
does oxygen solubility decrease with increas
ing temperature, but the waters are contin-

Table 1. Composition of the uncondensable fraction of 
endogenous gases in S. Federigo solfatara. 

Gas Percentage (v/v) 

H2 

N2 

CH. 
CO2 

H2S 

From Bonjour (1988). 

3.5-5 
5.5-14 
0.7-1.8 
79-88 

0.2-4.3 
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uously bubbling with oxygen-free geothermal 
gases, and there is a high concentration of 
compounds with a high reducing power, such 
as H2S. 

7. Scarcity of organic matter is common. With 
the exception of airborne allochthonous ma
terial (insect and plant fragments), the only 
organic matter in geothermal environments 
above 70°C is that produced by chemoli
thoautotrophs, as photosynthesis does not oc
cur above that limit. 

8. Mineral salts are generally present in geo
thermal waters at relatively high concentra
tions, often up to 2,000 mg/l of total dis
solved solutes or more. The composition of 
the principal salts varies considerably from 
one site to another. Table 2 gives examples 
of the mineral composition of waters from 
six geothermal sites. Among the compounds 
present, so me can have exceptionally high 10-
cal concentrations, such as boric acid in the 
geothermal fields of Tuscany. 

It should be noted that in so me hot pools or 
hot springs, the above physicochemical char
acteristics may vary strongly and suddenly for 
several reasons. Some variations are caused by 
the influence of surface rain waters. Other may 
be ascribed to changes in the underground chan
nels due to clogging by salt deposits or to mi
croseisms, frequent in these regions. 

Consumption of Hydrogen in 
Geothermal Waters 

Hydrogen consumption in natural environ
ments is a widespread phenomenon (Conrad, 
1988). In fresh water and in soils, nevertheless, 
H2 uptake cannot be explained by the activity 
of the "classical" aerobic, hydrogen-oxidizing 
bacteria, because their apparent Km for H2 is 
much higher than that measured in water and 
soil sampies (Conrad and Seiler, 1979, 1981; 
Conrad et al., 1983a), and because they are un
able to utilize H2 at the concentrations usually 
encountered in these environments (Conrad et 
al. , 1983b). 

The situation is different in geothermal man
ifestations. The first-order kinetics reported for 
H2 consumption in two geothermal sam pies 
from the S. Federigo solfatara in Tuscany (Con
rad et al., 1985) showed an apparent Km greater 
than 1 MM H2, which is of the same order as 
the kinetics of H2 consumption by aerobic, sul
fidogenic, acetogenic, or methanogenic hydro
gen-oxidizing bacteria. 

Whether aerobic or anaerobic bacteria are in
volved in H2 consumption seems to depend on 
the temperature of the sampling site. Even 
though consumption occurred under both con
ditions in all the sam pies tested, Conrad et al. 
(1985) showed that anaerobic H2 consumption 
was much higher in the sampie taken at 95°C, 

Table 2. Concentrations of chemieals in waters from six superficial geothermal sites. 

Chemical Concentration (mg/l)a 

I 2 3 4 5 6 

N03- 3.25 38 32 0.3 0.0 0.0 
NO,- 0.0 0.0 0.0 0.03 0.0 0.0 
NH4+ 29.2 334.4 1052 0.1 3.1 5.4 
SOi- 315.6 2400 8500 178 602 501 
S'- 20 0 0 2.35 32.94 2.45 
PO/- (total) 10.42 0.306 Tr 0.14 6.1 0.8 
Ca'+ 126 533 533 2 64 272 
Mg'+ 13 5.9 127.7 0.5 31 68 
Na+ 30.9 5.36 82.9 156 22 129 
K+ 9.89 4.87 86.6 15 7.1 69 
Fe (total) 0.45 3.12 585 0.21 28 0.06 
H3B03 2014 61 3170 3.88 325.47 24.55 
As 2.75 0.092 ND 0.5 1.9 0.5 
Cl- 34 9 70 63 169 170 
Mn'+ 0.08 0.8 13.5 0.0 0.3 0.03 
SiO, 151.9 146.8 317.5 609 147 60 
HC03- (titratable) 64.0 15.2 ND 112 0 667 
pH 6.7 6.0 2.2 8.7 1.5 6.6 

aThe numbers indicate the site of the water. Nos. 1-3: Tuscany, S. Federigo solfatara. Hy-
drogenobacter spp. were isolated from sites 1 and 2, Bacillus tusciae from site 3. The data 
for nos. 1-3 from Bonjour (1988). Nos. 4-6: geothermal waters from Iceland, Japan, and 
Yellowstone (USA), respectively. The data for nos. 4-6 are from Castenholz (1969). 
Tr, trace; ND, not determined. 
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Table 3. Temperature, pH, and rate constants of H2 

consumption activities in geothermal spring water 
incubated at 60°C under aerobic and anaerobic 
conditions. 

Original Rate constant of H2 

water consumption (h- ') 

Site temperature pH Aerobic Anaerobic 

Number I 95°C 6.2 1.9 11.5 
Number 2 79°C 3.2 9.7 1.7 

From Conrad et al. (1985). 

while aerobic consumption dominated in the 
sampie taken at 79°C (Table 3). This fits weIl 
with the decrease of oxygen solubility with tem
perature. Most environments above 90°C are 
almost totally anaerobic; they are indeed the 
habitat of the strictly anaerobic, sulfur-reduc
ing, and methanogenic, hyperthermophilic ar
chaebacteria (see Chapters 28 and 33) 

The above considerations suggest the follow
ing picture: geothermal habitats are likely to 
harbor aerobic, hydrogen-oxidizing bacteria, 
provided molecular hydrogen is present in the 
geothermal gases at a significant concentration. 
The most severe limitation is oxygen concen
tration, which in turn depends on the temper
ature. The ecological extreme for aerobes is 
about 85 to 90°C. This agrees with the upper 
limits for growth of the most extreme thermo
philic aerobes, such as Sulfolobus (Brock, 1978) 
and Hydrogenobacter spp. (see below). 

Habitats of Thermophilic, Hydrogen
Oxidizing Bacteria 

These bacteria have been found in many dif
ferent habitats, both geothermal and nongeo
thermal. 

GEOTHERMAL HABITATS. These include water 
from hot and warm springs (~50°C), sediments 
from hot and warm pools and creeks, and moist 
fumarolic soils ( ~ 100°C). Temperature and pH 
appear to be the major ecological factors deter
mining the presence or absence and the type of 
knallgas bacteria in a given spring. Fig. 1 shows 
the distribution of different types of thermo
philic knallgas bacteria from Tuscany (Italy) 
and S. Miguel (Azores) in a pH versus temper
ature plot. Hydrogenobacter spp. and Bacillus 
schlegelii were found in neutral to slightly acidic 
sources (pH ~ 5.0). Both genospecies from Tus
cany are distinctly adapted to different temper
ature ranges. Bacillus tusciae was isolated from 
moderately acidic ponds (pR 2.5-5.5) at tem
peratures below 60°C. Schink et al. (1983) re
ported the isolation of strongly acidophilic 
knallgas bacteria from Lemonade Pool (Yellow-
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stone) at pR 2.5 and 40°C. The isolate grew weIl 
at pR 2.5, but not at pR 5.5. Unfortunately, 
this strain (Gram-negative, nonsporeforming 
rod) was then lost. Obviously, more attempts 
to isolate strongly acidophilic knallgas bacteria 
are necessary. No acidophilic knallgas bacteria 
were isolated from muds that were both hot and 
acidic (T>60°C, pH<4, see Fig. 1). 

NONGEOTHERMAL HABITATS. Surprisingly, sev
eral strains of thermophilic knallgas bacteria 
have been isolated from cold, nongeothermal 
habitats. This is the case for the moderately 
thermophilic "Pseudomonas thermophila, " iso
lated from soil (McGee et al., 1967) and from 
drainage (Emnova and Zavarzin, 1977), and for 
Bacillus schlegelii (Aragno, 1978; Schenk and 
Aragno, 1979; Bonjour et al., 1988). Although 
B. schlegelii is a strict thermophile, with a min
imum temperature of approximately 45°C and 
an optimum at 70°C, it was originally isolated 
from a freshwater sediment where the maxi
mum temperature in summer was about 8°C. 
Relatively high most-probable-number (MPN) 
counts (10-100 per g dry sediment) were ob
tained from various lakes and canals. Thc or
ganism was later also isolated from glacier ice 
(Bonjour et al., 1988) and from the air in Switz
erland. This clearly indicates the allochthonous 
origin of this sporeformer in low-temperature 
environments, as weIl as its relative abundance 
as air-borne endospores. Thus, if moderately 
thermophilic, nonsporeforming knallgas bac
teria are likely to be found in nongeothermal 
environments, the presence of strict thermo
philes is clearly associated with the requirement 
for the possession of endospores allowing trans
port by air. In contrast to B. schlegelii, Hydro
genobacter spp. and Bacillus tusciae have never 
been isolated from nongeothermal habitats. 

Warm, nongeothermal habitats, such as com
post piles or waste masses during the transient 
phase between aerobic and anaerobic decom
position, are likely to harbor thermophilic 
knallgas bacteria because significant concentra
tions of hydrogen are produced via fermenta
tion reactions (Dugnani et al., 1986). So far, few 
attempts have been made to isolate thermo
philic knallgas bacteria from these environ
ments, and in cases where a positive enrichment 
culture was obtained, only B. schlegelii was iso
lated (M. Marchiani, T. Beffa, and M. Aragno, 
unpublished observations). 

Sampling, Enrichment, Isolation, 
and Cultural Methods 

General methods for isolating and cultivating 
aerobic, hydrogen-oxidizing bacteria, as weIl as 
the indispensable precautions that are essential 
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for handling explosive gas mixtures are de
seribed in Chapter 15. The following eonsid
erations are speeifie to the thermophilie hydro
gen-oxidizing baeteria. 

Sampling 

The minimal equipment for sampling in geo
thermal areas for knallgas baeteria eonsists of 
sterile tubes or flasks that close hermetieally, a 
holder for the sampling tube or bottle, an elee
trieal thermometer (or thermistor) with a range 
of at least 0-100°C, and a portable pH meter. 
No special preeautions are required for eondi
tioning the sam pIes, whieh are not harmed by 
exposure to air. If the sam pIes eannot be tested 
the same day, it is preferable to keep them re
frigerated. 

Gas Analysis 

Semi-quantitative determinations of the H2 

eontent of the geothermal gases ean be made 
using Draeger tubes for 0.5% H2 (Draegerwerk 
AG, Lübeek, FRG). This allows direet field de
teetion and estimation of eoneentrations above 
0.5% H2 v/v. Gases bubbling through small 
pools are best suited for such analyses. The pro
eedure is as follows: 

Field Measurement of H 2 Coneentration 
A funnel (minimum volume, 600 ml) fitted with a tube 
of sufficient length is dipped into the pool water beside 
the bubbling zone. The tube should be made of natural 
rubber, polyvinyl chloride (PVC), or neoprene, but not 
of silicone, which is highly permeable to gases. 25% of 
the funnel volume should be filled with air: the reaction 
in the tube is the oxyhydrogen reaction, and the gas 
analyzed must contain at least 5% O2 , Then, the funnel 
must be transferred to the bubbling zone and filled with 
gas. The gas will then be pumped through the tube. The 
length of the pink zone indicates the H, concentration. 
Follow the manufacturer's instructions exactly. 

Gas for laboratory analysis may be sampled 
using the proeedure deseribed below, whieh is 
diagrammed in Fig. 2. 

Gas Colleetion Proeedure 
A IOD-mI serum bottle is filled with CO,-saturated 
water, and 1-2 ml of the carrier gas to be utilized for 
the gas chromatographie (GC) analysis is added to avoid 
an explosion due to expansion. The tube from the funnel 
is first completely purged with bubbling gas. It is then 
connected to the serum bottle through a syringe needle 
while another needle connects the bottle to a syringe 
with two valves. While the bottle neck is held down, the 
syringe is pumped slowly until the gas has almost com
pletely replaced the water in the bottle, after which the 
needles are withdrawn. 

Enrichment Procedures 

The general proeedures described in Chapter 15 
are applieable, with the following modifieations 
and preeautions. 

ENRICHMENT MEDIA. Sehlegel's basal mineral 
medium (Chapter 15) was used with sueeess for 
enriehment of thermophilie knallgas baeteria 
from geothermal sourees. Used without modi
fieation, it permitted the isolation of several 
genospeeies of Hydrogenobacter and Bacillus 
schlegelii. As its phosphate eontent is high eom
pared to most natural habitats, a medium of 
similar eomposition, but with only 10 mM 
phosphate, ean also be used. 

Other basal mineral media were used by Goto 
et al. (1977) Kawasumi et al. (1980), Kristjans
son et al. (1985), and Kryukov et al. (1983) for 
enriehment of several types of thermophilie, 
neutrophilie knallgas baeteria. 

Enriehment of Bacillus tusciae (Bonjour and 
Aragno, 1984) was aehieved on Sehlegel's basal 
mineral medium modified as follows: phos
phate eoneentration was lowered to 10 mM, and 
HC1 was added to lower the pH to about 3.5. 
Note that after good growth oeeurred, the pH 
inereased to 5.5-6.0. 

For enriehment of halophilie Hydrogenobac
ter (Nishihara et al., 1990), the same basal me
dium ean be used as for mesophilie, halophilie, 
hydrogen baeteria (Nishihara et al. , 1989; see 
also ehapter 14) 

GASSING AND INCUBA TION CONDITIONS. The 
eomposition of the gas phase used is different 
depending on the author. In general, thermo
philie, hydrogen-oxidizing baeteria are mi
croaerophilic. In our experience, the best en
riehments are obtained using shaHow, unshaken 
eultures (e.g., 10 ml in 50-mI bottles, or 20 ml 
in 100-ml bottles) plaeed in desieeators or 
Witt's vessels, fiHed with 5 KPa O2, 10 KPa 
CO2, and 30-40 KPa H2 (partial pressures mea
sured at normallaboratory temperature). This 
underpressure of 45-55 KPa is neeessary to 
avoid overpressure when the vessel is warmed 
to an ineubation temperature over 60°C. 

Other authors (Goto et al., 1977; Nishihara 
et al. , 1990) used bottles gassed with a 
H2:02:C02 mixture in volumetrie proportions 
of 7: 1: 1 and plaeed on a shaker at the desired 
temperature. 

Ineubation temperature depends on the type 
of organism to be isolated. Hydrogenobacter 
spp. and Bacillus schlegelii grow weH at 65°C. 
However, the latter tends to predominate at this 
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Fig. 1. Distribution of different types of thermophilie, hydrogen-oxidizing baeteria from Tuseany (Italy) and S. Miguel 
(A~ores) in a pH versus temperature plot. Eaeh point represents a single sampie. '*' Hydrogenobacter, homology group 
1; • Hydrogenobacter, homology group 2; 0 Bacillus schlegelii; D B. tusciae; X no baeteria found. 

temperature but ineubation at 73-75°C should 
favor the specifie enriehment of Hydrogenobac
ter spp. Ineubation at 80°C will permit enrieh
ment specifieally of the most thermophilie Hy
drogenobacter spp. (e.g., genospeeies 1, see 
below). In that ease, it is preferable to prein
eubate the eulture overnight at 75°C before in
ereasing the temperature to 80°C, as this tem
perature is over-optimal for this genospeeies as 
weIl. Halophilie Hydrogenobacter were ob-

tained after enriehment at 70°C (Nishihara et 
al. , 1990). 

Normally, it is preferable to repeat the en
riehment proeedure onee or twiee, eaeh time 
using one loopful of the eulture as inoeulum. 
This inereases the proportion of knallgas bae
teria and prevents nonautotrophie growth at the 
expense of eompounds present in the original 
inoeulum. Cultures showing a good growth after 
the third enriehment (a eontrol ean also be run, 
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'.,,-." 

Fig. 2. Sampling system for collecting underground gases from geothermal sourees. 

incubated under air or Nz:Oz:COz mixture) can 
then be subjected to the isolation procedure. 

Isolation Proeedures 

When isolating thermophilie knallgas baeteria, 
it is often difficult to obtain well-separated sin
gle eolonies on solidified media. One often ob
serves a spreading of the cultures on the entire 
medium surfaee, or no growth at all. This gen
erally happened when Hydrogenobacter spp. 
has been cultivated autotrophically with Hz as 
the sole electron and energy source. 

Increasing the agar concentration and air 
drying the surface of the plate prior to incu
bation often helps the formation of single col
onies. Several other methods have also been 
proposed: Alfredsson et al. (1986) found that 
Icelandic Hydrogenobacter strains grew weIl on 
an agar medium supplemented with thiosulfate 
(3.92 g/l NaZSZ0 3 • 5HzO) under air plus lOKPa 
COz, and even better under air with 10KPa Hz 
and 10 KPa COz, but not with Hz as the only 
electron and energy source. 

Ishii et al. (1987b) achieved colony formation 
by Hydrogenobacter thermophilus on media so
lidified with Gelrite, an agar-like bacterial poly
saccharide (Merck & Co, Darmstadt, FRG). 
The composition of the culture medium was as 
follows: 

Isolation Medium for H. thermophilus 
(NH.),SO. 3 g 
KH,PO. I g 
K,HPO. 2 g 
MgSO .. 7H,O 0.5 g 
NaCI 0.25 g 
CaCl, 0.03 g 
FeSO .. 7H,O 0.014 g 
CuSO .. 5H,O 0.010 g 
Trace mineral solution 0.5 ml 
Gelrite 10 g 
Water 1 liter 

Trace mineral solution: 
MoO, 
ZnSO .. 7H,O 
H,BO, 
MnSO .. 5H,O 
CoCI,'6H,O 
Water 

4mg 
28 mg 

4 mg 
4 mg 
4 mg 
I liter 

The addition of 10 mg/l CuS04 as shown 
above, was necessary for colony formation by 
H. thermophilus. At that concentration, the cop
per salt inhibited colony formation by the hal
ophilic Hydrogenobacter (Nishihara et al. , 
1989b), which requires copper at a much lower 
concentration (2 mg/l CuS04 '5HzO in the trace 
mineral solution). 

If it is not possible to isolate single colonies 
by streaking on solidified media, it is possible 
to proceed by serial dilution of the last enrich-
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ment culture. This should be repeated several 
times, using the last positive tube, in order to 
obtain pure cultures. Incubating the cultures at 
about 75°C rather than at 70°C or below would 
favor Hydrogenobacter spp. over B. schlegelii. 

Purity can be checked by microscopieal ob
servation, confirming morphological homoge
neity and the absence of B. schlegelii spores (the 
most probable contaminant), and by the pres
ence of a single inflexion point in the DNA den
aturation curves. 

Culture Proeedures 

CULTURE MEDIA. Schlegel's basal mineral me
dium (see Chapter 15) is well suited for the cul
tivation of most of the neutrophilic strains iso
lated so far. To prevent inhibition by phosphate, 
the concentration ofthis anion can be decreased 
to 10 mM. For halophilic Hydrogenobacter, the 
medium described by Nishihara et al. (1990) 
has been used. For Bacillus tusciae, rather than 
using the enrichment medium proposed above, 
it is preferable to use a low phosphate (~ 10 
mM) medium, using as buffer a compound with 
good buffering capacities around pH 4.5. For 
the type strain, L( + )-tartrate at a concentration 
of 50 mM was added successfully as a buffer at 
pH 4.5. For other strains, the buffer compound 
must be checked for both nonutilization and 
nontoxicity. 

GAS MIXTURE COMPOSITION. The composition 
of the gas mixture may vary according to the 
experimental conditions. Oxygen concentration 
is often critical because of the pronounced mi
croaerophily of many strains. The culture 
should be started with a very low partial pres
sure of oxygen (1-5 KPa). Due to respiratory 
proteetion, actively growing cells are more ox
ygen resistant: this makes it possible to increase 
the O2 concentration progressively during 
growth. Bonjour and Aragno (1986) have shown 
that in Hydrogenobacter spp., the level of mi
croaerophily depends on the electron source. It 
is more pronounced when thiosulfate is used 
than under H2• The mixolithotrophic cultures 
(H2 + thiosulfate) are the most resistant to ox
ygen. See Chapter 15 for safety precautions 
when using gas mixtures containing H2• 

CUL TURE CONDITIONS. Most strains of Bacillus 
schlegelii do not grow well under agitation. 
Good cell yields may be achieved in shallow, 
static cultures-for example, in Fernbach ves
sels placed in desiccators filled with the proper 
gas mixture. Fermenter cultures of Hydroge
nobacter and of B. tusciae are also possible, pro
vided the desired temperature can be reached. 

CHAPTER 217 

Identifieation of Thermophilie 
Knallgas Baeteria 

Key to the Identifieation of Thermophilie 
knallgas Baeteria 

The following organisms are all able to grow 
chemolitho-autotrophieally under a H2/02/C02 

mixture. Organisms belonging to the same spe
eies, but lacking the ability to oxidize H2 

(though they may be able to grow either auto
trophically with reduced sulfur compounds or 
heterotrophically) could exist in nature, al
though none have been isolated so far. As is the 
case for several mesophilic knallgas bacteria 
(see Chapter 15), H2-chemolithoautotrophy is 
not necessarily an important taxonomie marker 
at the species or genus level. 

I. Sporeformers, Gram positive to variable.................. 2 
Nonsporeformers, Gram negative .......................... 3 

2. Growth at pR 7.0, no growth at pR 4.0. Endospores terminal, 
spherical, deforming the sporangium. GC 66-68 mol% 
.............................................. Bacillus schlegelii 

Growth at pR 4.0, no growth at pR 7.0. Endospores subter
minal to terminal, oval, deforming the sporangium. GC 57-
58 mol% ............................................. B. tusciae 

3. Growth at 70°C. GC 37-46 mol% ......................... 4 
No growth at 70°C. Growth at 50°C ...................... 5 
Growth only below 50°C: see Chapter 15: key to the meso
philic, knallgas bacteria 

4. Ralophilic, growth with 0.5 M NaCI 
............................. Ralophilic Hydrogenobacter spp. 
Not halophilic, no growth with 0.5 M NaCI 
. . . . . . . .. H. thermophilus, as weil as several genospecies al
most undistinguishable phenotypically, but showing low 
DNA homology with H. thermophilus. Calderobacterium hy
drogenophilum should be included among these genospecies 
of Hydrogenobacter. 

5. Three species of facultative knallgas bacteria, all moderate 
thermophiles, were described on the basis of 1-2 strains iso
lated. So far they have not been validly described: 
No carotenoid pigment formed; colonies light brown 
................................. "Pseudomonas thermophila" 
Presence of carotenoid pigment; colonies dull yellow: 
Motile ........................... "P. hydrogenothermophila" 
Nonmotile ........... "Flavobacterium autothermophilum" 

These organisms need further characterization (see below). 

The Thermophilie, Sporeforming 
Knallgas Baeteria 

Table 4lists the characteristics of Bacillus schle
gelii and B. tusciae. Both species of thermo
philie, sporeforming knallgas bacteria have a 
relatively high GC content, compared to most 
other members of the genus Bacillus. Other 
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Table 4. Charaeteristies of the thermophilie, hydrogen-
oxidizing bacilli. 

B. schlegelii B. tusciae 

GC content (mol%) 66-68 57-58 
Spore shape Spherieal Oval 
Gram reaetion Variable + 
Flagel1ation Peritrichous Lateral 
Optimum pH 6-7 4.2-4.8 
Optimum temperature 70°C 55°C 
PHA inc1usionsb + 
Carotenoid pigment 
Electron sources: 

H2 + + 
CO + 
Thiosulfate + 

Organic carbon sources: 
Organic acids Some Some 
Sugars 

Growth factors requirement 
Nitrogen sources: 

N2 

N03-

NH: + + 
Urea + + 
Asparagine + + 

Growth in presenee of: 
1% glyeine + 
3% NaCI + 

Penicillin G, MIC' (units/ml) 0.005 0.04 
Hydrolysis of: 

Starch 
Casein Weak ND 
Gelatin ND 

Symbols: +, property present; -, property absent; ND, no 
data. 
bPHA, polyhydroxyalkanoate. 
'MIC, minimum inhibitory coneentration. 

thermophilie Bacillus, among whieh are B. aci
docaldarius, B. thermoruber, and B. thermoca
tenulatus (Schenk and Aragno, 1979; Aragno, 
1981), have a GC content> 60 mol%. Never
theless, this property is probably not related to 
thermophily, sinee the even more thermophilie 
Hydrogenobacter spp. have a low GC content, 
whereas most of the mesophilic Knallgas bac
teria (so Chapter 15) have a GC eontent of 60 
mol% or higher. Phylogenetically, Gram-posi
tive baeteria, including the sporeformers, are 
separated in two groups, one comprising the low 
GC organisms (including the genus Bacillus), 
the other the high-GC organisms. The phylo
genetieal position of the thermophilic bacilli 
with high-GC content is still unclear (Woose, 
1987). 

SHORT DESCRIPTION OF BACILLUS SCHLEGELII 

SCHENK AND ARAGNO (1979). This speeies has 
long straight rods, 0.6 X 2.5-5 ,um, with peri
triehous flagella. Spherical, terminal endo-

spores, 0.8-1 ,um in diameter, distinctly distend 
the sporangium. It is Gram variable, and the 
eell wall is eovered by a regular array of protein 
units (Schenk and Aragno, 1979; Krüger and 
Meyer, 1984). 

It has a striet1y respiratory metabolism, with 
oxygen as the final acceptor. It cannot grow an
aerobically with nitrate although nitrate is re
duced to nitrite. Either chemolithoautotrophie 
growth (using H2, CO, or reduced sulfur eom
pounds as the electron donor and CO2 as the 
carbon source), or chemoorganoheterotrophic 
growth occurs. Hydrogenase is constitutive, 
membrane-bound, and does not reduee 
NAD(P). The optimum temperature for hydro
genase is above 90°C (pinkwart et al. , 1983). 
Phenol, I-propanol, and a small number of 
amino and organic acids can serve as sole ear
bon source. Sugars are not metabolized. 

Its optimum temperature for growth is 70°C, 
with no growth at 37 or 80°C. Optimum pH for 
growth: 6 to 7. It is widespread as air-borne 
spores, originally isolated from a freshwater 
sediment, later also from other nongeothermal 
and geothermal habitats (Bonjour et al., 1988; 
see "Habitats of Thermophilie, Hydrogen-Ox
idizing Bacteria"). The type strain is DSM 2000. 

FURTHER STUDIES OF B. SCHLEGELII. Bacillus 
schlegelii is able to grow chemolithoautotroph
ically with thiosulfate (Hudson et al., 1988) as 
electron donor. The organism named "Thio
bacillus thermophilica" (Egorova and Deryu
gina, 1963), a sulfur-oxidizing, thermophilie 
sporeformer, may have been identical to B. 
schlegelii, but apparently the original strain was 
lost. Krüger and Meyer (1984) isolated several 
sporeformers after enriehment under thermo
philic conditions, using a mineral medium un
der 5% CO2 + 35% CO + 60% air. These iso
lates were identified as Bacillus schlegelii, 
except strain OMT2 (see below). The type strain 
of B. schlegelii was then shown to share with 
the new isolates the ability to grow even faster 
with CO as the electron and energy source than 
with H2• There was no immunological cross
reaetion detected between the CO oxidase (CO 
dehydrogenase ) from B. schlegelii and from 
Pseudomonas carboxydovorans. Other strains 
of B. schlegelii have not been tested so far for 
the utilization of CO as an eleetron source. 

Hudson et al. (1988) isolated astrain of B. 
schlegelii from geothermally heated Antaretic 
soils by enrichment under air in a thiosulfate
containing mineral medium. The assignment of 
their isolate to B. schlegelii was later confirmed 
by the high DNA homology with the type strain 
(F. Bonjour, unpublished observation). 
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All strains tested but one (Bonjour et al. , 
1988; Krüger and Meyer, 1984) share a DNA
DNA homology of 78% or higher, regardless of 
their ecological or geographical origin and the 
mode of enrichment followed. Strain OMT2 
(Krüger and Meyer, 1984) resembled B. schle
gelii strongly (spherical spores, thermophily, 
ability to grow chemolithoautotrophically with 
H2 or CO), but had a somewhat higher GC con
tent of its DNA, a lower DNA homology with 
the type strain (59%), and differed in a few phen
otypical characteristics. 

The hydrogenase of B. schlegelii was com
pared to those of mesophilic, Gram-negative 
knallgas bacteria by Pinkwart et al. (1983). The 
B. schlegelii enzyme was more oxygen-sensitive 
and more stable under H2 and in the presence 
of thioglycolate. Its molecular weight is about 
100 kDa (110-125 kDa according to Krüger and 
Meyer, 1984, with possible dimers of 220-250 
kDa). No immunological cross-reaction was de
tected with the hydrogenases from other Gram
negative, mesophilic knallgas bacteria. 

SHORT DESCRIPTION OF BACILLUS TUSCIAE BON
JOUR AND ARAGNO (1984). The cells ofthis spe
cies are straight rods, 0.8 X 4-5 JLm, with a 
single lateral flagellum (see table 4). Oval, sub
terminal endospores, 1.2 X 1.8 JLm, distinctly 
swell the sporangium. They are Gram positive 
in young cultures. No protein coat is outside 
the cell wall. PHA inclusions were observed in 
cells grown autotrophically under nitrogen star
vation. Colonies on agar are spreading, white to 
cream, with a chalky surface. A white pellicle 
forms on the surface of liquid cultures at the 
end of the growth phase. 

B. tusciae has a strictly respiratory metabo
lism, with oxygen as the final acceptor. It cannot 
grow anaerobically with nitrate but nitrate is 
reduced to nitrite. It is either chemolithoauto
trophic, using H2 as electron donor and CO2 as 
carbon source, or chemoorganoheterotrophic; 
hydrogenase inducible, non-NAD-reducing, 
found in the soluble fraction after ultracentri
fugation of the crude extract. CO2 is fixed via 
the reductive, ribulose-l,5-bisphosphate cycle. 
A few amino acids and organic acids and several 
alcohols can serve as sole carbon source. Sugars 
are not metabolized. 

The optimum temperature for growth is 
55°C, with no growth at 35 or 65°C. The op
timum pH for growth is 4.2 to 4.8. Growth is 
weak at pH 3.5 and at pH 6.0. B. tusciae has 
been isolated so far only from acidic geothermal 
pools, subject to short-term variations in tem
perature and pH. 

Unlike B. schlegelii, B. tusciae has never been 
isolated from nongeothermal habitats, despite 
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repeated attempts with freshwater sediments. 
Although authentie B. tusciae has so far been 
isolated only from Tuscany, similar strains have 
been isolated from the Furnas hot springs in S. 
Miguel (Azores) (M. Marchiani, personal com
munication). The presence of a soluble, non
NAD-reducing hydrogenase is unusual among 
knallgas bacteria and deserves further investi
gation. 

The Highly Thermophilie, Non
sporeforming Knallgas Bacteria 

From geothermal regions all over the world, 
various research groups have isolated several 
knallgas bacterial strains sharing the following 
basic properties: 

Gram negative 
Strict thermophiles (optimum temperature 

;;;;.70oq 
Habitat, exclusively geothermal 
Strictly aerobic, although more or less microae

rophilic 
Autotrophie 
Lithotrophic, using molecular hydrogen, ele

mental sulfur, or thiosulfate as electron and 
energy sources 

N onsporeforming 
Low GC content (37-46 mol%) 

Most strains isolated have been obligate au
totrophs, although at least two strains, strain Z-
809 (Savel'eva et al. , 1982) and strain MF3 
(Bonjour, 1988), were able to grow heterotroph
ically with a limited number of organic co m
pounds (see below). 

T AXONOMY OF EXTREME THERMOPHILES. Two 
genera and species were described almost si
multaneously and independently by Japanese 
and Russian authors: Hydrogenobacter ther
mophilus (Kawasumi et al. , 1984) and Calde
robacterium hydrogenophilum (Kryukov et al., 
1983). These organisms resemble each other 
strikingly, so they should be assigned at least to 
the same genus. In that case, the genus name 
Hydrogenobacter must have priority over Cald
erobacterium, since the Japanese authors pub
lished the original description in issue no. 1 of 
vol. 34 of the International Journal of System
atic Bacteriology, whereas the validation of the 
publication by the Russian authors appeared in 
the next issue. 

Later, organisms similar to Hydrogenobacter 
and Calderobacterium have been isolated in 
other parts of the world: Iceland (Kristjansson 
et al. , 1985) and Italy (Bonjour and Aragno, 
1986; Bonjour, 1988). A halophilic strain clearly 
belonging to Hydrogenobacter was described by 
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Nishihara et al. (1990). Further isolates from 
the Azores, the USA, and New Zealand are at 
present under study in our laboratory. The 
phenotypical characteristics of all these organ
isms are very similar and allow a precise defi
nition of the genus Hydrogenobacter. The cells 
are: long, straight to slightly curved rods, 0.3-
0.5 X 2-4 (-8) ~m; filaments are sometimes 
formed at supra-optimal temperatures; non
motile; flagella, endospores, PHB granules, car
boxysomes, or intracellular membranes have 
never been observed; Gram negative (by stain
ing and cell wall ultrastructure), although the 
peptidoglycan layer appears to be relatively 
thick (Kristjansson et al., 1985). 

Isolates of Hydrogenobacter are all: strictly 
respiratory, with oxygen as the terminal accep
tor; microaerophilic; eannot grow anaerobieally 
with nitrate; nitrate is not reduced; chemoli
thoautotrophic, using H2 or redueed sulfur com
pounds as electron donors and CO2 as carbon 
source; COz is fixed via the reductive TCA eycle 
(Shiba et al., 1985). Most strains are unable to 
grow heterotrophically with any of a variety of 
organic compounds (organic and amino acids, 
alcohols, sugars) tested. Hydrogenase is me m
brane-bound and does not reduce NAD(P). 
Ammonium salts andjor asparagine ean serve 
as sole nitrogen sources. Dinitrogen is not fixed. 

These strains are: sensitive to penicillin and 
other eubacteria-speeific antibiotics; have a GC 
content of37-46 mol%; are oxidase positive and 
catalase negative; eontain eytoehromes b, c, and 
0, but no cytoehrome a/a3 (Kawasumi et al. , 
1984; Pusheva et al., 1988). The optimum tem
perature for growth is 70-75°C and no growth 
oecurs at 45°C or at 90°C. Optimum pH for 
growth is 6-7 and the pH limits are 4.0 and 7.5. 
So far, they have been isolated exclusively from 
geothermal environments. 

Several characteristies have only been studied 
in strains from one geographical origin: they 
should be tested on the other strains. They in
clude: 1) an unusual profile of cellular lipids in 
the Japanese strains, with linear C18:0 and C20:1 

as the major lipids (Kawasumi et al, 1984); 2) 
a unique quinone, 2-methylthio-l, 4-naphtho
quinone, as the main quinonic component, in 
the type strain of H. thermophilus and in the 
halophilic Hydrogenobacter (Ishii et al., 1983; 
Nishihara et al., 1990); 3) a carotenoid pigment 
reported only in the Icelandic strains (Krist
jansson et al., 1985); 4) an external eoat eon
sisting of regular arrays of proteic subunits in 
Icelandic strains (Kristjansson et al., 1985); and 
5) the genome size of the Russian strains is very 
small (1.4-1.6 X 109 Dalton) compared to that 
of other eubacteria. The kinetics of DNA ren
aturation is similar for all strains examined, but 

differs from other bacteria tested (Lysenko et 
al. , 1985) 

So far, it has been very difficult to establish 
clear phenotypieal distinctions among the or
ganisms deseribed. This is due in part to their 
striking similarity to each other, but also to the 
absence ofmost ofthe "classical" phenotypical 
characteristics (carbon substrate utilization 
speetra, many catabolie enzymatic activities) 
sinee they are obligate autotrophs. 

A comparison by DNA-DNA homology 
analysis of strains of Hydrogenobacter from 
various parts of the world has yielded interest
ing results (Bonjour, 1988; Lysenko et al. , 1985). 
The results shown in Table 5 indicate that there 
are five very clear-cut homology groups. Groups 
1 and 2 were isolated from Italian sources. 
While all the organisms belonging to group 1 
were isolated from the S. Federigo solfatara 
(Tuscany), two ofthe strains from group 2 orig
inate from regions distant from Tuscany: strain 
102 from Agnano Terme (near Naples, 250 km 
SE of S. Federigo) and strain MF3 from a fu
marole on the Etna volcano (Sicily, 250 km SE 
ofNaples). Group 3 comprises two strains iso
lated in Iceland by Kristjansson et al. (1985), 
and group 4 eomprises two Japanese strains de
scribed by Kawasumi et al. (1984); strain TK-
6 is the type strain of H. thermophilus. The 
strains in group 5, from the USSR, were studied 
by Kryukov et al. (1983) and by Lysenko et al. 
(1985). Among them, strain Z-829 is the type 
strain of Calderobacterium hydrogenophilum. 
DNA homology measurements between the 
halophilic Hydrogenobacter (Nishihara et al., 
1990) and the other homology groups are still 
lacking. 

Due to their very low intergroup homology, 
these five groups should be considered as dif
ferent genospeeies. However, following the rec
ommendation by the "Ad hoc committee on 
reeonciliation of approaches to bacterial sys
tematics" (Wayne et al., 1987), we will not pro
pose new species names for these genospeeies 
unless clear-cut phenotypic properties can be 
assoeiated with the DNA homology groups. 

It appears from these results that DNA ho
mology grouping partially reflects the geograph
ical distribution of the organisms. The two 
groups isolated from Tuscany and other Italian 
sources differ by their maximum temperature, 
group 1 being more thermophilie (maximum, 
86°C) than group 2 (maximum 80°C). Although 
strains of both groups were isolated from the 
same geothermal field (S. Federigo), they appear 
to be thermally diverse (see Fig. 1). 

Surprisingly, strain MF3, whieh is faculta
tively autotrophie, clearly belongs to group 2, 
whereas all the other strains are obligate auto-
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trophs. The other facultative autotroph de
scribed (strain Z-809, Savel'eva et al., 1982) has 
been lost, and did not appear in the paper by 
Lysenko et al. (1985). 

In short, at least five genospecies of Hydro
genobaeter exist, reflecting wide geographie and 
temperature distributions. Contrasting with 
clear-cut genomic separation, they show striking 
morphological and metabolie similarities that 
so far do not permit distinction on a phenotyp
ical basis. Thus, specific names cannot be given 
at this time. Rare in the group, facultative hete
rotrophy is only a strain-specific property with
out taxonomie significance. 

FURTHER STUDIES OF THE EXTREME THERMO
PHILES. Hydrogenobaeter spp. are able to grow 
chemolithoautotrophically with thiosulfate and 
elemental sulfur (Bonjour and Aragno, 1986; 
Alfredsson et al. , 1986) as weIl as with H2 as 
electron donor. When thiosulfate and H2 are 
given simultaneously, both are utilized concom
itantly (mixolithotrophy), allowing a higher 
growth rate than with only one electron donor. 
Growth with thiosulfate only is very sensitive 
to oxygen, whereas mixolithotrophic growth is 
the least sensitive to oxygen. During growth on 
thiosulfate, elemental sulfur accumulates tran
siently. 

Although obligately lithotrophic, H. thermo
philus TK-6 could incorporate limited amounts 
of organic compounds, like acetate, pyruvate, 
and glucose, but only when H2 + O2 were pres
ent (Shiba et al., 1984). The addition of sm all 
amounts of pyruvate, acetate, or malate stim
ulated the autotrophie growth of this organism. 

The respiratory chain was investigated by 
several authors. The hydrogenase activity of 
strain Z-809 was studied by Pusheva and Sav
el'eva (1982), who noted the thermophily ofthe 
enzyme, as weIl as its resistence to 02' The hy
drogenase of C. hydrogenophilum Z-1215 was 
purified (Pusheva et al. , 1987) and its kinetic 
parameters determined. The hydrogen uptake 
activity by whole cells of strain Z-829 showed 
no measurable H2-concentration threshold 
(~0.01 ppmv) whereas a distinct threshold was 
observed with cell-free extracts of the same or
ganism (10-100 ppmv) (Kryukov and Bodnar, 
1987). Cytochrome e552 from H. thermophilus 
TK-6 was purified and characterized (Ishii et 
al. , 1987a). It reacted directly with the purified 
hydrogenase from the same organism (Ishii et 
al. , 1987c). These authors propose a model for 
the respiratory chain of this organism, includ
ing 2-methylthio-l ,4-naphthoquinone in the re
verse electron transport pathway to NAD. The 
cytochromes of C. hydrogenophilum Z-829 
were investigated and its cytochrome e552 was 

purified (Pusheva et al., 1988). It reacted with 
bovine cytochrome oxidase. 

The elongation factor EF-Tu from C. hydro
genophilum was isolated and purified (Mikulik 
et al. , 1988). In contrast to EF-Tu from Thermus 
thermophilus, it cross-reacted with antibodies 
against EF-Tu from Eseheriehia eoli. In spite of 
this similarity, the temperature relationships of 
EF-Tu from C. hydrogenophilum and from E. 
eoli were quite different: optimal at 40°C and 
complete loss after 5 min at 60°C for the latter, 
optimal at 70°C and complete loss after 5 min 
at 95°C for the former. 

The Moderately Thermophilic, 
knallgas Bacteria 

Three species of moderately thermophilie knall
gas bacteria have been described, although at 
present they are not recognized as validly pub
lished. Surprisingly, they were the first ther
mophilie knallgas bacteria isolated. All have an 
optimum growth temperature of about 50°C, 
whereas their minimal temperature extends 
into the mesobiotic range. 

"PSEUDOMONAS THERMOPHILA. " McGee et al. 
(1967) described a moderately thermophilie 
knallgas bacterium as "Hydrogenomonas ther
mophilus" (sie). Further studies on this organ
ism described conditions for colony formation 
(Tischer et al., 1975) and the ultrastructure of 
the cell wall (Wang and Tischer, 1975). The 
strain was not deposited in an official culture 
collection and apparently was lost. Krasilya et 
al. (1973) isolated an organism (strain K-2) they 
attributed to H. thermophilus. After the rejec
tion of Hydrogenomonas by Davis et al. (1969), 
Emnova and Zavarzin (1977) transferred this 
organism to Pseudomonas, as "P. thermophila. " 
However, neither the latter nor the former de
scription was acknowledged as valid (Skerman 
et al., 1980). As the description by McGee et al. 
(1967) is rudimentary, the following description 
is based, unless otherwise stated, on the paper 
by Emnova and Zavarzin (1977) for strain K-2. 

The cells ofthis organism are: short rods, 1.3-
1.75 X 0.5-0.6 /-Lm; motile by means of one 
polar flagellum; Gram-negative (Gram reaction 
and cell wall structure); neither endospores nor 
capsules are formed; PHB inclusions are pres
ent (Kostrikina et al., 1981). Strain K-2 contains 
carboxysomes and extensive intracellular mem
branes (Kostrikina et al. , 1981; Romanova et 
al. , 1982). Colonies are light brown. No carot
enoid pigment is formed. 

This organism has a strictly respiratory me
tabolism, with oxygen as the terminal acceptor. 
It cannot grow anaerobically with nitrate, al-



3930 M. Aragno 

though nitrate is reduced to nitrite. It is a fa
cultative chemolithoautotroph, using H2 as elec
tron donor and CO2 as carbon source. 
Hydrogenase is membrane-bound and not 
NAD-reducing. Cytochromes a, b, c, and 0 are 
present (Emnova and Zavarzin, 1979). CO2 is 
fixed via the ribulose-bisphosphate cycle (Ro
manova et al., 1980). It grows under air on a 
variety of organic and amino acids. Sugars and 
alcohols are not utilized, and it is neither pro
teolytic (on gelatin) nor lipolytic (on Tween 80). 
Ammonium salts, nitrates, and several amino 
acids can serve as N sources, but nitrites and 
urea cannot. Dinitrogen is not fixed. The opti
mum temperature for growth is 50°C, with slow 
growth at 36 and 56°C. Strain K-2 was isolated 
from a drainage ditch. 

The presence of carboxysomes and intracel
lular membranes is unusual in knallgas bacteria 
(Walther-Mauruschat et al., 1977), indicating a 
possible relationship of P. thermophila with 
thiobacilli or nitrifying bacteria. Its aptitude to 
utilize other electron donors (reduced sulfur or 
nitrogen compounds) has not been tested so far. 
Wang and Tischer (1975) noted the presence, in 
the original strain, of a proteinaceous coat con
sisting of a hexagonal array of subunits. This 
was not observed in strain K-2 (Kostrikina et 
al., 1981). 

Strain K-2 has been extensively studied by 
Russian microbiologists as a potential biomass 
producer (Emnova and Romanova, 1982). The 
published papers deal mainly with the activity 
and localization of the hydrogenase (Emnova 
and Romanova, 1977; Emnova et al., 1979), the 
respiratory chain and membrane function (Em
nova and Zavarzin, 1979; Romanova and Em
nova, 1980; Kuznetsov et al., 1984), the tem
perature and pH dependence of the ribulose
bisphosphate carboxylase (Romanova et al., 
1980), the ultrastructure (Kostrikina et al., 
1981; Romanova et al., 1982), enzyme produc
tion (Emnova et al., 1982), and the pattern of 
RNA extraction from cell biomass (Emnova, 
1978). 

"PSEUDOMONAS HYDROGENOTHERMOPHILA" 

AND "FLA VOBACTERIUM AUTOTHERMOPHILUM. " 

These two species were described on the basis 
of four strains isolated from soils around hot 
springs in Japan (Goto et al., 1978). In fact, they 
appear to be very similar to each other, differing 
only by the motility of the former and the oc
casional observation of round "cysts" in cul
tures of F. autothermophilum. Genomic rela
tionships between both types and a deeper 
taxonomic approach are thus needed before 
these organisms can be accepted as valid spe-
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cies. The following description fits both "spe
cies": 

The cells are: long, straight rods; 2-6 X 0.6 
Mm; motile by means of one polar flagellum (P. 
h.) or non-motile (F. a.); Gram-negative; en
dospores are not formed; colonies dull yellow, 
due to the presence of a carotenoid pigment. 

Both species displaya strict1y respiratory me
tabolism, with oxygen as the terminal acceptor. 
They are either chemolithoautotrophic, using 
H2 as electron donor and CO2 as carbon source, 
or chemoorganoheterotrophic. A few organic 
acids, but neither sugars nor alcohols, are uti
lized. Ammonium salts, nitrate and urea, but 
not nitrite, can serve as N source. Dinitrogen is 
not fixed. They are catalase and urease positive. 
Their GC content is 63.5 mol% (P. h.) and 64.9 
mol% (F. a.). 

The optimum temperature for growth is 50-
52°C, with extremes of 30 and 55°C. The pH 
optimum is 7.0; ranging from pH 5-8. They 
were isolated from soil around hot springs in 
Japan. (The paper by Goto et al. (1977) deals 
mainly with the optimization ofthe eulture me
dium.) 

Bioteehnologieal Potential of 
Thermophilie Knallgas Baeteria 

The thermophilie knallgas baeteria present a 
number of advantages for utilization in bio
teehnologieal applieations: they eombine the 
eharaeteristies of knallgas bacteria diseussed in 
Chapter 15 (lithoautotrophy, use of H2, a po
tentially important energy converter, high 
growth yields) with those of thermophiles. 
Among these, one could mention the lower risk 
of spontaneous contamination and the produc
tion of structures, particularly enzymes, that are 
more resistant, not only to heat, but also to 
other external faetors, and that are often more 
stable. Thermophiles do not normally require 
cooling of the eulture. An other advantage of 
thermophilic knallgas bacteria over other types 
of thermophiles is their high growth rates and 
the high eell densities they reaeh in fermenter 
eultures. For these reasons, Hydrogenobacter 
spp. appear partieularly promising for biotech
nological applications. 

A deeper knowledge of the bioehemistry and 
the geneties of these organisms is thus urgently 
needed, particularly regarding the possibility of 
using them as recipients of genes from other 
thermophiles, or ofusing enzymes andjor genes 
from these organisms as tools for a variety of 
applications. 
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CHAPTER 218 

Morphologically Conspicuous Sulfur-Oxidizing Eubacteria 

JAN W. M. LA RIVIERE and KARIN SCHMIDT 

This chapter deals with the genera Achroma
tium, Macromonas, Thiobacterium, Thiospira, 
and Thiovulum (see Fig. 1). They all belong to 
chemotrophic microbial populations generally 
encountered in natural habitats that are char
acterized by the simultaneous presence of H2S 
and O2, i.e., at the border between aerobic and 
anaerobic zones in surface waters and in the 
outflows ofH2S-bearing springs. It will be useful 
to introduce this discussion with some general 
remarks on the special nature of this ecological 
niche to help explain the embarassing paucity 
of knowledge we possess about its inhabitants. 

In nature, the coexistence of H2S and O2 can 
only be sustained in systems subject to contin-
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Fig. 1. Composite drawing of the described organisms, re
drawn from the originalliterature. Bars = 10 /Lm-except 
for the typical colonies of the Thiobacterium species: (a) 
"puffball" shape, (b) dendroid shape. 

uous inputs of both substances, because H2S is 
not stable in the presence of O2, H2S can be 
rapidly oxidized without the intervention ofliv
'ing organisms, the rate of oxidation depending 
on pH, temperature, and the presence of cata
lysts andjor inhibitors (Chen and Morris, 
1972a, 1972b); reaction products range from 
sulfur and polysulfides to thiosulfate, sulfite, 
and sulfate. Thus, this habitat contains an array 
of reduced sulfur compounds that are all po
tential substrates for chemolithotrophic oxida
tion but that differ greatly in their stability in 
the presence of O2, 

The chemotrophic segment of the microbial 
population occupying this special niche in
c1udes-in addition to accidental "interlopers" 
such as H2S-tolerant microaerophilic hetero
trophs-a group of organisms called colorless 
sulfur bacteria, which appear to interact direcdy 
with the reduced-sulfur compounds character
izing this habitat. 

These colorless sulfur bacteria inc1ude in the 
first place Sulfolobus, Thiobacillus, and Thio
microspira (see Chapters 28 and 138), which 
have been shown to possess the capacity to 
chemolithotrophically oxidize reduced-sulfur 
compounds. Secondly, the group inc1udes the 
five genera to be discussed here-Achromatium, 
Macromonas, Thiobacterium, Thiospira, and 
Thiovulum-as weIl as Beggiatoa, Thiothrix, 
and Thioploca (see Chapter 16 and 166). These 
eight genera are inc1uded among the colorless 
sulfur bacteria because the observed appearance 
and disappearance of sulfur inc1usions suggest 
the possession of at least the capacity to oxidize 
sulfide and sulfur. The nutritional status of 
these genera is by no means certain and their 
relationship to reduced-sulfur compounds may 
range from obligate chemolithotrophy to pro
tective, detoxifYing sulfide oxidation, or to 
merely gratuitous sulfide oxidation. Another ar
gument for inc1usion of this group is the ob
served absence of these genera in habitats de
void of H2S. FinaIly, there are an indefinite 
number of colorless sulfur bacteria that are not 
recognized in the eighth edition of Bergey's 
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Manual of Determinative Bacteriology (Buch
anan and Gibbons, 1974) or discussed in this 
Handbook because they have been described 
poorly or no more than once. The works of the 
old masters, such as Gicklhorn, Hinze, Kolk
witz, Lauterborn, Molisch, Nadson, Warming, 
and Winogradsky, offer clear indications that 
several genera and even more species of color
less sulfur bacteria exist that cannot now be rec
ognized usefully. 

Thus the 11 genera discussed in this book 
represent only the most accessible part of the 
inhabitants of this ecological niche; even so, 
only five of them exist at the moment in pure 
culture: Thiobacillus, Sulfolobus, and Thiomi
crospira, which can be cultivated with the stable 
compounds thiosulfate and/or sulfur as oxidiz
able substrates, Macromonas, of which only 
heterotrophic strains exist in pure culture, and 
Beggiatoa, from marine and freshwater habi
tats. Only the marine Beggiatoa strains seem to 
be facultative autotrophs (Nelson, 1989). The 
other six genera have not yielded pure cultures 
most probably because they are obligate sulfide
oxidizers, which, in view of the autoxidizability 
of H2S, renders the use of solid media impos
sible and that of liquid media extremely cum
bersome, since continuous inputs of H2S and 
O2 have to be maintained. Thus, for the mo
ment, these six genera exist only by virtue of 
their morphological recognizability. The mor
phological characteristics are the only basis for 
the division into different genera. 

In nature, quite often the predominance of 
one or a few colorless sulfur bacteria can be 
observed. Knowledge ofthe factors determining 
such predominance would obviously be of great 
help in isolation studies, but so far we have no 
clue as to the determinants of competition and 
survival ofthese diverse organisms, which have 
to compete not only among one another, but 
very likely also against the chemical oxidation 
ofH2S. 

Thus we are faced with a vicious circle: lack 
of knowledge of the physiology of these organ
isms impedes the design of effective isolation 
procedures, which, in turn, are the very require
ment for obtaining such physiological knowl
edge through pure culture study. The riddle they 
pose is further complicated by the complexity 
of their natural habitat. In addition to natural 
aeration, when exposed to light, the medium 
also receives O2 from photosynthesis, subject to 
diurnal fluctuations. Furthermore, H2S can 
originate from groundwaters poor in organic 
matter, as weIl as from sulfate reduction in mud 
layers, in which case it is invariably accom
panied by organic compounds. The mineral 
contents of the water also appear to play an 

important role. A relatively high Ca2+ concen
tration or the presence of solid CaC03 charac
terizes many of the habitats in which the or
ganisms are found; the relationship is most 
obvious for Achromatium and Macromonas, 
which both can have CaC03 inclusions. 

Enrichment and 
Cultivation Methods 

Imitation of the natural conditions in the lab
oratory appears to be the best approach to en
richment, cultivation, and isolation of Achro
matium, Macromonas, Thiobacterium, 
Thiospira, and Thiovulum, the five genera un
der discussion in this chapter. The enrichment 
methods consist essentially of using Winograd
sky columns (Winogradsky, 1888) that are kept 
in the dark and that contain sediments in which 
H2S is generated through sulfate reduction. 
Hence, adequate, i.e., slowly decaying, organic 
material-and in the case of freshwater enrich
ments, CaS04-has to be inc1uded in the sedi
ment; in seawater enrichments, a considerable 
amount of sulfate is already present in the water 
phase. Besides stationary columns, flow
through variations have been used in which the 
water phase is continuously and slowly replen
ished, which provides a means of controlling the 
position of the H2S/02 border zone and of elim
inating contaminants. This method has led to 
reproducible enrichment procedures for Thio
vulum, while a more c1assical enrichment 
method could be used for the heterotrophic Ma
cromonas bipunctata. For the other three gen
era, enrichment is still extremely difficult and 
at best capricious. 

In the design of effective enrichment and cul
tivation methods, some guidelines can be fur
ther derived from specific ecological attributes 
of the organisms themselves: 

1. The presence of elemental sulfur inclusions, 
a stored energy source, implies that the cul
ture can survive periods of absence of H2S 
but not of O2 (all genera). 

2. Possession of strong chemotactic properties 
introduces the possibility of exerting selec
tion through water flow (Thiovulum, Thio
spira). 

3. Limited motility, or its absence in some gen
era, calls for stability of the position of the 
H2S/02 border zone in the place where the 
organism is expected to accumulate (Achro
matium: at the bottom; Thiobacterium: at the 
surface). 

4. Capacity for attachment to solid surfaces per
mits selection by water flow, provided the 
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water contains the proper mix of H2S and O2 

(Thiobacterium. Thiothrix). 
5. The organism permitting, application of low 

temperatures (10-1 7°C) appears favorable, as 
this slows down chemical H 2S oxidation and 
thus leads to greater stability. 

In conjunction with these methods, purifi
cation of cell material has been undertaken by 
taking advantage of chemotaxis (Thiovulum) 
and of selective sedimentation based on high 
specific gravity (Achromatium). Suspending the 
cells in sterile solutions followed by transfer to 
fresh sterile solution after separation had taken 
place could be carried out repeatedly, the 
"washing efficiency" depending on the initial 
degree of contamination and the endurance of 
the cells to repeated washings. 

Such purified material, derived from nature 
or enrichment cultures, can then be subjected 
to cultivation in aseptic, controlled systems in 
which constant inputs of H 2S and O2 are main
tained. A great deal of ingenuity has gone into 
the design of such systems, based, for instance, 
upon the use of gas mixtures, semipermeable 
membranes, controlled pumping of sterile nu
trient solutions, and solid/liquid phase systems 
in whieh the solid phase provides H2S. So far, 
the use of sulfide-charged ion-exchangers or 
badly soluble sulfides as a constant source of 
HzS has not been found practicable, nor has the 
use of inhibitors of chemical HzS oxidation. Im
portant examples of devices successfully used 
in specific instances are presented by Devide 
(1954), Keil (1912), la Riviere (1963, 1965), and 
Perfil'ev and Gabe (1961). Wirsen and Jannasch 
(1978) described a variety of cultivation sys
tems for Thiovulum (see below) in which full 
advantage was taken of modern materials and 
equipment. It is likely that these systems are 
also suitable for cultivation of other recalcitrant 
sulfur bacteria. 

Presently, however, our knowledge is still re
stricted to such data as can be obtained from 
observations on natural populations and on en
richment cultures in the laboratory, both ma
cro- and microscopically. In addition, labora
tory cultures have in several cases produced 
sufficient quantities of cell material, sufficiently 
free from contamination, to make electron mi
croscopy of whole cells and thin sections pos
sible. Similarly, such cell material has permit
ted the determination of sometimes important 
physiological data. The main target of studies 
in complex culture systems remains, however, 
the acquirement of knowledge about the organ
ism that will lead to the design of simpler cul
tivation methods. After all, one should keep in 
mind that one successful petri dish culture of-
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fers more promise for isolation and subsequent 
work than any ofthe culture systems mentioned 
above. 

Significance of the Colorless 
Sulfur Bacteria 
This group of organisms poses the question of 
how such a great morphological diversity has 
evolved in a very specialized and restricted 
niche in competition with chemical sulfide ox
idation. One might weIl speculate that this 
niche must have been much larger at the time 
when, during the evolution of the present bio
sphere, the first oxygen appeared on an initially 
anaerobic stage and that, for a long time since, 
a much smaller O2 concentration prevailed in 
the atmosphere than at present. However this 
may be, it is certain that microbial activity, in
cluding that of colorless sulfur bacteria, has 
played and is still playing an important role in 
the biogeochemical cycle of sulfur (J0rgensen, 
1989; Kuenen, 1975; SCOPE 19,1983; SCOPE 
39, 1989; Kuenen and Bos, 1989; la Riviere, 
1966). It is, for instance, generally accepted that 
the sulfur deposits that are mined today are bio
genie and have been formed by sulfate reduc
tion followed by an oxidation step that may 
have involved colorless sulfur bacteria. The 
well-known su/furetum. in which sulfur is still 
accumulating today, offers an opportunity for 
determining the additional contributions of 
chemical and photosynthetic sulfide oxidation. 
Furthermore, sulfide oxidation to sulfate is an 
important step in the regeneration of oxidizing 
power within water bodies where sulfate plays 
a role in anaerobic mineralization. Also, the re
lease of H 2S into the atmosphere from oceanic, 
marshy, and estuarine areas is at the moment 
a matter of concern on aglobai scale in judging 
the impact of artificial SOz emissions that are 
superimposed on it (Svensson and Söderlund, 
1976). The magnitude ofthe biogenic HzS emis
sions is presently not weIl known, but it is cer
tain that the colorless sulfur bacteria codeter
mine it to a large extent. Finally, biological 
sulfide oxidation is responsible for the genera
tion of certain types of acid soils and the for
mation of acid mine eftluents. In the mining 
industry, so-called microbial leaching is pres
ently being practiced for improving the yield of 
various metals from sulfide ores. For this pur
pose, Thiobacillus species are frequently being 
used (see Chapter 32). Furthermore, the micro
biological methods for removing sulfur from 
coal, and removing hydrogen sulfide from bio
gas, generated by anaerobic digestion, are grow
ing in industrial importance. 
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In the situation as outlined in this introduc
tion, more detailed presentation of available in
formation that follows can offer no more than 
some springboards and roadsigns for those who 
want to penetrate further into a fascinating and 
as yet unconquered territory of the microbial 
kingdom. Such endeavors also offer the rare sen
sation of reading the works of the old masters 
as valuable guidebooks of undiminished con
temporary relevance. In order to facilitate such 
reading, pertinent references as well as earlier 
used names of organisms have been included. 

The Genus Achromatium 
Two species of Achromatium are known (La 
Riviere and Schmidt, 1989): Achromatium ox
aliferum, which occurs in fresh waters and ma
rine environments, and Achromatium volutans, 
which is less well known and has been found 
in marine muds only. 

Achromatium oxaliferum 

Achromatium oxaliferum (Figs. 1 and 2) was 
described for the first time by Schewiakoff 
(1893). Since then the organism has temporarily 
also carried the names Hillhousia mirabilis 
(West and Griffiths, 1909), Hillhousia palustris 
(West and Griffiths, 1913), and Achromatium 
gigas (Nadson, 1913). Its cells are conspicuous 
because of their massive CaC03 inclusions oc
curring together with much smaller sulfur glob
ules. In addition, their large size immediately 
attracts attention: the cells are spherical, ovoid, 
or cylindrical with a minimum length of the 
small axis of 5 JLm and a maximum length of 
the long axis of 100 JLm. Division is by con
striction. The cells are slowly motile on solid 
surfaces only. It is, therefore, not surprising that 
the organism has tantalized numerous observ
ers, none of whom, however, has so far suc
ceeded in developing an effective enrichment 
method. 

ECOLOGY. In all cases, the cells were encoun
tered in or on the bottom mud of fresh and 
saline waters, as is to be expected from the high 
specific weight of these organisms which pre
vents them from moving vertically in the water. 
Since they are not at all commonly found among 
the macroscopically recognizable white masses 
that usually guide the investigator most effec
tively to natural populations of colorless sulfur 
bacteria, it appears useful to list here some of 
the habitats in which the organism was found, 
all the more so because no useful common char
acteristic of these habitats has as yet emerged. 

Fig. 2. Achromatium oxaliferum (from a garden pond near 
The Hague, The Netherlands). (I) Cells filled with CaCO, 
crystals. Bar = 20 I'm. (2) Cells after treatment with 0.05 
N acetic acid; sulfur globules can be clearly seen. (3) Topside 
view of a beaker with a band of "enriched" Achromatium 
cells. 

Gicklhorn (1920), Bersa (1920), and Baven
damm (1924) found Achromatium in ponds in 
the botanical garden in Graz where the alga 
Chara also occurred in large numbers. The bot
tom mud of Swedish lakes was the source for 
Skuja (1948), and that ofLake Windermere for 
Skerman (Starr and Skerman, 1965). Lackey 
and Lackey (1961) found the organism in fresh 
and brackish waters in Florida as well as in salt 
marshes at Woods Hole. It was also found in a 
small concrete garden pond in Pacific Grove, 
California, and in 2 out of 14 garden ponds 
examined near The Hague (J. la Riviere, un
published). These were made of concrete, had 
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a depth of 40 cm, and contained very loosely 
packed mud with much organic matter as well 
as cells of algae and cyanobacteria. Nadson and 
Visloukh (1923) found Achromatium in marine 
muds. Some of these waters were high, others 
low, in Ca2+ concentration. 

Since all authors agree that the organism is 
an obligate aerobe and the high weight of its 
cells restricts it to the bottom habitat, it seems 
obvious that in all of the above-mentioned 10-
cations the borderzone between H2S and O2 

must have resided in the mud or on top of it, 
indicating that the H2S generation in the sedi
ment must have been relatively weak, or, alter
natively, aeration consistently strong. This ap
pears to make Achromatium oxaliferum the 
counterpart to Thiobacterium which (as a "puff
ball" type) floats at the surface. There is, how
ever, one important difference in that Achro
matium possesses some means of locomotion 
while Thiobacterium does not. This motility is 
very slow and restricted to jerky rolling move
ments on solid surfaces, most probably effected 
by means of peritrichous filaments moving 
about in the slime layer that surrounds the cells 
(de Boer et al., 1971). In this way, the cells are 
capable of migrating chemotactically through 
the mud, where, depending on the distribution 
oflocalized microsources ofH2S, concentration 
gradients exist over short distances that are 
manageable by the organisms. 

Lauterborn (1915) noted that cells were 
packed with CaC03 and had few sulfur inclu
sions when encountered on top of the mud, 
while cells below the surface contained little or 
no CaC03 and much more sulfur. This suggests 
that the restricted capacity for chemotaxis is 
somewhat complemented by the storage of sul
fur but does not explain the significance that 
CaC03 storage could have for the organism be
yond keeping it in the bottom layers by sheer 
weight. In this respect, any possible interaction 
with surrounding photosynthetic organisms ap
pears important, as these exert a considerable 
influence not only on the O2 concentration but 
also on the CO2/CaC03 equilibrium, which are 
both subject to diurnal changes. In addition, 
CaC03 might exert a buffering effect with re
spect to H2S04 formed by sulfur oxidation. 

ENRICHMENT AND CULTIVATION. Most obser
vations on the organism have been done on ma
terial taken directly from nature. No effective 
laboratory enrichment culture methods are 
available; at best the natural populations can be 
kept alive in the laboratory für 6-10 months. 
Schewiakoff (1893) used a watch glass contain
ing mud, Achromatium cells, and some super
natant water from the natural habitat. After 
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placing it in sunlight he observed "energetic 
multiplication" (perhaps chemotactic accumu
lation?) and formation ofwhite agglomerations 
of 50-100 cells each. West and Griffiths (1913) 
placed the mud with overlaying tap water in 
small cylinders (15 cm wide, 5 cm high) and 
stirred the mud from time to time; in this way 
they kept the organisms alive for 9 months. 
They stated that the cells had a doubling time 
of 24-48 h under these conditions and that 
death resulting from O2 deficiency was accom
panied by the loss of the CaC03 inclusions. De 
Boer et al., (1971) maintained natural popula
tions for 10 months by placing the loosely 
packed mud from a pond in closed plastic bot
tles at 5°C. The overlaying pond water column 
was about four times higher than the mud layer. 
The same authors used a very simple method, 
suggested to them by C. B. van Niel, for con
centrating the cells in such a mud-water system. 
It is based on the heavy weight and white color 
of the Achromatium cells: 

Collecting and Concentrating Achromatium Cells 
Found in Nature (de Boer et al., 1971) 

Material from the upper part of the sediment was col
lected. Lightweight particles were removed by repeated 
decanting in tap water. Layers ofheavier mud particles, 
approximately 0.5 cm thick, were subjected to gentle 
swirling in a tilted beaker that at the same time was 
rota ted slowly along its vertical axis (Fig. 2). This treat
ment led to further fractionation of the particles ac
cording to their specific gravity and the heavy Achro
matium cells soon became visible as a narrow white 
band very close to that ofthe sand-particle fraction. The 
cells were pipetted off and transferred to a smaller 
beaker and further purified by the same method. This 
procedure was repeated several times until a dense mass 
of Achromatium cells was obtained. This no longer con
tained cells of algae, protozoa, or sand particles, and the 
number of smaller bacteria present had been reduced to 
a very small minority, as shown by microscopic ex
amination. 

The method was obviously only successful for Achro
matium cells that actually contained appreciable quan
tities of CaC03 inclusions. 

At least 50% of the cells obtained in this way 
were viable, as shown by their motility observed 
under the microscope. They proved to be quite 
suitable for electron microscopy and some el
ementary physiological tests. 

FURTHER CHARACTERISTICS. The organism is 
very easy to identify by the morphological char
acteristics already mentioned. Healthy cells are 
almost completely filled with highly refractile 
CaC03 crystals, which makes it difficult to ob
serve the sulfur globules. These are best seen 
after selective removal ofthe CaC03 by treating 
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the cells with 0.05 N acetic acid (de Boer et al., 
1971) (Fig. 2). 

Cells collected by the method described above 
remained contaminated by heterotrophs even 
after repeated washings with sterile water. 
Nevertheless, indications were obtained that the 
cells moved and multiplied more actively in the 
presence of organic acids, casamino acids, or 
both. The experiments, however, could not be 
pursued further because of overgrowth by more 
rapidly multiplying heterotrophs (K. Schmidt, 
unpublished). The cells could be lysed by ly
sozyme and proved to be Gram-negative and 
catalase-negative. 

Achromatium volutans 

Achromatium volutans (Fig. land 3) was first 
described by Hinze (1903) under the name of 
Thiophysa volutans and later by Nadson (1913, 
1914) under the name of Thiophysa macro
physa. The organism was found in saline waters 
only: in association with mud and decaying sea
weeds from the Bay of Naples (Hinze, 1903, 
1913), in the saline sulfur spring "Solgraben von 
Artern" (Kolkwitz, 1918), and in a saline spring 
in Florida (Lackey and Lackey, 1961). The best 
description is probably that of Hinze (1903), 
who obtained his cell material from marine 
mud placed in a flat dish; within 1 h, many cells 
were found at the mud surface, concentrated 
through chemotaxis into a thin white layer. 

The organism was very similar to Achro
matium oxaliferum with respect to cell shape, 
motility, and mode of division. A striking dif
ference was the total lack of CaC03 inclusions 
and the presence of far more and larger sulfur 
globules. Also the cells were consistently 
smaller, ranging from spheres with a diameter 
of 5 /olm, when young, 10 ovals up 10 40 /olm in 
leng1h. Right after division cells were flat at one 

Fig. 3. Achromatium (= Thiophysa) volutans (from SoIgra
ben in Artern, Germany). Bar = 20 /olm. 

end, which was never observed in Achromatium 
oxaliferum (Fig. 1). 

The observations ofHinze (1903) suggest tha1 
this organism is more sensitive to environmen
tal conditions like H2S and O2 concentrations 
than is Achromatium oxaliferum. This appears 
plausible because its lower specific gravity is 
likely to per mit more rapid chemotactic re
sponse. 

The Genus Macromonas 

Cells of Macromonas are often found in habi
tats where Achromatium oxaliferum also occurs 
(Bavendamm, 1924; Gicklhorn, 1920; Lauter
born, 1915; Skuja, 1956). To the knowledge of 
the authors, only one attempt at enrichment of 
these organisms has been described (Dubinina 
and Grabovich, 1984). Hence, most available 
data originate from observations on material di
rectly taken from natural sources. 

The cells are colorless, cylindrical or bean 
shaped, and sluggishly motile with one polar 
flagellum. Since flagellation was observed in the 
light microscope, presence of a tuft of flagella 
is more likely. Their typical characteristic is the 
presence of several large refractile spherules, 
which have been thought to consist of CaC03; 

definite proof for this is lacking, however. In 
addition, small sulfur globules may be present. 

Two species have been recognized (la Rivü~re 
and Dubinina, 1989). 

Ofthe two species Macromonas mobilis (Fig. 
1) was first described by Lauterborn (1915) un
der the name Achromatium mobile and later by 
Gicklhorn (1920) as Microspira vacillans. The 
cells are ellipsoidal or cylindrical and slightly 
curved, measuring usually 9 by 20 /olm. Smaller 
cells are often presen1 and are believed 10 be 
daughter cells (Gicklhorn, 1920). The single po
lar locomotor organ (tuft of flagella?) measures 
20-40 /olm and can be observed by light mi
croscopy. It provides for motility at a rate of 
800 /oLmjmin. Besides small sulfur inclusions, 
usually between 5 and 15, one to four large re
fractile bodies occur, which closely resemble the 
CaC03 inclusions of Achromatium oxaliferum 
and, therefore, are provisionally considered to 
consist of CaC03• No methods for isolation are 
known. 

Macromonas bipunctata (Fig. 1) was first de
scribed by Gicklhorn (1920) as Pseudomonas 
bipunctata and renamed Macromonas bipunc
ta ta by Utermöhl and Koppe (Koppe, 1923). 
Dubinina and Grabovich (1984) reported the 
isolation of heterotrophie baeteria answering 
the deseription of Macromonas bipunctata by 
these authors. The eells are single or in pairs, 
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pear-shaped, cylindrical or curved; they mea
sure 2.2-4X3.3-6.5 ~m. They are motile by a 
polar tuft of flagella, Gram-negative, strictly 
aerobic and catalase-positive. Sulfur inclusions 
are produced when the cells are grown in media 
containing sulfide, which is oxidized by hydro
gen peroxide and thus offers no useful energy 
to the cell. 

While recognizing the valid description of 
Macromonas bipunctata by Dubinina and Gra
bovich, la Rivü~re and Dubinina (1989) still 
maintain Macromonas mobilis as type species 
because " ... now that the way has been paved, 
it is felt that isolation of Macromonas mobilis 
may take place in the near future and thus com
plete the taxonomy of the genus with a mini
mum of alterations." 

Enrichment and Isolation of Macromonas 
bipunctata (Dubinina and Grabovich, 1984) 

The white mat found on the surface of bottom sedi
ments in asewage treatment plant was used for inoc
ulating 10 ml portions of the following semisolid me
dium contained in test tubes: 

Sodium acetate 1 g/l 
Calcium chloride 0.1 g/l 
Casein hydrolysate (Difco) 0.1 g/l 
Yeast extract (Difco) 0.1 g/I 
Agar (Difco) I g/l 

After sterilization, a mixture ofvitamins and oftrace
elements (Pfennig and Lippert, 1966) was added, as weil 
as 0.2 mg freshly prepared FeS per 10 ml medium as 
source of sulfide. The pH was adjusted to 7.2-7.4. 

After two to three days at 28°C, a white surface film 
appeared, which contained a large number of typical 
Macromonas cells. Streaks were made from a suspen
sion of this film on agar plates containing the medium 
described above solidified with I g agar/l. After two to 
three days flat Macromonas colonies appeared with a 
diameter of 1 to 4 mm and a finegrained structure. These 
colonies were used for subsequent purification by re
streaking on solid medium. 

The Genus Thiobacterium 

The organisms of this genus are nonmotile rods 
that form sulfur inclusions. The cells are 
embedded in gelatinous masses that are either 
"puffball" -shaped or dendroid. Spherical, "puff
ball" -shaped gelatinous masses may be found 
freely floating in stagnant, H2S-bearing waters 
(Fig. 1; Thiobacterium a). Dendroid gelatinous 
masses may be found attached to solid surfaces 
that are exposed to flowing, H2S-containing 
waters (Fig. 1; Thiobacterium b). 

Their lack of motility prevents these organ
isms from following chemotactically the spatial 
fluctuations of the zone of optimal H2S and O2 

concentrations. This suggests that they are 
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either capable of growing under a wider range 
of H2S and O2 concentrations than acceptable 
to most of the motile colorless sulfur bacteria, 
or, alternatively, that they are confined to 
growth in locations where their optimal con
ditions more or less continuously prevail. The 
latter alternative appears to be supported by the 
fact that they are found floating at water-air in
terfaces or attached to solid surfaces. The first 
case is likely to occur when H2S generation is 
consistently so high that the zone of optimal 
conditions is kept automatically at the top of 
the anaerobic water column. The second case 
arises when a water stream with more or less 
constant H2S and O2 concentrations is main
tained for longer periods of time; this is the 
situation one finds in certain sections ofthe out
flows of sulfur springs. 

In Bergey's Manual (Buchanan and Gibbons, 
1974; la Rivü~re and Kuenen, 1989a), only one 
species, Thiobacterium bovista, was recognized. 
It comprised the bacteria embedded in spheri
cal, gelatinous masses, first described by Mol
isch (1912) under the name of Bacterium bov
ista, as weIl as those embedded in dendroid 
structures, first described by Lackey and Lackey 
(1961) under the name of Thiodendron mu
cosum. Observations in nature of Thiobacter
ium bovista have been reported by Scheminsky, 
et al. (1972), and by Caldwell and Caldwell 
(1974). 

Molisch obtained the spherical colony type 
(Fig. 1) of Thiobacterium at the surface ofWin
ogradsky column enrichments prepared with 
seawater plus a sediment consisting of black 
mud mixed with decaying algae, all ingredients 
originating from the harbor of Trieste, in which 
the organism was also directly observed. The 
diameter ofthe spherical structures ranged from 
microscopic dimensions to about 4 mm and the 
structures were sometimes clustered together. 
The lengths of the cells were between 2 and 
5~m, their width between 0.6 and 1.5~m. They 
usually contained four sulfur globules per cell. 
These cells were embedded in the gelatinous 
skin ofthe spherical masses, the inside ofwhich 
was filled with water. The nature ofthe mucoid 
matrix was not elucidated. 

The dendroid forms (Fig. 1) were found by 
Lackey and Lackey (1961) in saline, H2S-bear
ing waters in Florida at temperatures between 
13 and 30°C. The dendroid matrix, of as yet 
unidentified material, had the shape of branch
ing filaments with a varying thickness of up to 
20~m, individual branches sometimes being 
clubshaped. Thus, the colonies acquired treelike 
structures, reaching a width of up to 3 mm. 
Most of the colonies were found attached to 
algal and cyanobacterial cells, (generally of the 
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genus Lyngbya) which raises the question of a 
possible interaction involving 02' 

The cells were randomly arranged throughout 
the branches and consisted of rods, normally 3-
5 Jlm long and 1.5 Jlm wide; in the swollen ends 
of the branches, however, cells three times that 
size were found. Most cells contained three to 
eight sulfur globules arranged on a longitudinal 
axis. 

The organism could not be grown in enrich
ments in the laboratory but was kept alive for 
3 months in jars with water of the original hab
itat at 20°e. 

The Genus Thiospira 

Thiospira cells consist of typieal colorless spi
rilla with sulfur inclusions. Their polar flagella 
are in so me cases united in a tuft, visible in the 
light microscope. The cells are chemotactic with 
respect to O2 and H2S. They can arrange them
selves in characteristic agglomerations located 
in regions of optimal H2S and O2 concentra
tions, forming "Bakterienplatten" in liquid col
umns and "Atmungsfiguren" in covered slide 
preparations (Fig. 4). The members ofthe genus 
have been found in fresh waters and marine 
environments in which H2S was present. 

.. 

1 • ' L--..J ... , 

Fig. 4. Thiospira sp. (from upwelling groundwater near 
Delft, The Netherlands). (Courtesy of J. Klein, IHE, Delft.) 
(1) Cells accumulating at the optimum OJH2S-zone. Bar = 

100 ILm. (2) Dividing cell with a flagellum. Bar = 10 ILm. 

At the moment, two species are recognized 
(la Riviere and Kuenen, 1989b). 

Thiospira bipunctata (Fig. 1) was first de
scribed by Molisch (1912) and at that time 
named Spirillum bipunctatum. Its cells are 
slightly twisted rods forming short spirilla with 
a width of 1.7-2.4 Jlm and a length of 6.6-14 
Jlm. They are most probably polarly flagellated. 
Each end of the cell typically contains a large 
granule of so me storage material, described as 
volutin, leaving a clear space in the middle nor
mally filled with two or three sulfur globules. 
The latter are sometimes also found at the ends. 

Thiospira winogradskyi (Fig. 1) was first de
scribed by Omelianski (1905) and at that time 
named Thiospirillum winogradskii. It is a col
orless spirillum containing numerous sulfur 
globules that may disappear when the H2S in 
the medium is exhausted. It is 2-2.5 Jlm wide 
and can reach a length of 50 Jlm. "Volutin" bod
ies are absent. The cells have polar flagella and 
are strongly chemotactic. 

Dubinina and Grabovich (1983) reported the 
isolation of heterotrophic spirilla under the 
name of Thiospira bipunctata. These were mor
phologically similar to Thiospira bipunctata as 
described by Molisch since they formed sulfur 
inclusions when grown in media containing sul
fide. The sulfur was formed by nonspecific sul
fide oxidation by metabolically produced hy
drogen peroxide. Since other heterotrophs have 
also been found to form sulfur inclusions in 
sulfide-containing media (Skerman et al., 1957), 
further study is required for determining the 
proper taxonomie status of these isolates, which 
may well prove to be identical to existing Spi
rillum species. 

Enrichment Procedures 

All enrichments for Thiospira have been carried 
out in Winogradsky columns (Winogradsky, 
1888) in which H2S was released from a sedi
ment. 

Molisch (1912) enriched Thiospira bipunc
tata from mud from a Black Sea estuary (a li
man) in cylinders (5-15 X 10-30 cm), filled 
with seawater and a sediment of mud mixed 
with dying or dried algae. The columns were 
kept for several weeks at room temperature in 
the dark or under dirn light. 

Omelianski (1905) enriched Thiospira win
ogradskyi using tap water and a mixture of li
man mud, CaS04, and fragmented rhizomes in 
cylinders 7 cm wide and 40 cm high. After so me 
months' incubation at room temperature in the 
dark, "Bakterien platten" appeared in the lower 
part ofthe columns, which moved up and down 
with the prevailing H2S concentration. When 
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the cells had settled to the bottom, the sediment 
was stirred up, which apparently led to renewed 
H2S production and prolongation ofthe lifetime 
of the culture, which in this way could be kept 
for 2 years. The present authors had occasion 
to observe a Thiospira species among the col
orless sulfur bacteria at 7°e in the outflow of 
an upwelling, H2S-bearing groundwater near 
Delft, The Netherlands (Fig. 4). The cells 
formed "Atmungsfiguren" in slide preparations 
and could be kept viable for at least 6 weeks at 
4 oe in the dark, in cylinders containing ground
water and some mud from the location of ori
gin. 

The Genus Thiovulum 

The cells of this spectacular genus (Figs. 1 and 
5) are ovoid and measure 5-25 /-Lm in length. 
They normally contain sulfur inclusions, often 
concentrated at one end. The cells multiply by 
longitudinal fission preceded by constriction. 
The cells have peritrichous flagella that provide 
strong chemotactic motility, the cells rotating 
around an axis coinciding with the path of 
travel; they never reverse direction and concen
trate at places of optimum O2 and H2S concen
trations in sharply defined characteristic veils 
or webs consisting of separate, ever moving, in-
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dividual cells, to some extent held together by 
a very loose slime matrix (Fig. 5). 

Because of this strong chemotaxis, the devel
opment of methods for enrichment and culti
vation has been more successful for Thiovulum 
than for the other genera discussed in this chap
ter. 

Only one species, Thiovulum majus, is rec
ognized (la Riviere and Kuenen, 1 989c). This 
includes the former species Thiovulum minus 
(Hinze, 1913). Other obsolete names are Monas 
muelleri (Warming, 1875) and Thiovulum 
muelleri (Lauterborn, 1915). 

Ecology 

Thiovulum has been observed in marine envi
ronments and saline springs by Warming 
(1875), Hinze (1903, 1913), Molisch (1912), 
Bavendamm (1924), Faure-Fremiet and 
Rouiller (1958), Lackey and Lackey (1961), and 
la Riviere (1963). Freshwater forms were re
ported by Lauterborn (1915) and Lackey and 
Lackey (1961). In all instances, Thiovulum is 
found in very sharply localized white masses in 
situations where H2S meets with O2, Since it 
appears restricted to low concentrations of each 
substance for optimal growth, the patterns it 
forms provide a macroscopic visualization of 
this borderline, even in slowly flowing waters, 

• 

•• 
• 
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Fig. 5. Thiovulum majus (from Bergen op Zoom, The Netherlands). (1) Periphery of a veil of Thiovulum majus. Bar = 
50 /-tm. (2) Swarming cells. Bar = 20 /-tm. (From Schlegel, 1976.) 
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as the cells rapidly follow changes of the con
centration gradient. This makes it sometimes 
possible to identify Thiovulum accumulations 
in nature by their characteristic white patterns 
observed above black, sulfide-releasing muds in 
otherwise clear water. Similarly, such veils may 
be observed over decaying organic matter in 
flowthrough marine aquaria. 

Measurements with microelectrodes in nat
ural and laboratory systems (J 0rgensen and 
Revsbech, 1983) have established that these 
veils are about 100 .um thick and are formed at 
the interface of the oxygen and sulfide zones. 
The veils create an unstirred boundary layer 
preventing mixing of oxygen and sulfide and 
thus also preventing chemical sulfide oxidation. 
The veils thus create a situation in which the 
Thiovulum cells are fed by diffusion ofboth sub
strates, which each penetrate over a distance of 
50 .um into the veil. In oxygen-rich water the 
veils take the shape of small spheres which are 
made anaerobic in the center by the rapid ox
ygen utilization of the cells, wh ich thus create 
the gradient required for optimum growth. 
J0rgensen and Revsbech (1983) provide further 
fascinating evidence showing that the chemo
tactic behavior of Thiovulum is extremely sen
sitive to environmental influences and is an im
portant instrument, by "coneerted action" of 
many cells, in the creation of the precarious 
niche in which Thiovulum lives. 

Enrichment 

Unpublished work by van Niel, Wijler, and Las
celles (van Niel, 1955) led to the development 
of a simple enrichment method, described by 
la Riviere (1963, 1965). The method has been 
successfully used in Pacific Grove (California), 
Delft (The Netherlands), and also in Woods 
Hole (Massachusetts) (Wirsen and Jannasch, 
1978). 

Enrichment of Thiovulum (Wirsen and Jannasch, 
1978) 

A layer of decaying seaweed (Vlva) mixed with some 
marine mud is placed on the bottom of a jar of 1-10 
liters filled with seawater, the thickness of the com
pressed algal layer is kept to less than half the height of 
the jar (Fig. 6A). A continuous, slow flow of seawater is 
introduced near the surface of the sediment, and the jar 
is allowed to overflow. The layer of Vlva via sulfate 
reduction as a source of H,S while the flowing seawater 
provides a continuous supply of 0,. By means of chem
otaxis, the cells of Thiovulum seek out the regions of 
optimal concentration, where growth takes place in char
acteristic veils. The flow of seawater has also the essen
tial functions of supplying the sediment with SOl- as 
a source of H,S, and of flushing out contaminating or
ganisms that are not chemotactic; as a rule the Thio
vulum veils are surrounded by c1ear water. 

A 

Fig. 6. CuIture vessels for enrichment of Thiovulum: (A) by 
Wijler's method and (B) for stationary cultivation of Thio
vulum. (A): I, inflow of seawater; 2, overflow; and 3, layer 
of decaying Vlva. (B): I, sulfide-containing agar layer; 2, 
seawater; 3, protective tube for localized aeration; 4, Pasteur 
pipette; and 5, cotton plug. The broken line indicates the 
zone of growth of Thiovulum. 

When fresh Vlva is used, one should wait ca. 2 weeks 
before starting the seawater flow; a thick film ofbacteria 
usually has developed at the surface at that time. After 
the flow of seawater is started, growth of Beggiatoa andj 
or Thiothrix may be observed in the upper part of the 
jar. In that case, the flow rate should be increased so me
what; the filamentous bacteria move to lower regions 
and eventually to the bottom while Thiovulum appears 
in the top layer usually 2-3 weeks after the start of the 
experiment. This indicates that the optimum sulfide 
concentration for Thiovulum is definitely lower than 
that for Beggiatoa and Thiotrix. When the flow rate is 
further increased, the veils of Thiovulum move further 
downwards. 

At all times the culture should be kept in the dark, 
and relatively low temperatures (15°C) appear to be fa
vorable. The layer of Vlva can be replaced by decaying 
marine animals like starfishes and sea urchins; a layer 
of fishmeal has also given positive results. 

Wirsen and Jannasch (1978) found that an 
initial addition of neutralized Na2S led to an 
earlier appearance of Thiovulum veils and to 
larger enriched populations. 

Enrichment cultures of Thiovulum can be 
used as a source of crude cell material for sev
eral weeks until the H2S-generating power ofthe 
sediment is exhausted. Lateral illumination 
with a flash light greatly facilitates observation 
and harvesting of the Thiovulum veils. 

Purification of Crude Cell Material 

Besides filtration, methods based upon the 
chemotaxis of Thiovulum have been used, sin
gly or in combination. la Riviere (1963, 1965) 
used the following method: 

Purification of Thiovulum (Ja Riviere, 1963, 1965) I A total of 50-100 ml of a cell suspension carefully har
vested by pipetting from an enrichment culture is rap
idly filtered through a thin layer of cotton or of cheese-
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cloth into a IOD-mi glass cylinder. After 5-10 min, the 
cells settle chemotactically near the bottom, from where 
they are transferred by means of a pipette in as small a 
volume as possible into a test tube containing 15 ml 
sterile, aerobic seawater, cooled to about 15°C, in which 
they again form a veil near the bottom in 5-15 min. 
Repeated transfers in a similar manner to fresh tubes 
with sterile seawater lead to highly purified cell suspen
sions, as the initial filtration removes debris, protozoa, 
and other larger organisms while subsequent "wash
ings" decrease the number of sm aller contaminants. 
Plating on media for Thiobacillus and for heterotrophs 
permits following the effectiveness of the purification 
steps. 

The success of the method depends entirely 
on the degree ofinitial contamination ofthe raw 
material and the capacity ofthe cells to survive 
successive purification steps. In experiments in 
Pacific Grove, "washing" could be performed 
6-10 times in succession, leading to suspensions 
that were consistently free from contaminants. 
However, similar pure suspensions were not ob
tained in experiments in The Netherlands (la 
Riviere, 1965) or in Woods Hole (Wirsen and 
Jannsch, 1978), which is probably caused by 
differences in vigor between the enriched pop
ulations and in properties of the seawater used, 
such as temperature, degree of pollution, and 
microbial contamination. 

Wirsen and Jannasch (1978) used the follow
ing modifications of the method described 
above: 

1. Repeated chemotactic "washing" by pipet
ting or decantation in sterile aerobic seawater 
without an initial filtration step; this could be 
done only when freshly formed veils, rela
tively free from larger organisms, were avail
able in the enrichments. 

2. Chemotactic "washing" in deoxygenated 
sterile seawater, in which case the cells mi
grate to the top layer. 

3. Concentration and washing of the cells by 
means of a membrane filter with a porosity 
of 8J,tm. Initial cell suspensions are concen
trated to about 2 ml by suction, whereupon 
fresh sterile seawater is added, followed again 
by concentration by suction, Thiovulum cells 
being retained by the filter while contami
nants are passed through it. Three to five such 
"washings" are possible. 

Application ofthese methods combined with 
subsequent cultivation procedures provided 
Wirsen and Jannasch (1978) with highly puri
fied cell suspensions suitable for electron mi
croscopy and for the performance of some im
portant physiological experiments. The various 
treatments, however, could not be repeated a 
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sufficient number of times to obtain suspen
sions that were entirely free from contaminants. 

Cultivation of Purified 
Thiovulum Populations 

STATIONARY CULTIVATION OF THIOVULUM Sus
PENSIONS FREE FROM CONTAMINANTS (LA RI
VIERE, 1963, 1965). In a 500-ml Erlenmeyer fiask, 
250 ml of the following sterile agar medium is 
sterilized at 120°C for 10min: 250 ml seawater, 
2% agar (Difco), 0.01% NH4CI, 0.01% KHZP04• 

Just prior to solidification ofthe agar, 2.5 ml of 
a separately heat-sterilized solution of 1 % 
NaZC03 in seawater is added, followed by 8 ml 
of sterile seawater previously saturated by gas
eous HzS. The pH does not need adjustment; it 
should be around 8.0. After setting of the agar, 
250 ml of seawater are added and the fiask is 
closed with a steam-sterilized stopper allowing 
for local aeration by means of a Pasteur pipette 
surrounded by a vertical glass tube which is 
open at the lower end (Fig. 6B). In this way, 
aeration is restricted to the inside of the pro
tective glass tube, the dissolved oxygen slowly 
diffusing downwards to the bulk of the seawater 
layer. Thus, a gradient between the tube and the 
agar block is established which can be easily 
demonstrated with a redox dye; e.g., thionine. 
Without aeration, the dye is in its reduced form 
throughout the liquid; with conventional aera
tion without protection tube, the turbulence dis
tributes the oxygen uniformly and the dye is in 
its oxidized form throughout the liquid. With 
localized aeration we obtain a sharp boundary 
between a "reduced" and an "oxidized" zone, 
which can be maintained for weeks. 

The fiask is placed at a temperature of 10-
15°C and kept under constant aeration with cot
ton-filtered air. After equilibration overnight, 
the fiask is ready for inoculation with purified 
cell material, and soon the individual cells of 
the inoculum can be seen to settle in one plane 
somewhere between the agar surface and the 
aeration tube. 

Within days, the cells increase in number un
til a sharply defined web is formed at about 1 
cm above the agar surface in an otherwise clear 
liquid. On prolonged incubation, the web rises 
slowly because of increasing Oz demand; later 
on the web moves downward as HzS becomes 
exhausted. By this time, signs of decay become 
apparent: White strands consisting of dead cells 
adhering to each other hang down from the 
sides of the fiasko The life of the culture lasts 
for about 3 weeks. 

This procedure has been successfully used 
only in Pacific Grove, where purification of the 
inoculum could be pursued to the point where 
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all contamination had been eliminated. It was 
also used-with so me modification-by Prings
heim and Kowallik (1964) in their study ofHzS 
oxidation by Beggiatoa. 

It should be pointed out that the method is 
unsuitable when impurities are present, as 
Thiovulum is rapidly overgrown in any closed 
stationary system. It should further be realized 
that even when successful the method yields 
only very small amounts of cell material. 

CULTIVATION IN OPEN, FLOW-THROUGH SyS

TEMS. Such systems are based upon the same 
principle that underlies the enrichment culture 
method. Besides the use of sterilized, aerated 
seawater fed into the culture vessel by con
trolled pumping, different sources for input of 
HzS have been applied. These include periodical 
addition of HzS or portions of saturated solu
tions of HzS once or twice daily (la Riviere, 
1963, 1965). Wirsen and Jannasch (1978) de
veloped several reliable devices in which con
tinuous HzS provision was assured from differ
ent sources: 

1. Decaying Vlva kept separately from the cul
ture vessel by a nylon membrane of 0.45-JLm 
porosity. 

2. A pure culture of Desulfovibrio aestuarii sep
ara ted from the culture vessel in the same 
way, HzS generation being kept up by peri
odic addition (every 2-4 weeks) of fresh so
dium sulfate/lactate medium. This system 
(Fig. 7) provided the best results permitting 
the maintenance of active Thiovulum popu
lations for 220 days without reinoculation; 

A 

Fig. 7. Double culture vessel for the maintenance of purified 
cell suspensions of Thiovulum sp. (after Jannasch and Ma
teles, 1974; and Wirsen and Jannasch, 1978). (A) Culture 
vessel with Desulfovibrio estuarii. (B) Culture vessel for 
Thiovulum. I, lactate supply; 2, semipermeable membrane; 
3, inflow of air-saturated seawater; 4, overflow. The broken 
line indicates the zone of growth of Thiovulum. 

during this time cells were frequently har
vested, leading to rejuvenation of the veils. 

3. A neutralized solution of NazS in sterile sea
water separated from the culture vessel by a 
dialysis membrane. 

4. A coil of silicone tubing, permeable to HzS, 
through which agas mixture of Nz and HzS 
(1 %) was kept circulating. The coil was placed 
on the bottom of the culture vessel. 

The same authors, furthermore, used closed
flow systems based upon recirculation rather 
than open systems with overflow. In the closed 
system, no Thiovulum cells are lost, but con
taminants are not flushed away; hence they are 
only useful for specific short-term experiments. 

Finally, it should be pointed out that none of 
the authors who studied Thiovulum has been 
successful in using solid media. Also HzS could 
not be replaced by thiosulfate, nor could nitrate 
be substituted for Oz. 

State of Present Knowledge on Thiovulum 

Besides the properties mentioned earlier, fur
ther characteristics of the organism have been 
determined by study of cell material derived 
from enrichments and from mass cultivation of 
purified material. 

Thiovulum is Gram-negative and catalase
negative (la Riviere, 1965); the cells die quickly 
at high Oz concentrations, as can be easily seen 
when they are trapped at the edges of a slide 
preparation. They are also immediately killed 
by anaerobic conditions. Its internal structure 
has been studied by electron microscopy by 
Faure-Fremiet and Rouiller (1958), de Boer et 
al. (1961), Remsen and Watson (1972), and 
Wirsen and Jannasch (1978). Among its most 
striking features are Faure-Fremiet's polar fi
brillar organelle, the thin cell wall, and the slime 
excretion, which plays a role in structuring and 
maintaining the veils in which, nevertheless, the 
cells are in continuous motion. A discussion of 
the earlier results is presented by Starr and Sker
man (1965). 

Wirsen and Jannasch (1978) performed up
take experiments with COz and so me organic 
compounds labeled with 14COZ on highly puri
fied cell suspensions, which permitted correc
tion for uptake by contaminants. They showed 
substantial CO2 uptake in Thiovulum which 
was optimal at H2S concentrations of 1 mM in 
initially air-saturated seawater. No significant 
carbon uptake was registered for casamino 
acids, acetate, glutamate, mannitol, and so me 
vitamins. These results provide strong evidence 
for the chemolithotrophic nature of the Thio
vulum strains examined. 
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The Genus Propionigenium 

BERNHARD SCHINK 

The genus Propionigenium consists so far of one 
single species that comprises four strains of 
physiologically and morphologically similar 
isolates from various origins (Schink and Pfen
nig, 1982). This genus was created to house 
strict1y an aerobic bacteria that are able to grow 
by decarboxylation of succinate to propionate. 
Enrichment cultures, which were set up origi
nally to enrich for syntrophic succinate degrad
ers from marine and freshwater sediments, de
veloped unexpectedly fast growth of small, 
coccoid bacteria that did not depend on coop
eration with hydrogen-scavenging partners and 
formed propionate as the sole fermentation 
product. Pure cultures could only be obtained 
with enrichment cultures from marine sources; 
the freshwater enrichments grew much slower, 
and pure cultures were finally isolated when the 
sodium chloride concentration of the medium 
was enhanced to 100-150 mM. This finding 
gave the first hint on a sodium dependence of 
this new type of energy conservation. 

Succinate is formed in large amounts in the 
rumen of cows and sheep, but the animal host 
cannot take up this valuable fermentation prod
uct (Wolin, 1979). Conversion of succinate to 
propionate is therefore an important function 
of the rumen microflora, and succinate decar
boxylation appears to be a rather common ca
pacity of several propionate-forming ferment
ing bacteria, e.g., Selenomonas (Scheifinger and 
Wolin, 1973), Veillonella (Yousten and Del
wiche, 1961), or certain Propionibacterium spp. 
(Yousten and Delwiche, 1961). Initially these 
conversions were regarded as "cometabolic" ac
tivities, which did not provide any advantage 
to the bacteria. Many years later, it was shown 
that the methylmalomyl-CoA decarboxylase of 
Veillonella alcaleseens was a membrane-bound 
enzyme that coupled the decarboxylation re
action with the transfer of sodium ions across 
the cytoplasmic membrane (Hilpert and Dim
roth, 1982). The sodium gradient thus estab
lished hel ps to provide energy for transport of 
dicarboxylic acids across the membranes, but it 
cannot supply energy for growth of these bac-

teria. It was quite a surprise, therefore, when a 
bacterium was isolated from sediments that can 
run its entire energy metabolism for growth on 
this decarboxylation reaction. This unusual ca
pacity explains why these isolates were placed 
in a new taxonomic unit, apart from other pro
pionate-forming bacteria. 

Today we know of several other bacteria able 
to grow by conversion of succinate to propion
ate. Among these are Gram-negative meso
philes and also thermophiles (e. Guangsheng 
and A. Stams, unpublished observations). The 
coupling between sodium-extruding decarbox
ylation and ATP synthesis varies to so me extent 
between these isolates, and the direct sodium 
coupling between a methylmalonyl CoA decar
boxylase and a sodium-dependent ATPase as 
found in Propionigenium modestum (see below) 
is not the only solution to this problem. Further 
research in this area will discover whether P. 
modestum should be maintained in a genus of 
its own, or wh ether it should be associated with 
the genus Veillonella (Mays et al. , 1982; Del
wiche et al., 1985), with which it shares many 
morphological and physiological properties. 

Habitats 

P. modestum was originally isolated from a 
black, anoxic, marine sediment sam pie taken 
from the Grand Canal in Venice, Italy, where 
it occurred in numbers of 100 cells/ml sediment 
(Schink and Pfennig, 1982). Similar strains were 
isolated later from many other marine habitats 
and also from human saliva. Enrichments from 
freshwater sediments sometimes produced cells 
of similar morphology as the type strain 
GraSucc2, and could be cultivated only in me
dia with enhanced (100-150 mM) sodium chlo
ride concentrations. Later enrichment experi
ments with freshwater sediments from many 
different sites in Germany, Italy, and the USA 
yielded different, vibrioid, Gram-negative bac
teria (Denger and Schink, 1990). No isolates 
able to grow with succinate as the sole energy 
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souree have yet been obtained from rumen eeo
systems. 

It has to be assumed that anoxie marine sed
iments are the typieal habitats of P. modestum. 
Its energy metabolism is based entirely on so
dium ions as eoupling ions in energy eonser
vation. With this ability, it is well adapted to a 
marine environment. Many marine baeteria 
have reeently been found to use sodium ions as 
energy eouplers in various funetions, e.g., res
piration (Skulaehev, 1985; Dibrov et a1., 1986a) 
or motility (Brown et a1., 1983; Dibrov et a1., 
1986b). 

Isolation 

Medium for Isolation and Cultivation 

A strietly anoxie, su1fide-redueed mineral me
dium with 20-mM suecinate as the sole organie 
earbon and energy souree, and ineubation at 
27-30°C has proved to be highly seleetive for 
the enriehment of P. modestum if marine sed
iment sampies of about 5-ml volume are used 
as the inoeulum. The earbonate-buffered stan
dard medium used for enriehment and isolation 
is deseribed below in detail (after Widdel and 
Pfennig, 1981; Sehink and Pfennig, 1982). 

Carbonate-Buffered Standard Medium 
Dissolve in I I of distilled water: 

KH,P04 

NH4C\ 
NaCI 
MgCI,'6H,O 
KCI 
CaCI,'2H,O 

0.2 g 
0.5 g 

20.0 g 
3.0 g 
0.5 g 
0.15 g 

Autoc1ave the complete mineral medium in avessei 
equipped with a filter inlet to allow flushing ofthe head
space with sterile oxygen-free gas and use screw cap in
lets for addition of thermally unstable additives after 
autoc1aving. Connect a silicon tubing from the bottom 
of the vessel to a dispensing tap (if possible with a pro
tecting bell) for sterile dispensing of the medium (do 
not use latex tubing; it releases compounds that are 
highly toxic to many anaerobes). A stirring bar is also 
required. 

After autoc1aving, connect the vessel with the still hot 
medium to a line of oxygen-free nitrogen: carbon diox
ide mixture (90% N,: 10% CO,) at low pressure « 100 
mbar), flush the headspace and cool it under this at
mosphere to room temperature, perhaps with the help 
of a cooling water bath. 

The mineral medium is amended with the following 
additions from stock solutions that have been sterilized 
separately (amounts per liter of medium): 30 ml of I M 
NaH CO, solution (autoc1aved in a tightly closed screw 
cap bottle with about 30% headspace. The bottle should 
be autoc1aved in a further protecting vessel, e.g., a poly
propylene beaker, to avoid spills of carbonates if the 
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bottle breaks in the autoc1ave); b) 2 ml of 0.5 M 
Na,S'9H,O solution (autoc1aved separately under oxy
gen-free gas atmosphere as above); c) 1 ml of trace ele
ment solution, e.g., SL 10 (Widdel et al., 1983); d) 0.5 
ml of IO-fold concentrated, filter sterilized vitamin so
lution (Pfennig, 1978); and e) adequate amounts of ster
ile I M HCI or I M Na, CO) to adjust the pH to 7.1-
7.3. 

The complete medium is dispensed into either screw
cap botdes or screw-cap tubes which are filled to the 
top, leaving a lentil-sized air bubble for pressure equi
libration. Enrichment cultures usually produce gas in 
the first enrichment stages and are better cultivated in 
half-filled serum botdes (50-100 ml volume) under a 
headspace of nitrogen: carbon dioxide mixture (90% 
N,:IO% CO,). The vitamin mixture is not needed by all 
strains. 

For mass eultivation of P. modestum strain 
GraSuee2 in fermenters, a phosphate-buffered 
medium is easier to handle. The foHowing me
dium has been applied sueeessfuHy (Hilpert et 
a1., 1984). 

Phosphate-Buffered Medium 
Distilled water 940 ml 
KH,P04 (= 30 mM) 4.2 g 
NH4 Cl 0.5 g 
NaCI 20.0 g 
MgC\,'6H,O 3.0 g 
CaCl,'2H,O 0.15 g 

Add sulfide, trace elements, and vitamins as above, as 
weil as 60 ml of a neutralized 1Msodium succinate 
solution, and adjust the pH to 7.0 before inoculation. 

Isolation of Pure Cultures 

After two to three transfers in liquid medium, 
gas should no longer be formed by the enrieh
ment eultures, and a dominant population of 
short, coccoid rods should be established. These 
baeteria ean be isolated easily in anoxie agar 
deep dilution series (Pfennig, 1978) or in roll 
tubes (Balch et a1., 1979). Streaking on petri 
dishes in an anoxie glove box has not yet been 
tried with these baeteria, but there is no reason 
why this method should not be applieable as 
weH. Preparation of pure eultures requires two 
subsequent dilution series; purity should be 
eheeked after growth in seleetive mineral me
dium as weH in eomplex medium, e.g., AC me
dium (Difeo Laboratories, Ann Arbor, MI, 
USA). AC medium prepared aeeording to the 
original reeipe appears to inhibit several sedi
ment baeteria. Therefore, a 1:10 or 1:5 diluted 
variation (in sea water as weH as in freshwater 
medium, with eorreeted agar eoneentration) of 
this medium should also be used to ensure that 
the cultures are pure. 
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Identification and 
Further Properties 

In phase contrast microscopy, cells of P. mo
destum appear as short, coccoid rods with a di
ameter of 0.5-0.6 ~m and a length of 0.5-2.0 
~m, often in short chains (Fig. 1). They are 
Gram negative and do not form spores. The GC 
content of the DNA is in the range of 32-36 
mol%. 

P. modestum is strict1y anaerobic and does 
not stand increased oxygen tensions. The op
timum temperature for growth is 30-33°C and 
under these conditions, doubling tim es of 2.5-
4.5/h are obtained, depending on whether yeast 
extract (0.1 % wt/vol) is provided as source for 
assimilatory metabolism. Yeast extract is not 
required and does not support the energy me
tabolism, but it enhances the growth yields by 
about 35%. 

In addition to succinate, fumarate and py
ruvate also support growth and are fermented 
stoichiometrically to acetate and propionate. 
No sugars, alcohols, or any other organic sub
strates are utilized. No cytochromes have been 
detected, which is consistent with the absence 
of electron transport phosphorylation. The 
growth yields with fumarate and pyruvate are 
small (3.8 and 6.2 g/mol on fumarate and py
ruvate, respectively. 

The biochemical basis of energy conservation 
with succinate as sole substrate has been studied 
in detail (Hilpert et al., 1984). Succinate ex
changes in the cell with propionyl-CoA to form 
succinyl-CoA and free propionate, which leaves 
the cell. Succinyl-CoA is rearranged to meth
ylmalonyl-CoA and decarboxylated by a mem
brane-bound decarboxylase that couples this re-

I 
• 

Fig. 1. Phase contrast photomicrograph of cells of Propio
nigenium modesturn GraSucc2 (type strain) after growth 
with 20 mM of succinate. Bar = 5 Ilm. 
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action with the transport of sodium ions across 
the cytoplasmic membrane. The sodium ion 
gradient thus established, drives ATP synthesis 
via a membrane-bound, sodium-dependent 
ATP synthase. The latter enzyme has been char
acterized thoroughly (Laubinger and Dimroth, 
1987; Laubinger and Dimroth, 1988). It is com
posed ofan F I and an Fo moiety, both ofwhich 
have subunits comparable to those of a "clas
sical" bacterial proton ATPase. The enzyme of 
P. modestum can also pump protons across the 
membrane, but only if the sodium concentra
tion is very low « 1 nM). Under physiological 
conditions, ATP synthesis is driven entirely by 
sodium ions. 

This unusual coupling of decarboxylation and 
ATP synthesis was the first case of an energy 
metabolism found that was based entirely on 
sodium as coupling ions, and which did not in
volve classical substrate-linked phosphoryla
tion or electron transport phosphorylation 
steps. Today we know of several more cases of 
bacteria that can base their total energy metab
olism on such decarboxylation reactions. The 
biochemical basis for energy conservation may 
be quite different in each case: e.g., anaerobic 
bacteria that ferment oxalate to formate and 
carbon dioxide employ a decarboxylase enzyme 
which is soluble in the cytoplasm, and energy 
conservation occurs via substrate import and 
product export by an anti porter system (An
antharam et al., 1989). 

Conservation of decarboxylation energy is of 
special interest because the free energy change 
of such reactions is sm all and yields only about 
20-25 kl /mol. If such reactions drive ATP syn
thesis (free energy expense 70-75 kl/mol ATP; 
Thauer et al., 1977), several decarboxylation re
actions have to be coupled with one ATP syn
thesis reaction. Although the exact stoichiom
etries of sodium ion translocation by the 
methylmalonyl-CoA decarboxylase and the 
ATP synthase have not yet been determined, it 
is obvious from the free energy calculations that 
at least three decarboxylations are necessary to 
allow synthesis of one ATP. This calculation 
agrees weIl with the cell yield obtained with P. 
modestum GraSucc2 (2.0-2.5 g/mol succinate). 
Bacteria that base their whole energy metabo
li sm on a decarboxylation reaction represent the 
most "modest" ways of energy conservation, 
i.e., they operate with the lowest amount of en
ergy a living cell can convert into ATP (Thauer 
and Morris, 1984). 

Applications 

So far there is no commercial application for P. 
modestum. The fact that its unique energy con
servation mechanism can also be reversed and 
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allows carboxylation reactions without the ex
pense of ATP (Dimroth and Hilpert, 1984), can 
possibly render such systems as interesting for 
new ways of biochemical syntheses. 
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Bacteria ofthe genus Zoogloea have historically 
been considered members of the family Pseu
domonadaceae but have been differentiated 
from other obligately aerobic, Gram-negative, 
nonsporeforming, rod-shaped bacteria that 
grow in aquatic habitats on the basis of their 
production of a characteristic gelatinous matrix. 
The "zoogloeal matrix" surrounds c1umps of 
cells found in natural aquatic habitats or when 
grown in unshaken liquid culture in the labo
ratory (Butterfieid, 1935; Butterfieid et al. , 1937; 
Wattie, 1943). The name Zoogloea, which was 
derived from the Greek word meaning animal 
glue, refers to the primary trait, the zoogloeal 
matrix, that is used to distinguish Zoogloea 
from other metabolically similar bacteria. 

The two species of Zoogloea, Z. ramigera and 
Z. jilipendula, have been isolated from sewage 
or from sewage-treatment systems that employ 
oxidative methods, i.e., activated sludge sys
tems, trickling filters, or oxidation ponds (But
terfield et al. , 1937; Butterfieid and Wattie, 
1941; McKinney and Horwood, 1952; Mc
Kinney and Weichlein, 1953). Both species pro
duce branched, finger-like projections or out
growths from the floc (i.e., c1umps of cells that 
grow in an aggregated form that settles or 
"flocs" from aqueous suspension) when grown 
under quiescent culture conditions but have 
been differentiated from each other on the basis 
of cell size, biochemical reactions, and appear
ance of the zoogloeal matrix. 

Characteristics of the 
Zoogloeal Matrix 

The zoogloeal matrix is a capsular envelopment 
that surrounds several cells and commonly re
sults in a flocculent growth habit in liq\].id me
dia. That is, cell flocs settle from suspension, 
leaving a relatively c1ear supernatant. Unz and 
coworkers (Unz, 1974; Farrah and Unz, 1975; 
Unz and Farrah, 1976a) have convincingly dem
onstrated that floc formers ofthe Zoogloea type 

grow in an aggregated state and that the indi
vidual cells are entrapped within the zoogloeal 
matrix while cell division occurs. Floc forma
tion ofthe zoogloeal type implies cell growth in 
an aggregated form (Friedman and Dugan, 
1968b), whereas the term "flocculation" (Peter 
and Wuhrmann, 1971) has been defined as the 
aggregation of suspended bacterial cells after 
growth of cells has occurred, i.e., the "floccu
lation" of colloidal material. Biologically, the 
two processes are considerably different al
though the same physical and chemicallaws ap
ply to both. 

Although there can be confusion relative to 
the distinction between zoogloea formation and 
flocculent growth, there is a consensus that mi
crobial floc formation results from the presence 
of adherent extracellular fibrils (Busch and 
Stumm, 1968; Deinema and Zevenhuizen, 
1971; Finstein, 1967; Friedman and Dugan, 
1968b; Friedman et al., 1968, 1969; Tago and 
Aida, 1977). The presence of polysaccharide 
and the ability to flocculate has been demon
strated with mutants lacking polysaccharide 
and which do not exhibit flocculent growth; re
combinant bacteria with restored polysaccha
ride production also simultaneously show re
stored floc formation (Easson et al. , 1987a, 
1987b). All floc-forming bacteria appear to 
posses extracellular fibrillar strands, but not all 
Gram-negative floc-forming bacteria produce 
the characteristic zoogloeal matrix, such as that 
for Zoogloea ramigera strain 115 seen in Figs. 
1 and 2. 

The polysaccharide of Zoogloea may remain 
as a loose slime layer in the vicinity ofthe cells, 
a well-defined capsule, or a zoogloeal matrix 
around the cells which synthesized it or it may 
be dispersed in the medium as a colloidal sus
pension or in solution. Increased viscosity of 
the surrounding medium may result from ex
tensive polymer synthesis by the cells. The key 
feature in bioflocculation appears to be the syn
thesis of relatively insoluble extracellular poly
mer strands that remain within the vicinity of 
cells and do not disperse. The photographs 
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Fig. 1. Photomicrograph of Zoogloea ramigera strain 115 
floc negatively stained by the Maneval method and pho
tographed through the light microscope. The ceJls are shown 
embedded within the zoogieal matrix and with the char
acteristic finger-link projections. Bar = 10 ILm. 

Fig. 2. Photomicrograph of Zoogloea ramigera 115 floc 
stained with 1% aqueous crystal violet. The gelatinous zoog
loeal matrix in wh ich ceJls are embedded is shown. The 
variable staining appearance is due to polybetahydroxy bu
tyric acid (PHB) granules that accumulate in the ceJls. Bar 
= 10 ILm. 

shown in Figs. 3, 4, 5, 6, and 7 show the insol
uble polysaccharide strands found around flocs 
of these bacteria. The polymer strands shown 
in Fig. 6 were photographed under ultraviolet 
illumination after the flocs were stained with 
the fluorescent dye Paper White-BP as previ
ously reported (Dugan and Pickrum, 1973; 
Friedman et al., 1969). 

The chemical composition and structure of 
the extracellular polysaccharides determine its 
physical and chemical properties. Polysaccha
rides in solution or suspension vary in water 
solubility, rheological properties (e.g., viscosity, 
viscoelasticity), chemical and thermal stability, 
surfactant properties, the ability to bind water, 
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etc. Zoogloea strains vary in the composition 
of the in polysaccharide (Table 1), but infor
mation concerning the structure of some iso
lates is limited. 

The polysaccharide of Z. ramigera 115 has 
been examined in detail. This weakly acidic 
polysaccharide is slightly soluble in water, sta
ble in a pR range of 3 to 10, and is not precip
itated in the presence of salt (Stauffer et al. , 
1980). Stauffer et al. (1980) reported that the 
polysacchride of Z. ramigera 115 is stable to 
temperature cyc1ing from -15° to 90°C. Row
ever, Norberg and Enfors (1982) reported that 
the first temperature cyc1e from 25° to 90°C did 
increase the viscosity of the polymer at the 
lower temperature. The polysaccharide of Z. ra
migera 115 is highly viscous and lowers the sur
face tension of water. The polysaccharide ex
hibits Newtonian flow at lower concentrations 
and, as the concentration increases, the polymer 
becomes increasingly pseudoplastic and visco
elastic (Stauffer et al. , 1980). Similar flow be
havior was observed in relation to growth and 
polysaccharide production in a fermentor (Nor
berg and Enfors, 1982). 

The polysaccharide of Z. ramigera 115 con
tains glucose, galactose, and pyruvic acid, the 
ratios of which may vary with culture condi
tions and growth phase of the culture (N orberg 
and Enfors 1982; Franzen and N orberg, 1984; 
Ikeda et al. , 1982). Growth on different sugar 
substrates did not alter the composition of sug
ars in the polymers (parsons and Dugan, 1971). 
A ratio of glucose:galactose of 2: 1 with trace 
amounts ofterminal pyruvylated glucose (Fran
zen and Norberg, 1984; Friedman et al., 1969; 
Parsons and Dugan, 1971; Sinskey et al., 1986) 
as weIl as a ratio of 1l.0:3.1:l.5 for glu
cose:galactose:pyruvic acid (Ikeda et al., 1982) 
has been determined. Uronic acids, pentose, or 
amino sugars have not been detected in the 
polysaccharide of Z. ramigera 115 (Franzen 
and Norberg, 1984; Friedman, et al. 1969; Ikeda 
et al., 1982). The polysaccharide of Z. ramigera 
115 is a highly branched structure with ß-I-4-
linkages and a molecular weight of approxi
mately 105 (Friedman et al., 1968, 1969; Ikeda 
et al., 1982;). A structure with repeating units 
has been proposed (lkeda et al., 1982), although 
there is conflicting evidence that the polysac
charide of Z. ramigera 115 has an irregular 
structure (Franzen and Norberg, 1984). 

A variety of sugars have been identified as 
components ofthe polysaccharides of Zoogloea 
cultures (Table 1). Polymer from Z. ramigera 
MP6 contains the amino sugars, glucosamine, 
and possibly methyl-pentose amine, hexose 
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Fig. 3. Electron micrograph of a freeze-fractured specimen of Zoogloea ramigera 115. The fibrillar network of extracellular 
polysaccharide strands from which the zoogloeal matrix is formed is shown. In the living specimen, water is bound in 
the interstices of the network, which resembles a ball of chicken wire. Bar = 10 !lm. 

Fig. 4. Enlargement of the floc shown in Fig. 3. A cell embedded within the zoogloeal matrix is shown. Bar = 10 !lm. 
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Fig. 5. Photomicrograph of a floc of the Zoogloea isolate 
designated CT-2 originally isolated by K. Crabtree. The floc 
was stained by a water-cJear solution of the fluorescent dye 
Paper White-BP, and photographed under phase-contrast 
optics. So me of the bacteria are in the focal plane whereas 
others are not. Bar = 10 !lm. 

sugars, and uronic acid (Farrah and Unz, 1976). 
Tezuka (1973) identified glucosamine and pos
sibly fucosamine as components ofthe polymer 
of a Zoogloea culture isolated from activated 
sludge, but did not detect neutral sugars or 
uronic acids. Polymer of Z. ramigera NRRL B-
3669M contains glucose, mannose, and galac
tose, while isolate NRRL B-3793 contained 
rhamnose, mannose, and possibly galactose 
(Wallen and Davis, 1972). Z. jilipendula P-8-4 
and Z. ramigera contain glucose, galactose, and 
mannose in the polysaccharide, while an un
identified Zoogloea species designated C-l con
tained glucose, galactose, mannose, arabinose, 
and rhamnose (Pickrum, 1972). It is possible 
that those isolates that have been shown to pro
du ce extracellular polysaccharides with only 
glucose, galactose, and mannose are more 
closely related to Pseudomonas dentrificans 
than to the Z. ramigera 115 isolate (see Table 
1). Research on Zoogloea isolates has increased 
significantly because of its potential use in ap-
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Fig. 6. Photomicrograph taken under ultraviolet (UV) il
lumination ofthe identical field shown in Fig. 5. Only ma
terial stained by the polysaccharide-specific fluorescent 
stain Paper White-BP can be seen under UV illumination. 
This procedure demonstrates that the cell floc shown in Fig. 
5 was interspersed by a network of fibrous polysaccharide 
strands analogous to a "cobweb" which appears to hold the 
floc intact. Bar = 10 !lm. 

plications for removal of hazardous metal con
taminants from waste streams. 

Habitats 

Zoogloea species have been isolated from or
ganically enriched oxygenated water, particu
larly domestic sewage and aerobic sewage-treat
ment systems, such as trickling filters, activated 
sludge tanks, or oxidation ponds (Amin and 
Ganapati, 1967; Dugan and Lundgren, 1960; 
Unz and Farrah, 1972). These are all continu
ous-flow systems that are rich in dissolved or 
particulate oxidizable organic materials, which 
provide for the enrichment of Zoogloea and 
closely related bacteria. Zoogloeal masses may 
also be found adhering to solid objects sus
pended or floating in lakes and ponds. For ex
ample, 19 of36 Gram-negative bacteria isolated 
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Fig. 7. Shadow-cast electron micrograph of Zoogloea ramigera isolate I-16-M after treatment with I N NaOH for 24 h 
at 28°C. Extracellular fibrillar strands and cell ghosts are shown. 1-16-M produces flocs but no observable gelatinous 
zoogloeal matrix. Bar = 10 !Lm. 

from Lake Erie formed flocs in the laboratory, 
and they all clustered with previously identified 
isolates of Zoogloea when subjected to a com
puter taxonomic program. Therefore, Zoogloea 
appears to be ubiquitous in aquatic environ
ments. 

Isolation 

Zoogloeal masses obtained from organically 
rich natural aquatic systems, sewage treatment 
plants, wastewater, etc., may be used in isola
tion procedures to obtain pure cultures of Zo
ogloea. These organically rich sources mayaiso 
be used to inoculate enrichment media from 
wh ich strains of Zoogloea may be isolated. Both 
the zoogloeal matrix found around the char
acteristic isolates of Zoogloea and the nonge
latinous fibrillar strands associated with the 
nonzoogloeal Zoogloea isolates are a deterrent 
to pure-culture isolation because other bacteria 
adhere to or become entangled within the floc. 
Successful isolation of Zoogloea has been 
achieved with methods employing ultrasonic 
methods to disrupt zoogloeal masses, micro-

manipulation to manually separate individual 
cells from the zooglea matrix, the inclusion of 
inhibitory agents in culture media to prevent 
the growth ofunwanted microorganism and the 
use of carbon growth substrates which may en
rich for Zoogloea. These methods are used in 
conjunction with conventional isolation prece
dures to obtain isolates of Zoogloea. 

Enrichment 

Several methods can be used to establish en
richments of zoogloeal bacteria. The simplest 
method is the incubation of raw sewage, sewage 
sludge, treated sewage effluent etc., in con
tainers at room temperature until a surface film 
or pellicle is formed (Amin and Ganapati, 
1967). Alternatively, mineral salts solution ov
erlaying a nutritive agar plug may be inoculated 
and incubated until a surface pellicle develops 
(Unz, 1984). 

Mineral Salts Solution 

I 
The overlay medium is prepared from stock solutions 
and adjusted to pH 8.5 with 0.5 N NaOH. The mineral 
salts solution contains: 
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Table 1. Composition of purified extracellular polysaccharides of Zoogloea. 

Strain Composition Reference 

Z. ramigera 115 Glucose, galactose, pyruvic acid Ikeda et al., 1982; Franzen and 
Norberg, 1984 

Z. ramigera I-16-M 
Z. ramigera MP6 

Glucose, galactose, mannose Pickrum, 1972 
Glucosamine, methylpentose amine, hexose Farrah and Unz, 1976 

sugars, uronic acids 
Z. ramigera NRRL B-3669M 
Zoogloea species NRRL B-3793 
Zoogloea species C-I 

Glucose, galactose, mannose 
Rhamnose, mannose, galactose 
Glucose, galactose, mannose, arabinose, 

Wallen and Davis, 1972 
Wallen and Davis, 1972 
Pickrum, 1972 

rhamnose 
Zoogloea species 
Z. fi/ipendula P-8-4 
Zoogloea isolate P-95-5' 

Glucosamine, fucosamine 
Glucose, galactose, mannose 
Glucose, galactose, mannose 

Tezuka, 1973 
Pickrum, 1972 
Crabtree et al., 1965; Crabtree and 

McCoy,1967 

aThe isolate is probably actually Pseudomonas denitrijicans. 

(NH.)zSO. 
NaCI 
CaClz'2HzO 
KzHPO. 
MgSO .. 7HzO 
FeSO .. 7HzO 
MnC1z'4HzO 
CoSO .. 7HzO 
H 3BO. 
ZnClz 
CuSO .. 5HzO 
Distilled water 

0.3 g 
5.85 g 
0.2 g 
0.1 g 
0.14 g 
0.3 mg 
6.3 mg 
0.11 mg 
0.6 mg 
0.22 mg 
0.08 mg 
I liter 

Nutrient-Enriched Agar 
The nutritive agar contains 20 g agar per liter of mineral 
salts solution. The carbon source is any one of the fol
lowing added per liter of mineral salts. 

Starch 
m-Toluic acid 
n-butanol 
Lactic acid (85%) 
Ethanol (95%) 
Glucose 

2.4 g 
1.35 g (neutralized) 
1.5 ml 
1.35 g 
1.5 ml 
2.4 g 

After the addition of the carbon source, the pH is ad
justed to 8.5 with 0.5 N NaOH. 

Isolation 

Isolations may be made from surfaces covered 
with zoogloeal masses and/or eftluents taken 
from organically polluted water. Material on 
surfaces is scraped off and placed into 0.05% 
proteose peptone-yeast extract broth (PPYE). 
The gelatinous material is disrupted by ultra
sound (20 kc output, Branson) in sterile PPYE, 
sampies serially diluted and incubated in PPYE 
(28°C). After incubation for 3 days, the highest 
dilutions showing growth (10-7 to 10-10) are 
streaked onto PPYE agar and tryptone-glucose 
extract agar (TGE, Difco). When sufficient 
growth has occurred, colonies of different mor
phological types are transferred to duplicate 

tubes of PPYE broth. Tubes are incubated with 
and without agitation. After incubation, tubes 
containing a pellic1e (stationary) or a floc 
(shaken) are selected, and the entire isolation 
procedure is repeated until pure cultures are ob
tained. In general, isolations can be most readily 
achieved with the use of organically dilute me
dia. 

Micromanipulation may be used to separate 
bacterial cells from zoogloeal matrices in order 
to obtain pure cultures of Zoogloea (Unz and 
Dondero, 1967a). In this method, flocs or slimes 
from enrichment cultures are dispersed in liq
uid medium and observed at 100X magnifi
cation. To remove debris and microorganisms, 
fingered zoogloeal projections are transferred 
individually by micropipettes through succes
sive drops of medium. Washed zoogloea are 
placed upon nutritive agar films coated on the 
underside of coverslips and individual cells dis
sected away from the zoogloeal matrix with mi
croneedles. Slides are incubated and the devel
oped microcolonies transferred with sterile 
micropipettes to broth medium. Alternatively, 
washed zoogloea may be collected and briefly 
sonicated prior to streaking on growth medium 
(Unz, 1984). Media appropriate for the above 
methods are casitone-yeast (CY) broth (see be
low), nutrient broth, and the respective agar me
dia (Unz, 1984; Unz and Dondero, 1967a). 

CY Medium I CY medium contains per liter of distilled water: 

Casitone 5.0 g 
Yeast autolysate 1.0 g 

The addition of 0.001 % crystal violet to iso
lation media, either broth or agar, has also been 
used successfully to inhibit many undesirable 
bacteria that tend to adhere to the flocs. Agar 
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plates that contain crystal violet in the growth 
medium also have differential value. On these 
plates, the isolates listed in Table 1 can be iden
tified as folIows: Z ramigera 115 decolorizes 
and degrades crystal violet and forms straw
colored colonies; isolate C-l fails to develop col
onies; and isolates 1-16-M, P-8-4, and P-95-5 
absorb the dye and produce violet colonies. 
Since isolate C-l is different from the known 
Zoogloea isolates, the use of the crystal violet 
is considered to have value in the identification 
of Zoogloea species, but such use has not been 
weil studied (Friedman and Dugan, 1968b; Du
gan, 1975). 

Aromatic compounds utilized for growth may 
be used for the isolation of some Zoogloea from 
environmental sampies (Unz and Farrah, 1972). 
Zooglea isolates may be obtained from acti
vated sludge using solid basal medium with 1 % 
m-toluate as the carbon source by streaking 
sludge or other inocula directly on the media 
and incubating. Solid sam pies, i.e., soils and 
feces, may be suspended with equal volumes of 
sterile distilled water then streaked onto media. 
Developed colonies are transferred to CY me
dium (see above) disrupted by agitation, and 
streaked for isolation on m-toluate medium. 
Zoogloea grown on m-toluate medium form 
large colonies with yellow-green coloration in
dicative of meta cleavage products. Colonies are 
usually difficult to remove from the surface of 
the plates. This procedure will not isolate Zo
ogloea that do not utilize m-toluate as a growth 
substrate. 

Zoogloea colonies on agar plates have a glis
tening, viscous appearance (Fig. 8). Colonies are 
straw-colored on media containing yeast extract 
or protcose-peptone and white on mineral salts 
media supplemented with alanine and argenine 
as the carbon source. The color differences are 
also observed in liquid media. Colonies have a 
leathery consistency, and the entire colony can 
frequently be removed with an inoculating loop 
(Dugan and Lundgren, 1960; Friedman and 
Dugan, 1968b). This distinctive characteristic 
is probably related to the formation of extra
cellular polysaccharide. Growth of Zoogloea in 
shaken liquid culture is often flocculent but 
flocs are tight and do not have a typical zoog
loeal matrix. 

Identification 

As the name ofthe genus implies, Zoogloea spe
eies have been identified primarily on the basis 
of the presence of the characteristic extracel
lular, capsular, or zoogloeal, matrix. However, 
matrix formation and its morphological ap-
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pearance may be controlled nutritionally by the 
carbon and nitrogen sourees, as weil as by the 
carbon to nitrogen ratio, and by the turbu1ence 
of the growth medium (Parsons and Dugan, 
1971; Unz and Farrah, 1976b). Therefore, the 
presence or absence of a zoogloeal matrix is not 
a trait upon which identification can be reliably 
made. Although the presence of finger-like pro
jections and a zoogloeal matrix is distinctive 
and a positive indicator, the absence of the 
zoogloeal matrix does not necessarily indicate 
that the isolate is not a Zoogloea species. 

Isolates of Zoogloea are Gram-negative, po
larly flagellated, rod-shaped bacteria that floc
culate and accumulate poly-ß-hydroxybutyrate 
(PHB) or polyalkanoic granules when cultivated 
in media that are rich in carbon. Cell size ranges 
from 0.5 to 1.3 ~m in diameter and 1.0 to 3.6 
~m in length. Zoogloea species are oxidative in 
metabolism and are able to utilize a variety of 
sugars, sugar alcohols, alcohols, amino acids, 
and proteins for growth. The inclusion of B vi
tamins, purines, pyrimidines, and nucleotides 
in culture media, although not required for 
growth, decreases the growth lag and increases 
biomass formation of cultures (Dugan and 
Lundgren, 1960; Friedman and Dugan, 1968b). 
The metabolie characteristics of the organisms 
are not sufficiently distinct to be the basis of 
identification for the genus Zoogloea (Crabtree 
and McCoy, 1967; Crabtree et al., 1965; Dugan, 
1975; Dugan and Lundgren, 1960; Friedman 
and Dugan, 1968b; Ganapati et al., 1967; Unz, 
1974; Unz and Dondero, 1967a, 1967b). How
ever, the overall ability of Zoogloea species to 
oxidatively metabolize many sugars, sugar al
cohols, and alcohols, with the formation of es
ters that often result in the typical fruity odor 
of esters in culture media, can be of use in re
stricting the options in identification (Joyce and 
Dugan, 1972). The strong capability of Z ra
migera 115 to form esters from a variety of or
ganic acids and alcohols may be responsible for 
the addition of pyruvic acid to alcoholic groups 
on the extracellular zooglocal polymer and may 
explain why some investigators were unable to 
observe pyruvate (Friedman et. al. , 1969), 
whereas others observed traces (Norberg, 1984) 
and others identified a significant amount 
(lkeda et al. 1982). 

The taxonomy of the genus Zoogloea is un
certain with respect to differentiation from 
other genera within the family Pseudomona
daceae. Also uncertain is whether Zfilipen
dula, a species historically considered as a 
member of the genus Zoogloea valid1y fits in 
the genus. The designation ofthe neotype strain 
of Zoogloea ramigera has also been question
able (Unz, 1984). Some Zoogloea isolates re-



CHAPTER 220 The Genus Zoogloea 3959 

Fig. 8. Colonies of Zoogloea ramigera 115 vary in overall appearance and size. Variation is due to culture conditions and 
age of culture. Bar = 5 mm. 

semble species ofthe genera Pseudomonas (par
ticularly P. denitrificans) Gluconobacter, and 
Acetobacter. Zoogloea differ from Gluconobac
ter and Acetobacter in the inability to grow at 
pH 4.5. 

Antigenic relationships among some of the 
Zoogloea have been reported (Chorpenning et 
al. , 1978). Z. ramigera 115 and 1-16-M did not 
closely relate to Z. fi/ipendula P-8-4 on a ser
ologic basis. Z. ramigera 115 had greater an
tigenic relatedness to Gluconobacter oxydans 
subspecies suboxydans (ATCC 621) than to 
either Z. ramigera 1-16-M or Z. fi/ipendula P-
8-4. These data indicated that Z. ramigera 115 
and 1-16-M are distinctly different serovars, an 
observation which is also supported by the dif
ference in composition of their extracellular 
polysaccharides. 

The GC content of the DNA of Zoogloea 
ranged from 60.1 to 64.8 mol% (Pickrum, 1972; 
Unz, 1984). The data, although not conc1usive, 
reinforce the view that several of the floc-form
ing isolates are similar organisms that are suf
ficiently distinctive to allow differentiation from 
other Gram-negative rods. However, at present 
there is no definitive description of either the 
genus Zoogloea or its species, other than the 
gelatinous matrix of finger-like projections, but 
this matrix is not always present. 

Genetics 

Because of the potential application of Zoo
gloea in several microbially based technologies, 
there is a need to isolate and identify genes for 
polysaccharide and PHB production, determine 
the biosynthetic pathways, and examine the en
zymatic and genetic control mechanisms. 

The exopolysaccharides of Zoogloea are in
volved with flocculation (Easson et al., 1987a, 
1987b; Friedman et al., 1969) and adsorption 
ofheavy metals (Dugan, 1987; Dugan and Pick
rum, 1972; Ikeda et al. , 1982). As with other 
polymers, the structure and physical and chem
ical properties ofpolysaccharides define its floc
culation and adsorption characteristics. There
fore, manipulation of the structure of the 
polysaccharide is of importance in developing 
flocculants and bioadsorbents with desired 
characteristics that may be applicable to micro
bially based technologies for waste water treat
ment or metal rec1amation. Genetic control of 
the biosynthesis of polysaccharides by micro
organisms is a means by which the structure of 
the polymers may be manipulated and produc
tion of the polysaccharides increased. 

Mutants generated by the insertion ofthe Tn5 
transposon were used to examine the genetics 
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of polysaccharide production in Z. ramigera 1-
16-M (Easson et aL, 1987a, 1987b). There is an 
inherent instability in the chromosome in 
which DNA sequences spontaneously delete 
within the polysaccharide gene region, and this 
results in the loss of polysaccharide production. 
The frequency of chromosomal deletions within 
this gene region was enhanced by the presence 
of Tn5 transposon. Polysaccharide production 
was restored in the mutants by complementa
ti on with a gene library constructed with a 
broad-host-range cosmid vector. The restora
tion of polysaccharide production in a number 
of mutants by a single plasmid vector suggests 
that the genes for polysaccharide production 
may be clustered on the chromosome. 

The genetics involved with PHB synthesis is 
of interest because of the potential use of PHB 
and other polydroxyalkanoates in the plastics 
industry. PHB metabolism in Z. ramigera 1-16-
Mis a cyclic process (Tomita et aL, 1983). The 
biosynthesis of PHB involves the condensation 
and reduction of acetyl CoA to form D( - )-3-
hydroxybutyryl CoA followed by incorporation 
into PHB granules. Degradation of PHB gran
ules proceeds via the production of D( - )-3-hy
droxybutyrate oligomers and hydrolysis and ox
idation to acetoacetate. The cycle is completed 
with the activation of acetoacetate to acetoace
tyl CoA. 

Studies examining the structure and function 
of enzymes in PHB synthesis (Davis et aL, 
1987a, 1987b; Fukui et aL, 1976; Nishimura et 
aL, 1978; Saito et aL, 1977) and genetic exper
iments to determine the sequence and location 
of genes (Peoples et aL, 1987) have focused on 
the enzyme ß-ketothiolase, which mediates the 
first step in the biosynthesis of PHB, the con
densation of two acetyl CoA units to form ace
toacetyl CoA. A recombinant DNA clone des
ignated LDBKI expresses the complete thiolase 
gene sequence in Escherichia coli (Peoples et 
aL, 1987). The encoded protein has thiolase en
zyme activity and co-migrates with native en
zyme in Western blotting and immunodetection 
experiments. The expression of thiolase-coding 
sequences is under transcriptional control ofthe 
lac promoter region contained in the Agtll 
expression vector that was used to generate the 
recombinant library of Z. ramigera DNA. The 
structural gene for the thiolase enzyme is 1,173 
nucleotides long and codes for a protein of 391 
amino acids. The calculated molecular weight 
and the predicted amino acid sequence of the 
gene product are in agreement with the molec
ular weight and amino acid sequence deter
mined experimentally for the native thiolase. 
The high 6c conte nt of the complete sequence 
(66.2 mol%) is in agreement with values ob-
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tained for the Z. ramigera genome (64.5 mol%). 
The position ofthe active site peptide, a poten
tial ribosome binding site, and start codons 
within the DNA sequence have all been iden
tified. 

The major DNA-dependent deoxyribonucleic 
acid polymerase from Z. ramigera isolate 1-16-
Mhas been partially purified and biochemically 
characterized (Pickrum, 1975). The polymerase 
activity was eluted as a single peak at 0.1 M 
potassium phosphate from a DEAE-cellulose 
column. The partially purified enzyme showed 
one major, one intermediate, and five minor 
protein bands after polyacrylamide gel electro
phoresis. The DNA polymerase activity was de
tected in the acrylamide gels by an in situ assay 
and coincided with the major protein band. Nu
clease activity could not be detected in the prep
aration after electrophoresis. 

The DNA polymerase resembles the Micro
coccus luteus enzyme in many characteristics, 
and its properties see m to place it as an inter
mediate between the polymerase 1 and poly
merase 11 of Escherichia coli and Bacillus sub
tilus (Pickrum, 1975). It appears that the 
enzyme requires all four deoxynucleoside-5'-tri
phosphates, a divalent cation, 2-mercaptoeth
anol, and denatured DNA as a template-primer 
for maximal activity. Dithiothreitol is capable 
of replacing 2-mercaptoethanol in the reaction. 
The enzyme replicated, with varying efficien
cies, the DNAs isolated from Bacillus subtilus, 
Escherichia coli, calf thymus, salmon, and soft 
fish roe. Treatment of DNA with pancreatic 
deoxyribonuclease improved its priming ability, 
the effectiveness of which depended on the ex
tent of treatment with deoxyribonuclease. 

The divalent metal ion requirement of the 
polymerase could be satisfied with either Mg2+ 
or Mn2+. A slight but observable synthesis was 
obtained in the presence of 20 mM C02+ or 10 
mM Cd2+. The enzyme was unstable in solu
tions of ionic strength below 0.2 M potassium 
phosphate or protein concentrations below 1 
mg/mI. Enzyme solutions could be stabilized by 
the addition of glycerol or by increasing the salt 
or protein concentrations and storing at 
-20°e. 

A synthesis-dependent exonuccease activity, 
interpreted as a 5' to 3' exonuclease, was found, 
at a low level, with the most purified DNA pol
ymerase preparation; however, this activity was 
not characterized. Rates were stimulated in the 
presence of deoxynucleoside triphosphates. The 
most purified fraction contained no detectable 
endonuclease activity. 

The polymerase enzyme is sensitive to the 
sulfhydryl-blocking reagents N-ethyl-maleim
ide, para-( chloro )mercuribenzoate, and para-
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(chloro) mercuriphenylsulfonic acid. Of these, 
para-(chloro) mercuribenzoate is the most ef
fective sulfhydryl reagent. 

Applications 

Z. ramigera is important in inducing floccula
tion (Unz, 1974) and reducing biological oxygen 
demand (BOD) in sewage-waste water treat
ment (Butterfieid, 1935; Joyce and Dugan, 
1970). The metal-adsorbing characteristic of Z. 
ramigera has been investigated with application 
to the treatment of heavy metals and transur
anic waste streams (Dugan, 1970, 1987; Dugan 
and Pickrum, 1973; Friedman and Dugan, 
1986a; Kuhn and Pfister, 1989; Norberg and 
Persson, 1984). Production of PHB or other po
lyhydroxyalkanoates by Zoogloea may be useful 
for the development of copolymers for com
mercially useful biodegradable plastics. 

Waste Water Treatment 

An early and continued use of Zoogloea in a 
treatment process has been in the area of do
mestic waste water treatment. Although zoog
loeal bacteria are not the only microorganisms 
responsible for a successful waste water treat
ment process, they are important for the deg
radation of organic carbon and for the floccu
lation required for settling. Zoogloea bacteria 
are highly active oxidizers of organic com
pounds which significantly reduce the biological 
oxygen demand (BOD) in waste water. Butter
fieid et al. (1937) reported that 50% ofthe BOD 
from sewage could be removed in 5 hours by 
the aerobic, Gram-negative, floc-forming bac
teria indigenous to aerobic waste water system, 
and 68% could be removed in 3 hr by a natural 
mixed population of bacteria. Zoogloea rami
gera converts excess carbon to PHB, extracel
lular polysaccharide, and esterified organic 
acids (Joyce and Dugan, 1970). It is the inter
action of extracellular microbial polymer by ad
sorption and bridging that aggregates microor
ganisms and produces flocs (Busch and Stumm, 
1968). 

Poly-ß-hydroxybutyrate Production 

A potential use of Zoogloea involves the pro
duction of PHB, a highly polymerized lipid re
serve material, that is usually synthesized by the 
bacteria in response to nitrogen limitation in 
the presence of excess carbon source. The pro
duction, enzymology, and genetic control of 
PHB metabolism in Zoogloea is of interest be
cause of the application of PHB and other po
lyhydroxyalkanoates in the biodegradable plas-
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tics industry. PHB produced by some 
Alcaligenes species is currently being marketed 
as a biodegradable plastic under the trade name 
Biopol (Holmes, 1985). 

Biosorption of Metals 

A developing technology is the use of Zoogloea 
to adsorb and concentrate metals and transur
anic elements from contaminated waste 
streams. The significance of extracellular mi
crobial polymers as agents for relatively non
specific adsorption of dissolved or suspended 
organic, particulate, and ionic substances has 
been established with polysaccharides produced 
by Gram-negative floc-forming bacteria. (Du
gan, 1970; Dugan et al., 1971; Friedman and 
Dugan, 1968a). The adsorptive characteristics 
of the whole cell or purified polymer can be 
exploited for commercial waste water treatment 
to remove heavy metal and transuranic ions and 
also may be useful in mineral separation pro
cesses, where the use of other flocculating agents 
of biological origin are currently being investi
gated. 

Zoogloea biomass can remove a variety of 
metallic cations from solution (Dugan and Pick
rum, 1973; Friedman and Dugan, 1968a; Nor
berg and Persson, 1984; Norberg and Rydin, 
1984; Sag and Kutsai, 1989a, 1989b). The re
moval of aluminum, calcium, cobalt, iron, mag
nesium, manganese, nickel, and silicon from 
acidic mine water sam pies demonstrates the ef
fective metal binding characteristic of Zooglea 
and Zoogloea-derived polymer that is appli
cable to the treatment of complex, relatively un
defined aqueous metal containing systems (Du
gan, 19S7; Dugan and Pickrum, 1973). 
Presumably, microorganisms are partially re
sponsible for the accumulation of metals within 
the solids generated by sewage treatment and 
the reduction in metal concentration in effiuent 
supernatant as compared to the metal concen
tration ofthe influent and the supernatant from 
primary settling (Dugan et al., 1971). 

Chemically, the purified polysaccharide iso
lated from Z. ramigera 115 interacts with mon
ovalent cations to form soluble salts, binds but 
does not appear to form cross-linkages with di
valent cations, and forms insoluble precipitates 
with tri valent cations (Ikeda et al., 1982; Stauf
fer et al., 1980). Successive removal of uranium, 
copper, and cadmium from solution by Zoo
gloea biomass indicates selective binding 
among cations in mixed solutions (Norberg and 
Persson, 1984). 

With the potential use of Zoogloea for the 
treatment of metal-bearing waste waters dem
onstrated, a microbially based technology for 
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the treatment of these wastes appears to be de
veloping. Z. ramigera 115 cells, immobilized in 
calcium alginate beads, have been used in air
bubbled column reactors to remove mixtures of 
cadmium, copper, lead, manganese, strontium, 
and zinc from aqueous solutions (Kuhn and 
Pfister, 1989, 1990). Although calcium alginate 
alone sorbed metals, the use of immobilized Z. 
ramigera 115 enhanced metal binding signifi
cantly. A batch method was used to study the 
removal of cadmium, copper, and uranium 
from solution using biomass of Z. ramigera 115 
(Norberg and Persson, 1984). A bench-scale 
continuous process was demonstrated with Zo
ogloea biomass to adsorb copper from solution 
(Norberg and Rydin, 1984). Affecting adsorp
tion was the concentration ofbiomass and cop
per in solution and the operating pR. 

Important to the costs of a treatment process, 
is the ability to recycle biomass for multiple 
treatment cycles. Acid treatment releases cad
mium, copper, and uranium adsorbed to Zoo
gloea biomass, thus enabling multiple cycling 
for the complete removal of metals from solu
tion (Norberg and Persson, 1984). In experi
ments with cadmium it was shown that the 
sorbed cadmium could be eluted by exposing 
the beads to nutrient solutions whereupon more 
cadmium could be sorbed (Kuhn and Pfister, 
1989, 1990). Alternatively, the release of cad
mium from calcium alginate immobilized Z. 
ramigera 115 was achieved by use of a 0.04% 
aqueous nitrilotriacetate solution (Kuhn and 
Pfister, 1989, 1990). 
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Large Symbiotic Spirochetes: Clevelandina, Cristispira, 
Diplocalyx, Hollandina, and Pillotina 

LYNN MARGULIS and GREGORY RINKLE 

The genera Cristispira, Clevelandina, Diploca
lyx, Hollandina, and Pillotina are morpholog
ically complex, Gram-negative, motile, spiro
chetes (helical bacteria) in which the flagella are 
always entirely periplasmic (i.e., located be
tween the inner [plasma] and the outer mem
brane typical of Gram-negative bacteria) (Fig. 
1). (For a general discussion of the morphology 
of spirochetes, see Chapter 191.) All are obligate 
symbionts in the digestive system of mollusks 
or arthropods. These morphologically complex 
spirochetes have greater than 10 and sometimes 
as many as 300 flagella inserted at both ends of 
the cell and overlapping in the middle. If n is 
the number offlagella at one end ofthe cell and 
2n the number of overlapping flagella in the 
middle of the cell, then the characteristic array 
is n:2n:n (e.g., 10:20:10 or 300:600:300). The 
coated membranes, distinctive cytoplasmic 
structures (including the sillon, a cell-length in
vagination or groove of the outer membrane in 
contact with the inner membrane), and relative 
proportions that distinguish these genera are de
picted in Fig. 2, based on the morphometric 
analyses summarized in Table 1. 

The habitats of these organisms are predict
able (e.g., the crystalline style of bivalve mol
lusks for Cristispira, and the intestine of dry 
wood-eating cockroaches and termites for the 
others). None has been grown axenically. As 
molecular biological data are not yet available, 
species have been determined morphologically. 
Five species oflarge, symbiotic spirochetes have 
been described in the modern bacteriological 
literature and reverified, revised, or named as: 
Clevelandina reticulitermitidis, Crisfispira pec
finis, Diplocalyx calotermitidis, Hollandina 
pterotermitidis, and Pillotina calotermitidis. 
(For genera description, including an explana
tion of the morphometric analysis of spiro
chetes, see Bermudes et al., 1988.) 

Although often classified on the basis of size 
and light microseopie morphology in the family. 
Spirochaetaceae (e.g., Bermudes et al. , 1988), 
these spirochetes are ultrastructurally distinct 
from all other members of the Spirochaetaceae 

(see Chapter 191). Therefore, we classify the 
large symbiotic spirochetes in the family Pil
lotinaceae. (This family was first suggested by 
Hollande and Gharagozlou, 1967, who used the 
incorrect Latin derivative "Pillotaceae.") The 
spirochetes most similar morphologically to any 
member of the Pillotinaceae are the tick-borne 
symbionts, e.g., Borrelia persica, (flagella for
mula 25:50:25) (Karimi et al. , 1979); the free
living microbial mat spirochete Mobilifilum 
chasei (10:20: 10) (Margulis et al., 1990a); and 
the pectinolytic rumen spirochete Treponema 
saccharophilum strain PB, which is reported to 
have approximately 32 flagella (whether 
32:64:32 or 16:32: 16 is not clear) (Paster and 
Canale-Parola, 1985). All these spirochetes are 
significantly sm aller than any member of the 
Pillotinaceae. No free-living Pillotina-like spi
rochete has ever been reported none at least, 
larger than 0.5 ~m in diameter bearing at least 
30 flagella. 

A summary of the characteristics of the large, 
symbiotic spirochetes is presented in Table 1. 
Although only five genera are in the formal tax
onomie literature, hundreds of symbiotic spi
rochetes from a large number of animals have 
been reported. For a more extensive discourse 
on Cristispira species in a variety of mollusks, 
see Kuhn (1981) and Breznak (1984a). Large 
spirochetes in the hindguts of termites and 
wood-eating cockroaches are more thoroughly 
described by To et al. (1980). 

Cristispira pectinis (Gross) was first described 
as the trypanosome Trypanosoma balbiani (a 
eukaryote) by Certes (1882). Thought to have a 
multicellular, chambered body, Cristispira was 
renamed by Gross (1910), the name Cristispira 
being derived from the unusually prominent fla
gellar bundle or "crest." The modern under
standing of the organism comes from N oguchi 
(1921), who, detecting them in oysters (Cras
sostrea), clams (Venus), and musseis (Modiola), 
recognized Cristispira as a spirochete bacte
rium. This identification was confirmed when 
the crest was shown to be a flagellar bundle by 
Ryter and Pillot (1965). 
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·Clevelandina Diplocalyx 

Fig. I. Large symbiotic spirochetes as shown in transverse electron microscopic sections: Cristispira from the East Coast 
oyster. (Courtesy of J. M. Sieburth.) Pillotina from Reticulitermes j/avipes. (Courtesy of R. Bloodgood.) Hollandina from 
the Sonoran desert termite. (Courtesy of L. P. To.) Clevelandina from Zootermapsis. (Courtesy of J. Breznak and H. 
Pankratz.) Diplocalyx from the Madeiran termite. Numerous flagella are seen in cross-section in the region between the 
outer and the plasma membrane. (Bars = 0.5 !Lm) 

Leidy (1850) first described spiral-shaped mi
crobes from termite intestines and called them 
Spirillum undula later renaming them Vibrio 
termites (Leidy, 1881). Dobell (1912) recog
nized these organisms as spirochetes; he called 
the larger ones Treponema termites and the 
smaller ones Treponema minor. The larger spi
rochetes were transferred to the genus Cristipira 
by Hollande (1922). They were further de
scribed by Damon (1925), Duboscq and Grasse 
(1929), and Kirby (1941). In an early electron 
microscopic study, Grimstone (1967) described 
a large unnamed spirochete from the wood-eat
ing cockroach Cryptocercus punctulatus. Elec-

tron microscopy and the use of glutaraldehyde 
as a fixative reinvigorated the study of the ter
mite hindgut microbiota by providing a means 
of distinguishing morphologically the uncultiv
able symbiotic bacteria. After the genus Pillot
ina and the family Pillotinaceae were proposed 
by Hollande and Gharagozlou (1967) for large 
spirochetes from the Madeiran termite Incisi
termes praecox, large insect gut spirochetes were 
informally called "pillotinas." The discovery of 
aseparate spirochete morphotype from the ter
mite Incisitermes f/avicollis led Gharagozlou 
(1968) to establish the genus Diplocalyx. To et 
al. (1978) described a third genus, Hollandina, 
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crenulalions 

CD 

inner coot of outer membrane IICOMI 

® 

~----------------------------------- Icngth ----------------------------------~ 

Encircled 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 

® 

Diameter 
Number of flagella 
Presence of sillon 
Presence of crenulations 

Morphometric criterion 

Ratio of thickness of outer coat of outer membrane to outer membrane thickness 
Ratio of thickness of inner coat of outer membrane to outer membane thickness 
Ratio of thickness of outer coat of inner membrane to inner membrane thickness 
Ratio of diameter of protoplasmic cylinder to cell diameter 
Angle of protoplasmic cylinder subtended by flagella 
Presence of flagellar bundle (angle of concavity CD < 1800 

Length 
Amplitude 
Wavelength 
Presence of cytoplasmic tubules' 
Presence of polar organelle 
Presence of rosettesb 

aCytoplasmic tubules range from 15 to 25 nm in diameter. 
bThe rosettes are not shown in Fig. 2. 
Adapted from Bermudes et al. (1988). 
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periplasm 

Fig. 2. Spirochete structures used in morphometric analyses. (a) Structures discernible by electron microscopy. (b) Structures 
discernible by light microscopy and a list of the 16 morphometric criteria. Encircled numbers refer to the criteria given 
in the table in part 2b. (Drawings by C. Lyons.) 
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Table 1. Criteria used to identify the spirochete genera. 

Criterion Cristispira Pillotina Hollandina Dip/oca/yx C/eve/andina 

Primary 
Diameter (/Lm) 0.5-3.0 0.6-1.5 0.4-1.0 0.7-0.9 0.4-0.8 
Approximate number of flagella ;;;;.100 30-70 30-60 40-60 30-45 
Presence of sillon + +,- + + 
Presence of crenu1ations + 
OCOM/OM' ND 0 2.4-8.0 0.6-2.0 0-2.8 
ICOM/OMb ND 3.3-11.9 0-1.3 0.9-2.1 2.8-5.0 (chambered) 
OCIM/IM' ND 0 1.0-2.5 6.4-7.7 0-3.6 
PC/diameter<' 0.90 0.56-0.67 0.63-0.90 0.47-0.81 0.60-0.81 
Angle subtended by flagella (0) 90-160 190-350 105-330 50-100 140-330 
Presence of flagellar bundles + +,- + +,-

Auxiliary 
Length (/Lm) 30-180 ND ND ND ND 
Amplitude (/Lm) 4-6 ND ND ND ND 
Wavelength (/Lm) 10-20 ND ND ND ND 
Presence of cytoplasmic tubules NDT + + + NDT 
Presence of polar organelle + + + + NDT 
Presence of rosettes + 

Symbols: +, present; -, absent; ND, no data; NDT, not detected. 
'Ratio of thickness of outer coat of outer membrane to outer membrane thickness. 
bRatio of thickness of inner coat of outer membrane to outer membrane thickness. 
'Ratio of thickness of outer coat of inner membrane to inner membrane thickness. 
dRatio of diameter of protoplasmic cylinder to cell diameter. 
Adapted from Bermudes et al. (1988). 

from the hindgut of the Sonoran desert termite 
Pterotermes occidentis. Known informally from 
the micrographs of D. G. Chase, Clevelandina 
was fixed in the microbiological literature by 
Bermudes et al. (1988). 

Habitat 
Cristispira develops especially dense popula
tions in and on the crystalline style of many 
marine (and a few freshwater) mollusks. Styles 
are noncellular, gelatinous, cellulase-containing 
rods that extend into the stornach of many bi
valve mollusks. Their presence, appearance, 
and consistency differ from species to species 
and even from individual to individual. In ac
tively feeding animals, the style is rota ted by 
epithelial cilia and, much like a pestle, one end 
is pushed against the stornach wall. The rotation 
likely aids in the mixing of food particles and 
digestive enzymes within the mollusk stomaeh. 
Some styles dissolve and reform with a tidal 
rhythm; when the style dissolves, the Cristispira 
disappear. Other smaller bacteria, including 
Spirillum ostrea (Margulis et al., 1991), an un
identificd Gram-negative rod, and a sm aller spi
rochete, have also been found in mollusk styles 
(Kuhn, 1981). Though they do not have a style, 
gastropods (single-valve mollusks) have been re
ported to harbor Cristispira as weIl (Morton, 
1952; Orton, 1922; Terasaki, 1960). A partial 

list of the distribution of Cristispira in marine 
mollusks is given in Table 2. 

The four other genera of large spirochetes are 
insect symbionts; they swim freely in the lumen 
ofthe distal portion ofthe intestine, actually an 
hypertrophied hindgut or paunch. The paunch, 
which has less oxygen relative to air (Breznak, 
1984b), is easily identified and dissected in any 
of the wood-eating cockroaches or so-called 
"lower" termites. The geographical distribution 
of these spirochetes is listed in Table 3. Their 
abundance is greatest in insects that attack and 
ingest dry rather than damp or wet wood. As a 
rule, Pillotinaceae spirochetes are very abun
dant in both kalotermitid (dry wood) and rhino
termitid (subterranean) termites. In rhinoter
mitids they tend to be most abundant just 
posterior of the midgutjanterior hindgut junc
tion. These spirochetes are apparently absent 
from the damp-wood-eating nasutitermitids 
and other "higher" termites. In "higher" ter
mites, a bacterial or bacterial/fungal commu
nity rather than a protistanjbacterial commu
nity has evolved. (Spirochetes 0.5 JLm in 
diameter with approximately 40-50 flagella 
have been reported in the hindgut of the higher 
termite Nasutitermes exitiosus; Czolij et al. , 
1985). The presence ofPillotinaceae spirochetes 
is easily determined by light microscopy on the 
basis of habitat, size, flexibility, and motility, 
but genera and species are not identifiable with
out ultrastructural analysis. 
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Table 2. Genera of mollusks harboring Cristispira. 

Marine bivalve genera 

Cardium papillosum Penitella ovoidea 
Chama gryphoides Pinna nobilis 
Chama pellucida Pinna squamosa 
Chama sinistrorsa Platyodon cancellatus 
Chione fluctifraga Protothaca staminea 
Chione succincta Protothaca tenerrima 
Clinocardium nuttallii Saxicava arctica 
Crassostrea gigas Saxidomus giganteus 
Cryptomya cal!fornica Saxidomus nuttalli 
Cuminga californica Scrobicularia piperata 
Diplodonta orbella Siliqua patula 
Entodesma saxicola Solen ensis 
Gastrochaena dubia 
Gryphaea angulata 
Lampsilis anodontoides 
Lima hians 
Lima inflata 
Lyonsia pugetensis 
Macoma secta 
Mactra sulcataria 
Modiola barbata 
Modiola modiolus 
Mytilus edulis 
Ostrea angulata 
Ostrea edulis 
Ostrea lurida 
Ostrea talienwhaneensis 
Ostrea virginiana 
Panope generosa 
Paphia staminea 
Pecten jacobaeus 

From Kuhn (1981). 

Morphology 

Soletellina acuminata 
Sphaerium corneum 
Strophitus sp. 
Tapes aureus 
Tapes decussatus 
Tapes laeta 
Tapes philippinarum 
Tapes pullastra 
Taras orbella 
Tivela stultorum 
Tresus capax 
Tresus (Schizothaerus) nuttallii 
Venerupis japonica 
Venerupis philippinarum 
Ventricolaria sp. 
Venus casta 
Venus mercenaria 
Venus verrucosa 
Zirjaea pilsbryi 

Given ecological information and high resolu
tion ultrastructural analysis, a single transverse 
thin section suffices to identify one ofthese large 
symbiotic spirochetes to genus. Ultrastructural 
analysis requires morphometrics (Bermudes et 
al., 1988). Sixteen criteria are useful when suf
ficient information is available (Fig. 2b). Di
ameters (criterion I) in oblong cells are mea
sured at the narrowest and widest points 
enclosed by the membrane. In crenulated cells, 
measurements are made at the tips of the cren
ulations. The number of flagella (criterion 2) is 
reported as the number inserted at each end. 
The number of flagella observed ranges from 
zero (in sections taken beyond the most distal 
insertion) to twice the number of flagella in
serted at one end, where, toward the center, fla
gella inserted at one end overlap with the fla
gella from the other end. The sillon or groove 
(criterion 3) is a contact or pronounced inva
gination running the length of the cell of the 
outer membrane toward the inner membrane 
(Fig. 2). This structure provides a reference 
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point for the description of other structures. 
Crenulations (criterion 4) are conspicuous folds 
or ruffies in the outer membrane (Fig. 2); to date 
they are limited to the genus Pillotina. Criteria 
5, 6, and 7 deal with the presence of coatings 
on the inner and outer membranes ofthe Gram
negative cell walls (i.e., the glycocalyx or 
sheath). Criterion 8 is the ratio of the diameter 
of the protoplasmic cylinder to the cell diam
eter. Criterion 9, the angle subtended by the 
flagella, is a measurement of the distribution of 
the flagella in the periplasm. Flagellar bundles 
(criterion 10) are deemed present if the angle 
made by lines C and D is less than 1800 (Fig. 
2a). Criteria 11, 12, and 13 are the length, am
plitude, and wavelength of the spirochete (Fig. 
2b). Cytoplasmic tubules (criterion 14) are 
small, hollow structures within the proto
plasmic cylinder as observed by negative stain 
or transmission electron microscopy (Fig. 2 and 
6). They vary from 15 to 25 nm in diameter. 
The polar organelle (synonym, polar mem
brane; criterion 15) is an electron-dense lamina 
located on the inside of the inner (plasma) 
membrane toward the distal ends of the cell 
(Fig. 2 and 5). Rosettes (criterion 16) are lin
early aligned, peripheral structures of the pro
toplasmic cylinder (Fig. 5); they have only been 
seen in Cristispira. 

The largest spirochete in the microbiological 
literature, Cristispira is usually the only spiro
chete seen in mollusk styles. Healthy termites, 
however, may contain from one to more than 
five different morphotypes of pillotina spiro
chetes difficult to distinguish from each other 
with a light microscope (Fig. 3, 7, 8, and 9). 
Length (from 12 to 100 JLm), amplitude (from 
1.5 to 6.0 JLm), and wavelengths (from 6 to 20 
JLm) can thus only be represented in approxi
mate terms. The combination oflarge diameter 
(0.4 to greater than 1.0 JLm), great length, and 
long wavelength distinguish pillotinas from the 
many other smaller, hindgut spirochetes (Figs. 
7 and 8). Idealized drawings based on electron 
micrographs of transverse sections of all five 
genera are shown in Fig. 4. 

Cristispira 

Cristispira cells can be greater than 3 JLm in 
diameter and over 150 JLm in length. The enor
mous number of periplasmic flagella (> 100) 
gives Cristispira a figure-eight shape in cross
section, with the flagellar bundle often equal in 
size to the protoplasmic cylinder (Figs. land 
4). In highly motile Cristispira, the crest, which 
is merely the flagellar bundle, is difficult to dis
cern. As the spirochetes lose vitality and speed, 
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Table 3. Geographie distribution of inseet-spiroehete symbioses. 

Inseet family 

Order Blattaria 
Cryptoeereidae (Protoblattidae; wood
eating eoekroaehes) 

Order Isoptera 
Hodotermitidae (damp-wood termites) 
Kalotermitidae (dry-wood termites) 

Mastotermi tidae 
Rhinotermitidae (subterranean termites) 

Inseet genus 

Cryptocercus punctulatus 

Porotermes adamsani 
Bifiditermes condonensis 
Ceratokalotermes apoliator 
Cryptotermes brevis 
Cryptotermes cavifrons 
Cryptotermes gearyi 
Glyptotermes iridipennis 

(Kalotermes iridipennis) 
Glyptotermes neotuberculatus 
Kalotermes approximatusb 
Kalotermes banksiae 
Calotermes jlavicollisb 
Kaoltermes jouteli 

(Neotermes JOUleli) 
Kalotermes minor 

(Incisitermes minor) 
Kalotermes schwarzi 

(Incisitermes schwarzi) 
Kalotermes snyderib 
I ncisitermes milleri 
Marginitermes hubbardi 

(Kalotermes hubbardi) 
Neotermes insularis 
Paraneotermes simplicicornis 
Postelectrotermes praecox 

(Calotermes praecox)b 
Pterotermes occidentis 
Mastotermes darwiniensis 
Coptotermes aginaciformis 
Coptotermes formosanus 
Heterotermes aureus 
Reticulitermes jlavipes 

Reticulitermes hesperus 

Reticulitermes tibialis 

Loeation 

United States 

Australia 
Australia 
Australia 
Uni ted States 
United States 
Australia 
Australia 

Australia 
Uni ted States 
Australia 
Franee, Spain 
United States 

United States 

United States 

United States 
United States 
United States 

Australia 
Uni ted States 
Madeira, Portugal 

Mexieo, United States 
Australia 
Australia 
Hawaii 
United States 
United States 

Uni ted States 

United States 

'-, There is no ultrastructural information on which identification could be based. 
bOriginally published nomenclature used (Calotermes is equivalent to Kalotermes). 
Adapted from Bermudes et al. (1988). 
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Spiroehete 
genus 

Hollandina 

-' 

Diplocalyx 

Hollandina 

Hollandina 
Pillotina 
Hollandina 

Diplocalyx 

Pillotina 

Hollandina 
Hollandina 

Hollandina 

Clevelandina 
Pillotina 
Clevelandina 
Hollandina 
Pillotina 
Clevelandina 
Hollandina 

the crest swells and becomes more obvious. The 
periplasmic space in Cristispira tends to be 
minimal, but expands to much greater diameter 
where subtended by the periplasmic flagella. 

graphs correspond to these rosettes; they have 
no known function. 

Rosettes li ne the periphery of Cristispira 
along its length except where flagella insert (Fig. 
5). Although the electron-Iuminous spheres 
making up the rosettes generally measure about 
100 nm in diameter, the number of component 
spheres varies from 2 to as many as 9, such that 
the ultrastructure ofthe rosettes is not constant. 
"Chambers" or ovoid inc1usions in light micro-

The polar organelle, a structure first described 
in spirilla and subsequently found in other 
types of flagellated bacteria, is c1early present 
in Cristispira and lies conspicuously beneath 
the flagellar bundle (Figs. 2 and 5a). The prox
imity ofthe polar organelle to flagella insertions 
suggests a role in motility generation. Nothing 
is known direct1y about the reaction of Cristis
pira to gaseous oxygen, though if cytochrome 
oxidase were present at the polar organelle in 
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Fig. 3. (a) Live Hollandina spirochetes from Pterotermes 
occidentis; light micrograph. (b) Hollandina pterotermitis 
(S) and a huge, unidentified bacterium (U); scanning elec
tron micrograph. (Bar = 5 /Lm) 

Cristispira (as it is in Sphaerotilus natans; Taus
chel, 1985), this would suggest that the metab
olism of this spirochete is aerobic or microaer
ophilic. The type species for the genus is 
Cristispira pectinis (Gross, 1910). 

Clevelandina 

Clevelandina spirochetes are symbiotic in the 
paunch of subterranean termites and therefore 
may be anaerobes. The cells are generally ob
long in cross-section, 0.4 to 0.8 /oLm in diameter 
and have 30 to 50 periplasmic flagella (Fig. 1, 
4, and 9). The angle subtended by the flagella 
tends to be greater than 180°, and the inner coat 
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Clevelandina 

Cristispira 

Diplocalyx 

Hollandina (f)JO";'V .. ;.:., 
, ~ , ; 
, , ~'11" '''' ., . -, :~. 

:". - ;. 
' .. :-.,::' 

Pillotina 

Fig. 4. Idealized drawings oftransverse electron microseopie 
seetions showing the range of morphotypes in the fi ve genera 
oflarge, symbiotic spirochetes. Not drawn to scale. (Draw
ings by C. Lyons.) 

(calyx) is correspondingly reduced. The cells are 
characterized by a thick inner coat (layer) ofthe 
outer membrane which tends to be chambered, 
and an outer coat ofthe inner membrane which 
is present except where the circumference is 
covered by flagella. A sillon, the contact between 
the inner and outer membrane that extends lon
gitudinally, is present and crenulations are lack
ing. The type species is Clevelandina reticuli
termitidis from the California termite 
Reticulitermes tibialis (Bermudes et al., 1988). 

Diplocalyx 

The Diplocalyx spirochetes are symbionts in 
hindguts of dry wood-eating termites; they are 
probably either anaerobes or microaerophiles. 
The cells are helical and 0.7 to 0.9 /oLm in di
ameter. In Diplocalyx the 40 to 60 periplasmic 
flagella are tightly bundled between the inner 
and outer membranes (Figs. land 4). A prom-
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Fig. 5. Cristispira pectinis (a) Relationship of rosettes (r) to polar organelles (po); four rosettes and two polar organelles 
in longitudinal eleetron microseopie seetions. (Bar = 0.2 /oLm) (b) Peripheral loeation of rosettes, one with seven-fold 
symmetry. (Bar = 0.2 !Lm) (c to e) Rosettes with two to nine spherical components. (Bar = 0.1 /oLm) (f) Detail ofa polar 
organelle showing quadrilaminar structure. Abbreviations: n, nucleoid. See Margulis et al. (1991) for details. 

inent sillon varies in position in different mor
photypes relative to the flagellar bundle. A thick 
outer coat of the inner membrane, forming a 
calyx (cup), is present except under the flagellar 
bundle and sillon. Crenulations of the outer 
membrane are absent. Cytoplasmic tubules, 
about 21 nm in diameter (Fig. 6b), and polar 
organelles have been seen in so me sections. The 
type species is Diplocalyx calotermitidis from 
the Mediterranean termite Incisitermes j/avi
collis (Gharagozlou, 1968). 

Hollandina 

Hollandina spirochetes, found in wood-eating 
cockroaches and termites, are probably anaer
obes or microaerophiles. They are smooth, 
rounded to oblong, and helical when observed 
in transverse section; they are 0.4 to 1.0 J.tm in 
diameter (Figs. 1 and 4). Hollandina spirochetes 
generally have a thick coating on the outer sur
face ofthe outer membrane. Crenulations ofthe 
outer membrane are lacking. Cells have from 
15 to 70 flagella dispersed in the periplasmic 
space. A sillon is absent or relatively inconspi
cuous. Polar organelles and cytoplasmic tubules 
have been observed in so me sections. The type 
species is Hollandina pterotermitides from the 

Sonoran desert termite Pterotermes occidentis 
(Bermudes et al. 1988). 

Pillotina 

Pillotina spirochetes are symbionts in the guts 
of wood-eating cockroaches and termites and 
are probably anaerobes or microaerophiles. 
They have helical cells 0.6 to 1.5 J.tm in diameter 
with prominent crenulations in the outer mem
brane (Figs. 1, 4, 6a, 7, 8, and 9). A stellate 
profile with approximately 30 to 70 flagella dis
tributed throughout the periplasmic space is 
distinctive for the genus. The inner coat of the 
outer membrane is consistently prominent; an 
outer coat of the outer membrane is present in 
some populations. A deep and narrow crenu
lation forms the sillon. The type species is Pil
lotina calotermitidis from the Madeiran termite 
Incisitermes praecox (Hollande and Gharago
zlou, 1967). 

Cytoplasmic Tubules 

Hollow tubules, called microtubules by Ghar
agozlou (1968; Fig. 6a) although they are so me
what smaller in diameter than the standard 25-
nm microtubules of eukaryotes (Margulis et al., 
1978, 1981; To, 1978), have been seen in the 
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Fig. 6. (a) Cytoplasmic tubules (mt), 24 nm in diameter, in a longitudinal section of the termite Pillotina calotermitidis 
from Madeira. (Bar = 0.5 !Lm) (b) Cytoplasmic tubules (ct), 21 nm in diameter; and flagella (f), in Diplocalyx from 
lncisitermes minor from Newbury Park, CaJifornia. Abbreviations: m, inner membrane; n, nucleoid; ri, ribosomes. (Bar 
= 0.5 !Lm) (Micrograph by D. G. Chase.) 
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Fig. 7. Densely populated microbial community from the hindgut of the subterranean termite Reticulitermes hesperus. 
An unidentified protist (Pr), undulipodia (U), and unidentified and large spirochetes (S), including Pillotina and Cleve
landina. are seen in this transmission electron micrograph. Bar = 0.5 ~m. 

protoplasmic cylinders of many termite spiro
chete genera, including those listed in Table 1. 
In large spirochetes of the dry-wood-eating ter
mites Incisitermes schwarzi and Pterotermes oc
cidentis, the presence of a tubulin-like protein 

was detected by antitubulin immunofluores
cence and by co-migration with authentie brain 
tubulin in aerylamide gel eleetrophoresis (Ber
mudes et al., 1987; Margulis et al., 1978). Tub
ulin proteins, whieh comprise eukaryotic eilia, 
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Fig. 8. Two Pillotina spirochetes 
(P) inside an unidentified hindgut 
protist, associated with host axo
style (AX) and microtubules 
(MT). Note the Clevelandina cell 
(C) and an unidentified small spi
rochete (S) at the upper left; U, 
undulipodium. (Bar = 0.5 ILm) 

flagella (undulipodia), and the mitotic appara
tus, are ubiquitous in eukaryotes. This is the 
only known evidence of tubulin-like proteins in 
prokaryotes. An evolutionary relationship be
tween the cytoplasmic tubules of these spiro
chetes and eukaryotic microtubules has been 
suggested (Margulis, 1981). Cytoplasmic tu
bules have not been reported in any Cristispira 
strains. 

Distribution of Morphotypes 

The geographical distribution of Cristispira (Ta
ble 2) and oflarge spirochetes from insect hind
guts (Table 3) were summarized earlier. In any 
given termite, distinctive spirochete morpho
types are consistently and reliably found. Many 
undescribed spirochete morphotypes, especially 
smaller ones, are present in termite and cock
roach hindguts, often in impressive numbers 
(Fig. 7). More than 25 species of kalotermitids 
and rhinotermitids have been examined, and 
they nearly all harbor some type of pillotina 
spirochete. Since more than 350 species of dry-
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wood termites (Krishna, 1961) and 158 species 
of subterranean termites are known (Wilson, 
1971), and fewer than 30 termite species have 
been examined with the electron microscope, 
many more complex spirochetes likely await 
discovery. 

Isolation 

Collection and Examination of 
Symbiotic Spirochetes 

Large spirochetes are easily observed live in wet 
mounts. Styles can be readily dissected from 
fresh mollusks and crushed with a coverslip for 
direct observations of Cristispira. Intestines are 
removed with forceps from termites or wood
eating cockroaches. The microorganisms are 
very densely packed and so are usually diluted 
with Trager's solution (1934) before observa
tion. They may be maintained for observation 
for up to 2 hours (Cristispira) or 24 hours (some 
hindgut spirochetes), using petrolatum- or par
affin-sealed microscope slides. The style or gut, 
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Fig. 9. Clevelandina (C), Pillotina (P), and an unidentified 
spirochete (S) coexisting with undulipodia (U) in the hind
gut of Reticulitermes hesperus. Bar = 0.5 Itm. 

its microcosm intact, is prepared for electron 
microscopy by fixation with glutaraldehyde 
(Margulis et al., 1991; To, 1978) or observed 
directly. 

Collection of Cristispira 

To observe live Cristispira, the host mollusk 
must be freshly harvested since styles degen
erate within a few hours after removal from 
their natural estuarine habitat. Oysters main
tained in the laboratory quickly lose their spi
rochetes. Cristispira tend to be either plentiful 
or absent in any given style and when present 
tend to align longitudinally in the style matrix. 
The environmental conditions indicative ofthe 
presence and abundance of Cristispira in a mol
lusk are poorly understood. Mollusks of the 
same species sharing the same environment will 
not all contain Cristispira. The aeration of the 
general environment seems to have no corre
lation with the presence of Cristispira. Mollusks 
in well-aerated surf and mollusks buried deep 
in black, anaerobic muds both contain Cristi
spira. Cristispira can be collected the year 
round. 

Maintenance of Motile Pillotina Cells 

In spite of many efforts, no medium has yet 
been devised that permits the in vitro growth 
ofany ofthese large, symbiotic spirochetes. The 
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following medium, however, did maintain mo
tile termite spirochetes in mixed culture for at 
least 72 and up to 120 hours: 

Sweet E broth (Holdeman and Moore, 1972) is adjusted 
to a pH of 6.8, rendered anaerobic by gassing with 80% 
Ar, 10% CO2, and 10% H2, and anaerobically sterilized 
in Hungate anaerobic tubes containing 1.5% agar. By 
the syringe method, fetal bovine serum and cocarbox
ylase are added to a final concentration of 5.0% and 
0.05%, respectively. Hindgut contents from a surface
sterilized termite are inoculated into the medium. 

The obvious sensitivity of the spirochetes to 
air bubbles on the slides and in the medium 
suggests that these organisms are microaero
philes or anaerobes. 

Identification 

Large symbiotic spirochetes may be identified 
by light microscopy to at least the family Pil
lotinaceae and in some cases to genus given 
identification of their animal hosts. For classi
fication to species, ultrastructural identification 
is required. The use of molecular sequence 
analysis, in particular 16S ribosomal RNA se
quence comparison, has not been applied to any 
large symbiotic spirochetes so the phylogenetic 
relation of these spirochetes with other spiro
chetes or any bacteria is unknown. 

Symbiotic Relationships with 
Other Organisms 
Cristispira 

The crystalline sty1es of oysters digest cellulose 
in the absence of Cristispira symbionts. With 
respect to cellulose digestion in oysters, styles 
with spirochetes do not differ from styles with
out spirochetes (Margulis et al., 1991). There
fore, the role, if any, the spirochete plays in oys
ter digestion is unknown. 

Termite Spirochetes 

Termite spirochetes are always found in asso
ciation with dense populations of hypermasti
gote and polymastigote protists, as weIl as with 
other bacteria. They are present in the hindguts 
ofhealthy, dry-wood, and subterranean termite 
hosts of all insect stages and castes: larvae, pseu
dergates, alates, and soldiers. The termite co m
munities include some 105-106 protists per ml 
of fluid gut: lophomonads, trichonymphids, de
vescovinids, monocercomonads, and oxymon
ads. They also regularly contain 109_10 11 bac-
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teria per ml of hindgut fluid, including 
Arthromitus (Margulis et al., 1990b) and other 
Gram-negative rods of many kinds (To and 
Margulis, 1978; To et al., 1980; Figs. 7, 8, and 
9). Live spirochetes are observed in many sorts 
of relationships with each other and with mem
bers ofthe community: 1) free in the lumen of 
the intestine (Grimstone, 1967; Margulis et al., 
1979; Fig. 3, 7, and 9); 2) attached casually to 
the surfaces of protists, especially devescovinids 
and dinenymphids (Bloodgood and Fitzharris, 
1976); 3) attached to other bacteria (Margulis 
and Schaadt, 1976); 4) attached to each other 
and translating in moving bundles (Margulis 
and Schaadt, 1976; To et al., 1978); 5) attached 
to debris and beating in synchrony without 
translation (Margulis and Schaadt, 1976); 6) at
tached in regular tufts to the surfaces of mas
tigotes (these populations of spirochetes may 
beat in synchrony and thus move their masti
gote hosts, thereby forming motility symbioses; 
Cleveland and Grimstone, 1964; To et al. , 
1978); or 7) entirely engulfed within the cyto
plasm of protists (Margulis et al., 1979, 1981; 
Fig. 8). Apparently, these spirochetes have 
sticky surfaces that facilitate attachment to each 
other and to other microbes. The hindgut spi
rochetes, along with other members ofthe hind
gut microbial community, are actively trans
ferred to newly hatched larvae and from insect 
to insect by proctodeal (mouth-to-anus or anus
to-anus) contact. If unprotected or exposed to 
oxygen, the spirochetes die in a few minutes. 

The spirochetes are probably not essential for 
cellulose digestion because the community and 
the host can survive their absence, at least for 
so me weeks. The spirochetes appear to depend 
on the protists in the hindgut community; the 
spirochetes do not survive more than a few days 
after the protists are removed by chemical or 
heat treatment of the termite hosts (Grosovsky 
and Margulis, 1982). None of the large sym
biotic spirochetes seem to have any practical 
importance. 
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The Genera Succinivibrio and Succinimonas 

ROBERT B. HESPELL 

Introduction 

The rumen is a strictly anaerobic ecosystem in
habited mainly by bacteria and ciliated proto
zoa, plus smaller numbers of fungi. Although 
several hundred or more species ofbacteria can 
be found in this ecosystem, only about thirty 
species are usually found at high enough levels 
to be considered of ecological significance. Suc
cinivibrio dextrinosolvens and Succinimonas 
amylolytica are included in this group of major 
species, but have not been extensively studied. 
These two species are usually found in animals 
fed some grain in their diets. In addition to con
tributing to ruminal starch digestion, both spe
cies produce succinate, a fermentation product, 
which can be decarboxylated by Selenomonas 
ruminantium to form propionate, a major ru
minal volatile fatty acid. The cells of both spe
cies stain Gram negatively and are motile by 
means of monotrichous, polar flagella. How
ever, S. amylolytica cells are coccoid whereas 
cells of S. dextrinosolvens are curved rods with 
tapered ends. At present, these organisms have 
been isolated mainly from ruminants, but it is 
reasonable to suspect they may be present in the 
gastrointestinal tract of other animals. 

Habitats 

Succinivibrio dextrinosolvens and Succini
monas amylolytica are inhabitants ofthe rumen 
of cattle and sheep. The numbers of these bac
teria vary depending on the diet. S. amylolytica 
is found in the rumen of animals fed mixed 
diets composed of forages and at least so me 
grain (Bryant, et al., 1958), whereas S. dextri
nosolvens occurs in high numbers with animals 
fed high levels of starch or other diets containing 
large amounts of rapidly fermentable carbo
hydrates (Bryant and Small, 1956; Wozny et al., 
1977). Both species are involved in the digestion 
of starch and its breakdown products in the ru
men. The occurrence of both species in ecosys-

tems other than the rumen has not been well 
documented. However, there have been at least 
two reports of Succinivibrio species occurring 
in the blood of humans suffering from bacte
remia (porschen and Chan, 1977; Southern, 
1975). In both cases, the patients had gastroin
testinal tract disorders and thus, the organisms 
might have been able to enter the blood as a 
result of loss of gastrointestinal tract integrity. 
If so, this suggests that Succinivibrio species 
might be normally present in low numbers in 
the colon of humans. 

Isolation 

Selective Enrichment and Isolation 

Currently, no procedures have been published 
regarding selective enrichment or isolation of 
either S. dextrinosolvens or S. amylolytica. All 
strains have been isolated on nonspecific, hab
itat-simulating media used to enumerate total 
culturable bacteria from ruminal contents. As 
with other ruminal bacteria, both species are 
strict anaerobes. However, three strains of S. 
dextrinosolvens isolated under diverse condi
tions have been shown to grow on a defined 
medium (Gomez-Alarcon et al. 1982). This me
dium lacks the volatile fatty acids, peptides, and 
a number of other components often used in 
media to cultivate many species ofruminal bac
teria. Thus, it might be possible to use this me
dium to selectively enrich or isolate S. dextri
nosolvens. 

Cultivation Media 

Both species can be grown on a variety of com
plex, rumen fluid-containing media (Bryant and 
Burkey, 1953; Bryant and Robinson, 1961) or 
on more defined media in which the rumen 
fluid has been replaced by Trypticase, yeast ex
tract, hemin, and volatile fatty acids (Caldwell 
and Bryant, 1966; Hespell and Bryant, 1981). 
A typical complex medium for both species and 
a chemically defined medium for S. dextrino-
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solvens (adapted from Gomez-Alarcon et al. , 
1982) are shown in Table 1. Since both species 
produce succinate as a fermentation product, 
the use of a bicarbonate-carbonic acid system 
is needed to provide carbon dioxide and a 
means of buffering. Ammonium ions serve as a 
major nitrogen source for both species. S. amy
lolytica has a narrow range of fermentable sub
strates and only glucose, maltose, dextrin, and 
starch are known to be used. S. dextinosolvens 
also ferments these substrates plus galactose 
and xylose, but starch is only partially used and 
is incompletely hydrolyzed. Neither species fer
ments amino acids or peptides. 

Preservation of Cultures 

Both species can be maintained for long times 
by storage of cultures in liquid nitrogen or ul-

Table 1. Media fOT S. amylolytica and S. dextrinosolvens. a 

Amount per 100 ml 
ofmedium 

Ingredient Complex Defined 

Carbohydrate (5%)b 5.0 ml 5.0 ml 
Trypticase 0.5 g 
Serine 30 mg 
Leucine 40 mg 
Methionine 30 mg 30 mg 
Yeast extract 0.2 g 
p-Aminobenzoic acid 10 /Lg 
Ammonium chloride (5.3%) 1.0 ml 1.0 ml 
Resazurin (0.1 %) 0.1 ml 0.1 ml 
lVI VFA solution' 3.0 ml 
L-Cysteine' HCI (2.5%)b 1.0 ml 1.0 ml 
Mineral Ad 4.0 ml 4.0 ml 
Mineral Be 4.0 ml 4.0 ml 
Ferrous sulfate 0.3 mg 0.3 mg 
Trace minerals' 0.5 ml 0.5 ml 
Hemin plus 1,4-napthoquinone- 1.0 ml 1.0 ml 
Sodium carbonate (8%)h 5.0 ml 5.0 ml 
Distilled water 76.0 ml 79.0 ml 

aBoth media are prepared under carbon dioxide; final pH 
6.8. The defined medium is for S. dextrinosolvens only. 
bAutoclaved separately; prepared and stored under a nitro
gen gas phase. 
'Prepared by adding 7 ml acetic, 3 ml propionate, 2 ml 
butyrate, and 0.6 ml each ofisobutyrate, 2-methylbutyrate, 
and isovaIerate to 700 ml of 0.2 M NaOH. Adjust to pH 
7.0 with NaOH and to final volume of I liter. 
dMineral A = 0.5% K2HPO •. 
eMineral B = 1.0% KH2PO., 1.2% NaCI, 0.58% NaSO., 
0.16% CaCI2·2H20, and 0.25% MgSO .. 7H20. 
'Trace minerals contained 10 mg each of ZnSO .. 7H20, 
H3B03, NaSe03, Na2MoO .. 2H20, NiCI2 '6H20; 5 mg 
CuSO .. 5H20, and 2 mg of AI(SO.kI2H20 made to 100 
mIm with distilled water. 
-Solution made by dissolving 25 mg of 1,4-napthoquinone 
in 2 ml of95% ethanol and combining with 10 mg ofhemin 
dissolved in 50 ml of 0.01 M NaOH and 38 ml distilled 
water. 
hAutoclaved separately; prepared, equilibrated, and stored 
under a carbon dioxide gas phase. 
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tracold freezers (HespeIl and Canale-Parola, 
1970). Alternatively, short-term storage is pos
sible by placing glycerol cultures in normal 
( - 20°C) freezers (Teather, 1982). 

Identification 

Succinimonas 

Succinimonas form surface colonies that are 
light tan in color, translucent, smooth, and con
vex. Even after prolonged incubation, the col
onies are only 0.6 to 1.5 mm in diameter. Col
onies within agar media are lenticular in shape. 
Typically, the cell morphology is that of a short, 
oval rod or coccobacillus (1-1.5 ,um by 1.2-3.0 
,um long). The cells appear singly or in pairs but 
can form clumps in older cultures. The cells 
always stain Gram negatively. In wet-mount 
preparations, most cells show so me degree of 
translational motility which ceases when oxy
gen is present. Often cells which have become 
attached to the glass surface displaya rotational 
movement about one cell end. The flagellar ar
rangement is polar and monotrichous. Some 
cells may show granules near the cell periphery. 
The nature of these granules is unknown but 
they may be composed of glycogen, which is 
found in a number of species of ruminal bac
teria. In liquid media, growth is even and dis
perse, but generally dense turbidities do not oc
cur. 

The major products formed from glucose are 
acetic and succinic acids, and the formation of 
these products requires a large uptake of carbon 
dioxide. No hydrogen gas, formate, lactate, or 
ethanol is produced, but trace amounts of ace
toin and/or propionate may be formed. No 
strains are known to hydrolyze gelatin and pro
duction of hydrogen sulfide, indole, or catalase 
has not been observed. Growth occurs at 30-
39°C but not at 22°C or 45°C. Strain differences 
are rather minimal and all strains are consid
ered to be isolates of a single species, Succini
monas amylolytica (Bryant, 1984a). 

Another major ruminal species found in an
imals that are fed high-grain diets is Rumino
bacter amylophilus (formerly Bacteroides amy
lophilus). This organism also forms smalI, tan 
colonies on the surface of agar media. However, 
the cell morphology is distinctly different from 
S. amylolytica. The cells are larger (0.9-1.2 by 
1-3 ,u long), tend to form pleomorphic, swollen 
shapes, and most importantly, they are non
motile (Hamlin and Hungate, 1956). In addi
tion, R. amylophilus does not grow on glucose. 
R. amylophilus produces acetate, formate, and 
succinate as major fermentation products and 
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trace amounts of lactate and ethanol mayaiso 
be formed. The results of 16S rRNA cataloging 
show that R. amylophilus is remotely related to 
the purple sulfur group of bacteria (Stacke
brandt and Hippe, 1986), but the phylogenetic 
status of S. amylolytica is unknown. 

Succinivibrio 

Succinivibrio dextrinosolvens forms light tan, 
entire, translucent surface colonies that are gen
erally only 1-2 mm in diameter. Occasionally, 
colonies may be irregular, raised, and yellowish. 
Subsurface colonies are lenticular and equally 
small. However, in media having low agar con
centrations (0.2 to 0.6%), subsurface colonies 
take on a diffuse, white, furry appearance. The 
cells appear singly or in pairs of small, curved 
rods, usually 0.3-0.5 by 2.0-4.0 ~m long with 
pointed ends. With newly isolated strains, hel
ical or twisted filaments of 2-4 coils composed 
of two or more cells are common. These fila
ments often show rotational motility. This hel
ical characteristic varies with strains and can be 
lost during successive subcultures in the labo
ratory, resulting in single or pairs of slightly 
curved rods. Under adverse cultural conditions 
many strains can form pleomorphic shapes
usually large, swollen rods or spherical bodies. 
Cells invariably stain Gram negatively and are 
motile. The motility is translational with a vi
brating movement. The flagellation arrange
ment is polar and monotrichous. 

A large production of acetic and succinic 
acids with an uptake of carbon dioxide is the 
most common fermentation pattern for Succi
nivibrio strains fermenting glucose (Bryant and 
Small, 1956; Scardovi, 1963). Small, variable 
amounts of formate and lactate can be made. 
Hydrogen gas, propionate, and butyrate are not 
made. Good growth occurs at incubation tem
peratures of 30 to 40°C, but no growth occurs 
at 22°C or 45°C. Biochemical tests for nitrate 
reduction, catalase, and production of indole, 
acetoin, or hydrogen sulfide are all negative. 
Presently, all ruminal strains are considered to 
constitute a single species, Succinivibrio dextri
nosolvens (Bryant, 1984b). The succinovibrio
like strains isolated from blood sam pies 
(porschen and Chan, 1977; Southern, 1975) ap
peared to have lophotrichous flagellation and 
are probably not true isolates ofthe this species, 
but further studies are needed to verify this. 

Anaerobiospirillum succiniproducens dis
plays motile, helical rods with cell widths of 
0.6-0.8 ~m and celliengths of 3.0-8.0 ~m. This 
organism produces acetate and succinate as ma
jor fermentation products. A. succiniproducens 
has been isolated from colonic contents of dogs, 
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but not from the rumen. It is easily differen
tiated from S. dextrinosolvens by having bipolar 
tufts of about 16 flagella and by its ability to 
ferment lactose but not galactose or xylose 
(Davis et al., 1976). The phylogenetic relation
ships of Succinivibrio dextrinosolvens, Succi
nimonas amylolytica, and Anaerobiospirillum 
succiniproducens to one another and to other 
higher taxa are not known. 

Biochemical and Physiological 
Properties 

The carbohydrate fermentation pathways in S. 
dextrinosolvens have been studied by Scardovi 
(1963). Enzymatic activities of the Embden
Meyerhof pathway were present in cell-free ex
tracts, but enzymes of the hexose monophos
phate pathway were absent. Phosphoenolpyru
vate was found to undergo carboxylation to 
form oxaloacetate as the product, with ADP act
ing as the phosphate acceptor. Presumably, the 
oxaloacetate mainly undergoes reduction to 
form succinate and is partially used in biosyn
thetic transamination reactions to form amino 
acids. The pathways for assimilation of am
monia by S. dextrinosolvens have been eluci
dated with strain C18 (Patterson and Hespell, 
1985). This strain was shown to possess gluta
mine synthetase, urease, glutamate dehydrogen
ase, glutamate-oxaloacetate transaminase, and 
aspartate synthase. When grown in continuous 
culture under ammonia limitation, cells con
tained high levels of glutamine synthetase and 
urease, but glutamate dehydrogenase activity 
was low. The opposite pattern is observed with 
growth in the presence of ample ammonia. The 
glutamate dehydrogenase was NADPH-linked. 
The glutamine synthetase was regulated by an 
adenylation-deadenylation mechanism, allow
ing for rapid enzyme inactivation when high 
levels of ammonia are present. 
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CHAPTER 223 

The Genus Leptotrichia 

TOR HOFSTAD 

The oral cavity ofhumans is the natural habitat 
of several different kinds of filamentous organ
isms, including the Gram-negative anaerobic 
bacterium Leptotriehia bueealis. This organism, 
which is the only species of the genus Leptotri
ehia, was among the first microorganisms to be 
recognizably described and drawn in the letters 
of Antoni van Leeuwenhoek. 

The generic name Leptotriehia was used by 
Trevisan (1879) for filamentous organisms 
found in the human mouth. The species des
ignation bueealis had been used several years 
earlier by Robin (1853), who used the name 
Leptothrix bueealis for filamentous forms that 
he had observed in wet mounts of tooth scrap
ings. Wherry and Oliver (1916) were able to 
cultivate the organism, which they called Lep
tothrix innominata in accordance with Miller 
(1889), but the first adequate description of Lep
totriehia bueealis was given by Thj0tta, Hart
mann, and B0e in 1939. These authors, as well 
as B0e (1941) and B0e and Thj0tta (1944), 
found that the organism had much in common 
with the fusobacteria and, consequently, should 
be c1assified as a Gram-negative an aerobic bac
terial species. Later investigators (Davis and 
Baird-Parker, 1959; Hamilton and Zahler, 1957; 
Kasai, 1961, 1965) confirmed and extended the 
cultural and biochemica1 findings of Thj0tta et 
al. (1939), but were of the opinion that L. bue
ealis was a Gram-positive organism. However, 
the u1trastructure of L. bueealis is that of a typ
ica1 Gram-negative bacterium (Hofstad and Se1-
vig, 1969). Leptotriehia is now classified as the 
third genus in the family Bacteroidaceae. Its ca
pacity to produce 1actic acid as the only major 
acid from glucose clearly distinguishes it from 
Baeteroides and Fusobaeterium. L. bueealis is 
identical with L. innominata of Prevot et al. 
(1967). The GC conte nt of the DNA is 28-30 
mol% (measured by the thermal me1ting 
method). 

In the past, L. bueealis has frequently been 
confused with Fusobaeterium species (Hine and 
Berry, 1937; Kligler, 1915; Morris, 1954; 
Spaulding and Rettger, 1937a and 1937b). The 

name Leptotriehia has also been used (Bibby 
and Berry, 1939; Klig1er, 1915; Morris, 1954) 
for the facultative Gram-positive organism 
termed L. dentium by Davis and Baird-Parker 
(1959) and now classified as Corynebaeterium 
matruehotii (Collins and Cummins, 1986). See 
Chapter 237 for a discussion of Fusobaeterium. 

Habitats 

The oral cavity of humans is the habitat of L. 
bueealis, but the organism has also been found 
in the female genitourinary tract (Bollgren et 
al. , 1979; Evaldson et al., 1980). Also, the or
ganism has been reported in the oral cavity of 
dogs (Goldstein et al., 1978) and in guinea pigs 
fed commercia1 pellets (T. Hofstad, unpub
lished observations). The principal source ofthe 
organism in the oral cavity is the dental plaque, 
i.e., the bacterial deposit that forms on the tooth 
surface and at the gingival margin. The con
centration of L. bueealis in plaque material is 
uncertain. Slack and Bowden (1965) found the 
number of L. bueealis organisms in I-day-old 
experimental plaque to be 1ess than 0.01% of 
the total viab1e count; the number increased to 
2.3% in 14-day-old plaque. Hillman et al. (1970) 
have shown that L. bueealis adheres to un
treated ename1 powder and to enamel powder 
coated with human saliva. However, the occur
rence ofthe organism in the mouth is not sole1y 
dependent on tooth eruption since L. bueealis 
can be isolated from the dorsum of the tongue, 
and, occasionally, from predentate infants 
(McCarthy et al. 1965). 

L. bueealis has infrequently been associated 
with infection in humans (Duperval et al., 1984; 
Kohler et al. , 1982; Morgenstein et al. , 1980; 
Reig et al. , 1985; Thadepalli and Rao, 1979). 
Being a highly saccharolytic organism, it may 
participate in the development of tooth decay. 
The organism has cell wall lipopolysaccharide 
with the characteristics of an endotoxin (Gus
tafson et al. , 1966). Antibodies reacting with 
this li po polysaccharide are present in normal 
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human sera (Falkler and Hawley, 1976; Mer
genhagen et al., 1965). These are IgM antibodies 
(Hawley and Falkler, 1976) and may be in
cluded among the so-called natural antibodies. 

Physiology 

Leptotriehia bueealis is anaerobic on first iso
lation although most strains become aerotoler
ant upon transfer and grow slowly on the surface 
of solid media in an ordinary CO2 incubator. 
The organism grows on ordinary solid media 
such as Brucella blood agar, and in fluid and 
semifluid media based on peptone and yeast 
extract supplemented with a fermentable car
bohydrate. Addition of serum to the medium 
may enhance growth. 

L. bueealis is saccharolytic. Several mono
and disaccharides are fermented with the pro
duction of lactic acid alone, or accompanied by 
trace amounts of acetic and succinic acids. The 
terminal pH is 5.4 or less. Two separate lactate 
dehydrogenases have been isolated from cell
free extract of L. bueealis (Brown and Gross, 
1981). Esculin is hydrolyzed. The inability of 
L. bueealis to form ammonia indicates that or
ganic nitrogenous compounds are not metabo
lized. 

L. bueealis is susceptible to penicillins, ceph
alosporins, tetracyclines, chloramphenicol, 
clindamycin, and metronidazole, but resistant 
to aminoglycosides. The minimum inhibitory 
concentration of erythromycin ranges from 4-
16 ~g/ml (Duperval et al., 1984; George et al., 
1981 ). 

Isolation 
Isolation of L. bueealis can be performed under 
nonselective or selective conditions. 

Sampling 

Leptotriehia bueealis can be isolated from saliva 
or centrifuged salivary deposits, dental plaque, 
and the soft tissues of the mouth. It is best iso
lated from plaque between adjacent teeth (in
terstitial plaque) and the crevice or pocket that 
exists between the gingiva and the surface of 
the tooth. Sampling from the gingival crevice is 
best performed by the use of sterile filter paper 
points that are gently inserted into the crevice. 

Centrifuged salivary deposits or plaque ma
terial can be inoculated onto the medium either 
directly or after being suspended and diluted in 
prereduced anaerobically sterilized (PRAS) 
one-quarter strength Ringers solution (Sutter et 
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al. , 1985) or the serum-containing diluent of 
Bowden and Hardie (1971). The inoculum on 
the tapering end of the paper point is streaked 
over a small area of the surface of the solid 
medium, and further spreading ofthe deposited 
material carried out by a sterile wire loop. 

Isolation Under Nonselective Conditions 

Because of its characteristic colonial morphol
ogy (see below), L. bueealis can be isolated from 
mixed cultures on blood agar or the starch-con
taining medium of Kasai (1961). 

The medium of Kasai has the following 
composition: 

Tryptone 20.0 g 
Yeast extract 2.0 g 
Soluble starch 20.0 g 
K 2HP02 5.0 g 
Sodium chloride 5.0 g 
Cysteine hydrochloride 5.0 g 
Distilled water I liter 

The isolation of L. bueealis is indirectly fa
vored by starch, which is an unavailable energy 
source for many of the other organisms present 
in the inoculated material. It is advisable to pre
pare 1: 10 dilutions of the saliva or plaque sam
pIes and spread 0.01-0.05 ml on each freshly 
prepared plate. Incubation should be carried 
out at 37°C for 2 or more days in an anaerobic 
atmosphere containing 5-10% CO2• 

Selective Isolation 

Media selective for Fusobaeterium nucleatum 
can be used for isolation of L. bueealis from 
mixed cultures. The fusobacterium egg yolk 
agar (FEA) ofMorgenstein et al. (1981) and the 
Crystal violet erythromycin agar (CVE) of 
Walker et al. (1979) (see Chapter 237) are most 
useful. L. bueealis grows on the FEA medium 
with white, raised, and granular colonies which 
are larger than the convex, round, and entire 
colonies of F. nucleatum. Large, brain-like or 
rough colonies of L. bueealis on the CVE me
dium are easily distinguished from the smaller 
and smooth or slightly irregular F. nucleatum 
colonies. However, strains of L. bueealis, sus
ceptible to 8 ~g/ml, or less, of erythromycin will 
not grow on the CVE medium. 

Axenic Cultivation and Maintenance 

L. bueealis can be maintained by weekly serial 
subculture on blood agar. Viable cells can be 
stored at -70°C in Greave's solution. 
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Table 1. Differentiation of Leptotriehia bueeaUs from Fusobaeterium nucleatum and Eubaeterium saburreum. 

Characteristic L. bueealis F. nucleatum E. saburreum 

Microscopic morphology 

Colonial morphology 
(blood agar) 

Terminal pH from glucose 
Production of indole 
Production of gas 
Foul odor 
Predominant fatty acids 

from glucose (GLC) 

Gram-negative,. 5-15 ~m 
long, thick fusiform 
bacilli; filaments 
common 

Smooth, shiny, rhizoid, or 
convoluted 

<5.4 

Lactic 

'Often Gram-positive in young cultures. 
bOften Gram-negative in old cultures. 

Greave's Solution 
Bovine serum albumin 
Sodium glutamate 
Glycerol 
Distilled water 

50 g 
50 g 

100g 
100 ml 

Mass cultivation is performed in nutrient 
broth supplemented with yeast extract (0.3%), 
glucose (0.5%), cysteine Hel (0.1 %), and serum 
(2%). The use ofwell-filled, narrow-necked bot
des or similar containers makes the use of pre
reduced anaerobically sterilized (PRAS) media 
unnecessary. 

Identification 

A reliable identification of L. bueeaUs can be 
made from cellular and colonial morphology 
and, in addition, from a few biochemical tests 
(Table 1). 

In Gram-stained specimens, L. bueeaUs is 
0.8- to 1.5-~m-wide and 5- to 15 ~m-long fu
siform rods, commonly occurring in pairs with 
the adjacent ends flattened. 

Filaments are seen in old cultures. The or
ganism is Gram-negative, often with Gram-pos
itive granules, but may be wholly Gram-positive 
in very young cultures. In young cultures, there
fore, the cells of L. bueeaUs are not unlike those 
of the Gram-positive oral organism Eubaeter
ium saburreum. However, E. saburreum never 
has tapered ends. 

Young colonies of L. bueeaUs are colorless, 
smooth, and often shiny, raised and with a fil
amentous edge; the colonies are described as 
"medusa-head" colonies. Following prolonged 
incubation, the filamentous edge may disappear 
and the surface becomes convoluted, resem-

Gram-negative, 5-15 ~m 
long, slender fusiform 
bacilli; filaments 
uncommon 

Smooth, convex, "flecked" 
appearance 

>5.8 
+ 

+ 
Butyric 

Gram-positive,b 5-20 ~m 
long bacilli, rounded or 
blunt ends; bulbous 
swellings and filaments 
common 

Rough, rhizoid, adherent; 
or smooth, rhizoid or 
convoluted, nonadherent 

<5.4 
+ 
+ 

Acetic and butyric 

bling that of a human brain. The colonies are 
nonadherent to the medium and after 2 days of 
incubation on blood agar measure 2-3 mm in 
diameter. Two- to three-day-old colonies on 
blood agar of E. saburreum may be mistaken 
for L. bueeaUs. 

L. bueeaUs has been identified in plaque ma
terial using the fluorescent-antibody technique 
(Baboolal, 1968). 
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The Genus Francisella 

FRANCIS E. NANO 

Introduction 

Francisella tularensis was recognized as the 
causative agent of afebrile illness in three dif
ferent parts of the world in the early part of the 
20th century. McCoy (1911) described a new 
disease which he found while studying a sus
pected outbreak of plague in ground squirrels 
in Tulare County, California. McCoy and 
Chapin (1912) isolated the etiologic agent of 
this "plague-like disease" and named the or
ganism Bacterium tularense after the county in 
which it was found. This organism was also rec
ognized as a disease agent of humans at about 
the same time. Pearse (1911) described what 
was known as "deer fly fever" in the area around 
Brigham City, UT, and Wherry and Lamb 
(1914) identified B. tularense as the infectious 
agent of a diseased meat worker in Cincinnati, 
OH. Edward Francis carried out an extensive 
series of experiments on the transmission ofthis 
organism and on the pathology of the disease 
he named tularemia (Francis, 1923). Shortly af
ter the description of tularemia in the United 
States, Ohara (1925) isolated a similar organism 
(Francis and Moore, 1926) in Japan that caused 
Yato-byo (hare disease). In 1926, Soviet re
searchers (Pollitzer, 1967) isolated the same or
ganism from human cases in Siberia. The name 
ofthe etiological agent oftularemia has changed 
over the years from B. tularense, to Pasteurella 
tularensis, to what it is called today, Francisella 
tularensis, the latter name in honor ofthe stud
ies performed with this organism by Francis. 
In 1950 (Larson et al., 1955), another bacterium 
was discovered that was eventually placed in the 
genus Francisella. This organism, F. novicida, 
has only been found twice since its original iso
lation and apparently has a very low infectivity 
for humans. 

F. tularensis is a Gram-negative cocco-bacil
lus that is 0.2 Mm X 0.2-0.7 Mm in size; F. nov
icida is larger at 0.7 X 1.7 Mm. F. tularensis has 
a loosely associated capsule which is difficult to 
see with light microscopy and is often stripped 
away during preparation for electron micro-

scopy. F. tularensis cells can appear highly pleo
morphic, especially when taken from a station
ary growth culture. There are no flagella nor pili 
associated with this organism but so me re
searchers have observed a long flagellar-like or
ganelle in electron micrographs; it is probable 
that such structures are electron microscopic ar
tifacts. In the host, F. tularensis can be found 
both intracellularly and extracellularly (see Fig. 
1), and there is substantial evidence that F. tu
larensis grows in macrophages. 

Initially, researchers from around the world 
were uncertain of the relationship among the 
agents causing tularemia-like diseases since the 
North American cases were clinically much 
more severe than those found in other parts of 
the world. After exchanges of convalescent sera 
and F. tularensis strains, it became apparent 
that the strains from Asia, Europe, and North 
America were antigenically identical but that 
the North American strains were considerably 
more virulent, as demonstrated by both the 
clinical presentation and the virulence for lab
oratory animals. Later, it was found that there 
were two forms of F. tularensis in North Amer
ica: the highly virulent form noted in most clin
ical descriptions of the disease, and a form that 
seemed to correspond to the European-Asian 
isolates. 

There are at least three nomenclature systems 
used to describe the different biovars. Olsufiev 
et al. (1959) proposed the designation F. tular
ensis var. tularensis for the highly virulent 
North American strain and F. tularensis var. 
palaearctica for the less virulent strain found 
throughout the Northern Hemisphere. More re
cently Soviet investigators have used F. tular
ensis nearctica Olsufjev and F. tularensis ho
larctica Olsufjev in place of the biovar 
designations of tularensis and palaearctica, re
spectively. Jellison proposed the designations 
"A" and "B" for the highly virulent and less 
virulent forms, respectively. I will use these des
ignations since they are simpler and imply noth
ing about geographical distribution and relat
edness, ideas that may change with time. F. 
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Fig. I. Intracellular growth ofF. tularensis. Transmission electron microscope image of a thin-section profile of F. tularensis, 
type A (Schu), in the liver ofan RML strain White Swiss mouse. Bacteria are found in both intracellular and extracellular 
environments. Intracellularly, the organisms appear within endosomes (arrow). Note the pleomorphic forms of F. tularensis. 
Aberrations within the cell, such as mitochondrial swelling, endoplasmic reticular disruption, and lipid drop let formation 
are indicative of intracellular infection and are considered the resuIt of cytopathic effects. Bar = 1.0 ILm. (Courtesy of 
Stanley F. Hayes.) 

novicida has only been isolated from North 
America. 

Distribution and Transmission 

F. tularensis has been found on every eontinent 
exeept Australia. Paradoxieally, tularemia is not 
found south ofthe equator nor in England even 
though migratory birds have been shown to 
earry tularemia. It may be that the known foei 
oftularemia will eontinue to expand. It was only 
in 1968 (Young et al., 1969) that Vermont was 
though to be tularemia-free, only to yield a 
small epidemie of the disease. Until the 1980s, 
F. novicida had been isolated only onee; we now 
suspeet that F. novicida is endemie over wide 
areas of North Ameriea (Hollis et al. , 1989). 
Moreover, it is possible that F. novicida-like 
strains are endemie in eertain portions of the 
world, eonferring immunity to F. tularensis and 
therefore preventing its establishment. Sinee F. 
novicida does not infeet healthy humans and is 

not agglutinated by anti-F. tularensis antisera, 
the presence of F. novicida may go unnoticed. 

Tularemia ean be spread in a number of dif
ferent ways; the prevalent mode oftransmission 
differs from pi ace to plaee and has been chang
ing sinee the diseovery of tularemia. In North 
Ameriea, during the early part of this eentury, 
tularemia was assoeiated with rabbit hunting 
and the preparation of wild meat; henee, the 
eolloquial names "rabbit fever" and "market 
men's disease" eame about. In the western part 
of the United States, tularemia is often spread 
by biting inseets and has been referred to as 
"deer fly fever." With the dec1ine ofrabbit hunt
ing, tick bites-and to a lesser extent other inseet 
bites-have beeome the major mode of trans
mission. Transmission of the type B form of F. 
tularensis through stream water oeeasionally 
eauses small outbreaks of tularemia. However, 
one stream in Montana has been shown to earry 
F. tularensis type B for many years without 
eausing any apparent infeetions in people using 
the stream water (Parker et al., 1951). It is likely 
that many infeetions with F. tularensis type B 
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occur without being recognized as tularemia 
and serological evidence suggests that many 
subclinical or unrecognized cases occur. AI
though tick-borne tularemia is probably always 
caused by F tularensis type A and represents 
"typical" tularemia in North America, the type 
B forms of F tularensis can also be found in 
ticks. 

In northern Scandinavia and Finland"where 
tularemia is common, tularemia is spread by a 
number of different routes including insect 
bites, inhalation of F tularensis-laden agricul
tural products, and self-inoculation while dress
ing wild hares. Note that the hare (genus Lupus) 
is susceptible to the type B strain of F tular
ensis, whereas the rabbit (genus Sylvilagus) is 
resistant to this strain. The similarity of trans
mission oftularemia by rabbits in North Amer
ica and hares in Europe and Japan simply re
flects close contact of humans with these 
animals during hunting and subsequent dress
ing. In Japan, as in Scandinavia, most cases of 
tularemia are associated with contact with 
hares. 

Most of the world cases of tularemia occur 
within the Soviet Union, where a large number 
of hunters and trappers co me into contact with 
infected animals. Also, transmission of F tu
larensis in water has been responsible for epi
demics which involve thousands of people. The 
reservoir for tularemia in the Soviet Union, as 
in northern Canada and Scandinavia, is a num
ber of small animals, including rats and lem
mings. The public health hazard of tularemia 
has led to intensive studies of zootic tularemia 
foci, and large-scale vaccination programs ofthe 
Soviet rural populations (Pollitzer, 1967). 

Clinical 
F tularensis is an invasive pathogen that is able 
to cause a wide variety of symptoms which are 
determined by the route of infection and the 
immune response of the host. If tularemia is 
initiated by a self-inflicted cut or an insect bite, 
an ulcer usually develops at the site ofinfection, 
followed by fever, malaise, and swelling of local 
lymph nodes. This form of tularemia is called 
ulcero-glandular, and can progress to other 
forms of disease, depending on the natural im
munity of the host and further self-inoculation. 
In some patients a septicemia can develop 
which may lead to infection of the lungs and 
pulmonary involvement; this systemic form of 
the disease is termed typhoidal tularemia. The 
typhoidal form of tularemia can also be initi
ated by ingestion or inhalation (causing pneu
monic tularemia) of F tularensis. The ocular-
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glandular form of tularemia, which is charac
terized by invasion of the conjunctiva, usually 
results from individuals unknowingly infecting 
the eye after touching infected material or an 
ulcer. However, any site on the body where there 
is a break in the skin or an exposed mucosal 
surface can be infected by F tularensis; the 
terms used to describe the syndromes merely 
reflect the most common presentations of the 
disease. 

An extensive study of the pathology in tular
emia in humans and other animals was carried 
out by Lillie et al. (1937) and has been extended 
since then by a number of workers. There is a 
large variation in the lesions seen in tularemia 
that vary among the species infected, the vir
ulence of the F tularensis strains, and the route 
and dose of inoculation. In experimental ani
mals splenomegaly is common and tiny grey 
focal lesions are seen in both the liver and 
spleen. In humans, cases of ulcero-glandular 
forms of tularemia, miliary granulomatous le
sions can be found as well as suppurative, ul
cerating lymph nodes. The pneumonic form of 
tularemia is pathologically identical to tuber
culosis with caseating granulomatous lesions. 
An extensive review oftularemia by Bell (1981) 
includes a section summarizing the pathological 
lesions seen in human and animal cases. 

Streptomycin remains the drug of choice for 
tularemia despite its toxicity (Anonymous, 
1988). Gentamicin, tetracycline, and chloram
phenicol have been used clinically and are also 
effective in treating tularemia. If the infection 
is not life threatening, tetracycline may be the 
drug of choice due to its relatively low toxicity. 
However, as with chloramphenicol, tetracycline 
treatment often results in relapses. A number 
of other antibiotics can inhibit F tularensis 
growth in vitro (Baker et al., 1985) but they have 
not been tested clinically. Penicillins are not ef
fective in treating tularemia and one study 
(Baker et al., 1985) showed that of 15 strains 
tested all had ß-Iactamase activity. 

Identification, Isolation, and 
Cultivation 

Clinically, tularemia can be confused with 
many other diseases, especially if a cutaneous 
ulcer is not present. Usually a presumptive di
agnosis is made on the basis of a history of a 
tick bite or contact with diseased rabbits. Con
clusive clinical evidence of infection can only 
be made by a rise in titer of agglutinating an
tibodies from serum sampies taken 10-14 days 
apart. 
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F. tularensis is usually suspected when the 
bacterium is a nonsporeforming, aerobic Gram
negative cocco-bacillus which requires rich me
dia supplemented with cysteine or another re
ducing agent. Microscopic examination may re
veal a tendency to bipolar staining and the 
presence of a capsule. Definitive ident~ficati?n 
of F. tularensis is accomplished by reactlOn wlth 
anti sera, using either agglutination or fluores
cent antibody reaction. 

Biochemical reactions are not particularly 
helpful in identifying F. tularensis but c~n be 
used to a limited extent to separate the blOvars 
of F. tularensis and F. novicida. The type A 
biovar is able to ferment glycerol and possesses 
a citrulline ureidase whereas the type B biovar 
does not have these characteristics. F. novicida 
can be differentiated by its ability to ferment 
sucrose. All strains are able to use glucose, man
nose, and fructose; F. novicida and so me strains 
of F. tularensis are unable to ferment maltose. 

The most rapid form of laboratory diagn~sis 
can be accomplished by examining the reactlOn 
of fluorescence antibody with infected tissue. 
However, this is not practical for most labora
tories which rely on culturing F. tularensis and 
testing for agglutination by specific antisera. 
Isolation of F. tularensis can be done on a num
ber of different types of rich media that are sup
plemented with cysteine and whole blood. Ad
dition of penicillin (100,000 units/ml) and 
polymyxin B (100,000 units/ml) will sUI?pr~ss 
the growth of other bacteria and cyclohexlmlde 
(0.1 mg/mI) will suppress the gr?wth of fungl:ls. 
F. tularensis appear as grey, VlSCOUS colomes 
surrounded by an area of green discoloration on 
an agar medium containing blood. ~hen F. tu
larensis needs to be iso1ated from a dIlute source 
or from a mixture of microorganisms, injection 
of a mouse can help with the enrichment, al
though such experiments require Biologic~l 
Level 3 containment facilities. F. tularensls 
should be easy to iso1ate from the liver and 
spleen of moribund animals. 

F. tularensis can be cultivated on a number 
of rich agar media that contain cyst~ine. In ad
dition, F. tularensis can be grown m. complex 
liquid media such as pep~one-cys~eme broth 
and trypticase soy broth Wlth cysteme, as weIl 
as in defined media. Optimal growth occurs at 
37°C with continuous shaking, yielding cultures 
of up to 4 X 1010 cells/ml. F. novicida ca':1 grow 
in any of the media used for F. tularensls. 

Cysteine Heart Agar (Difco) for Growth and 
Isolation of F. tularensis I Beef Heart Infusion 

Proteose Peptone 
Sodium Chloride 

500 gm 
10 gm 
5gm 

L-cysteine 
Agar 
Distilled or deionized water 
Final pH 6.8 

Igm 
15 gm 

1000 ml 
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After dissolving the medium, autoclave for 15 min at 
121°e. Cool to 45-48°C and add 50 ml of defibrinated 
rabbit or horse b10od. 

Peptone Cysteine Agar for observing colony morpho
types. 

Bacto peptone 20 gm 
NaCI 10 gm 
Glucose 1 gm 
Cysteine-HCI 1 gm 
Agar 15 gm 

After dissolving all the ingredients (except the agar) ad
just the pH to 6.8. Add the agar and autoclave for 15 
min at 121°e. 

Each lot of media can be tested by growing 
the avirulent B38 or the live vaccine strain 
(LVS). The B38 strain normally g~ows very 
poorly, so medium that supp~rts ItS gro~th 
should support the growth of vIrulent strams. 
F. tularensis colonies will reach their maximum 
size in 3-5 days. F. novicida grows considerably 
faster with colonies appearing within 24 h. F. 
novicida does not require the addition of cys
teine but grows faster in its presence. 

Francisella strains can be preserved by freez
ing or lyopholizing l?g p~ase cu~tures. tha; a~e 
mixed one- to-one wüh eIther skim mIlk, "".6lil 
gelatin, or 0.2% agar. Serial passage ?n solid 
medium will invariably lead to loss ofvlrulence. 

F. tularensis is highly infectious and Biosa~ety 
Level 3 facilities should be used when cultunng 
virulent strains or working with infected ani
mals. However, for decades researchers have 
worked with a number of attenuated F. tular
ensis strains that have proven to be safe; special 
containment facilities have not been necessary. 
In particular, the B38 strain and the LVS h~ve 
been used for antigen preparations and Im
munological studies, respectively. Personnel 
who co me into contact with highly virulent F. 
tularensis should be vaccinated with the live 
vaccine strain which is especially effective in 
preventing th~ pneumonic form of tularemia. 

Interaction of F. tularensis with 
Its Host 

F. tularensis is able to invade and multiply 
within nonprofessional phagocytes such as L
cells (Merriott et al., 1961) and HeLa cells (She
pard, 1959); the evidence for intracellular 
growth includes electron micr~scope observa
tions and intracellular growth m the presence 
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of streptomycin. The cellular location of F. tu
larensis replication has not been conclusively 
demonstrated and different authors have sug
gested that replication takes place inside the cy
toplasm (Shepard, 1959) or within a phagoly
sosome (Lofgren et al., 1988). The significance 
of in vitro intracellular growth within non
professional phagocytes to growth in vivo is un
clear. Electron micrographs have demonstrated 
intracellular growth of F. tularensis within liver 
tissue but the cell type was not identified (J. F. 
Bell and S. F. Hayes, unpublished observa
tions). 

Both in vivo and in vitro experiments reveal 
that F. tularensis grows inside macrophages and 
monocytes but not within polymorphonuclear 
lymphocytes (PMN). The growth rate inside 
macrophages and cultured cell lines correlates 
with the virulence of the F. tularensis strain. F. 
tularensis is not found within PMNs in infected 
animals presumably due to the antiphagocytic 
effects of its capsule. In vitro, PMNs cannot 
phagocytize F. tularensis unless immune serum 
is added. The capsule-minus mutants ofthe live 
vaccine strain are readily phagocytized by 
PMNs whereas the encapsulated strain is not 
(Sandstrom et al., 1988). 

The capsule of F. tularensis is clearly a vir
ulence factor. Depending on the parent strain, 
one can measure one to three logs increase in 
the LDso in capsule-minus strains (Eigelsbach 
et al., 1951; Eigelsbach et al., 1952; Hood, 1977; 
Sandstrom et al. , 1988) (much of this infor
mation assumes that the "rough" mutants de
scribed by different researchers were capsule
minus strains). Hood (1977) was able to dis
lodge the capsule by incubating F. tularensis 
cells in a solution of 10% saline. Cells treated 
this way had a large decrease in virulence, but 
it is impossible to know if this treatment af
fected other components of the cell besides the 
capsule. The capsule also seems to protect F. 
tularensis from serum complement; normal 
serum can kill capsule-minus strains. 

Microbiology 

Many F. tularensis strains generate different co
lonial morphotypes at a high frequency. Two 
type A isolates were studied in detail by Ei
gelsbach et al. (1951) who observed different 
variants using a dissecting microscope to dif
ferentiate the colony types. Wild type F. tular
ensis appear as viscous, rounded colonies; how
ever, when viewed through a dissecting 
microscope with oblique lighting the colonies 
appear blue (due to either light interference or 
selective absorption). The highly virulent Schu 
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strain and the avirulent B38 strain (of biovar 
type A lineage) both segregate different colony 
types that had either changes in the blue shade 
(to "gray" variants) or the shape of the colony. 
Working with the Schu strain, these workers 
were able to determine that loss of the blue co
loration correlated with the absolute loss ofvir
ulence and that some of the colonial shape 
changes affected virulence to a lesser extent. 
The European and Asian isolates also segregate 
gray variants but do not show the extreme var
iation seen in strain B38. The blue-gray tran
sition is not reversible at detectable frequencies 
since one blue cell of the Schu strain will kill a 
mouse whereas > 109 gray cells will not. Also, 
the genetic lesions conferring avirulence in 
strain B38 and the LVS do not revert to wild 
type at detectable frequencies. Without knowing 
the molecular basis for the colonial morpho
types, it is difficult to suggest whether the 
changes reflect point mutations, illegitimate re
combination induced by transposons, or the 
loss of plasmids. Perhaps some of the virulence 
factors of the N orth American type Astrain of 
F. tularensis are on mobile genetic elements. 
The plasmid carriage state of most F. tularensis 
strains is unknown; however it is known that 
the live vaccine strains and F. novicida do not 
have plasmid (F. Nano, unpublished observa
tions). 

A large amount of antigenic analysis of F. tu
larensis was done before the 1970s using chem
ical methods, agglutination reactions, Oucter
lony analysis, and delayed and immediate type 
hypersensitivity reactions. Most of the infor
mation from these early studies corresponds 
well with what has more recently been learned 
from sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and immuno
blots. A capsule covers the F. tularensis cell, and 
antibody against the capsule is agglutinating. 
The composition of the capsule has not been 
precisely defined, but the data of Hood (1977) 
indicates that it was made largely of two satu
rated fatty acids (16:0 and 1-0H 14:0) and four 
sugars (mannose, rhamnose, and two uniden
tified sugars). The data concerning a capsule
minus mutant of the LVS, however, shows no 
difference in fatty acid composition between the 
encapsulated strain and the capsule-minus mu
tant. These two works do not necessarily con
tradict each other since the "capsule-minus" 
strain may have a genetic defect that affects as
sembly of carbohydrate portions of the capsule 
but not of the lipid portions. F. novicida either 
does not have a capsule or it is different anti
genically from that of F. tularensis, since no 
cross agglutination occurs. 
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The lipid composition of F. tularensis is un
usual in that it contains hydroxy fatty acids 2-
OH-1O:0, 3-0H-16:0, and 3-0H-18:0, and fatty 
acids with long carbon chains (C20-C26). From 
the published data it is difficult to determine 
the precise fatty acid composition and the dis
tribution to different cell components. Cumu
latively, the data from different publications 
suggest that the hydroxy fatty acids are not in 
the inner membrane, but are most likely in the 
capsule (Anderson and Bhatti, 1986; Hood, 
1977; Jantzen et al., 1979). 

The capsule blocks the accessibility of outer 
membrane proteins and lipopolysaccharides to 
antibody and chemicals, and has thus hindered 
analysis of the outer membrane. Investigators 
in Sweden have studied the immunogenic po
tential of outer membrane components and 
have described four outer membrane proteins 
(Sandstrom et al. , 1987). Another investigator 
described a pro tein, called FopA, and doned the 
encoding gene (Nano, 1988). FopA has prop
erties similar to OmpA of Escherichia coli; it is 
an outer membrane protein that appears to have 
a tight association with LPS. Its mobility in 
SDS-PAGE is affected by heat, reducing agents, 
and treatment with organic solvents. FopA is 
the major protein immunogen in infected hu
mans (Bevanger et al. , 1988) and in animals 
injected with killed cells. The LPS ofboth Fran
cisella species is rough, with no apparent O-side 
chains visible by silver-staining (F. Nano, un
published observations). 

What are the relationships among the F. tu
larensis strains and F. novicida and how is the 
genus Francisella related to other genera ofbac
tcria? Judging by DNA homology, gcnctic rc
combination studies and Western immunoblot 
analysis, the different F. tularensis strains and 
F. novicida are dosely related. Although at
tempts have been made to demonstrate a rela
tionship between F. tularensis and Yersinia, Pas
teurella, or Brucella species there is no good 
evidence by modern standards showing a con
vincing evolutionary relationship. The GC con
tent of the DNA up Francisella is 33 to 36 
mol%, which is quite different from that ofthese 
other bacteria. As 16S RNA sequencing analysis 
of different bacterial species continues we 
should learn the correct phylogenetic place of 
Francisella. 

Yersinia philomiragia is dosely related to 
Francisella species (Hollis et al., 1989), and it 
has been proposed to encorporate this species 
into the genus Francisella. The origin of the F. 
philomiragia sampies that were studied dem
onstrate that this species is found over wide 
areas of North America and Europe. Further
more, the fact that all of the patients (except 
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one) that were the source of the strains had a 
severe underlying disease or had experienced a 
near-drowning episode, indicates that these 
strains have extremely low infectivity for 
healthy humans. The presence of so me of these 
strains in ocean water suggests that they may 
be pathogens of fish or marine mammals. 
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The Hemotrophic Bacteria: 
The Families Bartonellaceae and Anaplasmataceae 

JULIUS P. KREIER, RAINER GOTHE, GARRET M. IHLER, HEINZ E. KRAMPITZ, 
GLENDA MERNAUGH, and GUY H. PALMER 

The organisms of the genera included in the 
families Bartonellaceae and Anaplasmataceae 
are heterogeneous. It is probable that these or
ganisms were first considered to be related be
cause they all parasitized red blood cells and 
because they produced diseases characterized 
by anemia. The additional observations that all 
of these organisms were best demonstrated by 
light microscopy of red blood cells after treat
ment with Romanovsky-type stains, and that 
they were all quite small, reinforced adherence 
to the grouping based on the common hemo
trophism. The sm all size and the often intra
cellular site of growth ofthe organisms and their 
dependence for transmission on arthropods also 
suggested a relationship to the Rickettsiales 
(Kreier and Ristic, 1972, 1973). The attributes 
of some members of the two families are sum
marized in Table 1. 

The stroma of erythrocytes is a suitable hab
itat for a variety of organisms but the eryth
rocyte membrane may be a barrier to infection. 
Tedeschi et al. (1978), for example, described 
growth of corynebacteria in human erythrocytes 
after experimental introduction despite the nor
mal inability ofthe organisms to enter red blood 
cells. It is a fact however that organisms capable 
of entering and growing in erythrocytes belong 
to systematically quite diverse groups. Plas
mo dia, piroplasmids, and endotrypanosomes 
among the protozoa, as well as the bacteria de
scribed in this chapter are all able to enter and 
grow in erythrocytes. The grouping together, 
largely based on the common hemotrophism of 
the organisms treated in this chapter, should 
thus be considered an interim solution followed 
for reasons of historical continuity until either 
confirmed or rejected on the basis of new data. 

The organisms of the genera BartoneIla and 
Grahamella of the family Bartonellaceae are 
typical bacteria with cell walls morphologically 
comparable to the cell walls of other Gram-neg
ative bacteria (Krampitz and Kleinschmidt, 
1960; Takano-Moron, 1970). Despite the fact 
that in vivo they often grow intracellularly, they 
can be cultured without difficulty on nonliving 

culture media. In culture, organisms of the ge
nus BartoneIla may be flagellated (Peters and 
Wigand, 1952) but organisms ofthe genus Gra
hamella are not (Krampitz and Kleinschmidt, 
1960). BartoneIla and Grahamella are thus 
small, facultatively intracellular Gram-negative 
bacteria. It is apparent then that these organ
isms do not have the attributes classically as
cribed to the rickettsiae: small, obligately intra
cellular bacteria which cannot be cuItured 
outside ofliving host cells (see Chapter 121 and 
Moulder, 1962). 

The organisms of the genera Anaplasma, Ae
gyptianella, Haemobartonella, and Eperythro
zoon of the family Anaplasmataceae differ from 
typical bacteria since they lack cell walls and 
cannot be cuItured on nonliving media (Aikawa 
and Nussenzweig, 1972; Peters et al., 1973; Tan
aka et al., 1965). All prokaryotic protists which 
lack cell walls have so me similarities, particu
larly in morphology (Anderson, 1969; Davis et 
al. , 1973). Prokaryotic organisms lacking cell 
walls are, despite their morphological similar
ities, a quite heterogeneous group. Some are 
mycoplasmas and others may be cell wall-de
fective bacterial variants (L-phase variants). 
Some L-phase variants may revert to normal 
vegetative cells while others are stable. Stable 
L-phase variants are indistinguishable from my
coplasmas morphologically but nucleic-acid-ho
mology studies show that L-phase bacteria and 
mycoplasmas are not closely related and that 
L-phase bacteria are themselves heterogeneous 
(Davis et al., 1973). 

Organisms of the family Anaplasmataceae 
have not been cuItured outside of their hosts. 
Most mycoplasmas are readily cultured and 
form characteristic colonies on solid culture 
media (Hayflick, 1969). L-phase organisms, 
which often resemble mycoplasmas, in general 
have the cultural requirements of the bacteria 
from which they are derived except that the ton
icity of the culture medium must be increased 
to prevent lysis of the cell-wall-less organisms. 

Organisms ofthe various genera ofthe family 
Anaplasmataceae are all quite similar morpho-
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logically and are also morphologically similar 
to mycoplasmas and L-phase bacteria (Peters et 
al., 1973; Tanaka et al., 1965). The lack of a cell 
wall is the major factor in determining the or
ganism's morphology but it may not be assumed 
that all organisms lacking cell walls are myco
plasmas (Davis et al., 1973). 

The Anaplasmataceae occur in the blood 
plasma, and in or on red cells. Those which 
enter red cells do so by an endocytic process. 
Reproduction then occurs by binary fission of 
the cells that become established in the paras
itophorous vacuole (Ristic, 1968; Ristic and 
Watrach, 1961; Tanaka et al., 1965). The char
acteristic morphologies of the organisms of the 
various genera of the Anaplasmataceae seen in 
stained blood films are determined more by 
their relationships to the host erythrocytes, 
grouping of the parasites at the sites of growth, 
and accessory structures associated with the 
parasites, than by the characteristics of the or
ganisms themselves (Kreier and Ristic, 1973). 

The occurrence of reproduction by binary fis
sion without morphologically specialized infec
tious forms elearly differentiates the organisms 
of the family Anaplasmataceae from the chla
mydiae, since the chlamydiae are characterized 
by a unique obligately intracellular growth cy
ele. This cyele is characterized by the appear
ance of an infectious elementary body, which 
is a small, electron-dense form, and a nonin
fectious initial body which is larger, less elec
tron-dense, and is the vegetative form (Page, 
1974). 

The cellular nature ofthe Bartonellaceae and 
Anaplasmataceae preeludes consideration of 
viral groups for these parasites (Kreier and Ris
tic, 1973). 

As can be seen from the preceding discussion, 
the Anaplasmataceae and Bartonellaceae do not 
readily fit into any ofthe well-established taxons 
of prokaryotes. The Bartonella and Grahamella 
are true, small, hemotrophic bacteria. The An
aplasmataceae are small, cell-wall-less, obli
gately parasitic, hemotrophic prokaryotes. In
formation from systematic antigenic analysis 
and information on nueleic acid homology, 
which would aid in determining relatedness 
among these organisms and between them and 
other organisms, is not available. The taxons 
into which these organisms are presently placed 
are based largely upon morphology, host range, 
tissue and cellular preference, and established 
tradition (Ristic and Kreier, 1984a, 1984b; 
Weinman, 1974). 

These organisms elearly do not fit comfort
ably with the rickettsiae as elassically defined, 
nor is there good reason to assurne that the Bar
tonellaceae and Anaplasmataceae are necessar-

ily elosely related. To reduce taxonomic con
fusion, Moulder (1974) redefined the rickettsiae 
in a very broad fashion, so that it is possible to 
allow these organisms to remain together in 
their customary taxonomic position (Ristic and 
Kreier, 1984a, 1984b; Weinman, 1974). This 
course of action would appear to be completely 
justified in light of the meager information 
available on the relationships among these or
ganisms at the present time. 

There are available a number of fairly thor
ough reviews of the literature on these organ
isms (Gothe and Kreier, 1977; Kreier and Ris
tic, 1968; Ristic, 1960, 1968, 1977; Weinman, 
1944, 1968; Weinman and Kreier, 1977). 

The Bartonellaceae Family 

The Genus Bartonella 

Bartonella bacilliformis is a hemotrophic bac
terium which was first isolated from the blood 
of infected patients by Albert Barton (1909). In 
humans, it causes a unique elinical syndrome 
known as bartonellosis or Carrion's disease. Al
though the disease has been known for centuries 
in the South American Andes, it first attracted 
the attention ofthe world's medical community 
in 1871 when an epidemie outbreak caused 
more than 7,000 deaths among workers con
structing a railway between Lima and La Oroya 
in Peru (Weinman, 1944). Further observations 
concerning the disease were made by the 1913 
Harvard Expedition to Peru (Strong et al. , 
1915). The c1inical spectrum of bartonellosis is 
quite broad and has been the subject of a num
ber ofmonographs overthe past 100 years (Hur
tado et al., 1938; Odriozola, 1898; Ricketts, 
1949). 

Habitats of BartoneIla 

GEOGRAPHICAL DISTRIBUTION. BartoneIla ba
cilliformis and the disease it causes are geo
graphically restricted to the western Andes of 
the South American countries ofPeru, Ecuador, 
and Colombia, where its arthropod vector is 
found. Even within these locales, it is confined 
to elevations between 500 and 3,000 meters 
(Reynafarje, 1972), where temperature and hu
midity conditions are favorable for survival of 
the vector. Although organisms resembling Bar
toneIla have been described on other continents 
(Dooley, 1980; Wernsdorfer, 1969; Whitaker et 
al. , 1966), there are no confirmed reports of the 
occurrence of B. bacilliformis outside the Andes 
region of South America. 
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As SYMBIONTS OF ARTHRoPODs. BartoneIla ba
cilliformis is transmitted through the bite of 
Phlebotomus verrucarum (Hertig, 1942; Shan
non, 1929), a hematophagous sandfly with noc
turnal feeding habits and a short flight range. 
Victims are usually infected during the twilight 
hours, and a single night in an endemic zone is 
often sufficient to lead to infection (Dooley, 
1976). Other species ofsandflies have also been 
implicated as vectors in regions where typical 
cases ofbartonellosis have been described in the 
absence of P. verrucarum (Herrer and Blancas, 
1962; Hertig, 1942; N oguchi and Shannon, 
1929; Noguchi et al., 1928). The biological cycle 
of BartoneIla in the vector is not known. 

As HUMAN PATHOGENS. BartoneIla baällifor
mis is the only species in the genus BartoneIla 
(Ristic and Kreier, 1984a). In humans it causes 
bartonellosis or Carrion's disease, which is typ
ically described as a biphasic disease with two 
strikingly distinct clinical forms, Oroya fever (a 
hemolytic disease) and verruga peruana, (a dis
ease characterized by wart-like growths) which 
usually occur sequentially and are immunolog
ically linked. That both phases are caused by 
the same organism was proved in 1885 by Dan
iel Carrion, a Peruvian medical student, who 
inoculated himselfwith blood from a verrugous 
nodule (the wart-like lesion induced by B. ba
cilliformis) and died several weeks later of 
Oroya fever (Schultz, 1968). 

The symptoms of Oroya fever may develop 
in a patient 1 to 3 weeks following the bite of 
an infected sandfly. In its most severe form, 
Oroya fever is an acute, rapidly evolving, febrile 
anemia. During the anemic period 90 to 100% 
of a patient's erythrocytes may be parasitized 
with bacillary forms of BartoneIla (Fig. 1). The 
cause of the progressive and severe anemia is a 
massive destruction ofthe parasitized red blood 
cells in the spleen and other organs of the re
ticuloendothelial system (Reynafarje and Ra
mos, 1961). The erythrocyte count may fall to 
less than 1 million cells per mm3 in a four- to 
five-day period (Pinkerton, 1963). Without 
treatment, mortality rates may be as high as 
40% (Weinman, 1944). Secondary salmonellosis 
is a frequent complication and cause of death 
during the febrile anemic phase of the disease 
(Cuadra, 1956). A prolonged asymptomatic pe
riod may follow the anemic stage. However, in 
many patients, a chronic eruptive, or verruga 
peruana, phase develops. The verruga peruana 
phase is characterized by hemangiomatous skin 
eruptions, whose characteristic features are en
dothelial cell proliferation and pronounced vas
cularization. These lesions vary in size and 
number and may occur as either miliary, no-
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Fig. 1. Wright-stained BartoneIla bacillijormis in blood of 
an Oroyo fever-infected human. (From Takano-Moron, 
1970, with permission.) 

dular, or mulaire forms. They exhibit a marked 
tendency to hemorrhage due to their extensive 
vascularity. Histological studies have revealed 
the presence of bartonellae and proliferating en
dothelial cells, and an infiltration of inflam
matory cells in the nodules (Arias-Stella et al., 
1986; Recavarren and Lumbreras, 1972). AI
though the role of the bacteria in the develop
ment of the verruga stage is unclear, it is pos
sible that they either possess some angiogenic 
potential as suggested by Garcia et al. (1988), 
or that they induce inflammatory cells to release 
angiogenic factors (Arias-Stella et al. , 1986), 
which stimulate endothelial cell proliferation 
and capillary growth. 

Oroya fever and verruga peruana usually oc
cur sequentially. However, the anemic phase 
may occur without subsequent development of 
the eruptive phase and likewise, the eruptive 
phase may occur without a preceding overt ane
mic stage (Aldana, 1929; Cuadra, 1957; Hur
tado et al., 1938). The fact that the two phases 
rarely coincide suggests a role for the host's 
changing immune status. 

As INAPPARENT PARASITES OF HUMANS. Epide
miological studies have shown that in areas en
demic for bartonellosis, 5 to 10% of the popu
lation with or without a past history of the 
disease yield blood cultures positive for B. ba
cilliformis (Colichon et al., 1972; Herrer, 1953b; 
Herrer and Cornejo Ubilluz, 1962; Weinman 
and Pinkerton, 1937b). Latent infection, during 
which BartoneIla can be isolated, may persist 
in patients for long periods (Ricketts, 1949). 
These findings strongly support the hypo thesis 
that humans are an important reservoir of Bar-
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toneIla bacilliformis (Weinman and Pinkerton, 
1937b). However, other reservoirs mayaiso ex
ist (Herrer, 1953a). 

Isolation of Bartonella 

GENERAL FEATURES. BartoneIla bacilliformis is 
a fastidious bacterium whose exact nutritional 
requirements have not been defined. It can be 
recovered from a variety of c1inical specimens 
inc1uding blood, splenic, lymphoid, and hepatic 
endothelial ceIls, and verrugous lesions (Ristic 
and Kreier, 1984a). Isolation of the organisms 
is generally easier during the early stages of the 
disease. 

A variety of methods and media for the iso
lation and cultivation of BartoneIla have been 
described (Benson et al., 1986; Geiman, 1941' 
Jiminez, 1940; Knobloch 1988; Mitchell and 
Slack, 1966; N oguchi and Battistini, 1926). AI
thoußh it is an intracellular parasite, it must be 
consldered facultative in this respect since it can 
be readily grown in culture media provided they 
are enriched with blood or serum. 

The triphasic medium described by Colichon 
and colleagues (Colichon et al., 1966; Colichon 
et al. , 1971) is particularly useful since it per
mits good yields of BartoneIla. The triphasic 
medium consists of sequentiallayers of a Bordet 
blood agar slant, a tryptose agar slant and an 
overlying layer of tryptose broth prepared ac
cording to the following protocol: 

Triphasie Medium für Growth üf BartoneIla 
Bordet blood agar 

Infusion of potato 
Glycerine 
Sodium chloride 
Proteose peptone 
Agar 

I liter 
10 ml 
5.4 g 

10.0 g 
14.0 g 

The components are dissolved by heating and the pH 
is adjusted to 7.2. After autoc1aving (15 min at 15 psi), 
the medium is cooled to 50°C and 15% sheep blood (vi 
v)is added. The medium is dispensed into Kolle flasks 
which are placed in a slanted position until the medium 
solidifies. When the Bordet blood agar is solidified, add 
tryptose agar medium whose formula is as folIows: 

Tryptose agar 

Tryptose 
Sodium chloride 
Disodium phosphate 
Distilled water 
Agar 

15.0 g 
5.0 g 

2.5 g 
1 liter 

13.0 g 

The components are dissolved by heating and the pH 
is adjusted to 7.2. After autoc1aving, the medium is al
lowed to stand until the particulate matter settles. Sheep 
plasma (15% viv) is then added to the c1ear supernatant. 
The tryptose agar is dispensed as a thin layer over the 
Bordet blood agar layer and allowed to solidify in a 

slanted position. Finally, flasks are returned to a vertical 
position and 30 ml oftryptose broth (same composition 
as tryptose agar but without the agar and plasma) is 
added to each. As a sterility check, flasks are incubated 
for 48 h prior to use. 

Culture Media for Preservation and 
Additional Studies of BartoneIla 

In vitro motility of BartoneIla is easily observed 
in cultures maintained in liquid overlays of nu
trient medium. Brain heart infusion agar con
taining 10% human serum (viv) and 10% hu
man red blood cell lysate (viv) is prepared as 
the base medium. Phosphate-buffered saline 
(PBS), pH 7.4, is used as an overlay. Bartonellae 
grow readily in the overlay as weIl as at the agar
overlay interface (Benson et al. , 1986). Active 
growth can be maintained by transfer of ali
quots of established cultures to fresh cultures 
every 48 h. For long-term preservation of Bar
toneIla, aliquots ofthe growth in the overlay can 
be mixed with dimethylsulfoxide (DMSO) (9: 1 
viv) (Lee Ann Benson, personal communica
tion) and stored at - 70°C. 

A transparent culture medium for culture 
maintenance and growth studies can also be 
prepared in test tubes by layering Bordet blood 
agar in the bottom of 16 X 150 mm test tubes 
and overlaying with tryptose agar to a depth of 
2 cm. The medium is inoculated by puncture. 
With this system, it is possible not only to dem
onstrate aerobic and microaerobic growth of 
BartoneIla, but also to determine metabolic ac
tivity ofthe organism by adding substrates with 
appropriate indicators to the tryptose agar. 

Technique for Isolation of BartoneIla from 
Human Clinical Specimens 

Clinical specimens can be processed in several 
ways for the isolation of BartoneIla. Cultures 
can be obtained from a high proportion of in
fected individuals by use of the following pro
tocol: Ten ml of venous blood is mixed with 
0.6 ml of 10% sodium citrate and the mixture 
centrifuged. The cellular sediment is inoculated 
into a flask of triphasie culture medium, which 
is then incubated at 28°C and scored for growth 
after the fifth day of incubation. 

Identification of BartoneIla 

The identification of BartoneIla bacilliformis 
depends to a great extent on epidemiological 
and c1inical considerations. The occurrence of 
appropriate symptoms in an individual who has 
been in areas of known endemicity is a strong 
basis for making a presumptive diagnosis of 
bartonellosis. Identification of BartoneIla in 
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blood cultures and blood smears is required for 
a positive diagnosis of Oroya fever. The iden
tification of Bartonella in histologic sections of 
lesions is used to confirm a clinical diagnosis of 
verruga peruana (Weinman, 1944). 

Morphological and growth characteristics are 
also considered in the identification of Barto
neIla bacilliformis. The organism is a Gram
negative nonsporeforming coccobacillus which 
exhibits pleomorphism both in vitro and in 
vivo. It is most easily observed in Giemsa- or 
Wright-stained blood smears where it appears 
as intense purple rods or cocci (see Fig. 1). Dur
ing the early stages of Oroya fever, the predom
inant forms are bacilli, 1 to 3 ~m in length by 
0.2 to 0.3 ~m in width. Polar enlargement and 
polar cytoplasmic granules may be seen. As the 
patient convalesces or as cultures age, cocci, ap
proximately 0.75 ~m in diameter, appear (Pe
ters and Wigand, 1955; Weinman, 1944). 

BartoneIla have a thin cell wall (Fig. 2) 
(Cuadra and Takano, 1969; Peters and Wigand, 
1955) which, in tissue sections, is seen to en
close a double membrane (Recavarren and 
Lumbreras, 1972). At least 24 protein antigens, 
6 of which are probable cell wall antigens, have 
been identified by immunoblot and immuno
precipitation procedures (Knobloch, 1988). 
These cell wall antigens have been used to detect 
specific antibodies in the sera of bartonellosis 
patients and may, therefore, have diagnostic 
value (Knobloch et al., 1985). L-forms of Bar
toneIla have been isolated from cultures grown 
on penicillin-containing medium (Sharp, 1968). 

Culture forms of BartoneIla have flagella at 
one pole (Fig. 3) (Perez-Alva and Giustini, 
1957; Peters and Wigand, 1951). This charac
teristic serves to differentiate BartoneIla from 
Grahamella cells, which are non flagellated. 
Both motile and nonmotile forms may be flag
ellated. A correlation generally exists between 

Fig. 2. Bartonella bacilliformis in blood eells prepared for 
eleetron mieroseope examination showing eell wall (pb), eell 
membrane (me), eytoplasm (C), and nucleoid region (N). 
(From Takano-Moron, 1970, with permission.) 

The Hemotrophic Bacteria 3999 

Fig. 3. Bartonella bacilliformis from a culture showing fla
gella and eommeneement of binary fission. (From Peters 
and Wigand, 1952, with permission.) 

the degree of motility and colony size, with 
large-colony-size variants exhibiting greater 
motility (Benson et al., 1986; Walker and Wink
ler, 1981). BartoneIla in red blood cell ghosts 
(G. Mernaugh, personal communication) have 
been observed to move at a speed of 45 ~m per 
second. This is comparable to, or even faster 
than that reported for most other motile bac
teria (Macnab and Koshland, 1972). 

The ability to grow in vitro further differen
tiates BartoneIla and Grahamella from Hae
mobartonella and Eperythrozoon. BartoneIla 
grows optimally at a temperature of 28°C and 
a pH of7.8 (Noguchi and Battistini, 1926). Col
onies are generally visible between the 5th and 
8th day of incubation. They are translucent, mu
coid, slightly adherent to the agar, and vary in 
size from minute to 1-2 mm in diameter. Bar
tonellae are non hemolytic and fail to ferment 
a variety of common carbohydrates (Noguchi 
and Battistini, 1926). They are susceptible to 
the action of penicillin, streptomycin, chlor
amphenicol, tetracycline, and erythromycin 
(Aldana et al. , 1948; Larrea, 1958; Merino, 
1945; Payne and Urteaga, 1951). 

Electron microscopic studies have shown that 
BartoneIla can adhere to and enter red blood 
cells (Cuadra and Takano, 1969; Takano-Mo
ron, 1970) where they may be seen within ve
sicle-like structures. In vitro, the organism can 
attach to erythrocytes, causing them to spin or 
"dance" (Cuadra, 1978). Continued interaction 
between BartoneIla and the red blood cells leads 
to extensive deformation ofthe red cell surface, 
as pits, trenches, and invaginations develop 
(Figs. 4 and 5) (Benson et al. , 1986; G. Mer-
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Fig. 4. Deformation of erythrocytes induced by BartoneIla 
bacil/ijormis as seen by scanning electron microscopy. 
(From Benson et al., 1986, with permission.) 

naugh, unpublished observations). The mech
anisms by which BartoneIla adhere to and in
vade erythrocytes are not known. It has been 
suggested that specific receptors on the red cell, 
possibly glycolipid in nature, are involved in the 
initial recognition step (Walker and Winkler, 
1981). The BartoneIla receptor for binding ap
pears to be located at the polar end opposite 
the flagellum (lhler and Tosi, 1987). Further
more, since individual bacteria do not agglutin
ate red cells, whereas clusters of bacteria can, 
it has been proposed that there may be only one 
binding site per bacterium (Cuadra, 1978). En
try into the red cell most likely involves a pro
cess of forced endocytosis since BartoneIla can 
be found within vacuoles where their movement 
is restricted by the confines ofthe vacuole. Rup
ture of the vacuoles by hypo tonic shock releases 
the organism into the red cell interior (Benson, 
et al., 1986; Ihler and Tosi, 1987). 

Only the verruga stage ofbartonellosis can be 
experimentally reproduced with regularity in 
animals; the experimental animal of choice is 
the rhesus monkey. The symptoms of Oroya 
fever appear to be unique to humans (Noguchi, 
1926; Weinman and Pinkerton, 1937a). 

Based on its morphological and biological 
characteristics, BartoneIla baälliformis is con
sidered a true bacterium (Nauck, 1957). It has 
a cell wall and flagella, divides by binary fission, 
and can be grown in vitro in culture media. 
Taxonomically, it is grouped with the rickettsias 
along with other hemotrophic bacteria (Ristic 
and Kreier, 1984a). 

BartoneIla is a somewhat neglected pathogen 
due to its restricted geographic habitat and the 
fact that insecticides and antibiotics effectively 
control its vector and the disease it causes. 
Nevertheless, it is an interesting organism be
cause it is unique among human pathogens in 
its parasitic capabilities and in the disease states 
which it induces. 

Grahamella and Its Habitats 

GEOGRAPHICAL DISTRIBUTION. The Grahamel
lae have a world-wide distribution, one conse
quence of their pattern of cyclic flea-borne 
transmission. No climatic barriers to their oc
currence exist, and a variety ecological niches 
are used by Grahamella when suitable hosts are 
present. The incidence of Grahamella infec
tions in small mammals reflects generation dy
namics and the undulating population densities 
of the respective vertebrate and arthropod host 
communities. At least outside the tropics, a 
characteristic rise in incidence of infection usu
ally occurs in the late summer and early fall 
when the most favorable conditions for trans
mission occur (Krampitz and Kleinschmidt, 
1960). The parasites can be recognized in 
stained blood films (Fig. 6). The percentage of 
hosts which appear to be infected in the fie1d 
usually fluctuates between 0 and 30%, with an 
average of 10%. This was already known to Gra
ham-Smith (1905), who first observed the par
asites in British moles (Ta/pa europea). A "Dro
sophila-like" scale (Chaline, 1977) ofboth host 
fertility and parasite generation time favors the 
development of limited host specificity and of 
parasite speciation. 

As SYMBIONTS OF ARTHROPODS. Parasitized 
cells can readily be isolated from arthropods 
(Fig. 7). The appearance of these cells reminds 
us of those shown in the photographs by Pink
erton and Weinman (1937) of tissue explants 
infected with BartoneIla bacilliformis. There are 
more or less stable differences between strains 
of grahamellae from different host species. 
While only rarely has the experimental trans
mission from one vertebrate host species to an
other proved successful (Krampitz and 
Kleinschmidt, 1960), a species specificity does 
not exist for arthropods. It has been confirmed 
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Fig. 5. Deformation of erythrocytes induced by Bartonella 
bacillijormis, as seen by Nomarski microscopy. (Courtesy 
of G. Mernaugh.) 

experimentally that any xenotype of Graha
mella can use any vector species of the same 
order (Krampitz and Kleinschmidt, 1960). 

For rodent grahamellae, fleas act as arthropod 
hosts and vectors. This was first proved by Vas
siliadis (1935) in Egypt and then confirmed ex
perimentally by Krampitz and Kleinschmidt 
(1960) and Krampitz (1962) in Germany and 
Fay and Rausch (1969) in Alaska. It is not 
known wh ether other ectoparasites are in
volved. Adult fleas newly infected with blooj 
discharge large masses of infective parasites a 
few days after infection (Fig. 8); this discharge 
persists for several weeks at least. Grahamella 
are ingested by larval fleas from the sheddings 
of their parents. Infected adults never develop 
from such infected larvae. No evidence exists 
for transovarial passage in fleas. It remains to 
be determined, however, whether grahamellae 
can penetrate or be transported through the gut 
wall and invade the fleas' hemocoel. This pos
sibility was taken into consideration by Hertig 
and Wolback (1924) in their studies on rickett
sia-like organisms in insects and by Ito et al., 
(1975) for Rickettsia mooseri but no definite 
conclusions were reached by those workers. 
Normally, the fleas' salivary glands and saliva 
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are not involved in transmission (Krampitz, 
1962). Since survival outside the host body 
seems to be limited, direct contamination ofthe 
vertebrates' mucous membranes or of small 
skin wounds by feces appears to be the common 
mode of infection. 

As PARASITES OF VERTEBRATES. The vertebrate 
host range (Weinman and Kreier, 1977) is lim
ited mainly to rodents, insectivores, chiroptera, 
and marsupials. Reported infections in domes
tic animals, except the dog (HeITer, 1944), have 
so far not been culturally confirmed. Onlya few 
reports of Grahamella in subhuman primates, 
carnivores, ruminants, reptiles, and fishes exist. 
Human beings do not seem to be infected. Most 
of the approximately 40 named species are de
scribed only on the basis of their appearance in 
stained blood films of various host species. For 
a list of names and citations, see Weinman and 
Kreier (1977). The last descriptions of that kind 
were of G. cuniculi in Egyptian rabbits (Haiba, 
1963) and G. legeri in norway rats in Rio de 
J aneiro (Furlong, 1978). 

The stroma ofred cells is the exclusive habitat 
of Grahamella in the vertebrate host. Repro
duction in this site is by binary fission (Fig. 9). 
Grahamella seen in blood monocytes (Fig. 10) 
are forms phagocytized after release from lysed 
erythrocytes. In the arthropod vector, there is 
obviously an intimate relationship with the 
cells of the gut wall (see Fig. 7). The common 
statement that grahamellae are not known to 
multiply in fixed tissue cells should be restricted 
to descriptions of its development in the ver
tebrate host. 

Parasites ofthe genus Grahamella seem to be 
forgotten organisms in the research on blood 
parasites of animals. We are still missing much 
basic information about their metabolic and an
tigenic properties, information available for 
most of the other parasitic prokaryotes. Only 
the gross features of their parasitic life can be 
outlined. Despite their intracellular growth in 
the erythrocytes of appropriate vertebrates and 
the intestinal tract of suitable arthropod vec
tors, the organisms do not cause serious damage 
to the host cells or produce disease. There may 
be a mild transitory reticulocytemia in the in
itial phase of the infection when a large infec
tious dose is given (see Fig. 6), but a hemolytic 
crisis, as occurs following infection with some 
other hemotrophic bacteria that results in a 
complete breakdown of the erythrocyte popu
lation, never takes place. 

The method by which the organisms invade 
the red cells without causing sufficient injury to 
the membrane to induce pathologic effects is 
not known. The existence of a host receptor 
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Fig. 6. Development of Grahamella sp. in erythrocytes of a European bank vole (Clethrionomys glareolus). Left: 3 days 
after experimental infection; a slight reticulocytosis is evidence of a light anemia. Right: The same infection 6 days after 
infection; strongly basophilic granulations in young red cells occur frequently in rodent blood and are sometimes mis
interpreted as parasites (arrows). 

lOJ.lm 
I ( 

Fig. 7. Isolated midgut cells of the tropical rat flea (Xen
opsylla cheopis) containing numerous cells of Grahamella. 
Giemsa stain. 

mechanism could explain host specificity. The 
hosts' and parasites' mutual identification 
methods are unknown. The process of entry 
into the erythrocyte itself, however, seems dif
ferent from that of BartoneIla bacilliformis 

(Benson et al., 1986; E. Gäbel, personal com
munication). The term "grahamellosis" is more 
of a construction analogous to the term "bar
tonellosis" than a term appropriate for char
acterization of the pathological disorder pro
duced by Grahamella in their hosts. The lack 
of interest in Grahamella of the medical and 
veterinary professions is probably due to their 
lack of pathogenicity and their failure to infect 
either humans or domestic animals. 

Isolation of Grahamella 

The difficulty in producing a parasitemia in a 
susceptible host animal after inoculation of in
fected donor blood is one of the most puzzling 
features of the in vivo isolation and mainte
nance of Grahamella strains. The failure is not 
dose-dependent, nor is it controlled by previous 
sensitization ofthe receptor animal in any way. 
This aspect of Grahamella behavior is very dif
ferent from that of all related intraerythrocytic 
microorganisms. The reason for this behavior 
is unknown. However, every Grahamella strain 
can be isolated in a highly virulent condition 
from the feces of infected fleas (see Fig. 8). The 
parasites grow easily in vivo when splenectom
ized, susceptible hosts are inoculated intraper
itoneally with the forms from the vector's feces. 
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Fig. 8. Infective Grahamella in feces of the tropical rat flea 
(bank vole strain). Giemsa stain. 

Fig. 9. Binary fission of Grahamella. The parasites are 
within the stroma of the red cel!. Ultra-thin section, fixed 
in glutaraldehyde, embedded in Durcupan ACM (F1uka). 
(Courtesy of E. Gäbe!.) 

The parasitemia starts 3-6 days after infection 
with an extensive spread of the organisms all 
through the bloodstream and with intensive in
traglobular reproduction. As many as half the 
erythrocytes (Fig. 6) may be infected in such 
animals (Krampitz, 1962). In its density, the 
early massive blood infection due to Graha
mella is very "Bartonella-like," but only a mod
erate reactive polychromasia takes place. The 
parasite does not use reticulocytes or nucleated 
cells as its microhabitat in the vertebrate at any 
time. However, in nearly all blood preparations 
with many Grahamella-infected red cells, mon
ocytes can be seen which contain phagocytized 
and partially disintegrated parasites (Fig. 10). 
Destruction, not reproduction, occurs in nu
cleated mammalian blood cells. 

The normal aspect of a Grahamella infection 
in its late stages is a concentration of many par
asites in only a few host cells which are some
times difficult to detect. A dense parasitemia 
guarantees better results if one intends in vitro 
cultivation or isolation for morphological stud
ies or infection of experimental vectors. 
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A further remarkable difference between the 
grahamellae and most other hemotroptic or
ganisms is the failure of splenectomy to accel
erate the blood infection unless surgery is car
ried out immediately after infection, or prior to 
the infection. Basically, no qualitative differ
ences seem to exist among the numerous xen
otypes or species in their host-related properties 
and behavioral patterns. 

In vitro growth of Grahamella occurs 2-3 
mm below the surface in stab cultures and sug
gests an oxygen requirement slightly less than 
that of air (Fig. 11). Only a few semi-defined 
media have been found to be suitable for growth 
of Grahamella, but little systematic work has 
been done so far. In view of the organism's 
proven microaerophilic character, some reser
vations are appropriate about reports of easy 
growth on the surface of blood agar and other 
solid media. 

Semisolid media developed for Leptospira 
and Bartonella are suitable for Grahamella. An 
important first step in cultivation was the de
velopment of the thin serum agar medium by 
Noguchi and Battistini (1926). Tyzzer (1941) 
was the first to cultivate Grahamella strains 
from American small mammals in this me
dium. Krampitz and Kleinschmidt (1960) grew 
parasites of European origin in rabbit serum 
with an agar base at pH 7.2. Additional enrich
ment ofthe medium with hemoglobin prornotes 
growth. 

Medium für Growing Grahamella 
Saline (0.9%) 800 ml 
2% Agar (pH 7.2) 100 ml 

Sterilize the agar and distribute 2 ml volumes into sm all 
gl ass tubes. Hold the tubes at 60°C. Add 0.2-0.25 ml 
sterile (filtered) rabbit serum and 0.1 ml of a concen
trated rabbit-hemoglobin solution released from eryth
rocytes by aqueous lysis. Mix by shaking and autoclave 
for 30 min at 56°C. 

The transfer of cultivated material from tube 
to tube should be carried out with the platinum 
loop introduced into the upper part of the me
dium as for deep stab cultivation. The tubes 
must be sealed to prevent desiccation. Sand
grain-size colonies appear along the stab 7-10 
days after inoculation, most abundantly within 
a zone situated 3-5 mm below the surface of 
the medium (Fig. 11); colonies are occasionally 
also in ring form. The morphology ofthe colony 
is greatly influenced by the inoculation tech
nique and the quantity of organisms inoculated. 
Since no surface growth occurs, it is evident that 
a reduced amount of oxygen favors growth. An 
incubation temperature of 27-30°C seems ad
equate. The white spherical colonies developed 
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Fig. 10. Grahamella sp. in Clethrionomys glareolus. Phag
ocytized and partially destroyed parasites in mononuc1eated 
blood cells. Giemsa stain. 

Fig. 11. Deep stab cultures ofGrahamella in Noguchi's me
dium. Original isolation from vole blood. (From Krampitz 
and Kleinschmidt, 1960, with permission.) 

on primary inoculation are solid, and they are 
easy to remove from the medium; colonies pro
duced on subculture are more diffuse and look 
like snow flakes. Subculture to experimental an
imals from these cultures may be carried out. 
Host specificity is never lost in vitro (Krampitz 

and Kleinschmidt, 1960; Tyzzer, 1941), indi
cating its genetic basis. Noguchi originally pro
posed use of rabbit serum in the medium. The 
addition ofhemoglobulin from various sources, 
even human, promotes in vitro growth of gra
hamellae of voles and shrews. It is evident, 
therefore, that host specificity cannot depend on 
simple nutritional factors. 

It is possible to maintain the organisms in 
the frozen state. All developmental stages except 
those in the blood may be maintained frozen. 
The best material for long-term preservation of 
living strains is the gut content of experimen
tally infected fleas containing metacyclic gra
hamellae. The infected gut content must be sus
pended in the blood of the appropriate host 
species. Culture material can be preserved in a 
similar manner, but its infectivity decreases 
with increasing time of storage. The best meth
ods for preserving grahamellae in the frozen 
state are those used routinely for preserving 
blood protozoa (Swoager, 1972). No informa
tion is available about cultivation of the organ
isms in tissue cultures or in hens' eggs, nor have 
attempts been made to lyophilize the graha
mellae, nor has their drug sensitivity been 
tested. 

Identification of Grahamella 

The easiest characteristic to use for identifica
tion of the grahamellae by light and electron 
microscopy is their appearance inside the eryth
rocytes. Proper preparation and staining tech
niques are required and hemolysis ofthe sam pIe 
to be analyzed must be prevented. Attempts to 
concentrate scarce parasitized red cells in thick 
films have not been successful. In thin blood 
films stained by the Giemsa method and ex
amined with the aid of a light microscope, gra
hamellae appear predominately within the 
erythrocytes as rod-, dumbbell-, or string
shaped purple-red bacteria 1-2 ~m long (Fig. 
6). Sometimes V- or Y-like figures are found, 
rarely single cocci, never ring or star forms or 
chains of several segmenting organisms. Gra
hamellae are Gram-negative, non acid fast, non 
flagellated, immobile, and non gas forming. In 
highly parasitized blood films, groups of extra
cellu1ar rods can usually be found ("Schwär
mende Haufen"; Jettmar, 1932). These are re
leased when injured erythrocytes are broken 
during film preparation. It is unlikely that free 
forms can survive and circulate for any signif
icant time. Phagocytes full of Grahamella may 
be observed in stained blood and tissue impres
sion films (Fig. 10). No attempts have been 
made to determine the organisms' nutritional 
requirements, metabolic properties, DNA ho
mology, or antigenic structure. 
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The gross features of the parasites can be es
tablished by ultrastructural methods (Krampitz 
and Kleinschmidt, 1960). Thin sections of the 
parasitized erythrocytes show Grahamella lying 
within the red cells, always elearly separated 
from the surface membmne (Fig. 9). They show 
a cytoplasmic membrane, internal structures, 
and a trilaminar cell wall characteristic of true 
bacteria. Reproduction takes place by binary fis
sion. That there is a elose ultrastructural rela
tionship between rodent grahamellae and Bar
toneIla bacilliformis in human blood is obvious 
when one compares micrographs of the two or
ganisms (Cuadra and Takano, 1969). The mor
phological and biological characteristics of the 
Bartonellaceae are more similar to true bacteria 
than to the rickettsiae, mycoplasmas, or viruses. 
The similarities of the characteristics of Gra
hamella and Bartonella and their differences 
from those of the organisms Anaplasma, Hae
mobartonella, Aegyptianella, and Eperythro
zoon support the legitimacy of the creation of 
the two families, Bartonellaceae and Anaplas
mataceae. 

The Family Anaplasmataceae 

Eperythrozoon and Haemobartonella and 
Their Habitats 

GEOGRAPHICAL DISTRIBUTION. These organ
isms are obligate parasites, transmitted among 
vertebrate hosts by a variety of direct and vec
tor-borne means. The distribution of the eper
ythrozoa and haemobartonellae is therefore, 
primarily limited only by the distribution of 
their hosts. In general, the organisms can be 
assumed to be present within appropriate hosts 
on all six continents (Gothe and Kreier, 1977; 
Kreier and Ristic, 1968). 

Table 2. Approved Eperythrozoon species and principal 
vertebrate hosts. a 

Species 

E. coccoides 

E. ovis 
E. parvum 
E. suis 
E. weyoni 

Principal vertebrate host 

Albino and wild mice; albino rats; rabbits; 
hamsters 

Domestic sheep, goats, deer, antelope 
Domestic pigs 
Domestic pigs 
Domestic cattle 

aBased on the Approved List of Bacterial Names (1980) or 
subsequently validly published in the International Journal 
of Systematic Bacteriology. Organisms described as Eper· 
ythrozoon have been reported from a large number of ver
tebrate hosts but have not been formally recognized. For a 
complete list, see Goethe and Kreier (1977). 
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Table 3. Approved Haemobartonella species and principal 
vertebrate hosts.a 

Species 

H. muris 
H. canis 
H. feUs 

Principal vertebrate host 

Albino and wild mice; albino rats; hamsters 
Domestic dogs 
Domestic cats 

aBased on the Approved List of Bacterial Names (1980) or 
subsequently validly published in the International Journal 
of Systematic Bacteriology. Organisms described as Hae
mobartonella have been reported from a large number of 
vertebrate hosts but have not been formally recognized. For 
a complete list, see Goethe and Kreier (1977). 

As SYMBIONTS OF ARTHRoPoDs. Arthropod
borne transmission between vertebrate hosts is 
suspected as the primary mode ofinfection with 
most species of eperythrozoa and haemobar
tonellae, and has been proven with several spe
cies. Ixodid ticks (for Haemobartonella canis), 
fleas (tor Haemobartonella muris and Epery
throzoon coccoides), and lice (for Eperythrozoon 
suis) are known vectors, while fleas and lice are 
suspected to be possible vectors for other or
ganisms (Berkenkamp and Wescott, 1988; Crys
tal, 1958; Nash and Bobade, 1986; Seneviratra 
et al., 1973). Little information is available on 
the growth and development of organisms 
within their arthropod hosts. 

As PARASITES OF VERTEBRATES. The vertebrate 
host range of both Eperythrozoon and Hae
mobartonella is wide and diverse. Although 
only five species of Eperythrozoon (Table 2) are 
ineluded in the Approved List 01 Bacterial 
Names, incompletely characterized organisms 
described as Eperythrozoon have been reported 
from a large number of vertebrate hosts (Kreier 
and Ristic, 1984). Similarly, while only three 
species of Haemobartonella have been formally 
recognized (Table 3), there are numerous re
ports of Haemobartonella-like organisms in va
riety of mammalian and nonmammalian ver
tebrate hosts (Kreier and Ristic, 1984). Within 
both genera, a large number of species has been 
described based primarilyon vertebrate host or
igin. Most are in wild and domestic animals, 
but there are rare reports of eperythrozoa and 
Haemobartonella in humans (Lwoff and Vau
cell, 1930; Kallick et al., 1972; Punaric, 1986). 
Data supporting speciation is often limited. 

In the vertebrate host, Haemobartonella in
fection is limited to the erythrocyte. Eperythro
zoa are found either free in the plasma or on 
the surface of erythrocytes (Kreier and Ristic, 
1981). Cells other than erythrocytes (and pos
sibly platelets) do not appear to be infected. Or
ganisms in both genera replicate by binary fis
sion, as seen in Fig. 12 (Tanaka et al., 1965). 
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Fig. 12. Transmission electron micrographs of a dividing cell of Haemobartonella muris. The coccus first elongates and 
then constricts in the middle; finally, the two daughter organisms separate. The organisms remain attached to the eryth
rocytes during reproduction. The erythrocyte membrane appears to remain intact at the site of attachment. (From Tanaka 
et al., 1965, with permission.) 
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Organisms do not survive for significant pe
riods outside of their hosts. 

Typically, these organisms persist in the 
blood ofimmunocompetent hosts without caus
ing sig~ificant cl~nical disease. Serologic assays 
are avallable to dIagnose persistent infections in 
ani~als (Daddow, 1977; Hyde et al. , 1973; 
Smlth and Rahn, 1975; Wigand, 1956) Both 
Eperythrozoon suis and Haemobartonella JeUs 
are pathogenic in healthy, immunocompetent 
hosts. Acute infection of neonatal pigs with 
Eperythrozoon suis causes severe anemia and 
freque~t~y hig~ m?rtality rates (Splitter, 1950). 
Chromc mfectlO~ lS usually subclinical, but can 
cause reproducbve problems (Blood et al. , 
1983). Haemobartonella JeUs, the etiological 
agent of feline infectious anemia, frequently 
cau~es an~mia in ca~s immunosuppressed by in
fectlOn Wlth the fehne leukemia virus (Bobade 
et al.,. 1988; Cotter et al., 1975). Several reports 
descnbe Haemobartonella as a cause of anemia 
in colony-reared nonhuman primates (Adams 
et al., 1984; Aikawa and Nussenzweig, 1972). 
Eperythrozoon ovis and E. wenyoni have been 
reported to cause anemia in sheep and cattle 
but are usually not considered pathogenic by 
themselves (Blood et al. , 1983). Immuno
suppression of the host by chemotherapy or 
splenectomy increases the severity of infection 
with eperythrozoa or haemobartonella (Bellamy 
et al., 1978; Maede, 1978). 

Isolation of Eperythrozoon and 
H aemobartonella 

No successful cultivation ofthese organisms has 
bee~ reporte~ (Gothe and Kreier, 1977). Or
ga~lsms are lsolated by collecting blood from 
an mfected host and maintaining it and the con
tained organisms in liquid nitrogen (equal vol
u!lles ofbloo~ and Alsever's solution containing 
elther 1 ~% dlmethylsulfoxide or 5% glycerol). 
~ltern~tlvelr, bec~use these organisms persist 
mdefimtely m thelr hosts, a carrier animal can 
be maintained as a source of the agent. Both 
methods risk contamination of the organism 
with infectious agents other than the one de
sired. Prior to propagation of the organism in 
a splenectomized host, the recipient animal 
should be screened for the presence of viruses 
other hemotrophic bacteria, and protozoa. In~ 
oculation of organisms from either a frozen 
blood. specimen or ca.rrier animals into the ap
propnate splenectomlzed host will result in an 
infection detectable by microscopic examina
tion of Giemsa-stained blood smears. 

In vitro short-term cultivation of hemo
troph!c rickettsiae is feasible for radiolabeling 
protems, carbohydrates, and nucleic acids 

The Hemotrophic Bacteria 4007 

(Davis et al. , 1978; Barbet et al. , 1983). The 
procedure is similar to that used for short-term 
cultivation of Anaplasma marginale and is de
scribed later in this Chapter in the section on 
short-term cultivation of A. marginale. 

Identification of Eperythrozoon and 
Haemobartonella 

Microscopic examination of Giemsa- or 
Wright-stained blood films is used to identify 
Ep~rythrozoon or Haemobartonella organisms 
dunng acute stages of infection in the host. Both 
Eperythrozoon and Haemobartonella are 
G~am-negative microbes. They stain poorly 
wlth the counter stains used in the Gram-stain 
procedure. They are non acid fast. Acridine or
ange may be used as a fluorescent label for or
ganisms in both genera. Morphology and host 
rang~ are used to classify the organisms into 
speCles (Kreier and Ristic, 1984). The mor
phology of the organisms should be evaluated 
in animals during the early stages of the infec
tion, prior to development of anemia and re
ticulocytosis. Host range is helpful in speciation 
because most Eperythrozoon or Haemobarto
nella species usually will grow only in one or, 
at most, several closely related hosts (Gothe and 
Kreier, 1977). 

Eperythrozoa parasitize the plasma surface of 
the eryt~rocyte membrane and appear as rings 
or COCCI 0.5 to 1.0 JLm in diameter (Fig. 13). 
C:hains of rod-shaped eperythrozoa may par
bally or completely circumscribe the erythro
cyte. The organisms are clearly separated from 
the erythrocyte membrane but interact with it 
in a yet poorly defined manner (Zachary and 
Basgall, 1985). Eperythrozoa are easily dis
lodged from the erythrocyte membrane and are 
frequently found free in the plasma. 

Haemobartonellae also parasitize the surfaces 
of e~yt~rocytes, appearing as 0.3- to 0.5 JLm 
~OCCI (~lg. 14). Rods are frequently seen, which 
m reahty are composed of pairs and chains of 
cocci. Organisms appear to bind to the eryth
rocyte plasma membrane at intermittent 
:'points"; however, the mechanism of binding 
IS unknown (Demaree and Nessmith 1972· 
Simpson et al., 1978; Venable and Ewing, 1968): 
Haemobartonellae are rarely found free in the 
plasma. 

Aegyptianella 

Habitats of Aegyptianella 

GEOGRAPHICAL DISTRIBUTION. Aegyptianellosis 
of poultry, which is caused by Aegyptianella 
pullorum, occurs enzootically in all the coun-
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Fig. 13. Photomicrographs of Giemsa-stained thin blood films; blood infected with Eperythrozoon. (a) Eperythrozoon 
coccoides may be seen on the erythrocytes and free in the plasma. Organisms appear either as delicate rings on the surface 
of the erythrocytes and in the plasma or as more deeply staining chains of cocci or rods on the margins of the erythrocytes. 
(Courtesy of H. J. Baker.) (b) Eperythrozoon dispar Bruynoghe & Vassiliadis 1929 in the peripheral blood of a splenec
tomized, wild-caught European common vole (Microtus arvalis) from northem Germany shown at low magnification. 
Ring forms are not readily visible; (c) ring forms become more apparent at higher magnification. 

tries of Africa, the region around the Mediter
ranean Sea, southern Europe, and southern 
Asia to Formosa (Gothe, 1971). In these areas, 
it is of considerable economic significance for 
the breeding of endemie stock and the main
tenance of imported animals. The data con
cerning the distribution of these parasites are, 
however, still incomplete and reflect only a frag
mentary picture of the actual geographical ex
tension. This is partly because detection of Ae
gyptianel/a is complicated by the fact that 
Borrelia anserina infections, which are trans
mitted by the same species of ticks, can mask 
aegyptianellosis; and A. pul/orum infections are 
predominantly latent in older animals. 

As PARASITES OF ARTHROPODS. The complete 
developmental cycle of A. pul/orum in Argas 
(Persicargas) walkerae takes approximately 30 

days and progresses in three clearly separate 
phases (Gothe, 1967a, 1971; Gothe and Becht, 
1969; Gothe and Koop, 1974). In larval, nym
phal, and adult female ticks of this species, it 
develops and multi pli es in epithelial cells ofthe 
intestine, then in hemocytes, and finally in the 
cells of salivary glands. In this latter organ, the 
infectious forms develop. They are 0.3 to 0.5 
Jlm in diameter, and are roundish anaplasmo
idal bodies which are inoculated into the ver
tebrate with the saliva of the ticks at the next 
blood meal. Transovarial passage also occurs. 
Argas (P.) persicus, Argas (A). reflexus (Gothe, 
1971; Gothe et al., 1981), as weH as Argas (P) 
radiatus, Argas (P.) sanchezi (Gothe and Eng
lert, 1978), and Argas (A.) africolumbae (Gothe 
et al., 1981) can all function as biological vec
tors. The frequency of infection in ticks can be 
very high in areas where the parasites occur. 
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Fig. 14. Photomicrograph of a Giemsa-stained thin b100d 
film from a dog. Haemobartonella canis may be seen on the 
erythrocytes. The organisms appear as solid dots or rods 
on the surface and margins ofthe erythrocytes. (From Ven
able and Ewing, 1968, with permission.) 

Gothe and Schrecke (1972a, 1972b) were able 
to isolate these parasites in 10 out of 11 Argas 
walkerae populations from various parts of the 
Transvaal. Similarly, all of the 19 wild-derived 
populations of Argas (P.) persicus and the 3 pop
ulations of Argas (A.) africolumbae collected in 
chicken coops, dens, and sleeping places from 
various regions of Burkina Faso transmitted A. 
pul/orum to susceptible chickens (Gothe et al., 
1981). 

As PARASIT ES OF VERTEBRATES. In vertebrate 
hosts, five different species of the genus Aegyp
tianel/a Carpano, 1928, have been identified 
and named: A. pul/orum (Carpano, 1928) from 
various species ofbirds; A. emydis (Brumpt and 
Lavier, 1935) from a turtle; A. moshkovskii 
(Schurenkova, 1938) from various species of 
wild birds; A. carpani (Battelli, 1947) from a 
snake, and A. ranarum from various Rana spp. 
(Desser, 1987). Other intraerythrocytic para
sites of poikilothermic animals, and also their 
possible relationship to Aegyptianel/a, were ex
tensively discussed by Pierce and Castleman 
(1974) as well as lohnston (1975). Gothe (1978) 
summarized the information on Aegyptianel/a-, 
Anaplasma-, and Piroplasma-like parasites of 
vertebrates. He described parasites resembling 
Aegyptianel/a from over 33 species ofwild birds 
and domesticated poultry. The specific identity 
of these organisms is not clear. Of this genus 
only A. pullorum has been studied sufficiently 
to provide valid information, thus the charac
teristics and features of this genus are based 
exclusively on studies of this species. 

A. pullorum, extensively discussed by Gothe 
(1971), Gothe and Kreier (1977), and Kreier 
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and Gothe (1976), is the agent ofan infections 
but noncontagious infection ofbirds, which par
asitizes only the erythrocytes of the vertebrate 
host and is transmitted cyclically by argasid 
ticks. 

Vertebrate hosts of A. pul/orum are chickens, 
ducks, geese, and quail, as well as ostriches. 
Concerning guinea fowl, there are contradictory 
data; doves and turkeys can not be infected 
(Gothe, 1971). Subinoculations of blood from 
wild turkeys (Meleagris gal/opavo intermedia) 
in Texas, USA, into susceptible domestic broad
breasted white turkeys, however, revealed intra
erythrocytic pleomorphic organisms, which 
were considered on the basis oflight and trans
mission electron microseopie investigations to 
be A. pul/orum (Castle and Christen sen, 1985). 
Some wild birds mayaiso be infected at least 
briefly (Curasson, 1938; Curasson and An
drjesky, 1929; Huchzermeyer, 1969). 

In vertebrate hosts, only erythrocytes are host 
cells. On the basis of electron microscopic stud
ies it is possible to deduce the intraerythrocytic 
development cycle. The round parasite, 0.3-0.5 
JLm in diameter, is first seen eperythrocytically 
situated, surrounded by a double membrane. In 
the erythrocyte an additional membrane is 
formed which separates the parasite from the 
cytoplasm and encloses it in a vacuole in the 
host cello In the vacuoles, the parasites grow to 
1 JLm in size. The process of division starts with 
invagination ofthe parasite's double membrane 
on one or both sides. These invaginations pen
etrate deeper and deeper, until the organism is 
cut completely through, and two daughter cells 
are formed. This process is repeated several 
times and leads finally to the formation of fully 
mature marginal bodies containing as many as 
26 roundish forms, which each are as little as 
0.3-0.5 JLm in diameter. The intraerythrocytic 
development of A. pullorum can be completed 
in 36 h (Gothe, 1967 c, 1971). Scanning and 
transmission electron microscopic studies using 
ruthenium red as a marker of the red cell 
plasma-lemma produced evidence of an endo
cytosis followed by an erythrocytic vesiculation 
as the possible mode of entrance of A. pul/orum 
into erythrocytes. The presence of ruthenium 
red coating the membrane around the parasi
tophorous vacuole during the whole invasive 
process and the complete absence of the stain 
inside the host cell indicate that the entry ofthe 
aegyptianellae is accomplished by invagination 
of the host cell plasma-lemma and is not pre
ceded nor followed by its breakage. One pos
sible mode of exit of aegyptianellas from par
asitized erythrocytes appears to be the invasive 
mechanism in reverse order, an exocytosis. 
Generally, however, the affected erythrocytes 
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are injured by parasitization, resulting in release 
of the parasites into the plasma following host 
celllysis (Gothe and Burkhardt, 1979). 

Besides those in the erythrocytes, parasites 
and fully matured marginal bodies can be ob
served outside the red blood cells. They occur 
free in the plasma, and intracellularly in large 
and smalllymphocytes, in neutrophile and eo
sinophile leukocytes, in monocytes, and in the 
Kupffer cells of the liver. The proportion of 
forms outside erythrocytes grows in direct pro
portion to the extent of the parasitemia. It is 
probable that most ofthe parasites in leukocytes 
have been phagocytized after release from ery
thocytes. There is probably no exoerythrocytic 
development parallel to the intraerythrocytic 
cycle. The plasma forms are transitory phases 
initiating the infection of new erythrocytes 
(Gothe, 1969). 

The salivary gland forms from the ticks pen
etrate erythrocytes immediately after injection 
or at least remain infectious in the blood. His
tological investigations of naturally infected 
chickens have not revealed an exoerythrocytic 
phase in the development of A. pul/orum 
(Gothe, 1967c, 1971). 

As INAPPARENT PARASITES OF BIRDS AND AR
THROPODS. Aegyptianel/a pul/orum has a two
host or heteroxenous cycle. The vertebrate hosts 
function as carriers and thereby as donors of 
this agent. The argasid species are both biolog
ical vectors and an infection reservoir. Parasites 
existing in both arthropods and vertebrates con
stitute an important habitat for maintenance of 
the population in nature. 

Isolation of Aegyptianella 

Attempts to culture Aegyptianella pullorum in 
cell-free media, tissue cultures, or extraerythro
cytically in embryonated chicken eggs have all 
failed. Parasites can only be grown in vivo in 
their vertebrate and invertebrate hosts. Suscep
tible birds can be infected very easily by intra
venous, subcutaneous, intraperitoneal, or intra
muscular injections of parasite-infected blood, 
as weIl as through scarification of the skin. The 
agent can be maintained by serial transfer of 
infected blood. Chicks infected at 3 weeks have 
remained carriers for over 1 1/2 years. The du
ration of the infection in ticks is lifelong and 
any development stage is infective. The infec
tion has been shown to be present for over 810 
days in ticks (Gothe, 1967a, 1971). 

Cryopreservation is possible. Any standard 
procedure for preserving blood protozoa is sat
isfactory (Swoager, 1972). In liquid nitrogen the 
maximal storage time determined to date is 

6.97 years (Raether and Seidenath, 1977). 
Freeze-drying of A. pul/orum is also possible 
(Bartkowiak et al. , 1988). Cryopreservation 
does not affect the viability of A. pul/orum or 
its ability to propagate in the vector tick Argus 
Persicargas) walkerae. The cryopreserved ae
gyptianellae are capable of transovarial passage 
(Gothe and Hartmann, 1979). 

Identification of Aegyptianella 

When examined with the aid of a light micro
scope, Aegyptianella pul/orum inclusions ap
pear in Giemsa-stained blood films (Fig. 15) in 
a variety of roundish forms, some ranging up 
to 0.6 JLm in diameter; so me as ring forms of 
0.8-3.2 JLm diameter; and some as half-moon 
or oblong structures. The roundish structures 
contain up to 26 small organisms and are ap
proximately 0.3-0.5 JLm in diameter. In thin sec
tions examined by electron microscopy (Fig. 
16), the parasites appear to be surrounded by a 
sheath, which consists of two 6- to 8-nm mem
branes separated by aspace of 28 nm. The in
ternal structure or the parasites is made up of 
electron-dense aggregates of a finely granular 
material embedded in a less-dense substance. 
There is no membrane-bound nucleus. The par
asites are separated from the host cell plasma 
by a 6- to 8-nm membrane (Gothe, 1967b, 
1971). Aegyptianella possess RNA and DNA; 
the amount of DNA is significantly less than 
the amount of RNA. The DNA is completely 
masked by the RNA in conventionally stained 
preparations (Gothe, 1971). The parasites are 
susceptible to the action of tetracyclines and 
certain dithiosemicarbazones (Barrett et al. , 
1965; Gothe, 1971; Gothe and Kreier, 1977; 
Gothe and Lämmler, 1970a; Lämmler and 
Gothe, 1967, 1969). Pleuromutilins also have 
aegyptianellicidal efficacy (Gothe and Mieth, 
1979). 

ApPLICATIONS. Because of the high cost of ex
perimentation with bovine Anaplasma, the bi
ologically and morphologically related A. pul
lorum may be used as an alternative model for 
quantitative evaluation of the therapeutic and 
prophylactic effectiveness of drugs (Gothe and 
Lämmler, 1970b) or in Anaplasma vaccine re
search (Bartkowiak et al., 1988). Investigations 
on the genetics, immunology, and biochemistry 
of Aegyptianella, however, are still lacking. 

Anaplasma and Its Habitats 

GEOGRAPHICAL DISTRIBUTION. Anaplasma 
marginale, Anaplasma centrale, and Ana
plasma ovis are obligate intraerythrocytic bac
teria ofruminants and are naturally transmitted 
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Fig. 15. Photomicrograph of a 
thin blood film from a chicken 
wi th aegyptionellosis stained 
with Giemsa. A variety of roun
dish forms, which are the para
sitic indusions, are present in 
the cytoplasm of the erythro
cytes. 

• 
• 
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Fig. 16. Electron micrograph of 
a thin section of an aegyptionella 
indusion in a chicken erythro
cyte. Inside the indusion, pro
files of parasites can be seen, 
with one at the upper left prob
ably in the process of division. 

biologically and mechanically by a large and 
diverse group of arthropod vectors. Accord
ingly, Anaplasma infections are widespread in 
sheep-and cattle-raising areas throughout the 
tropical, subtropical, and warmer temperate c1i
mates, wherever conditions support sufficient 
populations of the arthropod vectors. Infection 

prevalence in tropicallivestock production re
gions commonly exceeds 50%, and 90% preva
lence of A. marginale infection in cattle has 
been confirmed in tropical South American and 
Australia (Nicholls et al., 1980; Patarroyo et al., 
1978; Rogers and Shiels, 1979). In contrast, 
prevalence in more temperate areas is fre-
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quently less than 50% (Mass et al., 1986). There 
is little information on prevalence in wild rum
inants independent of contract with domestic 
livestock; certainly, Anaplasma infects numer
ous species of wild ruminants (Kuttier, 1984). 
The role of wild ruminants as reservoirs of in
fection for transmission to cattle, or conversely 
the role of domestic livestock in maintaining a 
source of infection for spread to wildlife, has 
not been definitively determined. 

Anaplasma marginale is the primary cause of 
anaplasmosis in cattle and is common on all six 
continents (Losos, 1986; Theiler, 1910). A. cen
trale is a closely related species, if not the same, 
which was originally isolated in southern Af
rica. It is a cause of mild anaplasmosis in cattle 
(Theiler, 1911). A. centrale has been deliberately 
introduced into Australia, Asia, and South 
America for use as an agent for immunizing 
against anaplasmosis by A. marginale. A. ovis 
is the etiologic agent of ovine and caprine an
aplasmosis. It has a widespread distribution 
similar to that of A. marginale in tropical-to
temperate climates (Bevan, 1912; Lestoquard, 
1924). 

As SYMBIONTS OF ARTHROPODS. A diverse group 
of arthropods may serve as vectors for the trans
mission of Anaplasma. Although 29 species of 
ticks and numerous hematophagous flies and 
mosquitos have been shown experimentally to 

Fig. 17. PhotoIDicrograph of Anaplasma marginale colonies 
(arrow) within salivary glands ofinfected Dermacentor var
iabilis. Mallory's stain. Bar = 5.0 !lID. 

transmit A. marginale, the significant natural 
vectors of A. marginale (and probably A. cen
trale) appear to be ticks in the family Ixodidae 
and flies in the family Tabanidae (Ewing 1981; 
Yeruham and Braverman, 1981). Ixodid ticks 
are efficient biological vectors and are believed 
to be the principal vectors in most regions of 
the world. The three-host Dermacentor ticks 
have been shown to be important vectors in 
temperature western North America, while 
ticks of the one-host Boophilus species are 
highly significant vectors in tropical and sub
tropical regions worldwide (Callow 1974; Pe
terson et al., 1977; Potgieter, 1979). Both genera 
of ticks support trans stadial transmission but 
transovarial transmission has not been reprod
ucibly documented (Connell, 1974; Ewing, 
1981; Stich et al. , 1989). Within the tick, A. 
marginale undergoes a complex life cycle with 
development and replication in the midgut epi
thelial and gut muscle cells (Kocan, 1986). AI
though A. marginale developing within the mid
gut does become infective to cattle in its latter 
stages of development, natural transmission 
likely involves the recently demonstrated infec
tive forms which are found within the salivary 
glands (Figs. 17 and 18) (Kocan et al. , 1988). 
Ixodid ticks appear to be the predominant nat
ural vectors of A. ovis. 

Tabanids are efficient mechanical vectors, re
maining capable of transmission for up to two 
hours post-feeding, and have been implicated 
as the principal vector for A. marginale in cer
tain regions within both North America and 
Africa (Hawkins et al. , 1982; Weisenhutter 
1975). Certain A. marginale isolates, including 
the Illinois and Florida isolates, have been 
shown not to infect the predominant North 
American tick vectors, Dermacentor andersoni 
and D. variablis, and may be uniquely depen
dent on transmission by flies, fomites, or in 
utero spread (Wickwire et al., 1987). 

As PARASITES OF VERTEBRATES. Only rumi
nants may be infected with Anaplasma. Specia
tion of Anaplasma has been based upon mor
phologic appearance within erythrocytes (Fig. 
19) and pathogenicity in ruminant hosts (Ristic 
and Kreier, 1984b). Anaplasma marginale, the 
principal cause ofbovine anaplasmosis, and An
aplasma ovis, the pathogen causing ovine and 
caprine anaplasmosis, are the only two species 
included in the Approved List 0/ Bacterial 
Names or in names validly published in the In
ternational Journal 0/ Systematic Bacteriology 
(Ristic and Kreier, 1984b). The validity of the 
speciation of Anaplasma into the two species 
A. marginale and A. ovis is supported by the 
lack of cross immunity and differences in sur-
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Fig. 18. Transmission eleetron mi
erograph of Anaplasma marginale 
within a salivary gland ofinfeeted 
Dermacentor variabilis. Bar = 2.0 
!lm. (Courtesy of K. M. Koean 
and D. Stiller.) 

Fig. 19. Photomierograph of 
Giemsa-stained Anaplasma mar
ginale-infeeted erythroeytes. The 
intensely staining inclusion bod
ies resemble Howell-Jolly bodies 
in so me respeets sueh as size and 
position in the erythroeyte. They 
differ from Howell-Jolly bodies, 
however, in staining eharaeteris
ti es. Anaplasma more closely re
semble a spot of flat finish paint 
than one of enamel, i.e., they are 
not shiny or refractile to light. Bar 
= 5.0 !lm. (Courtesy ofK. M. Ko
can.) 

faee antigens ofthese two organisms (Palmer et 
al. , 1988a; Splitter et al., 1956). Two additional 
species, A. caudatum and A. centrale, have been 
proposed as eauses of bovine anap1asmosis 
(Ristic and Kreier, 1984b; Thei1er, 1911) but 
these names have not been approved. So me au
thors have not eonsidered the data from anti
genie, genetie, and protein struetura1 eharaeter
ization to be suffieient to warrant differentiation 
ofthe proposed A. caudatum from A. marginale 
(Barbet et al., 1983; MeGuire et al., 1984; Ob
erle et al. , 1988; Palmer et al., I988a). A. cen
trale was originally proposed as a variant of A. 
marginale by Theiler (1911) based on its more 
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eentral intraerythroeytie Ioeation and on its 
being less virulent in eattle. Traditionally, A. 
centrale has been eonsidered to be aseparate 
speeies. While there are demonstrated antigenie 
and genetic differenees between A. marginale 
and A. centrale, whether these are great enough 
to justify speeiation is doubtful (Ambrosio and 
Potgieter, 1987; Kuttler, 1967; Palmer et al. , 
1988a). 

A. marginale and A. centrale are defined prin
eipally as pathogens of domestie eattle but have 
been shown experimentally to infeet numerous 
wild ruminant speeies (Kuttler, 1984). Clearly, 
eertain wild ruminants, such as the b1aek-tai1ed 
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deer in western North America, are naturally 
infected with A. marginale and may have a sig
nificant epidemiologie role (Osebold et al. , 
1962). In contrast, natural infection by Ana
plasma marginale in other animals, such as the 
giraffe, has not been confirmed (Kuttier, 1984). 
Domestic sheep can be experimentally infected 
with A. marginale but do not develop clinical 
disease (Donatien and Lestoquard, 1930). A. 
avis is principally a parasite of domestic goats 
and sheep but has been shown experimentally 
to infect wild ruminants in Africa and North 
America (Kuttler, 1984). Anaplasma avis can be 
shown experimentally to infect domestic cattle 
but in this species it does not cause clinical dis
ease (Kuttler, 1981). 

In the vertebrate host, Anaplasma infect ma
ture erythrocytes with formation of an eryth
rocyte-derived vacuole around the organism 
(Francis et al. , 1979). Each organism is 0.55-
0.85 ,um in diameter and contains dense gran
ular aggregates in an electron-lucid protoplasm, 
all enclosed in a double membrane 40-50 nm 
thick (Fig. 20) (Kocan et al., 1978). Within the 
erythrocyte, the bacteria replicate by binary fis
sion to form up to eight individual organisms 
within a single vacuole (Fig. 21) (Ristic and Wa
trach, 1963). Anaplasma organisms exit the 
erythrocyte, using a poorly defined but appar
ently nonlytic mechanism, and infect additional 
erythrocytes,(Erp and Fahrney, 1975). Follow
ing infection of a ruminant host, the number of 
infected erythrocytes increases with an appar
ent doubling time of between 24 and 48 hours. 
The infection becomes patent microscopically 
two to six weeks post-transmission depending 

on the number of organisms transmitted and 
the virulence of the isolate. At peak infection 
greater than 75% of the erythrocytes may be 
infected, and a severe anemia develops which 
persists for one to two weeks. Susceptible ani
mals lose significant weight and may abort if 
pregnant. A case fatality rate of up to 36% has 
been documented in acutely ill cattle (Alderink 
and Dietrich, 1981). Anaplasma-infected eryth
rocytes are rapidly cleared from the blood as 
immunity develops. Following recovery from 
acute infection, animals remain infected with a 
low, microscopically undetectable number of 
organisms in the blood. The number ofinfected 
erythrocytes in this persistent infection, termed 
the carrier state, has been shown to vary dra
matically (from >0.000025% to <0.0025%) 
both among individual carrier animals and tem
porally within an individual (Eriks et al., 1989). 
This variation may significantly influence the 
efficiency of arthropod transmission from in
dividual animals. 

Isolation of Anaplasma 

Cultivation procedures for Anaplasma have not 
been sufficiently enough established to allow re
covery and propagation in vitro. Preservation 
is currently best achieved by collecting infected 
erythrocytes and maintaining the organism in 
the frozen state in dimethylsulfoxide. To each 
volume of washed, packed erythrocytes to be 
prepared, an equal volume of 4 M dimethyl
sulfoxide is added; the mixture is dispensed in 
convenient volumes and preserved in liquid ni
trogen (Love et al., 1976). Infective organisms 

Fig. 20. Transmission electron mi
crograph of a single Anaplasma 
marginale organism within a vac
uole in an intact infected eryth
rocyte. Bar = 0.5 !Lm. (From Ko
can et al., 1978, with permission.) 
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Fig. 21. Three organisms in an inclusion body. (Courtesy 
of M. Ristic.) 

can be separated from the infected erythrocytes 
using ultrasonic disruption and differential cen
trifugation. Frozen erythrocytes can be used in 
this procedure (Palmer and McGuire, 1984). 
Propagation of the organisms in the cryopre
served isolate is by inoculation of a ruminant 
host (cattle for A. centrale and A. marginale; 
sheep or goats for A. avis); the host subsequently 
develops an acute infection. Splenectomized an
imals develop more serious infections with sig
nificantly higher numbers of infected erythro
cytes than do nonsplenectomized ones. There 
are no known animal hosts of Anaplasma other 
than domestic and wild ruminants. 

In vitro cultivation is currently limited to 
short-term maintenance within mature eryth
rocytes. Short-term cultivation has been used to 
radiolabel Anaplasma polypeptides in vitro for 
structural and antigenic research (Barbet et al., 
1983; Palmer et al., 1985-, 1986a, 1986b). Cul
tivation in nucleated cells has not been reprod
ucibly effective as a source of organisms. 

Procedure for the Short-Term Cultivation 
of Anaplasma marginale 

The following procedure (Barbet, 1983; Palmer 
et al., 1985) is used for 35S-methionine labeling 
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of the organism: Blood is collected from sple
nectomized calves during the ascending paras
itemia of animals with acute infection, washed 
three times in calcium- and magnesium-free 
Ranks balanced salt solution, and once in Eagle 
minimal essential medium without methionine; 
the bufIY coat is removed after each centrifu
gation. The washed, parasitized erythrocytes are 
added to Eagle minimal essential medium with
out methionine (10% fetal bovine serum, 2 mM 
L-glutamine, 100 {.Lg of streptomycin per ml, and 
100 units ofpenicillin per ml) at a ratio of 1 ml 
packed erythrocytes to 7 ml of medium. The 
cultures are incubated for 48 hours with 35S_ 
methionine (125 {.LCi per 5 X 108 parasitized 
erythrocytes) at 37°C in 5% CO2 in air. Cells 
are washed four times with Ranks balanced 
salts solution without calcium or magnesium, 
and the pelleted erythrocytes are lysed by a 50 
mM Tris (pR 8.0) buffer containing 5 mM 
EDT A, 5 mM iodoacetamide, 1 mM phenyl
methylsulfonyl fluoride, 0.1 mM N-alpha-p- to
syl-L-Iysyl-chloromethyl ketone (TLCK), 1 % 
N onidet P-40, and 0.1 % sodium dodecyl sulfate 
(SDS). After centrifugation to pellet the insol
uble material, the clean supernatant is collected. 

Identification of Anaplasma 

Microscopic examination of Romanowsky
stained peripheral blood films is used to identify 
intraerythrocytic Anaplasma during acute in
fection in the ruminant host. Anaplasma are 
Gram-negative microbes that do not stain weIl 
with the counter stains used in the Gram stain 
procedure. Staining with Giemsa or Wright so
lutions is the most common method of prepa
ration of blood films to be examined for the 
presence of Anaplasma. Infected erythrocytes at 
a frequency of as low as 0.1 % can be detected 
by this method. What is seen is the round, 0.5-
to 1.0-{.Lm inclusion, which stains bluish-purple 
(see Fig. 19). A frequency of less than 0.1 % of 
infected erythrocytes can be detected by nucleic 
acid hybridization with defined RNA or DNA 
probes. It has also been reported that A. mar
ginale was detected by nucleic acid hybridiza
tion in blood films with as few as 0.000025% 
infected erythrocytes. A. avis has also been de
tected by nucleic acid hybridization but sensi
tivity appears to be lower. A. avis infection was 
detected in blood films with 0.00035% infected 
erythrocytes (Goff et al., 1988; Shompole, S. P., 
1989; Visser and Ambrosio, 1987). Nucleic acid 
probes have been used to detect persistently in
fected carrier animals in field studies (see later). 

Differentiation of species is most frequently 
based on host specificity, which appears to be 
reliable for the known hosts of A. marginale and 
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A. avis. Intraerythrocytic location of the organ
ism is the traditional basis for differentiation of 
A. centrale from A. marginale. Positive identi
fication of Anaplasma can result from nucleic 
acid hybridization studies using defined nucleic 
acid probes and from fluorescent antibody 
staining using monoclonal antibodies (Palmer 
et al., 1988a; Shompole, S. P., 1989). 

N umerous isolates of A. marginale which dif
fer one from the other have been described. The 
isolates differ in antigenie nature, polypeptide 
composition, and composition ofDNA in genes 
encoding surface proteins (Barbet et al., 1983; 
Kreier and Ristic, 1963a, 1963b; McGuire et 
al., 1984; Oberle et al., 1988; Palmer et al., 1988, 
1988a). Reactivity in fluorescent-antibody
staining tests with panels of isolate-specific 
monoclonal antibodies is most commonly used 
to identify an isolate. Our inability to clone An
aplasma and thus to ensure that all organisms 
in an isolate are derived from a single parent 
has led to the use of the term "isolate" rather 
than "strain." Undoubtedly, genetically distinct 
clonas of Anaplasma could be produced, but to 
date this has not been accomplished. 

Anaplasma can be identified within tick tis
sues by light microseopie examination of tissue 
seetions stained by Mallory's technique and by 
examination of thin seetions with an electron 
microseope. The morphology of the various de
velopmental stages of A. marginale in Derma
eentar ticks has been well described (Kocan, 
1986). The infective stage in the salivary glands 
is composed of membrane-bound colonies of 
organisms (see Figs. 17 and 18) (Stiller et al., 
1989). Identity of Anaplasma in tick tissues can 
be confirmed using immunofluorescence or nu
cleic acid hybridization (Friedhoff and Ristic, 
1966; Goff et al., 1988). 

In one sense Anaplasma resembles members 
of the order Rickettsiales, since it utilizes reg
ulatory elements similar to consensus Esehe
riehia eali signals to regulate their genes as do 
rickettsiae (Anderson et al., 1988; Barbet et al., 
1987). There may, however, be differences be
tween Anaplasma and the rickettsiae in ribo
some-binding sites. The similarity between An
aplasma and the rickettsiae in their regulatory 
signals has allowed expression of Anaplasma 
genes in E. eali, using rickettsial promoters. The 
GC composition of A. marginale and A. eentrale 
DNA have been reported as respectively, 48.5 
and 45.1 mol% GC (Ambrosio and Potgieter, 
1987). 

Application of Molecular Biology 
Techniques 

Research on the molecular genetics and im
munology of Anaplasma has been applied in 

three principal areas: 1) identification of pro
tective immunogens for vaccine development; 
2) development of improved serologie diagnos
tic assays; and 3) development of nucleic acid 
probes for detection of low numbers of Ana
plasma and for speciation of Anaplasma. 

Our inability to cultivate Anaplasma has 
impeded development of effective, widely used 
vaccines. Immunization at present is only by 
infection and treatment or by infection with at
tenuated Anaplasma strains (Ristic and Carson, 
1977). Identification of protection-inducing sur
face antigens on A. marginale and the cloning 
and expression ofthese antigens in recombinant 
E. eali provides a basis for the development of 
nonliving vaccines (Palmer, 1989). Two surface 
proteins, major surface protein-1 (MSP-l) and 
major surface protein-2 (MSP-2), have been 
shown individually to induce protection in im
munized cattle (Palmer et al., 1986a, 1987, 
1988). Both surface proteins share common ep
itopes with A. eentrale and with various isolates 
of A. marginale from Africa, Asia, North Amer
ica, and South America (Palmer et al., 1988a). 
Genes encoding the surface proteins have been 
expressed in recombinant E. eali (Barbet et al., 
1987; Palmer, 1989). Although development of 
A. avis vaccines is also needed, research on de
velopment of vaccines for A. avis has not been 
reported. 

Serologie assays with improved sensitivity 
and specificity for diagnosis of A. marginale in
fected cattle have been developed wh ich utilize 
individual immunodominant antigens in an en
zyme-linked immunosorbent detection system. 
An 86 KD at A. marginale protein is specifically 
reaetive with sera from cattle infected with 
many different isolates of A. marginale regard
less of the stage of infection (Palmer et al. , 
1986b). This assay is more sensitive than are 
tests using whole organisms as antigens, such 
as the capillary agglutination test (Ristic, 1962). 

The development of nucleie acid probes spe
eific for A. marginale, A. eentrale, and A. avis 
has allowed more reliable speciation, and easier 
identifieation of persistently infected carrier an
imals and of Anaplasma in tick tissues (Eriks 
et al., 1989; Goff et al., 1988; Shompole, S. P., 
1989; Visser and Ambrosio, 1987). 

Literature Cited 

Adams, M. R., Lewis, J. c., and Bulloek, B. C. 1984. He
mobartonellosis in squirrel monkeys (Saimiri sciureus) 
in a domestie breeding eolony: a ease report and pre
liminary study. Lab. Anim. Sei. 34:82-85. 

Aikawa, M., and Nussenzweig, R. 1972. The fine strueture 
of Haemobartonella sp. in the squirrel monkey. Journal 
of Parasitology 58:628-630. 



CHAPTER 225 

Aldana, L. 1929. Bacteriologia de la enfermedad de Carrion. 
La Cronica Medica Lima 46:235-385. 

Aldana, L., Gastelumendi, R., and Dieguez, J. 1948. La 
estreptomicina en la enfermedad de Carrion. Arch. Per
uanos Pato!. y Clin. Lima 2:323-338. 

Alderink, F. J., and Dietrich, R. 1981. Anaplasmosis in 
Texas: epidemiologic and economic data from a ques
tionnaire survey, p. 27-44. In: Hidalgo, R. J., and 
Jones, E. W. (ed.), Proceedings ofthe Seventh National 
Anaplasmosis Conference. Starkville, MI: Mississippi 
State University Press. 

Ambrosio, R. E., and Potgieter, F. T. 1987. The genome of 
Anaplasma: DNA base composition and DNA/DNA 
hybridization. Onderstepoort J. Vet. Res. 54:63-65. 

Anderson, B. E., Baumstark, B. R., and Bellini, W. J. 1988. 
Expression of the gene encoding the 17-kilodalton an
tigen from Rickettsia rickettsii: transcription and post
translational modifkation. J. Bacterio!. 170:4493-4500. 

Anderson, D. R. 1969. Ultrastructural studies of the my
coplasmatales and the L-phase ofbacteria, chapter 12, 
p. 365-402. In: Hayflick, L. (ed.), The mycoplasmatales 
and L-phase ofbacteria. New York: Appleton-Century
Crofts. 

Arias-Stella, J., Lieberman, P. H., Erlandson, R. A., and Ar
ias-Stella, J., Jr. 1986. Histology, immunohistochem
istry and ultrastructure of the verruga in Carrion's dis
ease. Amer. J. Surg. Patho!. 10:595-610. 

Barbet, A. F., Anderson, L. w., Palmer, G. H., and Mc
Guire, T. C. 1983. Comparison of proteins synthesized 
by two different isolates of Anaplasma marginale. In
fect. Immun. 40: 1068-1074. 

Barbet, A. F., Palmer, G. H., Myler, P. J., and McGuire, 
T. C. 1987. Characterization of an immunoprotective 
protein complex of Anaplasma marginale by cloning 
and expression of the Am 105L gene. Infect. Immun. 
55:2428-2435. 

Barrett, P. A., Beveridge, E., Bradley, P. L., Brown, C. G. D., 
Bushby, S. R. M., Clarke, M. L., Neal, R. A., Smith, R., 
and Wilde, J. K. H. 1965. Biological activities of some 
Dithiosemicarbazones. Nature 206: 1340-1341. 

Bartkowiak, R. A., Huchzermeyer, F. W., Potgieter, F. T., 
van Rensburg, L., Labuschagne, F. J., and van Biljon, 
B. J. 1988. Freeze-drying of Aegyptianella pullorum. 
Onderstepoort J. of Vet. Res. 55: 125-126. 

Barton, A. L. 1909. Description de elementos endo-globu
lares hallados en los enfermos de fiebre verrucosa. 
Cron. Med., Lima 26:7. 

Battelli, C. 1947. Su di un Piroplasma della Naia nigricollis 
(Aegyptianella carpani n. sp.). Rivista di Parasitologia 
8:205-212. 

Bellamy, J. E. c., MacWilliams, P. S., and Searcy, G. P. 
1978. Cold-agglutinin hemolytic anemia and Haemo
bartoneIla canis infection in a dog. J. Am. Veto Med. 
Assoc. 173:397-402. 

Benson, L. A., Kar, S., McLaughlin, G., and Ihler, G. M. 
1986. Entry of Bartonella bacilliformis into erythro
cytes. Infect. Immun. 54:347-353. 

Berkenkamp, S. D., and Wescott, R. B. 1988. Arthropod 
transmission of Eperythrozoon coccoides in mice. Lab. 
Anim. Sci. 38:398-401. 

Bevan, L. W. 1912. Anaplasmosis ofsheep. Vet. J. 68:400-
401. 

Blood, D. c., Radostits, O. M., Henderson, J. A., Arunde1, 
J. H., and Gay, C. C. 1983. Veterinary medicine, 6th 
ed., p. 878-879. London: Balliere Tindal!. 

The Hemotrophic Bacteria 4017 

Bobade, P. A., Nash, A. S., and Rogerson, P. 1988. Feline 
haemobartonellosis: c1inical, hematological, and path
ological studies in natural infections and the relation
ship to infection with feline leukemia virus. Vet. Rec. 
122:32-36. 

Brumpt, E., and Lavier, G. 1935. Sur un prioplasmide nou
veau, parasite de tortue, Tunetella emydis N. G. N. Sp. 
Annales de Parasitologie Humaine et Comparee 
13:544-550. 

Callow, L. L. 1974. Epizootiology, diagnosis, and control of 
babesiosis and anaplasmosis. Relevance of Australian 
findings in developing countries. Bull. Off. Int. Epiz. 
81:825-835. 

Carpano, M. 1928. Piroplasmosis in Egyptian fowls (Egyp
tianella Pullorum). Bulletin of the Ministry of Agri
culture, Egypt 86: 1-12. 

Castle, M. D., and Christensen, B. M. 1985. Isolation and 
identification of Aegyptianella pullorum (Rickettsiales, 
Anaplasmataceae) in wild turkeys from North Amer
ica. Avian Diseases 29:437-445. 

Chaline, J. 1977. Rodents, evolution and prehistory. En
deavour N. S. 1:44-51. 

Colichon, H., Calderon, J., and Bedon, C. 1972. BartoneIla 
bacilliformis en la sangre periferica de los pobladores 
de los zonas verrucogenas dei Peru. Revista Peruana 
de Medicina Tropical 1: 19-21. 

Colichon, H., Colichon, A., and Solano, L. 1971. La Bar
toneIla bacilliformis. Archivas Peruanos de Patologia 
Clinica 25: 15-32. 

Colichon, H., Colichon, A., and Velasco, C. 1966. Medio 
superpuesto para Bartonella bacillifo,rmis. Anales de la 
Facultad de Medicina, Lima 49:415-422. 

Connell, M. L. 1974. Transmission of Anaplasma margin
ale by the cattle tick Boophilus microplus. Queensland 
J. Agric. Anim. Sci. 31:185-193. 

Cotter, S. M., Hardy, W. D., and Essex, M. 1975. Associa
tion of feline leukemia virus with Iymphosarcoma and 
other disorders in the cat. J. Am. "'et. Med. Assoc. 
166:449-454. 

Crystal, M. 1958. The mechanism oftransmission of Hae
mobartonella muris (Mayer) of rats by the spined rat 
louse Polyplex spinulosa (Burkmeister). J. Parasito!. 
44:603-606. 

Cuadra, M. 1956. Salmonellosis complication in human 
bartonellosis. Tex. Rep. Bio!. Med. 14:97-113. 

Cuadra, M. 1957. EI diagnostic de la enfermedad de Car
rion. Revista dei Viernes Medico Lima 8:404-421. 

Cuadra, M. 1978. The ability of Bartonella bacilliformis 
growing in culture to attach to red blood cells. Abstracts 
ofthe Twelfth International Congress ofMicrobiology. 
Sept. 3-8, p. 178. International Union ofMicrobiolog
ical Societies, Münich, Germany. 

Cuadra, M., and Takano, M. 1969. The relationship of Bar
tonella bacilliformis to the red blood cell as revealed 
by electron microscopy. Blood 33:708-716. 

Curasson, G. 1938. Notes sur la piroplasmose aviaire en 
A. O. F. Bull. Servo Zootech. Epiz. A. O. F. 1:33-55 
(1938), p. 242-249. In: Curasson, G., Triate de proto
zoologie veterinaire et comparee, tome III. Paris: Vigot 
Freres. 

Curasson, G., and AndIjesky, P. 1929. Sur les "corps de 
Balfour" du sang de la pou1e. Bull. Soc. Path. Exot. 
22:316-317. 

Daddow, K. N. 1977. A complement-fixation test for the 
detection of eperythrozoon infection in sheep. Aust. 
Vet. J. 53:139-143. 



4018 J.P. Kreier, R. Gothe, G.M. Ihler, H.E. Krampitz, G. Mernaugh, and G.H. Palmer CHAPTER 225 

Davis, B. D., Dulbecco, R., Eisen, H. N., Ginsberg, H. S., 
Wood, W. B., and McCarty, M. 1973. Mycoplasmas 
and L forms. In: Microbiology, Chapter 40, 2nd ed. 
Hagerstown, MD: Harper & Row. 

Davis, W. c., Talmadge, J. E., Parish, S. M., Johnson, M. 1., 
and Vibber, S. D. 1978. Synthesis of DNA and protein 
by Anaplasma marginale in bovine erythrocytes during 
short-term culture. Infect. Immun. 22:597-602. 

Demaree, R. S., and Nessmith, W. B. 1972. Ultrastructure 
of Haemobartonellafelis from a naturally infected cat. 
Am. J. Vet. Res. 33:1303-1308. 

Desser, S. S. 1987. Aegyptianella ranarum sp. n. (Rickett
siales, Anaplasmataceae): ultrastructure and prevalance 
in frogs from Ontario. J. Wildlife Dis. 23:52-59. 

Donatien, A., and Lestoquard, F. 1930. Les anaplasmose 
des ruminants. Rev. Veto 82:125-139. 

Dooley, J. R. 1976. Bartonellosis, p. 190-193. In: Binford, 
C. H., and Conner, D. H. (ed.), Pathology of tropical 
and extraordinary diseases. Washington, D.C.: Armed 
Forces Institute of Pathology. 

Dooley, J. R. 1980. Haemotrophic bacteria in man. Lancet 
2:1237-1239. 

Eriks, I. S., Palmer, G. H., McGuire, T. c., and Barbet, A. F. 
1989. Detection and quantitation of Anaplasma mar
ginale in carrier cattle using a nuc1eic acid probe. J. 
Clin. Microbiol. 27:279-284. 

Erp. E., and Fahrney, D. 1975. Exit ofAnaplasma marginale 
from bovine red blood cells. Am. J. Veto Res. 36:707-
709. 

Ewing, S. A. 1981. Transmission of Anaplasma marginale 
by arthropods, p. 395-423. In: Hidalgo, R. J., and 
Jones, E. W. (ed.), Proceedings ofthe Seventh National 
Anaplasmosis Conference. Starkville, MS: Mississippi 
State University Press. 

Fay, F. H., and Rausch, R. L. 1969. Parasitic organisms in 
the blood of arvicoline rodents in Alaska. J. of Par
asitology 55:1258-1265. 

Francis, D. H., Kinden, D. A., and Buening, G. M. 1979. 
Characterization of the inc1usion limiting membrane 
of Anaplasma marginale by immunoferritin labeling. 
Am. J. Veto Res. 40:777-782. 

Friedhoff, K. T., and Ristic, M. 1966. Anaplasmosis. XIX. 
A preliminary study of Anaplasma marginale in Der
macentor andersoni (Stiles) by fluorescent-antibody 
technique. Am. J. Veto Res. 27:643-646. 

Furlong, J. 1978. Estudo de Grahamella legeri sp. n. (Rick
ettsiales: Bartonellaceae) hemoparasito de Ratus nor
wegicus Berkenhout 1769) no estado de Rio de Janeiro, 
Brasil. Thesis. Brasil: Univ. de Rio de Janeiro. 

Garcia, F. U., Wojta, J., and Hoover, R. L. 1988. Stimula
tion of human unbilical vein endothelial cells (HU
VEC) by Bartonella bacillijormis. Abstracts ofthe 72nd 
Annual Meeting of the Federation of American Soci
eties for Experimental Biology. Las Vegas, NV. p. 
All 89. 

Geiman, Q. 1941. New media for growth of BartoneIla ba
cillijormis. Proc. Soc. Exp. Biol. Med. 47:329-332. 

Goff, w., Barbet, A. F., Stiller, D., Palmer, G. H., Knowles, 
D. P., Kocan, K. M., Gorham, J., and McGuire, T. C. 
1988. Detection of Anaplasma marginale infected tick 
vectors using a c10ned DNA probe. Proc. Natl. Acad. 
Sci. USA 85:919-923. 

Gothe, R. 1967a. Zur Entwicklung von Aegyptianella pul
lorum Carpano, 1928 in der Lederzecke Argas (Persi-

cargas) persious (Oken, 1818) and übertragung. Zeit
schrift für Parasitenkunde 29: 103-118. 

Gothe, R. 1967b. Ein Beitrag zur systematischen Stellung 
von Aegyptianella pullorum Carpano, 1928, im Huhn. 
Zeitschrift für Parasitenkunde 29:119-129. 

Gothe, R. 1967c. Untersuchungen über die Entwicklung 
und den Infektionsverlauf von Aegyptianella pullorum 
Carpano, 1928, im Huhn. Zeitschrift für Parasiten
kunde 29:149-518. 

Gothe, R. 1969. Zur Pathogenese der Aegyptianella pullo
rum-Infektion beim Huhn. Zeitschrift für Parasiten
kunde 31:3. 

Gothe, R. 1971. Wirt-Parasit-Verhaltnis von Aegyptianella 
pullorum Carpano, 1928, im biologischen Überträger 
Argas (Persicargas) persicus (Oken, 1818) und im Wir
beltierwirt Gallus gallus domesticus L. Fortschritte der 
Veterinärmedizen. Beihefte zum Zentralblatt für Ve
terinärmedizin, Heft 16. 

Gothe, R. 1978. New aspects on the epizootology of aegyp
tianellosis in poultry, p. 201-204. In: Proceedings of 
the Conference of Tickborne Diseases and Their Vec
tors. Edinburgh: University Press. 

Gothe, R., and Becht, H. 1969. Untersuchungen über die 
Entwicklung von Aegyptianella pullorum Carpano, 
1928, in der Lederzecke Argas (Persicargas) persicus 
(Oken, 1818) mit Hilfe fluoreszierender Antikörper. 
Zeitschrift für Parasitenkunde 31:315-325. 

Gothe, R., Bucheim, c., and Schrecke, W. 1981. Argas (Per
sicargas) persicus und Argas (Argas) africolumbae als 
natürliche biologische Überträger von Borrelia anser
ina und Aegyptianella pullorum in Obervolta. Berliner 
Münchener Tierärztliche Wochenschrift 94:280-285. 

Gothe, R., and Burkhardt, E. 1979. The erythrocyte entry
and exit-mechanism of Aegyptianella pullorum Car
pano, 1928. Zeitschrift für Parasitenkunde 60:221-227. 

Gothe, R., and Englert, R. 1978. Quantitative Untersu
chungen zur Toxinwirkung von Larven Neoarktischer 
Persicargas spp. bei Hühnern. Zentralblatt für Veteri
närmedizin Reihe B 25:122-133. 

Gothe, R., and Hartmann, S. 1979. The viability of cryo
preserved Aegyptianella pul/orum Carpano, 1928 in the 
vector Argas (Persicargas) walkerae Kaiser and Hoogs
traal, 1969. Zeitschrift für Parasitenkunde 58: 189-190. 

Gothe, R., and Koop, E. 1974. Zur biologischen Bewertung 
der Validität von Argas (Persicargas) persicus (Oken, 
1818), Argas (Persicargas) arboreus Kaiser, Hoogstraal 
und Kohls, 1964 und Argas (Persicargas) walkerae Kai
ser and Hoogstraal, 1969. 11. Kreuzungsversuche. Zeit
schrift für Parasitenkunde 44:319-328. 

Gothe, R., and Kreier, J. P. 1977. Aegyptianella, Eperythro
zoon, and Haemobartonella, p. 251-294. In: Kreier, 
J. P. (ed.), Parasitic protozoa, vol. IV. New York: Ac
ademic Press. 

Gothe, R., and Lämmler, G. 1970a. Über die Persistanz 
von Aegyptianella pullorum Carpano, 1928, in Küken 
nach chemotherapeutischer Behandlung. Zentralblatt 
für Veterinärmedizin, Reihe B 17:806-812. 

Gothe, R., and Lämmler, G. 1970b. Die Aegyptianel/a pul
lorum-Infektion des Huhnes, ein Modell zur quanti
tativen Auswertung der therapeutischen und prophy
laktischen Wirksamkeit von Tetracyclinen. Drug 
Research 20:92-95. 

Gothe, R., and Mieth, H. 1979. Zur Wirksamkeit von Pleu
romutilinen bei Aegyptianel/a pullorum-Infektionen 



CHAPTER 225 

der Küken. Tropenmedizin und Parasitologie 30:323-
327. 

Gothe, R., and Schrecke, W. 1972a. Zur epizootiologischen 
Bedeutung von Persicargas-Zecken der Hühner in 
Transvaa!. Berliner and Münchener Tierärztliche 
Wochenschrift 85:9-11. 

Gothe, R., and Schrecke, W. 1972b. Zur Epizootiologie de 
Aegyptianellose des Geflügels. Zeitschrift für Parasi
tenkunde 39:64-65. 

Graham-Smith, G. S. 1905. A new form of parasite found 
in the red blood corpuscles of moles. Journal of Hy
giene 5:453-459. 

Hawkins, J. A. 1982. Mechanical transmission of anaplas
mosis by tabanids (Diptera: Tabanidae). Am. J. Veto 
Res. 43:732-734. 

Hayflick, L. 1969. Fundamental biology of the dass Mol
licutes, order Mycoplasmatales, p. 15-47. In: Hayflick, 
L. (ed.), The mycoplasmatales and L-phase ofbacteria. 
New York: Appleton-Century-Crofts. 

Herrer, A. 1944. Descripci6n de una Grahamella dei perro, 
Grahamella canis n. sp. Revista de Medicina Experi
mental (Lirna) 3: 19-33. 

Herrer, A. 1953a. Enfermedad de Carrion, estudio en plan
tas Clamide corno reservorio de BartoneIla bacillifor
mis. Amer. J. Trop. Med. 2:630-643. 

Herrer, A. 1953b. Carrion's disease, presence of Bartonella 
bacilliformis in peripheral blood of patients with be
nign form. Amer. J. Trop. Med. 2:645-649. 

Herrer, A., and Blancas, F. 1962. Estudios sobre enfermedad 
de Carrion en el valle interandino dei Mantaro. I. Ob
servaciones entomologicas. Revista de Medicina Ex
perimental 13:27-45 [See Tropical Disease Bulletin 
59:28 Abstract (1962)]. 

Herrer, A., and Cornejo Ubilluz, J. R. 1962. Estudios sobre 
la enfermedad de Carrion en el valle interandino dei 
Mantaro. II. Incidencia de la infeccion bartonelosica 
en la poblaci6n humana. Revista de Medicina Exper
imental 13:47-57 [See Tropical Disease Bulletin 59:29 
Abstract (1962)]. 

Hertig, M. 1942. Phlebotomus and Carrion's disease. Amer. 
J. Trop. Med., Supp!. 22:1-80. 

Hertig, M., and Wolback, S. B. 1924. Studies on rickettsia
like micro-organisms in insects. J. Med. Res. 44:329-
375. 

Haiba, M. H. 1963. On Grahamella cuniculi and Bartone11a 
cuniculi investigated in rabbits in Egypt. J. Arab. Vet. 
Med. Assoc. 23: 19-25. 

Huchzermeyer, F. 1969. Persönliche Mitteilung. In: Key
mer, I. F. (ed.), Parasitic diseases. Diseases of cage and 
aviary birds. Philadelphia: Lea & Febiger. 

Hurtado, A., Pons, M. J., and Merino, M. C. 1938. La ane
mia de la enfermedad de Carrion (verruga peruana). 
Lima: Editorial Gi!. 

Hyde, C. L., Finerty, J. F., and Evans, C. B. 1973. Antibody 
and immunoglobulin synthesis in germ-free and co m
mercial mice infected with Eperythrozoon coccoides. 
Am. J. Trop. Med. Hyg. 21:506-511. 

Ihler, G. M., and Tosi, P.-F. 1987. IHP dramatically reduces 
Babesia microti and Plasmodium jalciparum parasi
temias. Observations of fluorescent red cells and fluo
rescent vacuoles. Advances in the Biosciences, Perga
rnon 67:153-162. 

Ito, S., Winson, J. w., and McGuire, T. J., Jr. 1975. Murine 
typhus rickettsiae in the oriental rat fIea. Ann. NY 
Acad. of Sci. 266:35-60. 

The Hemotrophic Bacteria 4019 

Jettmar, H. M. 1932. Studien über Blutparasiten ostasia
tischer wilder Nagetiere. Zeitschrift für Parasitenkunde 
4:245-285. 

Jiminez, J. F. 1940. Carrion's disease I. Some growth factors 
necessary for cultivation of BartoneIla bacilliformis. 
Proc. Soc. Exp. Bio!. Med. 45:402-405. 

Johnston, M. R. L. 1975. Distribution of Pirhemocyton 
Chatton and Blance and other, possibly related, infec
tions of poikilotherms. Journal of Protozoology 
22:529-535. 

Kallick, C. Levin, S., Reddi, K., and Landau, W. 1972. Sys
temic lupus erythromatosis associated with Haemo
bartonella-like organisms. Nature (London) New Bi
ology 236: 145-146. 

Knobloch, J. 1988. Analysis and preparation of BartoneIla 
bacilliformis antigens. Amer. J. Trop. Med. Hyg. 
39:173-178. 

Knobloch, J., Solano, L., Alvarez, 0., and Delgado, E. 1985. 
Antibodies to BartoneIla bacilliformis as determined 
by fluorescence antibody test, indirect haemagglutin
ation, and ELISA. Trop. Med. Parasitio!. 36:183-185. 

Kocan, K. M. 1986. Development of Anaplasma marginale 
in ixodid ticks: coordinated development of a rickett
sial organism and its tick host, p. 472-505. In: Sauer, 
J., and Hair, J. A. (ed.), Morphology, physiology, and 
behavioral ecology of ticks. London: Ellis Horwood, 
Ltd. 

Kocan, K. M., Venable, J. H., and Brock, W. E. 1978. UI
trastructure of anaplasmal inclusions (Pawhuska iso
late) and their appendages in intact and hemolyzed 
erythrocytes and in complement-fixation antigen. Am. 
J. Veto Res. 39:1123-1130. 

Kocan, K. M., Wickwire, K. B., Ewing, S. A., Hair, J. A., 
and Barron, S. J. 1988. Preliminary studies of the de
velopment of Anaplasma marginale in salivary glands 
of adult, feeding Dermacentor andersoni. Am. J. Vet. 
Res. 49:1010-1013. 

Krampitz, H. E. 1962. Weitere Untersuchungen an Gra
hamella Brumpt 1911. Zeitschr Tropenmed. Parasito!. 
13:34-53. 

Krampitz, H. E. and Kleinschmidt, A. 1960. Grahamella, 
Brumpt 1911. Biologische und Morphologische Unter
suchengen. Zeitschr. Tropenmed. Parasito!. 11 :336-
352. 

Kreier, J. P., and Gothe, R. 1976. Aegyptianellosis, Epery
throzoonosis, Grahamellosis and Hemobartonellosis. 
Vet. Parasito!. 2:83-95. 

Kreier, J. P., and Ristic, M. 1963a. Anaplasmosis. X. Mor
phologic characteristics of the parasites present in the 
blood of calves infected with the Oregon strain of An
aplasma marginale. Am. J. Vet. Res. 24:676-687. 

Kreier, J. P., and Ristic, M. 1963b. Anaplasmosis. XI. Im
munoserologic characteristics of the parasites present 
in the blood of calves infected with the Oregon strain 
of Anaplasma marginale. Am. J. Vet. Res. 24:688-697. 

Kreier, J. P., and Ristic, M. 1968. Haemobartonellosis, eper
ythrozoonosis, grahamellosis and ehrlichiosis, p. 387-
472. In: Weinman, D., and Ristic, M. (ed.), Infectious 
blood diseases of man and animals, vo!. Ir. New York: 
Academic Press. 

Kreier, J. P., and Ristic, M. 1972. Definition and taxonomy 
of Anaplasma species with emphasis on morphologic 
and immunologic features. Zeitschr. Tropenmed. Par
asito!. 23:88-98. 



4020 J.P. Kreier, R. Gothe, G.M. IhIer, H.E. Krampitz, G. Mernaugh, and G.H. Palmer CHAPTER 225 

Kreier, J. P., and Ristic, M. 1973. Organisms of the family 
Anaplasmataceae in the forthcoming 8th edition of 
Bergey's Manual. Proceeding of the 6th National An
aplasmosis Conference. Stillwater, OK: Heritage Press. 

Kreier, J. P., and Ristic, M. 1981. The biology of hemo
trophic bacteria. Ann. Rev. Microbiol. 35:325-338. 

Kreier, J. P., and Ristic, M. 1984. Genus III Haemobarto
nella; Genus IV Eperythrozoon, p. 724-729. In: Buch
anan, R. E., and Gibbons, N. E. (ed.), Bergey's manual 
of determinative bacteriology, 8th ed. Baltimore: Wil
liams and Wilkins. 

Kuttler, K. L. 1967. Serological relationship of Anaplasma 
marginale and Anaplasma centrale as measured by the 
complement-fixation and capillary agglutination tests. 
Res. Vet. Sei. 8:207-211. 

Kuttler, K. L. 1981. Infection of splenectomized calves with 
Anaplasma ovis. Am. J. Vet. Res. 42:2094-2096. 

Kuttler, K. L. 1984. Anaplasma infections in wild and do
mestic ruminants: a review. J. Wildlife Dis. 20: 12-20. 

Lämmler, G., and Gothe, R. 1967. Zur Chemotherapie der 
Aegyptianella (Oken, 1818) und ubertragung. Zeit
schrift für Parasitenkunde 29: 103-118. 

Lämmler, G., and Gothe, R. 1969. Untersuchungen über 
die therapeutische und prophylaktische Wirksamkeit 
oral applizierer Tetracycline gegen Aegyptianella pul
lorum Carpano, 1928, im Huhn. Zentralblatt für Ve
terinärmedizin, Reihe B 16:663-670. 

Larrea, P. 1958. Los antibioticos en la bartonellemia hu
mana. Arch. Per. Pat. Clin. 12: 1. 

Lestoquard, E 1924. Deuxieme note sur les piroplasmoses 
du mouton en Algerie. L' Anaplasmose: Anaplasma ovis 
nov. sp. Bull. Soc. Path. Exot. 17:784-788. 

Losos, G. J. 1986. Infectious tropical diseases of domestic 
animals, p. 746-748. Ottawa, Canada: Longman Sci
entific and Technical Publishers. 

Love, J. N., McEwen, E. G., and Rubin, R. M. 1976. Effects 
of temperature and time on the infectivity of cryogen
ically preserved sampIes of Anaplasma marginale in
fected erythrocytes. Am. J. Vet. Res. 37:857-858. 

Lwoff, A., and Vaucel, M. 1930. Les bartoneIloses aigues et 
les infections mixtes ä bartonella et ä eperythrozoon. 
Compt. Rend. Soc. de Biol. 103:258. 

Maas, J., Lincoln, S. D., Coan, M. E., Kuttler, K. L., Zaugg, 
J. L., and Stiller, D. 1986. Epidemiologie aspects ofbo
vine anaplasmosis in semiarid range conditions of 
south central Idaho. Am. J. Vet. Res. 47:528-533. 

Macnab, R. M., and Koshland, D. E., Jr. 1972. The gra
dient-sensing mechanism in bacterial chemotaxis. 
Proc. Natl. Acad. Sei. USA 69:2509-2512. 

Maede, Y. 1978. Studies on feline haemobartonellosis. V. 
Role of the spleen in cats infected with Haemobarto
nellafelis. Jpn. J. Vet. Sei. 40:141-146. 

McGuire, T. c., Palmer, G. H., Goff, W. L., Johnson, M. 1., 
and Davis, W. C. 1984. Detection of common and iso
late restricted antigens of Anaplasma marginale using 
monoclonal antibodies. Infect. Immun. 45:697-700. 

Merino, C. 1945. Penicillin therapy in human bartonellosis 
(Carrion's disease). J. Lab. Clin. Med. 30: 1021-1026. 

MitchelI, P. D., and Slack, J. M. 1966. Hyper-reactivity of 
rabbits sensitized with BartoneIla bacillijormis. J. Bac
teriol. 92:769-779. 

Moulder, J. W. 1962. The biochemistry ofintracellular par
asitism. Chicago: University of Chicago Press. 172 pp. 

Moulder J. 1974. The rickettsias. Order I. Rickettsiales 
Gieszczkiewicz 1939, p. 882-890. In: Buchanan, R. E., 

and Gibbons, N. E. (ed.), Bergey's manual of deter
minative bacteriology, 8th ed. Baltimore: Williams & 
Wilkins. 

Nash, A. S., and Bobade, P. A. 1986. Haemobartonellafelis 
infections in cats from the Glasgow area. Vet. Rec. 
119:373-375. 

Nauck, E. 1957. Propiedades morfologicas y biologicas de 
la BartoneIlas. Anales de la Facultad de Medicina, 
Lima 40:857-865. 

Nicholls, M .. , Ibata, G., and Vallejas Rodas, E 1980. Prev
alence of antibodies to Babesia bovis and Anaplasma 
marginale in dairy cattIe in Bolivia. Trop. Anim. Hlth. 
Prod. 12:48-49. 

Noguchi, H. 1926. Etiology ofOroya fever. III. The behavior 
of BartoneIla bacillijormis in Macacus rhesus. J. Exp. 
Med. 44-697-713. 

Noguchi, H., and Battistini, T. 1926. Etiology of Oroya fe
ver. I. Cultivation of BartoneIla bacillijormis. J. Exp. 
Med.43:851-864. 

Noguchi, H., and Shannon, R. C. 1929. Etiology of Oroya 
fever. XIV. The insect vectors of Carrion's disease. J. 
Exp. Med. 49:993-1008. 

Noguchi, H., Shannon, R. c., Tilden, E. B., and Tyler, J. R. 
1928. Phlebotomus and Oroya fever and verruga per
uana. Science 68:493-495. 

Oberle, S. M., Palmer, G. H., Barbet, A. E, and McGuire, 
T. C. 1988. Molecular size variations in an immuno
protective protein complex among isolates of Ana
plasma marginale. Infect. Immun. 56: 1567-1573. 

Odriozola, E. 1898. La maladie de Carrion, ou la verruga 
peruvienne. Paris: G. Carre and C. Naud. 

Osebold, J. w., Douglas, J. R., and Christensen, J. E 1962. 
Transmission of anaplasmosis to cattle by ticks ob
tained from deer. Am. J. Vet. Res. 23:21-23. 

Page, L. A. 1974. Order 11. Chlamydiales, p. 914-918. In: 
Buchanan, R. E., and Gibbons, N. E. (ed.), Bergey's 
manual of determinative bacteriology, 8th ed. BaIti
more: Williams & Wilkins. 

Palmer, G. H. 1989. Anaplasma vaccines' p. 1-29 In: 
Wright, I. G. (ed.), Veterinary protozoan and hemo
parasite vaccines. Boca Raton, FL,: CRC Press. 

Palmer, G. H., Barbet, A. E, Kuttler, K. L., and McGuire, 
T. C. 1986b. Detection of an Anaplasma marginale 
common surface protein present in all stages of infec
tion. J. Clin. Microbiol. 23: 1078-1083. 

Palmer, G. H., Barbet, A. E, Musoke, A. J., Rurangirwa, E, 
Katende, J., Pipano, E., Shkap, V., Davis, W. c., and 
McGuire, T. C. 1988a. Recognition of conserved sur
face protein epitopes on Anaplasma centrale and An
aplasma marginale isolates from Israel, Kenya and the 
United States. Int. J. Parasitol. 18:33-38. 

Palmer, G. H., Kocan, K. M., Barron, S. J., Hair, J. A., Bar
bet, A. E, Davis, W. c., and McGuire, T. C. 1985. Pres
ence of common antigens, including major surface pro
tein epitopes, between the cattle (intraerythrocytic) and 
tick stages of Anaplasma marginale. Infect. Immun. 
50:881-886. 

Palmer, G. H., and McGuire, T. C. 1984. Immune serum 
against Anaplasma marginale initial bodies neutralizes 
infectivity for cattIe. J. Immunol. 133:1010-1015. 

Palmer, G. H., Oberle, S. M., Barbet, A. E, Davis, W. c., 
Goff, W. L., and McGuire, T. C. 1988. Immunization 
with a 36-kilodalton surface protein induces protection 
against homologous and heterologous Anaplasma mar
ginale challenge. Infect. Immun. 56: 1526-1531. 



CHAPTER 225 

Palmer, G. H., Waghela, S. D., Barbet, A. E, Davis, W. c., 
and McGuire, T. C. 1987. Characterization of a neu
tralization-sensitive epitope on the Am 105 surface pro
tein of Anaplasma marginale. Int. J. Parasitol. 
17: 1279-1285. 

Pattarroyo, J. H., Villa, 0., and Diazgranados, H. 1978. Ep
idemiology of cattle anaplasmosis in Colombia. I. Prev
alence and distribution of agglutinating antibodies. 
Trop. Anim. Hlth. Prod. 10:171-174. 

Payne, E. H., and Urteaga, O. 1951. Carrion's disease 
treated with chloromycetin. Antibiotics and Chemo
ther. 1:92-99. 

Pierce, M. A., and Castleman, A. R. W. 1974. An intrae
rythrocytic parasite ofthe Moroccan tortoise. J. Wild
life Dis. 10-139-142. 

Perez-Alva, S., and Giustini, J. 1957. La maladie de Carrion. 
Etude morphologique de BartoneIla bacilliformis au 
microscope electronique. Bull. Soc. Path. Exot. 50: 188. 

Peters, D., and Wigand, R. 1951. Neue untersuchungen 
über BartoneIla bacilliformis. I. Morphologie der Kul
turform. Zeitschf. Tropenmed. Parasitol. 3:313-326. 

Peters, D., and Wigand, R. 1952. Neuere Untersuchungen 
über Bartonella bacilliformis. Morphologie der Kultur
form. Zeitschf. Tropenmed. Parasitol. 3:313-236. 

Peters, D., and Wigand, R. 1955. Bartonellaceae. Bacteriol. 
Rev. 19: 150-155. 

Peters, W., Molyneux, N. H., and Howells, R. E. 1973. Eper
ythrozoon and Haemobartonella in monkeys. Ann. 
Trop. Med. Parasitol. 68:47-50. 

Peterson, K. J., Raleigh, R. J., Stroud, R. K., and Goulding, 
R. L. 1977. Bovine anaplasmosis transmission studies 
conducted under controlled natural exposure in a Der
macentor andesoni (= Venustus) indigenous area of 
eastern Oregon. Am. J. Vet. Res. 38:351-354. 

Pinkerton, H. 1963. Textbook ofmedicine, 11th ed., p. 327-
329. Philadelphia, PA: Saunders. 

Pinkerton, H., and Weinman, D. 1937. Carrion's disease. 
11. Comparative morphology ofthe etiological agent in 
Oroya fever and verruga peruana. Proceedings of the 
Society ofExperimental Biology and Medicine 37:591-
593. 

Potgieter, E T. 1979. Epizootiology and control of anaplas
mosis in South Africa. J. S. Afr. Vet. Med. Assoc. 
50:367-372. 

Puntaric, V. 1986. Eperythrozoonosis in man. Lancet 2:868-
869. 

Raether, w., and Seidenath, H. 1977. Survival of Aegypti
anella pullorum, Anaplasma marginale and various 
parasitic protozoa following prolonged storage in liquid 
nitrogen. Zeitschr. für Parasiten kunde 53:51-46. 

Recavarren, S., and Lumbreras, H. 1972. Pathogenesis of 
the verruga of Carrion's disease. Amer. J. Pathol. 
66:461-464. 

Reynafarje, C. 1972. Enfermedad de carrion. Acta Medica 
Peruana 1:195-244. 

Reynafarje, c., and Ramos, J. 1961. The hemolytic anemia 
of human bartonellosis. Blood 17:562-578. 

Ricketts, W. 1949. Clinical manifestations of Carrion's dis
ease. Areh. Intern. Med. 84:751-781. 

Ristie, M. 1960. Anaplasmosis. Adv. Vet. Sei. 6: 111-192. 
Ristie, M. 1962. A eapillary tube-agglutination test for an

aplasmosis-a preliminary report. J. Am. Veto Med. As
soc. 141:588-594. 

Ristic, M. 1968. Anaplasmosis, p. 474-536. In: Weinman, 
D., and Ristic, M. (ed.), Infectious b100d disease of man 
and anima1s, vol. II. New York: Academie Press. 

The Hemotrophic Bacteria 4021 

Ristic, M. 1977. Bovine anaplasmosis, p. 235-248. In: 
Kreier, J. P. (ed.), Parasitic protozoa, vol. IV. New York: 
Academic Press. 

Ristie, M., and Carson, C. A. 1977. Methods of immuno
prophylaxis against bovine anaplasmosis with empha
sis on use ofthe attenuated Anaplasma marginale. Part 
IV. Anaplasmosis, p. 151-188. In: Miller, L. H., Pino, 
J. A., and McKe1vey, J. J., Jr. (ed.), Immunity to blood 
parasites of man and animals. New York: Plenum. 

Ristie, M., and Kreier, J. P. 1984a Bartonellaceae. p. 717-
718. In: Kreig, N. R., and Holt, J. G. (ed.), Bergey's 
manual of systematic bacteriology, vol. 1. Baltimore: 
Williams & Wilkins. 

Ristic, M., and Kreier, J. P. 1984b. Family III. Anaplas
mataceae, p. 719-722. In: Krieg, NR., and Holt, J. G. 
(ed.), Bergey's manual of determinative bacteriology. 
Baltimore: Williams and Wilkins. 

Ristic, M. and Watrach, A. M. 1961. Studies in anaplas
mosis. 11. Eleetronmieroscopy of Anaplasma marginale 
in deer. Am. J. Vet. Res. 22:109-116. 

Ristic, M; and Watrach, A. M. 1963. Anaplasmosis. VI. 
Studies and a hypothesis eoneerning the eyc1e of de
velopment of the causative agent. Am. J. Vet. Res. 
24:267-277. 

Rogers, R. J., and Shields, I. A. 1979. Epidemiology and 
control of anaplasmosis in Australia. J. S. Afr. Vet. 
Med. Assoc. 50:363-366. 

Schultz, M. G. 1968. Daniei Carrion's experiment. N. Eng. 
J. Med. 278: 1323-1326. 

Sehurenkova, A. 1938. Sogdianella moshkovskii gen. nov., 
sp. nov.-a parasite belonging to the Piroplasmidea in 
a raptorial bird-Gypaetus barbatus L. Med. Parasit. 
(Mosk.), 7:932-937. In: Helmy Mohammed, A. H. (ed.) 
1958. Systemie and experimental studies on protozoal 
blood parasites of Egyptian birds, vol. land 11.: Cairo 
University Press. 

Seneviratra, P., Weerasinghe, N., and Ariyadasa, S. 1973. 
Transmission of Haemobartonella canis by the dog tick 
Rhipicephalus sanguineus. Res. Vet. Sei. 14: 112-114. 

Shannon, R. C. 1929. Entomological investigations in eon
nection with Carrion's disease. Am. J. Hyg. 10:78. 

Sharp, J. T. 1968. Isolation of L forms of BartoneIla bacil
liformis. Proc. Soe. Exp. Biol. Med. 128: 1072-1075. 

Shampole, F., Waghela, F. D., Rurangirva, F. R., McGuire, 
T. C. 1989. Cloned DNA probes identify Anaplasma 
ovas in goats and reveal a high prevalence of infection. 
J. Chim. Microbiol. 27:2730-2735. 

Simpson, C. E, Gaskin, J. M., and Harvey, J. W. 1978. UI
trastrueture of erythrocytes parasitized by Haemobar
toneIla Jelis. J. Parasitol. 64:504-511. 

Smith, A. R., and Rahn, T. 1975. An indirect haemaggu
tination test for the diagnosis of Eperythrozoon suis 
infection in swine. Am. J. Vet. Res. 36: 1319-1321. 

Splitter, E. J. 1950. Eperythrozoon suis n. sp. and Epery
throzoon parvum n. sp., two new blood parasites of 
swine. Seienee 111:513-514. 

Splitter, E. J., Anthony, H. D., and Twiehaus, M. J. 1956. 
Anaplasma ovis in the United States: Experimental 
studies with sheep and goats. Am. J. Vet. Res. 17:487-
491. 

Stich, R. w., Koean, K. M., Palmer, G. H., Ewing, S. A., 
Hair, J. A., and Barron, S. J. 1989. Transstadial and 
attempted transovarial transmission of Anaplasma 
mariginale Theiler by Dermacentor variablis. Am. J. 
Vet. Res. 51:1377-1380. 



4022 J.P. Kreier, R. Gothe, G.M. Ihler, H.E. Krampitz, G. Mernaugh, and G.H. Palmer CHAPTER 225 

Stiller, D., Kocan, K. M., Edwards, w., Ewing, S. A., Hair, 
J. A., and Barron, S. J. 1989. Detection of colonies of 
Anaplasma marginale in salivary glands ofthree Der
macentor spp. infected as nymphs or adults. Am. J. 
Veto Res. 51:1381-1385. 

Strong, R. P., Tyzzer, E. E., Brues, C. T., Sellards, A. W., and 
Gastiaburu, J. C. 1915. Report of the first expedition 
to South America, 1913. Cambridge MA.: Harvard 
University Press. 

Swoager, W. C. 1972. Preservation of microorganisms by 
liquid nitrogen refrigeration. Am. Lab. 4:45-52. 

Takano-Moron, J. 1970. Enfermedad de carrion (Bartonel
losis humana). Estudio morfologico de la fase hematica 
y dei periodo eruptivo con el microscopio electronico. 
Anales dei Programa Academico de Medicina Hu
mana. Universidad Naeional Mayor de San Marcos, 
Lima 53:44-86. 

Tanaka, H., Hall, w., Scheffield, J., and Moore, D. 1965. 
Fine structure of Haemobartonella muris compared 
with Eperythrozoon coccoides and Mycoplasma pul
monis. J. Bacteriol. 90:1735-1749. 

Tedeschi, G. G., Bondi, A., Paparelli, M., and Sporvieri, G. 
1978. Electron microscopical evidence of the evolution 
of corynebacteria-like microorganisms within human 
erythrocytes. Experieneia 34:458-460. 

Theiler, A. 1910. Anaplasma marginale (genus nov. et spe
eies nov.). Un nouveau protozoaire du Betail. Bull. Soc. 
Path. Exot. 3: 135. 

Theiler A. 1911. Further investigations into anaplasmosis 
of South African cattle, p.7-76. In: First report of the 
Director of Veterinary Research, Union of South Af
rica. 

Tyzzer, E. E. 1941. The isolation in culture of grahamellae 
from various species of small rodents. Proceedings of 
the National Academy ofSciences ofthe United States 
of America 27:158-162. 

Venable, J., and Ewing, S. 1968. Fine structure of Hae
mobartonella canis and its relations to the host eryth
rocyte. J. Parasitol. 54:259-268. 

Visser, E. S., and Ambrosio, R. E. 1987. DNA probes for 
the detection of Anaplasma centrale and Anaplasma 
marginale. Onderstepoort J. Veto Res. 54:623-627. 

Walker, T. S., and Winkler, H. H. 1981. Bartone/la bacilli
formis: colonial types and erythrocyte adherence. In
fect. Immun. 31:480-486. 

Weinman, D. 1944. Infectious anemias due to BartoneIla 
and related red cell parasites. Trans. Amer. Philos. Soc. 
33:243-350. 

Weinman, D. 1968. Bartonellosis, p. 3-24. In: Weinman, 
D., and Ristic, M. (eds.), Infectious blood diseases of 
man and animals, vol. 2. New York: Academic Press. 

Weinman, D. 1974. Family 11. Bartonellaceae, p. 903-906. 
In: Buchanan, R. E., and Gibbons, N. E. (ed.), Bergey's 
manual of determinative bacteriology, 8th ed. Balti
more: Williams & Wilkins. 

Weinman, D., and Kreier, J. P. 1977. BartoneIla and Gra
hamella, p. 197-233. In: Kreier, J. P. (ed.), Parasitic 
protozoa, vol. New York: Academic Press. 

Weinman, D., and Pinkerton, H. 1937a. Carrion's disease. 
In. Experimental production in animals. Proc. Soc. 
Exp. Biol. Med. 37:594-595. 

Weinman, D., and Pinkerton, H. 1937b. Carrion's disease. 
IV. Natural sources of BartoneIla in the endemic zone. 
Proc. Soc. Exp. Biol. Med. 37:594-595. 

Weisenhutter, E. 1975. Research into the relative impor
tance of Tabanidae (Diptera) in mechanical disease 
transmission. 111. The epidemiology of anaplasmosis in 
a Dar-es-Salaam dairy farm. Trop. Anim. Hlth. Prod. 
7:15-22. 

Wernsdorfer, G. 1969. Possible human bartonellosis in the 
Sudan. Clin. and Micro. Observ. Acta Tropica. 26:216-
233. 

Whitaker, J. A., Fort, E., Weinman, D., Tamasatit, P., and 
Panas-Ampol, K. 1966. Acute febrile anemia associated 
with Bartonella-like erythrocytic structures. Nature 
New Biology 212:855-856. 

Wickwire, K. B., Kocan, K. M., Barron, S. J., Ewing, S. A., 
Smith, R. D., and Hair, J. A. 1987. Infectivity ofthree 
Anaplasma marginale isolates for Dermacentor ander
soni. Am. J. Vet. Res. 48:96-99. 

Wigand, R. 1956. Serologische Reaktionen an Haemobar
t(lnella muris and Eperythrozoon coccoides. Zeit. Tro
penmed. Parasitol. 7:322-340. 

Yeruhan, I., and Braverman, Y. 1981. The transmission of 
Anaplasma marginale to cattle by blood-sucking ar
thropods. Refuah Veto 38:37-44. 

Zachary, J. F., and Basgall, E. J. 1985. Erythrocyte mem
brane alterations assoeiated with the attachment and 
replication of Eperythrozoon suis: a light and electron 
microscopic study. Veto Pathol. 22: 164-170. 



CHAPTER 226 

Streptobacillus monilijormis 

JAMES R. GREENWOOD and SYDNEY M. HARVEY 

Introduction 

The genus Streptobacillus is presently repre
sen ted by one species, Streptobacillus monili
jormis, the etiologic agent of rat-bite fever and 
Haverill fever. S. moniliformis has also been 
known as Haverhillia multiformis, Actinomyces 
muris, Actinobacillus muris, and Haverhillia 
moniliformis. Although the genus Streptobacil
lus was described in the 1920s, taxonomically 
it continues to be a genus of uncertain affilia
tion. Previously this genus was placed in the 
families Parvobacteriaceae (Tribe Haemophi
leae) and Bacteroidaceae. Since the 8th edition 
of Bergy's Manual, Streptobacillus has been de
scribed as a genus of "uncertain affiliation." It 
was recently suggested (Savage, 1989) that S. 
moniliformis is more similar to some ofthe My
coplasmatales. This suggestion is based on the 
low GC content of the DNA (24-26 mol%), 
serum or blood requirements for growth, cho
lesterol incorporation into the cell membrane, 
animal parasitism, and production of L-phase 
organisms. Further clarification of the taxo
nomic position ofthis genus awaits genetic stud
ies, such as DNA-RNA hybridizations. 

Habitats 

S. moniliformis is found in the nasopharynx of 
laboratory and wild rats, with so me studies re
porting as many as 50-100% of wild rats car
rying it as a commensal organism and excreting 
it in their urine (McHugh et al. , 1985). It is 
reported to have caused tendon sheath infec
tions in turkeys, cervical abscesses in guinea 
pigs, epizootics in laboratory mice, and lesions 
in laboratory rats with bronchopneumonia. Hu
mans become involved in the transmission cy
cle through rat bites or from the bites of squir
reIs, weasels, and such rat-eating carnivores as 
dogs, cats, and pigs. Rat bite fever has also been 
reported following the handling of dead rats. 
Haverhill fever may result from the ingestion of 
milk to which rats have had access. 

Selective Enrichment 

S. moniliformis is both fastidious and slow 
growing; consequently it is frequently over
grown by normal flora. Because it is an uncom
mon human pathogen, little work has been done 
to develop a selective culture medium. Re
cently, however, colistin nalidixic acid agar 
(CNA) was used in conjunction with other me
dia to isolate Gram-negative S. moniliformis 
from a 2-month old with a fatal infection fol
lowing a bite by a wild rat (Sens et al., 1989). 
CNA is inhibitory for many other Gram-neg
ative bacteria and the use of this medium or a 
modification combining colistin, nalidixic acid 
and serum might provide a new approach to 
isolation of S. moniliformis from nonsterile 
body sites. 

Isolation 

S. moniliformis growth media should be sup
plemented with either blood, serum, or ascitic 
fluid. Because L-phase variants might be pres
ent in clinical sampies, media formulations 
must also take the specialized growth require
ments of these forms into account. The bacte
rial phase has been isolated on media with 
either a meat infusion or tryptose base enriched 
with 20% horse serum or 15% sterile defibri
nated rabbit blood. L-phase variants are more 
easily observed in culture when grown on the 
clear, serum-containing agar. Agar plates should 
be incubated in a humid environment with in
creased CO2, such as that obtained in a candle 
jar, or in a humidified CO2 incubator. Plates 
should be incubated at temperatures between 
35-37°C. S. moniliformis colonies are greyish, 
round, and have a butyrous consistency. They 
generally have a discrete edge and reach ap
proximately 1-2 mm after incubation for 3 
days. The L-phase colonies exhibit a typical my
coplasma-type "fried egg" appearance and are 
considerably smaller than bacterial colonies. 
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When blood cultures are required to diagnose 
S. moniliformis endocarditis, thioglycolate 
broth appears adequate to support growth. 
However, it appears important not to use broth 
that contains sodium polyanethol sulformate, 
as this has been reported to be inhibiting at 
levels as low as 0.0125% (Lambe et al., 1973). 

Identification 

Table 1 lists the salient features of S. monili
formis. Because ofthe fastidious nature ofthese 
organisms, the literature frequently reports nu
merous discrepant biochemical features prob
ably resulting from the use of different basal 
media. The most comprehensive studies on bio
chemical reactions of this genus are presently 
based on the studies of Aluotto et al., (1970) 
and Cohen et al., (1968). 

Perhaps the most reliable and accessible 
method of testing carbohydrate fermentation is 
to inoculate a 24-h broth culture of S. monili
formis into a cystine trypticase agar (CTA) base 
that contains one drop of rabbit serum and 1 % 
carbohydrate in final concentration. These 
tubes are incubated at 35°C and reactions read 
at 1,2, 7, and 14 days. Inoculated tubes should 
be compared to control tubes consisting ofCTA 
with added carbohydrate and serum. For de
tection of other biochemical features, the work 
ofCohen et al. (1968) should be consulted. Fatty 
acid profiles have also been used to rapidly iden
tify S. moniliformis during an outbreak ofHav-

Table 1. Salient features of Streptobacillus moniliformis. 

Catalase 
Oxidase 
Indole 
Nitrate to nitrate 

Test Result 

H,S production + 
Arginine dihydrolase + 
Serum, blood, or ascitic fluid (required for growth) + 
Phenylalanine deaminase 
Methyl red 
Voges-Proskauer 
Esculin in hydrolysis da 
Gas produced from carbohydrate 
Acid produced from: 

Fructose + 
Glucose + 
Maltose + 
Starch + 
Arabinose 
Dulcitol 
Sorbitol 
Sucrose 

ad = Different biotypes. 
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erhill fever (Rowbotham, 1983). In this work, 
strains were grown in serum broth for 24 h, and 
the cultures were used to prepare fatty acid 
methyl esters. S. moniliformis strains had con
sistent peaks of palmitic, linoleic, oleic, and 
stearic acid. 

The microscopic morphology of S. monili
formis may vary depending on the media used, 
cultural conditions, and age of culture. Gener
ally, cells appear as elongated Gram-negative 
rods, frequently in chains and filaments with 
occasional thickenings along the filaments giv
ing rise to a necklace appearance ("monilifor
mis" means necklace-shaped). S. moniliformis 
is nonencapsulated, nonmotile, and faculta
tively anaerobic. 

Preservation of Cultures 

Cultures of S. moniliformis can be lyophilized 
for effective storage. They can also be subcul
tured in broth, but transfer to fresh broth me
dium is required as frequently as every 24 h to 
maintain viability. Refrigerated agar plate cul
tures can survive up to 15 days. 

Applications 

Animal research personnel are at risk from de
veloping rat bite fever when working with lab
oratory rats. From 1958 to 1983, of 13 cases of 
rat bite fever reported in the Uni ted States, six 
of the cases were associated with bites of lab
oratory rats (Anderson et al., 1983). This is in 
keeping with the high rate of colonization by S. 
moniliformis in these animals. Studies on the 
mechanism of pathogenicity, virulence, and 
host range have not been reported. 
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The Genus Toxothrix 

PETER HIRSCH 

The first description of a bacterium that pro
duced twisted bundles of thin filaments which 
contained oxidized iron was given by Cholodny 
(1924). He called this organism Leptothrix tri
chogenes, the filament-producing Leptothrix. 
The flexible bacterium was observed in a water 
basin next to the river Dnjepr near Kiev, Russia. 
Its cells (diameter approximately 0.5 JLm) were 
connected to form a trichome of up to 400 JLm 
in length. A peculiar movement was observed: 
the U-shaped trichome glided with its rounded 
part forward; both ends of the trichome left 
bundles oftwisted filaments ofpolymer as par
allel "railroad tracks." Occasionally, parts ofthe 
bundles appeared to be drawn out in a fan
shaped fashion (Figs. la, 2). 

Although this first description was very ac
curate, as we know now, later scientists failed 
to notice the presence and importance of the 
flexible, gliding bacterium (trichome); they only 
observed the often rigid, brittle, iron-encrusted 
bundles of filaments. Consequently, these fila
ments were interpreted to be alive, to comprise 
the organism. It appears strange that the pro
ducer of these structures did not attract greater 
interest. 

The explanation for the failure to recognize 
the true nature of Toxothrix came from Krul, 
Hirsch, and Staley (1970), who employed a par
tially immersed, phase-contrast microscope to 
study the formation of such filament bundles 
in an iron spring in Michigan. The bacterial tri
chome was observed to consist of up to 40 rods 
each ofO.5-0.75 X 3-6 JLm, with a totallength 
ofup to 240 JLm. The forward movement ofthe 
often U-shaped trichome consisted of symmet
rical rotation of both trichome ends, which 
thereby left a track on their attachment surface 
that consisted of twisted polymer fibers. Oc
casionally, the torque on the rounded center 
part of the U was released by an upward twist 
followed by a downward "printing" of polymer 
onto the surface of the glass slide. Later these 

This paper is taken directly from the 1st edition of The 
Prokaryotes. 

polymer fibers became encrusted with iron ox
ide. Attempts to study the flexible filaments in 
the laboratory resulted in an explosive lysis that 
occurred within a few minutes after the living 

f 

/ 

Fig. I. Toxothrix trichogenes growing on a slide submerged 
in an iron-spring basin. The flexible trichomes with den se 
granules. (a) Typical V-shape of gliding cells. (b) A trichome 
has fragmented. Bar = 10 f.tm. 

Fig. 2. Toxothrix polymer filaments (twisted bundle, fan
shape) with iron encrustations. There are also sheaths of 
Leptothrix sp. and Gallionella bands. Preparation from the 
same si te as in Fig. I. 
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preparation had been made (Fig. 1 b). Thus the 
absence oftrichomes in sampies ofmany earlier 
observers could be explained (Krul, Hirsch, and 
Staley, 1970). 

The fact that the bundle of twisted fibers was 
different from the "true" sheaths produced by 
other Leptothrix spp. caused Molisch (1925) to 
name this organism Toxothrix Jerruginea 
(toxon, Greek noun, a bow). Later, Beger and 
Bringmann (1953) changed the name partially 
back into Toxothrix trichogenes, a more proper 
name (Hirsch and Zavarzin, 1974). 

Habitats 

The organism is not at all common in nature, 
although in specific habitats it has been found 
with a worldwide distribution. Most observers 
have seen Toxothrix trichogenes in fairly cold 
iron springs under conditions of reduced oxygen 
tension and slightly acidic pH (Table 1). The 
highest water temperature at which Toxothrix 
has ever been reported to grow is 15.5°C; thus 
this bacterium is obviously a psychrotroph. 
Concentrations of femc iron were, when mea
sured, low: 1-2.7 mg/liter Fe2+. Many authors 
do not mention, in their reports, the occurence 
of the gliding Toxothrix trichomes, and thus the 
organism itself could have been absent when the 
more persistent, iron-encrusted filament bun
dIes were seen and the parameters measured. 

If one studies the variety of other bacteria 
present with Toxothrix trichogenes, one discov
ers that Gallionella Jerruginea usually accom
panies it. Leptothrix spp., Siderocapsa spp. or 
Sphaerotilus, Naumanniella spp., and Ochro
bium tectum also occur, but if present they ap
pear in sm aller numbers. The natural habitat of 
Gallionella seems to be very similar to that of 
Toxothrix. But while the former grows best in 
nutrient-poor environments, the Toxothrix tri
chomes seem to prefer a higher concentration 
of organic matter. Also, Toxothrix grows best 
under microaerophilic conditions (Table 1). 

Occurrence of Toxothrix in lakes or ponds 
has rarely been reported. Gorlenko, Dubinina, 
and Kusnezov (1977) found this organism in a 
7- to 8-m depth in a Karelian mesotrophic lake 
and state that, ifmeromictic lakes were studied, 
Toxothrix could be found in one out of three 
such lakes. 

Enrichment Suggestions 

Toxothrix trichogenes has not been obtained in 
pure culture to date. However, natural Toxoth
rix samples-especially from cold iron springs 
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with low pH-can be kept in the laboratory for 
several months, provided they contain so me 
sediment with organic matter and are kept cold 
(5°C) and dark. 

Microscopic examination of such stored sam
pIes often results in rapid lysis ofthe trichomes, 
a behavior also observed in so me other gliding 
bacteria. The reason for the rapid lysis is not 
entirely clear. It could not be caused by a tem
perature that is too high, since lysis will occur 
below temperatures of so me natural habitats. 
Light intensity and lack of oxygen could also be 
ruled out for the same reasons. Toxothrix tri
chomes may be extremely sensitive to pressure. 
Therefore, the cover slip of apreparation for 
microscopy should be carefully supported by 
small fragments of cover slip glass. It mayaiso 
be quite harmful to these organisms to be 
streaked out, for the same reasons. 

Future enrichments should be made with nat
ural sampies that contain many actively gliding 
trichomes; the number of twisted rope struc
tures is quite irrelevant. The liquid medium 
should probably have a pH of 5.5-6.5, a con
stant iron supply of not more than 1-2 mg/liter 
Fe2+, and an oxygen concentration of about 1 
mg/liter. The incubation should be performed 
in the dark and at 5-1O°C. 

Identification 

In the absence of iron-encrusted, excreted fila
ment bundles, Toxothrix trichogenes could be 
mistaken for other gliding bacteria such as Her
petosiphon spp. The genus Haliscomenobacter 
(= Streptothrix), described from polluted en
vironments (see Chapter 201), also shows some 
morphological similarities to Toxothrix. It is 
quite possible that gliding bacteria without such 
filamentous sheaths that have been observed in 
various freshwater, marine, or polluted habitats 
could have been Toxothrix spp. The absence, in 
Toxothrix trichomes, of constrictions at the 
cross-wall sites is quite characteristic. Their 
mode of gliding (in the form of a U) separated 
them from the equally colorless, filamentous, 
and gliding Achroonema spp., which normally 
remain fairly straight. 

Fragmentation of Toxothrix trichomes into 
short rods is more common in some habitats 
than in others, and indicates the possibility of 
there being more than one Toxothrix species. 
Even before fragmentation, one recognizes 
many dense (electron-dense) granules in the 
Toxothrix trichomes. These may be polyphos
phate granules (volutin). After fragmentation, 
each rod-shaped cell usually has two such gran
ules, one at either end. 
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Fastidious Bacteria of Plant Vascular Tissues and Their 
Invertebrate Vectors 

MICHAEL J. DAVIS 

Prokaryotes have been recognized as plant path
ogens since the pioneering research of Burrill 
(1881). However, the concept that these path
ogens inc1ude noncultivable or extremely fas
tidious prokaryotes developed recently, follow
ing the discovery by Doi et al. (1967) and Ishie 
et al. (1967) that mycoplasma-like organisms 
are consistently present in the phloem of plants 
afllicted with various diseases of the yellows 
type (See Chapter 229). This discovery inspired 
renewed investigations into the etiology of nu
merous infectious plant diseases, many of 
which had been assumed to be ofviral etiology. 
Subsequently, not only were additional myco
plasma-like organisms found associated with 
plant disease, but several new groups of fastid
ious prokaryotes were discovered. These organ
isms inc1ude both spiroplasmas (See Chapter 
89) and bacteria that are confined to the vas
cular system of their plant hosts. 

The fastidious plant pathogenic bacteria are 
the subject ofthis chapter. They are usually lim
ited to either the xylem or phloem of the vas
cular system, but some inhabit both tissues. 
They are usually transmitted from plant to plant 
by insect vectors which also serve as hosts. At 
first, the bacteria were frequently referred to as 
"rickettsia-like" because of their fastidious na
ture, and because their morphology, ultrastruc
ture, and insect transmission resembled those 
of animal pathogens in the Rickettsiaceae. 
However, subsequent studies have shown that 
this resemblance is superficial. Altogether, the 
fastidious bacteria of plant vascular tissues are 
phylogenetically diverse and are grouped to
gether largely because of their association with 
plant disease, their endophytic habitat within 
plants, and their fastidious nature. 

Because these bacteria could not be readily 
cultured on conventional bacteriological media, 
their existence in plants was first revealed by 
light and electron microscopy. Subsequently, 
the fastidious, xylem-inhabiting bacterium that 
causes Pierce's disease of grapevines, almond 
leaf scorch disease,' and alfalfa dwarf disease 
was isolated on media specifically devised for 

its axenic culture (Davis et al., 1978). Following 
the development of additional media formula
tions, most known fastidious, xylem-inhabiting 
bacteria have been axenically cultured. Fur
thermore, their role as plant pathogens has been 
confirmed in most cases. 

The fastidibus, xylem-inhabiting bacteria in
c1ude both Gram-positive and Gram-negative 
organisms. The Gram-positive bacteria inc1ude 
the causal agents of ratoon stunting disease of 
sugarcane (Davis et al. , 1980a) and Bermuda
grass stunting diseases (Davis and Augustin, 
1984; Davis et al., 1983a). These two plant path
ogens were found to be related to so me other 
phytopathogenic coryneform bacteria and were 
placed together with these pathogens in the 
newly described genus Clavibacter (see Chapter 
62) (Davis et al., 1984). Most ofthe Gram-neg
ative, fastidious, xylem-inhabiting bacteria have 
been found to be related to one another and 
have been c1assified as Xylella jastidiosa (WeHs 
et al., 1987). Members of Xylella are phyloge
netically related to the xanthomonads based on 
16s rRNA analysis and belong within the 
gamma subgroup of the eubacteria. The re
maining fastidious, xylem- or phloem-inhabit
ing bacteria have not been taxonomicaHy c1as
sified. 

The plant diseases known to be caused, or at 
least are suspected of being caused, by bacteria 
c1assified as X. jastidiosa inc1ude: Pierce's dis
ease of grapevines (Davis et al., 1978; Goheen 
et al., 1973; Hopkins and Mollenhauer, 1973), 
alfalfa dwarf disease (Goheen et al. , 1973; 
Thomson et al., 1978), almond leaf scorch dis
ease (Davis et al., 1 980b; Mircetich et al., 1976), 
phony disease of peach (Davis et al., 1981; Hop
kins et al., 1973; Nyland et al. , 1973; WeHs et 
al. , 1981; WeHs et al. , 1983), plum leaf scald 
disease (Davis et al. , 1981; French and Kita
jima, 1978; Kitajima et al. , 1975; Raju et al. , 
1982; WeHs et al., 1981), elm leaf scorch disease 
(Hearon et al., 1980; Kostka et al., 1984, 1986a); 
mulberry leaf scorch disease (Kostka et al. , 
1986b); oak leaf scorch disease (Chang and 
Walker, 1988; Hearon et al., 1980; Kostka et al., 
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1984); periwinkle wilt disease (Davis et al. , 
1983b; McCoy et al., 1978); Ragweed stunt dis
ease (Timmer et al. , 1981); leaf scorch of red 
maple (Sherald et al. , 1987); sycamore leaf 
scorch disease (Hearon et al., 1980; Sherald et 
al. , 1983); and citrus blight (Feldman et al. , 
1977; Hopkins, 1982; Hopkins et al. , 1978). 
Diseases associated with other Gram-negative, 
fastidious, xylem-inhabiting bacteria include: 
bacterial wilt of Toronto creeping bentgrass 
(Roberts et al., 1981); Sumatra disease of cloves 
(Bennett et al. , 1987; Hunt et al. , 1987); leaf 
scorch of Macadamia integrifolia (Jimenez, 
1982); and a dieback of Chinaberry (Yehsiung 
et al., 1986). 

Except for unconfirmed reports, none of the 
fastidious, phloem-inhabiting bacteria have 
been isolated in axenic culture, including those 
which are also capable of inhabiting the xylem. 
Consequently, little is known about their rela
tionship to one another and to other bacteria. 
Phloem-inhabiting bacteria have been associ
ated with diseases in citrus (Garnier and Bove, 
1977; Garnier et al. , 1984a, 1984b; Moll and 
Martin, 1974), clover (Behncken and Gowan
lock, 1976; Benhamou, 1978; Benhamou et al., 
1978, 1979; Black, 1944; Grylls, 1954; Liu and 
Black, 1974; Markharn et al. , 1975; Windsor 
and Black, 1973a, 1973b), carrot (Giannoti et 
al. , 1974a), coconut palm (Steiner et al., 1977), 
grapevine (Rumbos et al. , 1977; Ulrychova et 
al. , 1975), hop (Vanek et al., 1976), larch (Nien
haus et al., 1976), onion (Konvicka et al., 1978), 
Melaleuca armilaris (Klein et al., 1979), potato 
(Klein et al., 1976), Sida cordifolia (Hirumi et 
al. , 1974), spinach (Nienhaus and Schmutterer, 
1976), sugar beet (Green, 1978; Nienhaus and 
Schmutterer, 1976; Urbina-Vidal, 1974), wheat 
(Ploaie, 1973), and willow (Holmes et al., 1972). 
The bacteria associated with rosette disease of 
sugar beet were also observed in the parasitic 
plant, dodder, wh ich was shown to transmit the 
bacterium to sugar beet (Green, 1978). Double 
infection of the phloem of dodder with both 
mycoplasma-like organisms and fastidious bac
teria has also been observed (Giannotti et al., 
1974b). 

Habitats 

Plant Xylem Habitat 

The xylem is a continuous tissue throughout the 
plant. It has three primary functions: transport 
of water and mineral nutrients, storage of nu
trients, and structural support (Esau, 1965). 
Fastidious, xylem-inhabiting bacteria are as
sociated with tracheary elements of two types, 
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tracheids and vessel members, that function pri
marily in transport. In so me hosts, the bacteria 
are found more frequently in the smaller, thick
walled tracheids than in larger vessels (Hopkins 
et al., 1973; Kitajima et al., 1975). Occasionally, 
however, the bacteria are found in the intercel
lular spaces ofthe xylem (Goheen et al., 1973). 
In the process of xylem differentiation, tra
cheary elements form cell walls with apertures, 
termed pits. Later, the cells become devoid of 
cytoplasm, leaving a hollow vessel. All tra
cheary elements are connected by paired pits 
which have membranes that separate the ad
joining elements. In addition, vessel members 
are joined end-to-end, forming vessels, and the 
adjoining ends have open perforation plates. 
Vessels are not continuous throughout the plant, 
but are of finite length. The length of vessels 
is difficult to determine; it varies with plant 
species and with the time of year the vessels 
develop. In some species (e.g., Eucalyptus ob
liqua) most vessels are less than 50 cm in length; 
however, vessels in tree species with ring-porous 
wood may extend several meters (Esau, 1965; 
Zimmerman and McDonough, 1978). Sap flows 
from one vessel to another through pit mem
branes (Esau, 1965; Zimmerman and Mc
Donough, 1978). Bacteria apparently move 
from one tracheary element to another by 
breaching pit membranes, but whether the 
membranes are enzymatically, or otherwise, 
dissolved or are forcefully ruptured is unknown. 
Often, some tracheary elements are packed with 
bacteria while adjacent elements are not. Pit 
membranes often appear to prevent lateral 
spread of the bacteria, but open perforation 
plates allow relatively unimpeded longitudinal 
spread within vessels. 

Xylem-inhabiting bacteria are confronted 
with a unique physical and nutritional environ
ment. The ascending flow of xylem sap from 
the roots fluctuates in response to transpiration 
of water by the plant; the direction of flow may 
even reverse under conditions of high atmos
pheric humidity combined with low soi! mois
ture (Bollard, 1960). Since no evidence of mo
tility has been observed in xylem-inhabiting 
bacteria, it has been assumed that the flow of 
xylem sap plays an important role in bacterial 
dissemination within the plant. However, there 
is so me question as to wh ether or not vessels 
might be rendered dysfunctional upon the ini
tial entry of bacteria. Zimmerman and Mc
Donough (1978) suggested that an instanta
neous emboli sm usually results from the 
invasion or introduction of bacterial pathogens 
into tracheary elements, thus causing dysfunc
tion. However, Purcell (1989) suggests that such 
damage to vessels might be minimized by the 
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highly evolved feeding mechanism ofthe Hom
opteran vectors of X. fastidiosa. Regardless of 
the initial consequences of bacterial introduc
tion, colonization oftracheary elements is likely 
to impede normal xylem function. If infested 
tracheary elements are dysfunctional, sap from 
adjacent functional tracheary elements might 
serve as one source of diffusable nutrients for 
xylem-inhabiting bacteria. The bacteria might 
also obtain nutrients from the cytoplasmic re
mains within the lumen of tracheary elements. 
Conceivably, sap flow might also be important 
in removal of bacterial waste products. 

The composition and concentration of sol
utes in xylem sap varies with plant species, 10-
cation within the plant, time of day, plant age, 
seasonal cycle, plant nutritional state, and 
health ofthe plant (Pate, 1976). The xylem sap 
provides a qualitatively rich but dilute nutri
tional environment. Xylem sap usually contains 
1-20 mg/mI solids in contrast to phloem sap, 
which usually contains 50-300 mg/mI solids. 
These solids contain numerous soluble com
pounds that might serve as a source of diffusable 
nutrients for fastidious bacteria. Possible car
bon sources for the bacteria include mono- and 
disaccharides such as glucose, sucrose, and fruc
tose, organic acids such as citrate and succinate, 
and a number of other organic compounds in
cluding amino acids and plant-growth regula
tors (Andersen et al., 1989; Bollard, 1960; Pate, 
1976; Wormall, 1924). Possible nitrogen sources 
include both organic and inorganic compounds. 
One organic nitrogenous compound often pre
dominates (Pate, 1976). Amino acids, alkaloids, 
ureides, and amides are included among the ni
trogenous compounds that occur in xylem sap. 
Organic phosphorous, sulfur-containing com
pounds, and essential inorganic salts are also 
present in xylem sap, and vitamins are so me
times present in low concentrations. In view of 
the low solute concentration of their environ
ment, fastidious xylem-inhabiting bacteria may 
need special mechanisms for the acquisition of 
nutrients from sap. 

In electron micrographs of ultrathin sections 
of infected plant material, fastidious, xylem-in
habiting bacteria are sometimes found embed
ded in an electron-dense matrix that is presum
ably of plant origin (Huang et al. , 1986; 
Mollenhauer and Hopkins, 1974). Fibrous 
strands called "osmophilic lines or microfibrils" 
(Lowe et al. , 1976) have frequently been seen 
connecting these bacteria (French et al., 1977; 
Lowe et al., 1976; Mollenhauer and Hopkins, 
1974; Ny1and et al., 1973). Such fibrous stands, 
discussed in greater detail in this chapter under 
Identification, resemble the fibrous polysaccha
ride coats that surround adherent bacteria in 
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diverse habitats (Brooker and Fuller, 1975; Cos
terton et al. , 1978; Latham et al. , 1978; Mc
Cowan et al., 1978). Costerton et al. (1978) sug
gest that these are polysaccharide fibers (termed 
a "glycocalyx") which function in survival and 
pathogenesis. They suggest that the glycocalyx 
may confer such advantages to bacteria as: 1) 
maintaining position in a beneficial environ
ment; 2) adhesion to one another for conser
vation and concentration of digestive enzymes; 
3) provision of a food reservoir that may serve 
as an ionic net similar to an ion exchange resin; 
and 4) protection against host defense mecha
nisms or other stress. If the fibrous stands as
sociated with fastidious, xylem-inhabiting bac
teria confer such advantages, this would help to 
explain how these bacteria survive in the dilute 
but dynamic environment of the xylem. 

With the exception of the fastidious, xylem
inhabiting bacteria associated with so me tree 
diseases (Hearon et al. , 1980; Kostka et al. , 
1984, 1986a, 1986b; Sherald et al., 1983, 1987), 
the bacteria generally occur in geographical 
areas with mild winter climates. Purcell (1977, 
1979) has proposed that the geographical dis
tribution of some ofthe diseases may be limited 
more by cold winters than by the lack of insect 
vectors or host plants. Exposure of grapevines 
with Pierce's disease to -8°C to -12°C for 
various periods of time resulted in remission of 
symptoms or complete recovery from the dis
ease in some test plants (Purcell, 1977). How
ever, when infected grapevines were exposed to 
various winter climates, the highest rate of re
covery from Pierce's disease was not always as
sociated with colder climates (Purcell, 1980), 
suggesting that factors other than cold temper
atures alone may p1ay an important role in their 
survival. Perhaps, desiccation of xylem tissues 
in dormant p1ants is important in this respect. 
Another factor might be 10cation ofthe bacteria 
within their plant host; longer growing seasons 
in warmer climates might allow the bacteria the 
time needed after transmission by insect vectors 
to systemically spread from leaves and small 
branches to larger branches, trunks, and roots 
where there is possibly greater protection from 
adverse environmental conditions. 

Symptoms of diseases in which xylem-inhab
iting bacteria are involved include marginal ne
crosis of leaves, stunting, decline in vigor, and 
decrease in yie1d. Such "wilt" symptoms are 
also produced by many other vascular patho
gens of plants, including bacterial pathogens in 
the genera Xanthomonas, Pseudomonas, Er
winia, Clavibacter, and Curtobacterium (Nel
son and Dickey, 1970; Van A1fen, 1982). Host 
response varies greatly among plants colonized 
by fastidious, xylem-inhabiting bacteria. Such 
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variation may be a function ofboth the relative 
disease resistance of different hosts and the dis
tribution of the bacteria within host plants. 
Peach trees infected with the bacterium that 
causes phony disease of peach and plum leaf 
scald disease do not develop marginal necrosis 
of leaves as symptoms, whereas plums graf ted 
onto peach trees with phony disease develop 
this symptom (French et al., 1978); leaf mar
ginal necrosis is a characteristic symptom of 
plum leafscald disease. Populations ofthe path
ogen are generally much larger in roots than in 
shoots ofboth peach and plum; however, greater 
proportions of the populations are present in 
plum shoots than in peach shoots (Wells et al., 
1980). Interestingly, although wild plum is a 
symptomless host of the pathogen, it is impor
tant in the epidemiology of phony disease of 
peach. The pathogen apparently is more prev
alent in shoots of wild plum than in shoots of 
peach, as evidenced by graft transmission stud
ies (Hutchins et al. , 1953). In grapevines with 
Pierce's disease, leaf marginal necrosis develops 
first in older, more mature leaves, and the extent 
of vascular colonization by the pathogen is di
rect1y correlated with development of this 
symptom (Hopkins and Thompson, 1983). Fur
thermore, colonization is greater in cultivars 
which are more susceptible to the disease. 

A wide range ofplant species can be colonized 
by fastidious, xylem-inhabiting bacteria. Strains 
of X. fastidiosa causing Pierce's disease of 
grapevines can colonize members of at least 28 
families of monocotyledonous and dicotyledon
ous plants; however, recognizable disease symp
toms are produced in only a few of these (Frei
tag, 1951; Hopkins and Adlerz, 1988; Raju et 
al. , 1980; Raju et al., 1983). Similarly, strains 
of X. fastidiosa causing phony disease of peach 
have been found to colonize a wide range of 
host plants, many of which are symptomless 
hosts (Wells et al., 1980). Hopkins (1989) spec
ulates that the list of natural hosts of all strains 
of X. fastidiosa is probably limited more by the 
effort spent looking for other hosts than by the 
host specificity of the bacterium. 

Plant Phloem Habitat 

Like the xylem, the phloem is also a continuous 
tissue throughout vascular plants and comprises 
another important habitat for fastidious bac
teria. It functions primarily in the transport of 
nutrients synthesized by the plant. The ecolog
ical circumstances permitting colonization of 
the phloem by microorganisms involves a spe
cialized insect fauna of plants that specifically 
utilizes this tissue. The habitat breadth of the 
phloem pathogens, therefore, is significantly in-
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fluenced by the plant-host range of the insect 
vectors (Whitcomb and Williamson, 1979). 

The phloem of plants consists, in part, of 
sieve tubes that are comprised of sieve cells (or 
sieve-tube elements) that form a long, pressur
ized conduit. Continuity of the fluids in the tis
sue is provided by pores between sieve ele
ments. Although the pores may be less than 1 
~m in diameter, they may be as wide as 14 ~m, 
and average more than 2 ~m. Thus, prokaryotic 
organisms can generally pass unrestricted from 
sieve cell to sieve cello Electron micrographs of 
microorganisms jammed into sieve pores are, 
therefore, probably artifacts resulting from the 
release of pressure upon sampling of the tissue 
(McCoy, 1979). 

In the phloem of susceptible plants, the mi
croorganisms take advantage of a fluid that is 
rich in many potential nutrients. These include 
inorganic cations and anions, organic acids, 
amino acids, proteins, and carbohydrates. The 
composition of phloem sap can be favorably 
compared with the composition of insect hem
olymph (Saglio and Whitcomb, 1979). To
gether, the two fluids comprise an ecological 
niche that has been filled by several prokaryotic 
taxa. These include the noncultivable, wall-less 
prokaryotes that induce proliferation and vi
rescence in plants (see Chapter 229) and the 
spirophasmas (class Mollicutes; family Spiro
plasmataceae; see Chapter 89). The phloem 
habitat contrasts sharply with that ofthe xylem. 
The xylem exudates of sugar beet (Beta vul
garis,) contain less than one-tenth the concen
tration of total solids, sucrose, reducing sugars, 
and total nitrogen that was found in phloem 
sap (Fife et al., 1962). Also, nitrogenous com
pounds were especially low in xylem exudates; 
physical parameters, such as viscosity, specific 
gravity, electrical conductivity, pH, and os
motic pressure, also differed in the sap of the 
two tissues (Bollard, 1960; Fife et al. , 1962; 
Pate, 1976). 

Fastidious bacteria ofthe phloem-insect hab
itat are small, elongate organisms (1-3 ~m X 
0.2-0.5 ~m). At least 12 disease agents may be 
included in the group. In certain cases (Küppers 
et al., 1975; Petzold et al., 1973), the organisms 
reportedly occur not only in sieve elements, but 
in other phloem cell types as well. Such obser
vations are not unique to phloem bacteria but 
have been made for phloem mycoplasma-like 
organisms as well. Considering that passage 
through plasmadesmata of the plant cell walls 
would be necessary for organisms to gain access 
to cells adjoining the sieve tube elements with
out disruption of the walls and that cells of de
veloping phloem tissue are difficult to identify, 
McCoy (1979) concluded that part or all of the 
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reports of mycoplasma-like organisms in cells 
other than sieve tube elements can be attributed 
to misidentification, either of sieve tube ele
ments as parenchyma cells or of membrane
bound vesicles of host origin as mycoplasma
like organisms. Certainly, the difficulties facing 
mycoplasma-like organisms in such plasmades
matal passages would be even more insur
mountable for the walled (and therefore less 
plastic) prokaryotes that are discussed in this 
chapter, unless some possess the ability to ac
tively ramify through plant tissues. Such move
ment might help to explain reports offastidious 
bacteria simultaneously inhabiting the phloem 
and xylem tissue, and occasionally the paren
chyma and meristematic cells (Nienhaus and 
Sikora, 1979). 

In their plant hosts, the phloem-inhabiting 
bacteria cause diseases characterized by leaf 
stunting and clubbing. Symptoms are often 
mild, and spontaneous recovery may be a sig
nificant feature (Klein et al., 1976). Other symp
toms, such as proliferation of shoots with a re
sulting witches' broom appearance (Hirumi et 
al. , 1974; Holmes et al., 1972; Maramoroush et 
al. , 1975; Nienhaus et al., 1976; Neinhaus and 
Schumutterer, 1976) or floral virescences 
(Black, 1944; Lui and Black, 1974), may be ob
served in some cases. Symptoms of prolifera
tion and virescence are more characteristic of 
diseases caused by another group of phloem in
habitants, the mycoplasma-like organisms (see 
Chapter 229), than those caused by phloem-in
habiting bacteria. At present the physiological 
basis for the proliferation and virescence syn
drome is poorly understood. 

Invertebrate Habitat 

Despite occasional suggestions that so me of the 
fastidious prokaryotic pathogens of plant vas
cular tissues are soil borne (Neinhaus et al. , 
1976; Rumbos et al., 1977), all well-defined vec
tor relationships involve insects. The evolution 
of insect vector relationships with prokaryotic 
plant pathogens and the mechanisms involved 
in insect transmission of these pathogens has 
been reviewed by Purcell (1982a, 1982b). A 
large but well-defined group of insect species 
transmits the xylem-inhabiting bacteria classi
fied as X. fastidiosa. Sharpshooter leathoppers 
(Homoptera; Cicadellidae; Cicadellinae) and 
spittlebugs or froghoppers (Homoptera; Cer
copidae) are the only known vectors of these 
pathogens, and both apparently are xylem-feed
ing insects (Purcell, 1979). The transmission of 
xylem-inhabiting bacteria by Homopteran in
sects has recently been reviewed (Purcell, 1989). 
Little is known about the means oftransmission 
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ofthe fastidious, xylem-inhabiting bacteria that 
have not been taxonomically classified as X. fas
tidiosa. Machaerotid spittlebugs appear to be 
principally involved in the transmission of the 
Sumatra disease bacterium (Eden-Green et al., 
1986). Strains of X. fastidiosa that cause Pierce's 
disease are transmitted by at least 26 species of 
leathoppers (Frazier, 1966; Hopkins, 1977) and 
five species of spittlebug (Severin, 1950). Those 
vectors that have been examined also transmit 
the pathogen to alfalfa, resulting in the devel
opment of alfalfa dwarf disease (Hewitt et al., 
1946) and to almond, resulting in the devel
opment of almond leaf scorch disease (Auger et 
al. , 1974; Mircetich et al., 1976). Furthermore, 
the capacity of this pathogen to infect a wide 
range of plant species, including symptomless 
as well as symptomatic hosts, was originally de
termined by means of insect transmissions 
(Freitag, 1951). This was accomplished even be
fore the nature of the pathogen was known by 
using susceptible grapevine cultivars as indi
cator hosts. Transmission of different patho
genic variants among X. fastidiosa by the same 
leathopper species has been demonstrated on 
several occasions. For example, Homalodisca 
coagulata, Oncometopia undulata, and Cuerna 
costalis transmit both the Pierce's disease path
ogen (Kaloostian et al. , 1962) and the phony 
disease pathogen (Turner and Pollard, 1959), 
and Oncometopia nigricans transmits the path
ogens causing Pierce's disease (Hopkins, 1977) 
and the periwinkle wilt disease (McCoy et al., 
1978). Thus, it appears that insect-vector trans
mission of X. fastidiosa is not governed by strict 
vector-pathogen specificities. In this respect, the 
vector relationship may mirror the pattern of 
wide host preference of the vectors themselves. 
Host preference ofvectors, in turn, may be gov
erned largely by the amino acid composition, 
especially amides, of xylem sap (R. F. Mizell, 
personal communication). 

Although other sap-feeding, suctorial insects 
have been observed to probe the xylem, only 
those adapted for prolonged ingestion of xylem 
sap are efficient vectors of X. fastidiosa (Purcell, 
1989). A large cibarial pump and pump mus
culature permits these insects to ingest copious 
amounts of xylem sap, and a highly developed 
filter chamber in their digestive tract facilitiates 
the efficient absorption ofnutrients from the sap 
(Andersen et al. , 1989). The mechanism of 
transmission of X. fastidiosa has been exten
sively studied in only a few vector species. 
Transmission appears to be noncirculative but 
persistant over the adult lifetime. There is no 
evidence that X. fastidiosa is pathogenic to its 
insect vectors. Evidence supporting the noncir
culative transmission of X. fastidiosa includes: 
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1) the ability of some vectors to very quickly 
acquire and transmit the bacterium (Purcell and 
Finlay, 1979); 2) the lack oftransovarial passage 
of the bacterium from one generation of insect 
to the next (Severin, 1949); 3) the failure of vec
tor insects to transmit following experimental 
injection ofthe bacterium into their body cavity 
(McCoy et al., 1978; Purcell et al., 1979); and 
4) the lack oftranstadial transmission, in other 
words, the failure of previously transmitting in
sects to transmit after molting (Purcell and Fin
lay, 1979). This last feature directly points to 
the involvement of the foregut in transmission, 
because the lining of the foregut is lost during 
molting. 

Microscopic examinations have revealed ex
tensive colonization ofthe foregut ofleafhopper 
vectors by X. fastidiosa (Fig. 1) (Purcell et al., 
1979; Brlansky et al. , 1983). Mats of the bac
terium have been observed lining the entrance 
to the cibarial pump chamber and the chamber 
itself. Colonization of the precibarium has also 
been noted. Purcell (1989) suggests that from a 
functional standpoint, the precibarium is most 
likely the site from which bacteria are egested 
into plants by these vectors. One interesting fea
ture ofinsect colonization by X.fastidiosa is the 
polar attachment of the bacteria to the lining 
of the foregut. This manner of attachment leds 
one to suspect that the fibrous strands seen ex
tending from the polar ends of X. fastidiosa in 
electron micrographs might be directly respon
sible for attachment. Because of the high ve
locity ofxylem sap passing through narrow por
tions of the foregut, such attachment may be 
essential for insect colonization (Purcell et al., 
1979) and, ultimately, survival of X. fastidiosa. 

In many respects, knowledge of insects as 
habitats for phloem-specialized bacteria is 
scanty. Most of these agents are known only as 
suspected plant pathogens; although they are as
sumed to be insect borne, in most cases no vec
tor is known. Vertical transmission (transmis
sion from one generation to the next) has been 
demonstrated in the leafhoppers (Homoptera: 
Cicadellidae) that carry two of these agents 
(Black, 1944; Grylls, 1954); the rates were as 
high as 99%. The demonstration that the clover 
club leaf pathogen was transmitted vertically 
through multiple generations (Black, 1948, 
1950) was the first demonstration that a micro
organism could multiply in both animal and 
plant reservoirs in the course of a complex bi
ological cycle. In contrast, little is known ofthe 
vector-pathogen relationships in the case ofthe 
leafhopper vectors of other clover diseases or 
the psyllid (Homoptera; Psyllidae) vectors of 
citrus disease (Capoor et al., 1974; Catling and 
Atkinson, 1974; McClean and Oberholzen, 
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1965). In the latter case, there is some evidence 
that the organisms multiply in the vector hem
olymph (Moll and Martin, 1973). This claim 
offered hope for eventual cultivation of the 
agents, since other agents that multiply extra
cellularly in arthropods, such as Rochalimaea 
quintana (Vinson, 1966) and spiroplasmas 
(Whitcomb and Williamson, 1979) have proven 
to be cultivable. Recent reports on isolation of 
the citrus greening disease agent (Garnett, 1985) 
would see m to support this contention if they 
can be substantiated; however, it should also be 
noted that with few possible exceptions, the 
phloem borne bacteria and mycoplasmalike or
ganisms remain noncultivable despite their abil
ity to exist extracellularly in insects. 

Isolation 

Selection of Host Material 

Plant hosts are frequently used as a source for 
isolation of fastidious, xylem-limited bacteria. 
Isolation from insects is also possible but is 
more difficult because they normally harbor 
contaminating microorganisms which can not 
be eliminated by surface sterilization. However, 
the efficiency of isolation can be improved by 
using only the heads of surface-sterilized insects 
(Purcell et al., 1979), thus avoiding microflora 
associated with other body parts. Factors that 
govern the choice ofplant material used for iso
lation include: 91) distribution ofthe organism 
within the plant; 92) avoidance ofpotential con
taminants; and 93) ease of bacterial extraction 
from tissue. It is advisable to avoid necrotic tis
sues and, when possible, older tissues that har
bor more contaminants. Generally, the bacteria 
are isolated more easily from more mature tis
sues _of the current year's growth. Plant parts 
with mild symptoms, or that are adjoining 
symptomatic parts, are preferable. In this re
spect, petioles ofleaves exhibiting marginal ne
crosis symptoms have frequently been used. 

Surface Sterilization 

Selective media are not available for isolation 
of fastidious, xylem-inhabiting bacteria; con
sequently, surface sterilization of host material 
is necessary to avoid contamination by other 
microorganisms. Surface sterilization of plant 
material is effective largely because the bacteria 
are systemically distributed within and limited 
to the xylem where few, if any, other microor
ganisms exist. Aqueous solutions of sodium 
hypochlorite may be used for surface steriliza
tion of plant parts (Davis et al., 1978). The plant 
material is immersed in a 0.5% or 1.0% hypo-
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chlorite solution for 2-5 minutes and rinsed 2-
3 times with sterile water to remove residual 
hypochlorite. It is helpful to first dip the plant 
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Fig. I. Scanning electron micrograph 
of the precibarium of the 1eafhopper 
vector Homalodisca coagulata colo
nized by Xylella fastidiosa. (A) Epi
pharynx of the precibarium; floor of 
the cibarial pump visible at top and 
precibarial valve visible toward bot
tom. Bar = 25 !Lm. (B) Enlargement 
of anterior (distal) precibarium col
onized by a dense mat of X. fasti
diosa. Bar = 5 !Lm. (Courtesy ofR. H. 
Brlansky.) 

material into 95% ethanol before treatment with 
sodium hypochlorite solution. In addition to 
being a disinfectant, ethanol also acts as a wet-
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ting agent to facilitate surface sterilization. Un
wanted portions of the plant material, such as 
cut ends that may have absorbed the hypo
chlorite solution, are then aseptically excised 
and discarded. 

Inoculum Preparation for Isolation 

Several different procedures have been used to 
extract fastidious, xylem-inhabiting bacteria 
from surface-sterilized plant parts. Extracts are 
often prepared by expressing sap from sterns, 
rhizomes, petioles, or other plant parts with the 
aid of sterile forceps, pliers, or a hand vice. The 
sap is then collected with a pipette or biotted 
directly onto agar-solidified media. To obtain 
extracts, so me plant parts may be ground in 
several volumes ofbuffer, such as 0.01 M phos
phate buffer, pR 6.9, using a sterile mortar and 
pestle or a mechanical homogenizer. The liquid 
is then decanted from the plant debris and used 
as inoculum (Davis et al., 1981). A similar pro
cedure has also been used to isolate the bacteria 
from their insect vectors (Davis, unpublished 
observations). Centrifugation or vacuum infil
tration may be used to obtain extracts directly 
from sections of roots and sterns. Such proce
dures are advantageous because extracts often 
contain relatively high numbers of xylem-in
habiting bacteria and are free of most plant de
bris. Although it has not been a widely recog
nized problem, plant tissue extracts may inhibit 
bacterial growth. Such inhibition has been 
found for the Sumatra disease bacterium when 
grown in the presence of tissue from clove trees 
(Bennett et al. , 1987). When centrifugation is 
used, the plant material is aseptically placed in 
a conical centrifuge tube such that it does not 
contact the sap after extraction. Otherwise, the 
sap will often be drawn back into the plant ma
terial by capillary action. Centrifugation at 
1000-4000 X times g for 1-5 minutes is rou
tinely used to obtain sap containing Clavibacter. 
xyli subsp. xyli from sugarcane stalk sections 
(Davis et al., 1980a; Davis and Dean, 1984), and 
grapevine sap containing the Pierce's disease 
bacterium has been obtained in a similar man
ner from leaf petioles using a microcentrifuge 
(Davis et al., 1978). In the vacuum infiltration 
procedure, sections of sterns or roots are at
tached to a vacuum flask via rubber couplings 
(Davis et al., 1980a; French et al., 1977; Teakle 
et al. , 1973); cells of the pathogen are then 
flushed out by pulling water or buffer through 
the xylem with vacuum pressure. 

Inoculation of Culture Media 

Several methods of media inoculation have 
been successfully used to isolate fastidious, xy-
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lem-inhabiting bacteria. Direct inoculation of a 
medium with plant extracts is often the most 
expedient method and may be done simply by 
streaking extracts onto medium or by repetitive 
blotting of expressed sap from the cut surface 
of the plant material onto the medium. Serial 
dilutions of extracts may be used as inocu1um 
resulting in the elimination of less numerous 
microbial contaminants by dilution. Further
more, plating aseries of dilutions enables enu
meration of single colonies for quantitative 
studies. Spot inoculations with small volumes 
of inoculum, usually 10 f.L 1, may prove useful. 
Spot inoculations allow different inocula or sev
eral dilutions ofthe same inoculum to be placed 
on the same plate ofagar medium, thereby, con
serving medium and labor. Also, because only 
a small portion of the surface of the medium is 
inoculated, locating and counting the small col
onies common1y developed by fastidious, xy
lem-inhabiting bacteria may be easier. 

Culture Media 

The requirements for culture media vary among 
the different species and strains of xylem-in
habiting bacteria. For X. fastidiosa, this varia
tion is usually much less among strains of spe
cific pathogens grouped together within the 
species. The bacteria causing Sumatra disease 
of cloves (Bennett et al., 1987), bacterial wilt of 
Toronto creeping bentgrass (Roberts et al. , 
1981), and so me strains of X. fastidiosa (Kostka 
et al., 1986b; Fry et al., 1988) will grow on full
strength or diluted nutrient agar. In general, 
however, isolation and continuous cultivation of 
the xylem-inhabiting bacteria is better on media 
specifically formulated for these organisms. Fol
lowing the initial isolation of the Pierce's dis
ease bacterium (Davis et al. , 1978), the PD2 
medium was developed for culturing this bac
terium (Davis et al. , 1980c). Two completely 
autoclavable derivations of the PD2 medium 
were also developed by replacing bovine serum 
albumin with either potato starch (2 g/l; PD3 
medium) or activated charcoal (0.5 g/l; PD4 
medium). Growth of the Pierce's disease bac
terium may be slightly better on the PD2 me
dium than on the autoclavable formulations. 

PD2 Medium for Xylem-Inhabiting Bacteria 
Pancreatic digest of casein (Tryptone 4 g 

[Difco] or Trypticase peptone [BBL] 
Papaic digest of soy meal (Soytone [Difco] 2 g 

or Phytone peptone [BBL] 
Trisodium citrate 1 g 
Disodium succinate 1 g 
Hemin chloride stock (0.1 % bovine hemin 10 ml 

chloride dissolved in 0.05 N NaOH) 
MgSO .. 7H20 1 g 
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K 2HP04 

KH2P04 

Agar 
Distilled water 
BSA stock (20% bovine serum albumin 

fraction five [sigma Chemical Co.] in 
water) 

1.5g 
1 g 

15 g 
1 liter 

10 ml 

All ingredients except the BSA stock are autoc1aved in 
one liter of distilled or deionized water. After autoc1av
ing, the medium is cooled to 50°C, and the filter-ster
ilized BSA stock is aseptically added. The final pH of 
the medium should be approximately 6.9 without ad-
justment. 

The more fastidious strains of X. jastidiosa 
will not grow on PD2 medium. Several media 
formulations have been developed which will 
supportgrowth ofat least some ifnot all ofthese 
strains in culture (Davis et al., 1980a; Davis et 
al. , 1981; Chang and Walker, 1988; Wells et al., 
1981). The PW medium (Davis et al., 1981) is 
perhaps the most widely used of these formu
lations and will support the isolation and con
tinued cultivation of even the most fastidious 
strains of X. jastidiosa, such as those that cause 
both phony disease of peach and plum leaf scald 
disease. The SC medium (Davis et aI., 1980a) 
was developed for cultivation of C. xyli. subsp. 
xyli and C. xyli. subsp. cynodontis, which will 
not grow on PD2 or PW media, and will also 
support growth of less fastidious strains of X. 
jastidiosa. Consequently, it may be advanta
geous to employ several media when attempting 
to isolate a xylem-inhabiting bacterium whose 
identity is unknown. Generally, cycloheximide 
can be added to the PD2, PW, or SC media to 
inhibit fungal contamination without affecting 
bacterial growth; it is filter-sterilized and added 
to the medium at a final concentration of 50 
mg/I. 

PW Medium for Isolating More Fastidious Strains 
of X. fastidiosa 

Pancreatic digest of casein (Tryptone 
[Difco] or Trypticase peptone [BBL] 

Papaic digest of soy meal (Soytone [Difco] 
or Phytone peptone [BBL] 

Hemin chloride stock (0.1 % bovine hemin 
chloride dissolved in 0.05 N NaOH) 

MgSO .. 7H20 
K 2HP04 

KH2P04 

Agar 
Phenol red stock (0.2% phenol red in 

water) 
DistiIled Water 
BSA stock (20% bovine serum albumin 

fracti on fi ve in wa ter) 
Glutamine (8% glutamine in water) 

1 g 

4g 

10 ml 

0.4 g 
I g 
I.2g 

12 g 
10 ml 

I liter 
30 ml 

50 ml 

All ingredients except the BSA and glutamine stocks are 
autoc1aved in one liter of distiIled or deionized water. 
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After autoc1aving, the medium is cooled to 50°C, and 
the filter-sterilized BSA and glutamine stocks are asep
tically added. The final pH of the medium should be 
approximately 6.6 without adjustment. 

SC Medium for Isolating Xylem-Inhabiting 
Bacteria 

Papaic digest of soy meal (Soytone [Difco] 
or Phytone peptone [BBL] 

Hemin chloride stock (0.1 % bovine hemin 
chloride dissolved in 0.05 N NaOH) 

MgSO .. 7H20 
K 2HP04 

KH2P04 

Corn meal agar (BBL) 
Distilled Water 
Glucose (50% glucose in water) 
Cysteine (free base; 10% cysteine in water) 
BSA stock (20% bovine serum albumin 

fraction five in water) 

8g 

15 ml 

0.2 g 
0.5 g 
1.5 g 

17 g 
I liter 
I ml 

10 ml 
10 ml 

All ingredients except the glucose, cysteine, and BSA 
stocks are autoc1aved in one liter of distilled or deionized 
water. After autoc1aving, the medium is cooled to 50°C, 
and the filter-sterilized glucose, cysteine, and BSA stocks 
are aseptically added. The pH should be 6.6-6.7 without 
adjustment. 

Several broth formulations have been used for 
cultivation of fastidious, xylem-inhabiting bac
teria. The PD2 and PW media can be prepared 
as broth media by omitting the agar. The elm 
leaf scorch bacterium (X. jastidiosa), which has 
been difficult to isolate on agar solidified media, 
can be isolated in S8 broth (SC medium without 
cornmeal agar) inoculated with infected wood 
chips (Kostka et aI., 1981). However, once iso
lated in broth culture, this bacterium will grow 
when transferred onto semi-solid PD2, SC, or 
PW media. 

Cultivation 

All of the fastidious, xylem-inhabiting bacteria 
are obligate aerobes and grow best in culture at 
27-29°C. One to three weeks ofincubation are 
usually required to produce visible growth in 
primary cultures. Since most contaminating 
bacteria grow much faster than this, plates can 
be screened early for such contaminants. Be
cause of this relatively long incubation period, 
precautions against excessive desiccation ofthe 
medium are often necessary. 

Preservation of Cultures 

Cultures of X. jastidiosa lose viabity rapidly 
when incubated past log-phase growth, and vi
ability has not been successfully prolonged by 
refrigeration. Viability can be maintained at 
room temperature (25°C) for I to 2 months 
when cells are suspended in 0.01 M phosphate 
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buffer, pH 7.2, or 10% skim milk in water and 
for at least 4 months at - 40°C in 10% skim 
milk in water or 15% glycerol in PW broth me
dium (Jimenez and Davis, unpublished obser
vations). Long-term preservation of X. fasti
diosa is possible with preparations that have 
been freeze-dried in 10% skim milk and stored 
at -20°C (Davis, unpublished observations). 
Long-term preservation ofthe bacteria on silica 
gel in a freezer has also been recommended 
(Hopkins, 1988). 

Identification 
Xylem-Inhabiting Bacteria 

CELL MORPHOLOGY AND ANATOMY The Gram
negative, fastidious, xylem-inhabiting bacteria 
are all nonmotile, aflagellate rods usually meas
uring 0.25 /J- to 0.5 /J-m in width and 1 /J-m to 4 
/J-m in length (Chen et al., 1982; Hopkins, 1977, 
1989). Constriction furrows in the cell wall have 
been interpreted as evidence that the bacteria 
reproduce by binary fission (Hopkins, 1977; 
Lowe et al., 1976; Mollenhauer and Hopkins, 
1974). In cuIture, elongated forms ofthese bac
teria, wh ich measure several times the normal 
cell length in the host plant, are sometimes 
found (Davis et al. , 1978; Davis et al. , 1981; 
Wells et al., 1981). Fewer elongated cells were 
seen on media that support more rapid growth 
of the bacteria, suggesting that cell elongation 
without division occurs in response to a sub
optimal nutritional environment (Davis et al., 
1978). The association of filamentous forms 
with smooth colonies and shorter rods with 
rough colonies was also reported (Wells et al., 
1987). The cell walls of the bacteria have a typ
ical Gram-negative type uItrastructure with 
outer and inner trilaminar unit membranes en
closing a periplasmic space (Fig. 2) (Bennett et 
al. , 1987; Brlansky et al. , 1983; Lowe et al. , 
1976; Mollenhauer and Hopkins, 1974). A pep
tidoglycan or "R-layer" has often been observed 
in the periplasmic space. Although many Gram
negative bacteria have outer cell wall mem
branes which have periodic enfoldings, the en
foldings of X. fastidiosa are often more exag
gerated. The outer membranes have been 
described as rippled, ridged, corrugated, and 
furrowed, and the enfoldings te nd to be per
pendicular to the long axis of the cells. Within 
the plant, host, the cell topography may vary 
within individual tracheary elements, ranging 
from greatly enfolded to smooth (Mollenhauer 
and Hopkins, 1974). This variation may be a 
resuIt of cell deterioration due to aging (Mol
lenhauer and Hopkins, 1974) or defense mech
anisms of the host (Huang et al., 1986). 
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The cytoplasm of fastidious, xylem-inhabit
ing bacteria resembles that of other prokaryotes 
in its content ofribosomes, nuclear regions with 
DNA-like strands, and osmophilic granules 
(Ben nett et al. , 1987; Lowe et al., 1976; Mol
lenhauer and Hopkins, 1974; Nyland et al. , 
1973). Membranous inclusion bodies, which 
appear to be associated with the cytoplasmic 
membrane, were seen in situ in the Pierce's dis
ease bacterium (Davis, 1978; Lowe et al., 1976). 
Occasionally, an electron-lucent zone, which 
may be an artifact of fixation or a capsule, has 
been observed surrounding individual bacteria 
in plants (Davis, 1978; Hopkins, 1977; Lowe et 
al. , 1976; Mollenhauer and Hopkins, 1974). 

In the tracheary elements of plants, fastidi
ous, xylem-inhabiting bacteria often form ag
gregates that appear to be held together by ex
tracellular material produced by the bacteria 
(Mollenhauer and Hopkins, 1974). This mate
rial has been termed fibrous forms (Mollen
hauer and Hopkins, 1974), "osmophilic lines" 
or microfibrils (Lowe et al., 1976), and electron
dense strands (French et al. , 1977; Nyland et 
al. , 1973). Often these strands are more abun
dant at the ends of the bacteria (Fig. 2) (French 
et al., 1977; French and Kitajima, 1978; Lowe 
et al., 1976). Negatively stained preparations of 
the phony disease bacterium revealed filaments 
(French et al., 1977), which might be analogous 
to either the acid polysaccharide coat (Coster
ton et al. , 1978) or to fimbriae (Ottow, 1975) 
observed in other bacteria. Other filaments, 
possibly composed of subunits, were observed 
either attached to the cell wall or in the vicinity 
of cells (Lowe et al., 1976; Nyland et al., 1973). 
Hopkins (1977) considered these to be analo
gous to either fimbriae or possibly to sex pili in 
other bacteria. These filaments were 28-30 nm 
in diameter and of undetermined length; their 
width was approximately three times the usual 
width of fimbriae. Similar appendages have 
been observed attached to the cell wall of a bac
terial symbiont in the pharyngeal diverticulum 
of the olive fly (Poinar et al., 1975). The extra
cellular materials of X. fastidiosa mayaiso be 
associated with virulence within the plant host 
in addition to their possible role in the attach
ment of cells to the lining of the foregut of its 
insect vectors as discussed previously in the sec
tion on invertebrate habitat. Cells of these bac
teria tend to agglutinate when suspensions are 
made from recently isolated cultures, and Hop
kins (1989) has observed that a correlation ex
ists between the loss in culture of the ability to 
agglutinate and of virulence. 

CULTURE CHARACTERISTICS. Fastidious, xylem
inhabiting bacteria usually produce colonies on 
semi-solid media which are circular with entire 
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Fig. 2. Xylem-limited bacteria ofthe species XylellajastidlOsa. (A) Scanning electron photomicrograph of a freeze-fractured 
tracheary element of grapevine with Pierce's disease, showing the causal bacterium in the lumen. Bar = 2.5 /oLm (Courtesy 
ofD. G. Garrott and M. J. Davis.) (B) Pierce's disease bacterium in grapevine showing rippled cell wall with cytoplasmic 
membrane (CM), R-layer (R), and outer membrane (OM). Bar = 50 nm. (Courtesy of H. H. Mollenhauer and D. L. 
Hopkins.) (C) Negatively stained bacterium causing plum leaf scald, showing prominent "fimbriae" extending from the 
cell wall at a longitudinal end of the bacterium. Bar = 0.2 /oLm. (From French and Kitajima, 1978.) (D) Bacterium with 
rippled cell wall associated with e1m leaf scorch disease in tracheary element of elm. Bar = 0.5 /oLm (Courtesy of J. Sherald 
and S. Hurtt.) 
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margins and convex, but sometimes colonies 
are produced that are also circular with undu
late margins and have an umbonate to flat ap
pearance. With the phony disease of peach and 
plum leaf scald bacteria, the convex colonies 
have a smooth surface, whereas the umbonate 
to flat colonies have a rough surface, and both 
colony types can appear in cultures of the same 
strain (Davis et al., 1981). Colonies of freshly 
isolated strains ofthe Pierce's disease bacterium 
are often very viscid, becoming almost granular 
with age, and do not disperse easily in water or 
broth medium. Colonies are usuaHy clear to 
opalescent white and without pigmentation. 
GeneraHy, the slower growing pathogens, such 
as the phony disease bacterium, produce colo
nies in 2 to 3 weeks that reach diameters from 
0.1 to 0.7 mm. The faster growing pathogens, 
such as the Pierce's disease bacterium and Su
matra disease bacterium, produce colonies in 1 
to 2 weeks that reach a diameter from 0.5 to 5 
mm. In broth cultures, doubling times ranging 
from 9 hours to 2.3 days have been reported for 
different strains of X. fastidiosa (Davis, 1978; 
WeHs et al., 1987). 

SEROLOGY. Serological techniques, such as gel 
double diffusion, immunofluoresence, and en
zyme-linked immunosorbent assay (ELISA), 
presently provide the most practical means of 
differentiating X. fastidiosa from other bacteria. 
Both monoclonal (WeHs et al. , 1987) and po
lyclonal (Davis et al., 1979; French et al., 1978; 
Davis et al. , 1981; Davis et al. , 1983b; Lee et 
al. , 1978; Norne et al., 1980; Raju et al., 1978) 
antibodies have been used. AH strains of X. fas
tidiosa appear to be antigenicaHy related, but 
quantitative differences exist among strains as 
measured by ELISA (Davis et al., 1983b; Norne 
et al., 1980; Raju et al., 1982; WeHs et al., 1983). 
However, serological means to distinguish 
among different pathogens within X. fastidiosa 
have not been found, and preliminary reports 
suggest that alternative means, such as analysis 
of pro tein profiles from ceH envelopes (Chang 
and Schaad, 1982) or cloned DNA probes (Ji
menez and Davis, 1987), may prove more useful 
in this respect. 

PHYSIOLOGICAL AND BIOCHEMICAL CHARACTER
ISTICS. AH fastidious, xylem-inhabiting bacteria 
are oxidase negative, catalase positive, and ob
ligately aerobic. Strains of X. fastidiosa hydro
lyze gelatin, and utilize hippurate but do not 
produce indole, H2S, ß-galactosidase, lipase, 
amylase, coagulase, or phosphatase (WeHs et al., 
1987). GeneraHy, the optimum temperature for 
growth in culture is 26-28°C, and the optimum 
pH is 6.5-6.9. Growth ofstrains of X.fastidiosa 
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and the Sumatra disease bacterium in culture 
is usuaHy accompanied by increased alkalinity 
of the medium (Ben nett et al. , 1987; Davis et 
al. , 1980c; WeHs et al., 1987). In minimal me
dium, strains causing Pierce's disease utilize or
ganic acids, such as succinate and citrate, but 
not carbohydrates, such as glucose and sucrose 
(Davis, 1983), and similar resuIts were obtained 
in more complex media (Davis et al., 1980c). 
However, in modified PW medium, growth of 
a number of strains of X. fastidiosa, represent
ing different pathogenic types, was stimulated 
by glucose and several other carbohydrates and 
organic acids but inhibited by citrate and suc
cinate (WeHs et al. , 1987). This discrepancy may 
be due to strain differences or inadequacy ofthe 
methods used to test utilization of organic acids 
and carbohydrates. Interestingly, the predomi
nant organic compounds in xylem fluid of four 
of the plant host species of X. fastidiosa include 
citrate and succinate but not carbohydrates 
(Andersen et al., 1989). Completely defined me
dia would be useful to examine the nutritional 
requirements of fastidious, xylem-inhabiting 
bacteria but have not been developed. Alter
natively, Chang (1988) has examined the en
zyme activities of two strains of the Pierce's 
disease bacterium and found no indication that 
these bacteria have a glycolytic pathway. The 
strains derived energy through the Krebs cycle 
and pentose phosphate shunt. The Krebs cycle 
enzymes found to be active were citrate syn
theta se, aconitase, fumarase, succinyl-CoA 
synthetase, isocitrate dehydrogenase, a-ketoglu
tarate dehydrogenase, succinate dehydrogenase, 
and malate dehydrogenase. Phosphohexose 
isomerase and glucose-6-phosphate dehydro
genase, but not lactate dehydrogenase, were also 
detected. These results support the earlier con
tention that organic acids are the primary 
source of energy for X. fastidiosa. 

A high degree of DNA homology (75-100%) 
exists between pathologicaHy different strains of 
X. fastidiosa, suggesting that the strains are in
distinguishable at the species level (Kamper et 
al. , 1985; WeHs et al., 1987). Less than 5% ho
mology was found between these strains and 
other strains representing different genera con
taining phytopathogenic bacteria and other 
Gram-negative bacteria. The content ofguanine 
plus cytosine (GC) in various strains of X. fas
tidiosa ranged from 49.5 to 53.1 mol%, and the 
genome size ranged from 1.27 to 1.6 X 109 dal
tons. Similarity and signa tu re analysis of 16S 
rRNA sequences indicated that strains of X.fas
tidiosa were most closely related to xantho
monads; the highest similarity being with a 
strain of Xanthomonas maltophilia (WeHs et al., 
1987). 
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Analyses of the composition of total cellular 
fatty acids of strains of X. fastidiosa indicate 
uniformity within the species (Wells and Raju, 
1984; Wells et al., 1987). The major components 
were C16:0 (30%), C16:1 (26.7%), CI7:o (11.6%), and 
C15:0 (8%) fatty acids. The profile was unique 
when compared to those of other taxa. The per
centage of saturated, odd-numbered carbon 
straight chains was higher than in other Gram
negative, phytopathogenic bacteria, and cyclo
propane acids were entirely absent. 

PATHOGENICITY. Host colonization and path
ogenicity in plant diseases caused by fastidious, 
xylem-inhabiting bacteria has recently been re
viewed (Davis, 1989; Hopkins, 1989; Purcell, 
1989). In many situations, pathogenicity tests 
are impractieal for routine identification of 
these bacteria, because of the long incubation 
period required for symptom development in 
plants, usually 2-6 months. Furthermore, loss 
of virulence in culture may complicate matters 
(Hopkins, 1984). Also, the pathogenicity of 
some fastidious, xylem-inhabiting bacteria has 
not been conclusively established. 

Often, plants can be successfully inoculated 
with fastidious, xylem-inhabiting bacteria from 
culture; however, at least in one case, attempts 
to use insect vectors to transmit the bacteria 
from culture to plants has met with very limited 
success (Davis et al., 1978). Various modifica
tions oftwo techniques, the vacuum infiltration 
technique (Davis et al. , 1978; Davis et al. , 
1980b; Sherald et al. , 1983) and the needle 
puncture technique (Davis et al., 1980b, Hop
kins, 1980), have frequently been used for in
oculation of plants. Inoculation of roots 
wounded to expose the xylem has also been re
ported to result in a low frequency of infection 
(Davis et al., 1980b). The prerequisite for suc
cessful inoculation regardless of the technique 
used appears to be the direct introduction of 
inoculum into the xylem which is necessary be
cause the bacteria apparentlY do not have an 
active mechanism for ingress (or egress) 
through other tissues. 

Phloem-Inhabiting Bacteria 

Lafleche and Bove (1970) were the first to rec
ognize a group offastidious, phloem-inhabiting 
prokaryotes, whose limiting structure was more 
complex than that of the wall-less prokaryotes. 
Their studies, discussed also by Saglio et al. 
(1972), clearly showed that the limiting struc
ture of the suspected causal agent of citrus 
greening disease consists of a double membrane 
and, therefore, differs fundamentally in its 
structure from that of the phloem-inhabiting, 
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wall-less agent which has since been named Spi
roplasma citri (Saglio et al., 1973) and shown 
to incite citrus stubborn disease (Markharn et 
al. , 1974). 

Although there have been reports of the in 
vitro cultivation of the fastidious, phloem-in
habiting bacteria associated with plant disease, 
these reports have not been independently con
firmed. They include the cultivation in chick 
embryos of a bacterium from yellows-diseased 
grapevine (Nienhaus et al., 1978) and the cul
tivation in axenic culture of the bacterium as
sociated with citrus greening disease (Garnett, 
1985). With these possible exceptions, failures 
in cultivation have prohibited the development 
of a clear taxonomie concept. However, the or
ganisms appear to have several common struc
tural features, which may indicate a common 
phylogeny and eventual recognition as a taxon. 
The organisms are elongate, 1.3 X 0.2-0.5 Jlm, 
with the usual ribosomal and diffuse nuclear 
regions characteristic of prokaryotic cells (Fig. 
3). They are bounded by a "wavy" structure that 
consists, in part, of two single membranes 
(about 8 nm wide). Presence of cell wall con
stituents is suggested by the total width of the 
limiting structure (20-30 nm) and by the sus
ceptibility of the organisms to penicillin deri
vitives. It is generally agreed that these phloem 
organisms are similar to Gram-negative bac
teria, although their dimensions are certainly at 
the lower limit of the size range. Of special sig
nificance is the apparent absence of an R-layer 
in the periplasmic space of the cell wall (Moll 
and Martin, 1974), which is characteristically 
present in the Gram-negative cell wall (Coster
ton et al., 1974). Although the organisms have 
been referred to as "rickettsia-like" by many 
authors, there is no direct analogy to members 
ofthe Rickettsiaceae; for this and other reasons, 
Moll and Martin (1974) preferred to refer to the 
organisms as "bacteria-like," a term that has 
gained so me acceptance (Klein et al. , 1976). 
Some of the organisms are so small that they 
are visible by phase-contract mieroscopy, but 
not by conventional brightfield microscopy (Liu 
and Black, 1974). Under phase-contrast mi
croscopy, the organisms exhibit an undulatory 
motility in 30% glycerol that ceases upon the 
addition of mercuric chloride or potassium pen
icillin G (Lui and Black, 1974). Thus sensitivity 
to the inhibition by penicillin of cell wall bio
synthesis has been shown both in vivo and in 
vitro (Windsor and Black, 1973a; Ulrychova et 
al. , 1975). The in vivo sensitivity of the organ
isms to tetracycline derivatives has also been 
established (Schwarz and Van Vuuren, 1971; 
Schwarz et al., 1974; Su and Chang, 1976). 
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Fig. 3. Fastidious phloem bacteria. (A) Detail from thin seetion of cell of citrus greening bacterium. Cytoplasmic membrane 
(CM) and outer membrane (OM) are present. Bar = 40 nm. (Courtesy of J. M. Bove.) (B) Thin section of bacterium 
from phloem of white clover (Trifolium repens). Cells are elongate with wavy contour. Bar = 0.2 ,um. (Courtesy of P. G. 
Markham.) (C) Cells of clover club leaf bacterium (B) in transverse section of phloem cell of periwinkle (Catharanthus 
roseus) shoot. The cells contain ribosome-like particles (R) and fine strands (S) representing DNA. CW, cell wall. Bar = 

0.2 ,um. (From Windsor and Black, 1973b.) 

Lui and Black (1974) were able to partially 
purify the clover club leaf organism, prepare 
antiserum that agglutinated organisms to a titer 
of 1/1024, and stain the organisms specifically 
in leafhopper tissue using the fluorescent anti-

body test. More recently, monoclonal antibod
ies have been produced for detection of the cit
rus greening bacterium (Garnier et al. , 1987). 
Serological techniques may eventually be used 
to demonstrate relationships even in the ab-
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sence of successful cultivation ofthe fastidious, 
phloem-inhabiting bacteria. 

Applications 

Although the economic importance of fastidi
ous bacteria of plant vascular tissues is pres
ently related directly to their role as plant path
ogens, ironically, so me may eventually prove 
useful in the control of plant disease and pes
tilence. This point is exemplified by the recent 
effort to control lepidopterous plant pests 
through genetic enhancement of C. xyli subsp. 
cynodontis (Kostka et al. , 1988). By inserting 
the gene for production of the o-endotoxin from 
Bacillus thuringensis var. kurstaki into the ge
nome of C. xyli subsp. cynodontis, it is hoped 
that the bacterium will effect a degree of pest 
control by systemically colonizing plants and at 
the same time producing sufficient amounts of 
the toxin. This concept for an endophytic de
livery system relies on the relatively wide host 
range of this fastidious, xylem-inhabiting bac
teria and the negligible amount of damage due 
to its presence in target hosts. A further advan
tage of using C. xyli subsp. cynodontis is the 
lack of insect vectors which lessens the risk of 
environmental release of the recombinant or
ganism. Other fastidious, xylem-inhabiting bac
teria with insect vectors might make more suit
able delivery systems in some situations, if 
factors governing virulence and vector trans
mission can be understood and manipulated 
when necessary. 
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Mycoplasma-Like Organisms-Plant and 
Invertebrate Pathogens 

BRUCE C. KIRKPATRICK 

Mycoplasma-like organisms (MLOs) are wall
less prokaryotes that cause disease in many 
higher plants and in some cases in the inseets 
that transmit them. Although MLOs morpho
logieally resemble eulturable members of the 
class Mollieutes and are suseeptible to the same 
antibioties, the inability to eontinuously eulture 
these organisms in vitro has prevented their de
finitive classifieation as Mollieutes (Razin and 
Freundt, 1984). However, reeent sequenee 
analysis of MLO 16S ribosom al RNA (rRNA) 
has clearly established that these pathogens 
form a unique cluster of organisms that are phy
logenetieally related to Gram-positive baeteria 
and to eulturable mollieutes. These results, and 
rapid advaneements in MLO taxonomy made 
possible by serological and nucleie acid hybrid
ization analyses, suggest moleeular analyses will 
generate the most important criteria for clas
sifying currently nonculturable wall-Iess pro
karyotes. 

The primary subject of this chapter is plant 
pathogenic MLOs; other plant-associated my
coplasmas are only briefly discussed. Emphasis 
is placed on the advancements that have been 
made in MLO detection, taxonomy, and phy
logeny. 

Biological and Biophysical 
Characteristics of MLOs 

Since their discovery by Doi et al. (1967), MLOs 
have been shown to be assoeiated with more 
than 200 diseases of higher plants (McCoy et 
al. , 1989). MLOs were originally thought to be 
large, unstable viruses (Black, 1954; reviewed 
by Whitcomb and Black, 1982). Electron mi
croscopic observations of plants infeeted with 
"yellows agents" revealed the presence of pleo
morphic, wall-Iess prokaryotes in the phloem 
sieve tube elements of infected plants. These 
pathogens ranged in size from 50 nm, theoret
ically nonviable "elementary bodies" (Maniloff 
and Morowitz, 1972; McCoy, 1979), to fila-

ments that were several mierons long (MeBeath 
et al., 1972). Because these long, thin filaments 
appear to be small spherieal cells when sec
tioned transversely, the true morphology of an 
MLO cell is best revealed by constructing three 
dimensional models from serial sections 
(Waters and Hunt, 1980; Florance and Cam
eron, 1978). Such analyses show that at least 
some MLOs are highly pleomorphic, multi
branched, filamentous organisms, whose fila
ments are often aligned parallel to the length of 
the sieve tube element. Numerous ribosomes 
and occasional fibers, which are thought to be 
DNA, are usually observed within sections of 
viable MLOs (Fig. 1 and 2). These structures 
are useful morphological markers for differen
tiating MLOs from host vesicles that are often 
present in plant phloem. Although similar mor
phological characters are observed in MLO-in
fected insect vectors (Fig. 2), the true mor
phology of MLOs in their insect vectors has not 

Fig. 1. Electron micrograph of X-disease mycoplasma-like 
organisms (X-MLOs) in a sieve-tube element of sweet 
cherry (Prunus avium). Bar = I !Lm. 
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Fig. 2. Electron micrograph of x
MLOs in the brain of an infected Col
landonus montanus leafhopper. Note 
absence of a cell wall. Bar = 0.5 !lm. 

been rigorously established by serial thin sec
tions. 

MLOs are susceptible to antibiotics, such as 
tetracyclines, that inhibit prokaryotic metabolic 
functions. Because MLOs are wall-Iess, they are 
resistant to antibiotics such as penicillin that 
block cell wall synthesis (Ishiie et al. , 1967; 
Davis et al., 1968). When MLO-infected plants 
are injected with tetracyline antibiotics, or 
given foliar application or root drenches ofthis 
antibiotic there is a temporary remission of 
plant disease symptoms and a concurrent re
duction in the number of MLOs within the 
plant. Tetracycline antibiotics have thus served 
as a basis oftherapy and prophylactic treatment 
for so me tree crops, such as coconuts (McCoy 
et al., 1976), pears (Nyland and Moller, 1973), 
peaehes, and eherries (Nyland, 1971; Rosen
berger and Jones, 1977). Unfortunately, the 
therapeutic benefits of tetracycline are only 
temporary and symptoms recur unless plants 
are regularly treated. 

MLOs systemically infect plants by passing 
through phloem sieve plate pores. Their small 
size and lack of a rigid cell wall allow MLOs, 
like culturable mycoplasmas, to pass through 
filters (0.45 Ilm) that normally exclude most 
bacteria. The ability of MLOs to pass through 
filters has also been exploited for separating 
MLOs from host contaminants (Kirkpatrick et 
al. , 1987; Davis et al., 1988). In addition, ex
tracts containing infectious MLOs are usually 
filtered prior to injection into healthy insect 
vectors in order to exclude potentially delete
rious bacteria (Gold and Sylvester, 1982; Mark
harn, 1982b). 

Habitats 

Plant Pathogenic MLOs 

Plant pathogenic MLOs are obligate, intracel
lular parasites that are primarily restricted to 
phloem sieve tubes. Although there were several 
early reports of MLOs residing within phloem 
parenchyma and cell types other than phloem, 
McCoy (1979) dismissed these as either mi si
dentifications of immature phloem as paren
chyma or misidentifications of plant vesicles as 
MLOs. However, the hypo thesis that MLOs re
side only within phloem sieve elements remains 
controversial. For example, two recent reports 
provide substantial evidence that MLOs can be 
found, at least in so me plants, in cells other than 
phloem sieve elements. Siller et al. (1987) pro
vided very thorough and convincing histologi
cal evidence that MLOs can be found in the 
parenchyma cells of a dodder species, Cuscuta 
odorata. Their numerous micrographs clearly 
documented the presence of MLOs in thin
walled, nucleated cells that contained mito
chondria, dictyosomes and other plant organ
elles not normally found in mature sieve tubes. 
Sears and Klomparens (1989) examined MLO
infected Oenothera growing as differentiated 
plantlets in tissue culture and described MLOs 
in nucleated cells that contained plastids and 
mitochondria. Based on the presence of these 
organelles and other morphological criteria, 
they classified these MLO-infected cells as 
phloem parenchyma. Although it should be 
noted that neither the MLO-infected Cuscuta 
nor the tissue-cultured Oenothera represent 
"typical" MLO plant hosts, evidence presented 
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in these and other reports (Esau et al. , 1976) 
suggests that MLOs are not restricted only to 
phloem tissues in all infected plants. One major 
question raised by these reports is how the 
MLOs were able to enter the parenchyma cells 
because parenchyma plasmodesmata are 
thought to be too sm all (less than 50 nm) to 
per mit the passage of viable MLOs. The di
lemma posed by MLO movement through par
enchyma plasmodesmata is further supported 
by observations that culturable mycoplasmas 
cannot pass through 0.1 JLm filters. 

MLOs can be classified into three main 
groups on the basis of plant disease symptoms 
(Markharn, 1982a; Kirkpatrick, 1989): 1) The 
"decline agents" produce a general stunting, fol
iar chlorosis, limb or shoot dieback, root ne
crosis, and a reduction in leaf and flower size; 
however, flower color and morphology is nor
mal. 2) "Proliferation agents" may produce 
so me of the same symptoms as the decline 
agents, but this group also causes proliferative 
growth of leaves and shoots whose internodes 
are shortened in at least so me of their plant 
hosts. These infected plants have a bunchy 
growth habit, producing symptoms that have 
been described as "witches' brooms." 3) Most 
"virescence agents" also cause leaf chlorosis 
and leaf, shoot, and flower proliferation. In ad
dition, flower morphology and pigmentation are 
dramatically altered. Plant tissues that would 
normally become petals and sepals instead de
velop into leaf-like structures (phyllody) and 
normally pigmented flowers become green (vi
rescence). 

Symptoms produced by virescence MLOs 
strongly suggest that these pathogens alter the 
normal balance of plant growth regulators in 
infected plants. Several studies have shown al
tered levels of phytohormone activity in viresc
ence-infected plants (Davey et al. , 1981; Ga
borjanyi and Sziraki, 1978). However, it is not 
known whether the MLOs synthesize plant 
growth regulators, like so me other phytopath
ogenic prokaryotes (Panopolous and Peet, 1985; 
Morris, 1986) or ifthe MLOs interfere with the 
normal balance of endogenous plant hormones. 
Perhaps the best example of an MLO that ap
pears to produce a plant growth regulator is the 
beet leafhopper transmitted virescence agent 
(BLTVA-MLO) (Golino et al. , 1987). Several 
plants that normally require short photoperiods 
or cold temperatures to induce flowering will 
flower under noninductive conditions when in
fected with the BLTVA-MLO. Exogenous ap
plications of gibberellic acid (GA) also induce 
similar flowering responses in these plants. In
hibitors that block the action of GA prevent the 
premature flowering of BLTVA-MLO-infected 
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plants, suggesting either that the BLTVA-MLO 
may produce a compound(s) with GA-like ac
tivity or that this pathogen alters normal en
dogenous GA levels in the plant (Golino et al., 
1988). 

MLOs appear to systemically colonize plant 
hosts in one oftwo ways, depending on the path
ogen and possibly the plant species. One colo
nization pattern is typified by the X-disease 
MLO (X-MLO), which first multiplies to high 
cell densities in the roots of experimental plant 
hosts such as celery (Apium graveolens) and 
periwinkle (Catharanthus roseus). As the roots 
become necrotic, the numbers of X-MLO cells 
in the leaves increase and typical foliar symp
toms develop. Celery or periwinkle infected 
with virulent X-MLO isolates usually collapse 
one or two months after inoculation, at which 
time virtually nothing remains of the root sys
tem (Kirkpatrick, 1986, 1989). Extensive root 
necrosis is also observed in several other MLO 
"decline diseases" such as pear decline (Schaper 
and See müller, 1982), apple proliferation (See
müller et al. , 1984a, 1984b), and elm yellows 
(Braun and Sinclair, 1976). Most of the decline 
agents of perennial woody plants recolonize the 
above-ground portions of their hosts from the 
roots each spring (See müller et al. , 1984a 
1984b). Decline-type MLOs also differentially 
colonize the above ground portions of a plant 
host. For example, in the spring the X-MLO 
initially multiplies to higher densities in the 
fruit peduncles than in the leaves of sweet 
cherry (Prunus avium) trees (Kirkpatrick, 
1986). X-MLO densities are highest in the pe
duncles when the fruit is fully mature, are low 
in the leaves until after the fruit ripens and se
nesces, and they continue to increasein the 
leaves untillate in the fall. The ability ofhealthy 
insect vectors to acquire X-MLO from infected 
cherry trees also correlates with this seasonal 
change of MLO densities in the leaves (Suslow 
and Purcell, 1982; Kirkpatrick et al., 1987). 

In contrast to the decline agents, the "viresc
ence" MLOs, such as the aster yellows (AY) 
pathogens, usually cause little root necrosis, and 
infected plants may live as long as healthy ones. 
Furthermore, the colonization pattern of peri
winkle by the severe strain of western aster yel
lows MLO (SAY -MLO) was quite different from 
the X-MLO (Kuske, 1989; Kuske and Kirkpa
trick, 1990b). After a SAY-MLO-infected sc:ion 
was grafted onto a healthy plant, the pathogen 
colonized and multiplied to high numbers in the 
immediately adjacent shoot, rather than in the 
roots. The SAY-MLO continued to preferen
tially multiply in the shoots, and pathogen num
bers remained uniform and comparatively low 
in the roots. 
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MLOs Associated with Insect Vectors 

Despite numerous attempts, it has not been pos
sible to mechanically infect healthy plants with 
infectious MLO extracts. Although the reasons 
for this failure are uncertain, the rapid accu
mulation of callose and P-protein that occurs 
when a phloem sieve tube is injured may play 
a significant role (McCoy, 1979). Because ofthe 
cost and logistical difficulties involved with 
maintaining colonies of healthy and MLO-in
fectious insect vectors, the development of 
methods to mechanically inoculate MLOs into 
plants would greatly facilitate research on this 
group of recalcitrant plant pathogens. 

Although MLOs can be transmitted from in
fected to healthy plants by scion and root grafts, 
most natural transmission occurs via phloem
feeding insects, especially leafhoppers (Cicadel
lidae). A few species of planthoppers (Fulgori
dae) and psylla (Psyllidae) also transmit MLOs 
(Tsai, 1979). The specificity of MLOjvector re
lationships has been historically important in 
identifying and differentiating MLOs. However, 
there are so me insect vectors, such as the leaf
hopper Fieberiella florii, that can efficiently 
transmit several distinctly different types of 
MLOs (Severin, 1946; Wolfe et al., 1951). The 
utility of vector transmission characteristics in 
classifying MLOs is therefore limited. 

All MLOs circulate through and multiply in 
their insect vectors before being transmitted to 
a healthy plant. The transmission latent period 
within a vector is typically 2 to 8 weeks (Tsai, 
1979; Purcell, 1982). After the MLO is acquired 
from the phloem of infected plants, it penetrates 
and multiplies in the vector's gut epthelial cells. 
The MLO then passes through the gut epithelial 
cells, enters the insect's hemocoel, and presum
ably multiplies in the hemolymph. Depending 
on the particular MLO, it mayaiso invade adi
pose tissues, nerve ganglia, the brain, and other 
organs of the insect vector (Fig. 2) (Whitcomb 
et al. , 1967, 1968a, 1968c; Nasu et al. , 1970; 
Sinha and Chiykowski, 1967). However, the 
MLO can be transmitted to a healthy plant only 
if it can penetrate, multiply in, and exit from 
the insect's salivary gland. The existence of gut 
and salivary gland "barriers" has been experi
mentally substantiated. One can bypass the 
"gut barrier" and greatly shorten the normal 
latent period within the vector by injecting 
MLO-infectious insect extracts into healthy 
vectors using fine needles (Whitcomb et al. , 
1966; Markham, 1982b). If infectious MLO ex
tracts are injected into a nonvector, the MLOs 
can multiply in the nonvector's hemolymph and 
possibly other organs, but the pathogen will not 
enter the salivary gland nor will it be transmit-

ted to healthy plants (Purcell et al., 1981). Sim
ilarly, so me MLOs can multiply in a nonvector's 
gut cells, but in such cases MLOs are not found 
in the hemolymph or salivary glands and the 
insects do not transmit the pathogen to healthy 
plants (Sinha and Chiykowski, 1967). Thus, 
there are a number of tissue-specific "barriers" 
within a potential insect vector that an MLO 
must cross before it can be transmitted to a 
plant host. Furthermore, once inoculated into 
a potential plant host, the MLO may or may 
not multiply; the factors determining plant host 
susceptibility are currently unknown. 

It has been clearly established that some 
MLOs are pathogenic to their insect vectors. 
Jensen (1959) reported that Colladonus mon
tanus leafhoppers infected with the peach yel
low leafroll strain of X-MLO lived approxi
mately half as long as uninfected leafhoppers. 
Light microscopy revealed numerous patholog
ical lesions in the brain, thoracic ganglia, sali
vary gland, and adipose tissues of X-MLO-in
fectious C. montanus leafhoppers (Whitcomb et 
al. , 1967, 1968a, 1968c). Electron microscopic 
examination of infectious C. montanus leaf
hoppers showed that these same tissues con
tained large numbers of X-MLOs (Nasu et al., 
1970), thus suggesting that MLO-induced path
ologies were responsible for increased vector 
mortality. Jensen (1971) also established that 
X-MLO-infected C. montanus produced fewer 
off spring than did healthy leafhoppers. Similar 
increases in mortality were reported for six leaf
hopper species which transmit the maize bushy 
stunt MLO (MBS-MLO) (Madden and Nault, 
1983; Nault et al., 1984), although no deleteri
ous effects were observed on two other MBS
MLO vector species. In summary, it appears 
that some decline agents (X-MLO) and prolif
eration agents (MBS-MLO) negatively affect 
their insect vectors. Interestingly, there does not 
appear to be any significant deleterious effect of 
the AY-MLO, a virescence agent, on the lon
gevity or fecundity ofits insect vectors (Severin, 
1946); however, some cytological abnormalities 
were observed in AY-MLO-infected Macro
steles severini (Hemmati and McLean, 1980; 
Hemmati, 1977). 

At least two plant pathogenic mycoplasmas 
can change the host plant preference of a non
vector leafhopper. Dalbulus maidis, a leafhop
per that can transmit both the MBS-MLO and 
Spiroplasma kunkelii, will normally feed and 
reproduce only on maize (Zea mays) and closely 
related species such as teosinte (Zea mays mex
icana) (Nault, 1985). When experimentally con
fined to other plant hosts the leafhoppers 
quickly die. However, D. maidis placed on any 
of several plant species infected with the AY-
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MLO (Maramorosch, 1958; Purcell, 1988) or 
Spiroplasma citri (Purcell, 1988) subsequently 
live for prolonged periods on nonhost plants. D. 
maidis never transmitted either AY-MLO or S. 
citri to plants. 

Nonphytopathogenic MLOs in Insects 

Nonculturable, walled and wall-Iess prokar
yotes have been observed in many insect orders 
that feed on plant vascular fluids, especially the 
Homopterans, several families of which trans
mit plant pathogenic mycoplasmas (Buchner, 
1965; Houk and Griffiths, 1980). Extensive elec
tron microscopic examination of Colladonus 
montanus, a vector of X- and AY-MLOs, and 
Macrosteies severini, a vector of the AY -MLO, 
documented the presence of wall-Iess prokar
yotes in these healthy leafhoppers (Fig. 3) Nasu 
et al. (1970) reported that the extracellular 
MLOs were normally associated with the mid
gut epithelial cells of healthy C. montanus. 
However, if an extract containing these wall-Iess 
symbionts from healthy C. montanus was in
jected into healthy C. montanus leafhoppers, 
the gut-associated symbionts rapidly multiplied 
to high cell densities in the fat bodies, mal
pighian tubules, and even the salivary glands of 
injected leafhoppers. But, the gut-associated or
ganisms were apparently never transmitted to 
plants. Similar nonculturable mycoplasmas 
were observed in the midgut epithelial cells of 
M. severini (Hemmati, 1977). Unlike some of 
the plant pathogenic MLOs, the wall-Iess or
ganisms associated with M. severini did not ap
pear to produce pathology in the cells that they 
colonized. 

Given the prevalence of obligate insect sym
bionts and the intimate relationship the plant 
pathogenic MLOs have with their insect vec
tors, it may be possible that plant pathogenic 
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MLOs evolved from an insect symbiont(s) or a 
common progenitor mollicute. The ability to 
isolate and characterize evolutionarily con
served markers, such as the 16S rRNA, may 
provide direct genetic evidence concerning the 
possible relationship between insect symbionts 
and plant pathogenic mollicutes. 

Mollicutes Isolated from Plant Surfaces 

A number of culturable, nonhelical and helical 
mollicutes have been isolated from plant sur
faces, especially flowers (reviewed by Tully, 
1989; Hackett and Clark, 1989; see also Chapter 
89). Because no organisms were isolated from 
flowers caged to exc1ude insects, it is assumed 
that these mollicutes were deposited in the floral 
nectaries by visiting insects. Whether these 
wall-Iess prokaryotes are truly epiphytes is un
certain because it has not been established that 
they multiply on plant surfaces. 

A spiroplasma, later designated Spiroplasma 
floricola (Davis et al., 1981), and some nonhel
ical mycoplasmas were isolated from non-sur
face-sterilized flowers of the tulip tree, Liriod
endron tulipifera (Davis, 1978). Although the 
nonhelical isolates obtained in this study were 
not further characterized, other workers have 
isolated both mycoplasmas and acholeplasmas 
from insect-visited plants. A serologically 
unique acholeplasma, Acholeplasma florum, 
was isolated from the surface of several tropical 
flowers growing in South Florida (McCoy et al., 
1984). Several sterol-requiring mycoplasmas, 
which were serologically unrelated to the 80 rec
ognized Mycoplasma species, were isolated 
from Melaleuca quinquenervia flowers. One of 
the isolates was characterized, and it has been 
proposed that this organism be named Myco
plasma melaleucae (Tully et al. , 1990). Even 
though their A·T rich genome should be sus-

Fig. 3. Wall-less prokaryotes (arrows) 
associated with amidgut cell in a 
healthy Macrosteies severini leafhop
per. m, mitochondrion. Bar = 0.5 
ILm. (Courtesy of K. Hemmati). 
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ceptible to damage by ultraviolet-induced thy
mine dimerization, it appears that so me My
coplasma species can survive on leaf surfaces. 
For example, a serologically distinct organism, 
whose proposed name is M. lactucae, was iso
lated from nonsterilized lettuce leaves (Somer
son et al., 1982; Rose et al., 1990). These studies 
suggest that a number of other mycoplasmas 
will likely be isolated from plant surfaces that 
are visited by insects or other animals. Future 
studies directed towards understanding the ef
fects of these organisms on the microbial ecol
ogy of the phyllosphere and the relationship 
they have with their insect hosts should be most 
interesting. 

Cultivation of MLOs 

As previously stated, there have been no con
firmed reports of continuous in vitro cultivation 
of nonhelical, plant pathogenic mollicutes. 
Some success has been achieved in maintaining 
the infectivity of insect-derived MLO extracts 
for several days (Nasu et al. , 1974b; Smith et 
al. , 1981). The infectivity ofX-MLOs residing 
within dissected salivary glands was main
tained for 120 days in insect tissue culture me
dium; however, there was no evidence that the 
MLOs within the cultured salivary glands mul
tiplied (Sugiura et al. 1984). 

Several very fastidious spiroplasmas were re
cently cultured in vitro by growing the spiro
plasmas in media conditioned by monolayers of 
cultured insect cells (Hackett and Lynn, 1985; 
Hackett et al., 1986). Although similar attempts 
to infect monolayers of cultured leafhopper epi
thelial cells with the X-MLO were unsuccessful 
(Richardson and Jensen, 1971), the particular 
system used to culture the fastidious spiroplas
mas has not yet been applied to MLO culture. 

Some of the virescence MLOs have been suc
cessfully maintained for long periods oftime in 
plantlets but not undifferentiated callus grown 
in tissue culture. Jacoli (1974, 1978) maintained 
an isolate of eastern aster yellows MLO (EAY
MLO) in carrot explants growing in plant tissue 
medium containing kinetin and auxin. In con
trast to the numerous roots produced by healthy 
carrot tissues, the EAY-MLO-infected explants 
produced numerous shoots, but no roots. Sim
ilarly, Sears et al. (1989) were able to maintain 
AY-MLO-infected Oenothera explants in plant 
tissue culture. Like the MLO-infected carrots, 
these explants also produced numerous shoots 
but no roots. In both cases the MLOs grew to 
very high cell densities, offering a uniform and 
continuous supply of MLO-infected tissues 
which can be easily manipulated in the labo
ratory. 

Microscopic Identification 
ofMLOs 

Electron microscopy (EM) provided the first 
evidence that plant yellows diseases were 
caused by wall-less prokaryotes rather than by 
viruses (Doi et al., 1967). Transmission EM is 
still a valuable tool for confirming the presence 
of MLOs in a particular plant or insect host. 
The reader is referred to several excellent re
views concerning the specifics of sam pIe prep
aration and potential interpretation problems 
inherent in EM studies (Waters, 1982; Mark
harn, 1988; Chen et al. , 1989; Norris and 
McCoy, 1983). Because MLOs are pleomorphic 
organisms, neither electron nor light micros
copy can be directly used to morphologically 
distinguish one MLO from another (McCoy, 
1979). However, EM may be useful for differ
entiating MLOs from spiroplasmas, ifthe latter 
organisms exhibit their typical helical mor
phology in the tissues being examined. 

Several staining procedures have been used to 
visualize MLOs by light microscopy (reviewed 
by Waters, 1982). Perhaps the most widely used 
light microscopic technique involves staining 
MLO DNA with DAPI (4'-6-diamidino-2-phen
ylindole), a DNA-binding fluorochrome, and 
examining stained tissues with an epifluores
cence microscope. Although this method is con
siderably faster than examining tissues by EM, 
it requires some experience to differentiate the 
fluorescence of DNA-containing organelles 
such as mitochondria from MLOs. DAPI vis
ualization of MLOs is most efficacious for ex
amining high titer herbaceous plant hosts; how
ever, if the appropriate controls are used, this 
technique can also be used to detect MLOs in 
woody plants (Seemüller, 1976; Douglas, 1986; 
Schaper and Converse, 1985), in which they are 
usually present in low numbers. 

Purification of MLOs from 
Infected Hosts 

Considerable progress has been made recently 
in the development ofprotocols to purify MLOs 
from infected plant and insect hosts (reviewed 
by Kirkpatrick, 1989). Although MLO-enriched 
fractions can now be routinely obtained from 
both infected plants and insects, much of the 
early work on purifying MLOs was done with 
infected insects. Infected insects, rather than 
plants, were used in these early studies because 
the MLO numbers were much higher in insects 
than in plants. The efficacy of a particular pu
rification protocol was bioassayed by injecting 
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the preparation into healthy vectors and ob
serving whether the injected insects transmitted 
the pathogen to test plants. Extracts derived 
from plants were never as infections as extracts 
derived from insects, possibly because of lower 
pathogen numbers and inhibitors present in 
plant extracts (Liao and Chen, 1980). Early in
fectivity assays helped establish the optimum 
buffers, pH, and osmolarity that best main
tained MLO infectivity (Lee and Chiykowski, 
1963; Whitcomb et al. , 1968b; Smith et al. , 
1981). Viability of the pathogen was achieved 
using buffers between pH 6.5 to 8.0 containing 
divalent cations and glycine, and whose os
molarity was 300 to 900 mOsmol. 

Most MLO purification protocols are very 
similar to those that are used to isolate mito
chondria from plant or insect hosts (reviewed 
by Kirkpatrick, 1989). In such procedures, the 
tissue is disrupted and the MLOs are separated 
from host debris and large organelles by differ
ential centrifugation. MLOs are then pelleted 
by centrifugation at approximately 20,000 X g 
for 20 minutes. In some cases these simple ex
tracts have been used as immunogens for the 
production ofMLO-specific polyclonal or mon
oclonal antibodies (Caudwell et al., 1982; Clark 
et al., 1983, 1989). However, polyclonal antisera 
produced against partially purified MLOs usu
ally requires extensive cross-absorption with 
healthy plant extracts to reduce cross reactions 
with plant antigens. In other protocols, MLO
enriched extracts were further purified by re
peated differential centrifugation or fractiona
tion on sucrose (Whitcomb et al., 1968b; Nasu 
et al. , 1974a) or PercollR density gradients 
(Jiang and Chen, 1987; Davis et al., 1988). 
Other modifications ofthis basic isolation tech
nique include the use of plant-cell-wall degrad
ing enzymes to enhance the recovery of intact 
MLOs (Lee and Davis, 1983, 1988) and the re
moval of host contaminants from MLO-en
riched extracts using antibodies directed against 
healthy host antigens (Kirkpatrick, 1986 and 
unpublished observations). High quality MLO 
preparations were also obtained by affinity 
chromatography using MLO-specific mono
clonal antibodies (Jiang et al., 1988). However, 
even MLOs purified by affinity chromatography 
still contain so me residual host contaminants 
which may or may not interfere with MLO-spe
cific analyses. 

Serological Detection and 
Antigenie Properties of MLOs 

Historically, the taxonomy ofmycoplasmas has 
relied heavily on the serological differentiation 
of these cultivable but morphologically indis-
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tinguishable organisms. It is now clear that like 
the classical mycoplasmas, MLOs can also be 
differentiated on the basis of their antigenic 
properties. The results of the following MLO 
serological studies are summarized in Table 1. 

Several polyclonal (Pab) and monoclonal 
(Mab) anti sera have been prepared against plant 
pathogenic MLOs isolated from plants. Sinha 
and coworkers used an elaborate purification 
procedure to obtain immunogens from plants 
infected with Canadian asters yellows (CAY), 
Canadian clover phyllody (CCP) and Canadian 
isolates of eastern X-disease (EX) MLOs 
(Sinha, 1974, 1979; Sinha and Chyikowski, 
1984). Pabs produced against these immuno
gens were used in enzyme-linked immunosor
bent assays (ELISA) and immunospecific elec
tron microscopy to detect these MLOs in plants. 
In their studies, the CAY-MLO and the CCP
MLO were serologically indistinguishable and 
neither was serologically related to the EX
MLO (Sinha and Benhamou, 1983). In contrast, 
Clark et al. (1983) produced Pab against Eu
ropean clover phyllody (ECP) MLO and re
ported no cross reactivity between this anti
serum and an isolate of European AY (EuAY
MLO). Because very high ELISA readings were 
obtained when strawberry plants infected with 
green petal disease were tested using the ECP
MLO antiserum, these two diseases are prob
ably caused by similar, if not identical, MLOs. 
The apparent antigenic similarity between these 
two MLOs also agrees with previous insect vec
tor transmission studies (Frazier and Posnette, 
1957). Hobbs et al. (1987) produced Pab against 
the peanut witches' broom (PWB) MLO using 
an extraction protocol very similar to Clark's. 
No serological cross reactions were observed 
with the other MLOs that were examined. Sim
ilar procedures were used to prepare immuno
gens and Pab against four virescence MLOs 
(eastern and western AY, potato witches' broom 
and clover phyllody) (da Rocha et al. , 1986). 
When used in an indirect immunofluorescence 
labelling procedure, all four antisera detected 
MLOs in infected periwinkle tissues and all of 
the antisera cross-reacted with all four MLOs. 

Caudwell et al. (1982) were the first to pro
duce MLO-specific Pab using leafhopper-de
rived immunogens. MLO-specific antibodies 
were obtained when extracts of Euscelidius var
iegatus leafhoppers infected with the MLO that 
causes grapevine flavescence doree (FD-MLO) 
were injected into rabbits. FD-MLO-specific 
antibodies were also produced against FD
MLO immunogens prepared from infected Vi
cia faba plants. Antisera produced against the 
leafhopper immunogen were most effective in 
detecting the pathogen in plants, and antibodies 
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against the plant-derived immunogen were 
most useful for detecting FD-MLO in leafhop
pers. Antigenic relationships between the FD
MLO and other MLOs were not reported. Spe
cific Pab were also obtained from rabbits in
jected with immunogens prepared from western 
X (WX) MLO-infected C. montanus leafhop
pers (Kirkpatrick and Garrott, 1984). No anti
genic relationship was observed between the 
WX- and the AY- or BLTVA-MLOs, S. citri, or 
S. kunkelii. However, strong antigenic similarity 
was found between the western and eastern 
strains ofX-disease and the walnut bunch (WB) 
MLO. Weaker, but positive, ELISA readings 
were obtained with periwinkle plants infected 
with the elm yellows (EY) pathogen. Western 
blot analyses of infected plants showed that the 
major WX-MLO antigen was a 29 kDa protein 
which was also present in the WB- and EY
MLOs (Kirkpatrick et al., 1988b). Immunogens 
derived from BLTVA-MLO-infected Circulifer 
tenellus leafhoppers were used to elicit Pab 
against this MLO. No antigenic cross reactions 
were obtained between the BLTVA- and the 
WX- or AY-MLOs or S. citri (Golino et al. , 
1989). 

Although MLO-specific Pab are compara
tively easy to prepare and can potentially rec
ognize several MLO antigens, most have rela
tively high background reactions with healthy 
host antigens. Healthy host background reac
tions are virtually eliminated in ELISA and im
munofluorescence analyses using MLO-specific 
monoclonal antibodies (Mabs). Lin and Chen 
(1985) were the first to produce Mabs against 
MLOs. Mabs produced against a New Jersey 
strain of eastern aster yellows (EAYI-MLO) pro
vided sensitive and specific detection of this 
pathogen in plants. These Mabs did not react 
with antigens in seven other MLO-infected 
plants or the two plant pathogenic spiroplasmas 
that were tested. Unexpectedly, EAYI-MLO 
Mabs did not react with other geographic iso
lates of AY-MLOs. These results were the first 
to suggest that although Mabs provide very sen
sitive and specific detection of a particular 
MLO isolate, they may be of limited utility for 
defining larger taxonomic groups of MLOs. 

Mabs produced against the maize bushy stunt 
MLO (MBS-MLO) also provided sensitive de
tection ofthat MLO in infected maize by ELISA 
and immunofluorescence. No reactions were 
obtained between MBS-MLO Mabs and seven 
other MLOs, S. citri, or S. kunkelii (Chen and 
Jiang, 1988). Mabs have also been prepared 
against the eastern (Jiang et al., 1989) and the 
western (M. F. Clark, personal communication) 
X-disease MLOs. EX-MLO Mabs reacted with 
both EX- and WX-MLO antigens but no re-
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actions occurred with plants infected with sev
eral virescence MLOs or plant pathogenic spi
roplasma species. In extensive comparisons 
between WX-MLO Pabs and Clark's WX-MLO 
Mabs, both serological reagents tested posi
tively with the same field and laboratory sam
pIes. Healthy host background reactions of the 
Mabs were lower than those obtained with Pabs 
(B. C. Kirkpatrick and M. F. Clark, unpub
lished observations). Pabs were produced 
against European aster yellows (EuAY-MLO) 
and Mabs were produced against the virescence 
MLO causing primula yellows (PY-MLO) 
(Clark et al., 1989). Strong heterologous ELISA 
reactions were obtained between PY - and 
EuAY-MLO antisera, suggesting that these two 
MLOs are antigenically similar. No reaction 
was obtained when either EuAY- or PY-MLO 
anti sera were tested against European clover 
phyllody (ECP) MLO-infected plants, results 
that confirmed earlier observations (Clark et al, 
1983). Similar results were obtained by Garnier 
et al. (1990) who produced Mabs against an
other ECP-MLO isolate and the stolbur MLO 
(S-MLO). No antigenic cross reactions were ob
tained when ECP-MLO Mabs were tested 
against another isolate of EuAY-MLO, provid
ing additional evidence that the ECP- and 
EuAY-MLO are antigenically distinct. S-MLO 
Mabs detected this pathogen in naturally in
fected tomato plants, whether or not the plants 
showed virescence symptoms. S-MLO Mabs 
were highly specific for this pathogen; no cross 
reactions were observed with plants infected 
with five other MLOs or with S. citri or S. kun
kelii. 

In addition to characterizing the antigenic 
properties of MLOs these serological diagnostic 
reagents have been valuable tools in identifying 
alternate plant hosts and insect vectors of these 
MLOs (B. C. Kirkpatrick, unpublished obser
vations). 

Genetic Characterization of MLOs 

Isolation and Composition of MLO DNA 

Although antigenic properties have been the pri
mary basis for differentiating species of molli
cutes, DNA-DNA and DNA-rRNA hybridiza
tion analyses are also used to establish 
taxonomic relationships among other prokar
yotes. Until recently it was not possible to ob
tain MLO DNA that was free of host nucleic 
acids so that direct comparisons between MLO 
genomes using DNA-DNA hybridization anal
yses were not possible. Recently, two groups 
have reported the purification ofMLO DNA by 
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equilibrium centrifugation in cesium chloride/ 
bisbenzimide gradients (Sears et al., 1989; Kol
lar and Seemüller, 1989; Kollar et al. , 1990). 
Bisbenzimide preferentially binds to A· T rich 
DNA and, depending upon the base composi
tion of a particular plant host, it can be used to 
separate MLO DNA from plant DNA. A unique 
band of A'T rich DNA was isolated from tissue
cultured Oenothera explants infected with a vi
rescence MLO (O-MLO) (Sears et al., 1989). No 
hybridization occurred between this DNA and 
chloroplast- or mitochondria-specific hybridi
zation probes, suggesting that this DNA band 
was primarily MLO DNA. The GC conte nt of 
the O-MLO DNA was 29.5 mol%, a value sim
ilar to that of most culturable mycoplasmas 
(Stanbridge, 1979; Bove, 1984; Razin, 1985). In 
another study, repeated equilibrium centrifu
gations in cesium chloride/bisbenzimide gra
dients were used to purify five MLO DNAs 
from infected plants (Kollar and See müller, 
1989). The GC contents of the MLO DNAs 
ranged from 23.0 mol% for an isolate ofEuAY
MLO to 26.2 mol% for an MLO causing vi
rescence in Dipiotaxis. Although the presence 
of contaminating host DNA in these prepara
tions was not determined, several MLO-specific 
fragments were cloned from one of these prep
arations (Kollar et al., 1990). As yet there have 
been no reports on the homology between var
ious MLOs using these gradient-purified DNAs. 

Taxonomic Relationships Determined by 
Cloned MLO DNA 

Cloned fragments ofthe MLO genome have also 
provided considerable insight into grouping and 
differentiating MLOs. The results of compara
tive hybridization studies using cloned, MLO
specific DNA probes is discussed below and 
summarized in Table 2. 

Twenty-four unique, cloned fragments ofthe 
WX-MLO chromosome were identified on the 
basis of hybridization with 32 P-Iabelled DNA 
from X-diseased but not healthy plants and in
sects (Kirkpatrick et al. , 1987). These WX
MLO-specific fragments were used as hybridi
zation probes to investigate the genetic relat
edness ofthe WX-MLO with other MLOs and 
culturable mollicutes. No hybridization oc
curred between any of the WX-MLO cloned 
probes and DNAs extracted from seven My
coplasma species or 16 strains of plant patho
genic and other spiroplasmas. In contrast, most 
ofthe WX-MLO cloned probes hybridized with 
DNAs extracted from plants infected with sev
eral decline agents, such as eastern X-disease, 
walnut and pecan bunch, and peach yellows 
MLOs. Only two of the WX-MLO genomic 

probes hybridized with DNA from several 
strains of western aster yellows MLO (Kirk
patrick et al., 1988b, 1990). In similar studies, 
several chromosomal fragments of the apple 
proliferation MLO (AP-MLO), a European tree 
decline agent, were recently cloned and char
acterized (Bonnet et al., 1990). Two of the AP
MLO clones that were characterized hybridized 
with the decline MLOs that cause apricot chlo
rotic leafroll and "dormancy breaking disease" 
ofplum. Neither AP-MLO DNA probe hybrid
ized with DNA from plants infected with EuAY
or S-MLO. These results indicate that the X
MLO and several other decline type MLOs 
form a cluster of genetically related organisms 
which are distinct from the virescence agents. 
The decline MLOs are even less closely related 
to culturable Mycoplasma and Spiroplasma 
spp. than they are to the virescence MLOs. 

Similar hybridization analyses, using cloned 
fragments of an eastern strain of aster yellows 
(EAY-MLO), established the existence ofa clus
ter of genetically related virescence agents (Lee 
and Davis, 1988). Although hybridization oc
curred between cloned fragments of the EAY
MLO and DNA from so me decline MLOs un
der low stringency conditions,32 P-Iabelled EAY
MLO RNA probes hybridized only with three 
other virescence MLOs under more stringent 
hybridization and wash conditions. Similar re
sults were obtained using two cloned chromo
somal fragments from the severe strain ofwest
ern aster yellows (SAY-MLO) (Kuske et al. , 
1991 a). Positive hybridization was obtained 
with DNA from 14 virescence isolates from 
North and South America and Europe; no hy
bridization occurred with eight decline agents 
from North America, Europe, and Thailand. In 
addition, it was possible to subdivide those vi
rescence isolates that hybridized with the SAY
MLO chromosomal probes on the basis of sim
ilarities in restriction fragment length polymor
phisms (RFLPs). Hybridization analyses also 
established that so me virescence agents are ge
netically distinct from the "typical" AY-MLO 
strains that are transmitted by Macrosteies sev
erini. For example, no hybridization occurred 
between cloned SAY-MLO probes and DNA 
from Canadian isolates of aster yellows, clover 
proliferation or potato witches' broom, nor 
DNA from se same phyllody MLO-infected 
plants from Thailand (Kuske et al., 1991a). Nei
ther the EAY- (Lee and Davis, 1988) nor the 
SAY-MLO (Kuske et al., 1991a) DNA probes 
hybridized with DNA from plants infected with 
the beet leafhopper transmitted virescence 
agent (BLTVA), a virescence MLO that is trans
mitted by Circulifer tenellus, a leafhopper that 
does not transmit the AY-MLO. 
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Extrachromosomal MLO DNA 

Extrachromosomal DNA has been found in 
many ofthe MLOs that cause virescence in her
baceous hosts. Davis et al. (1988) were the first 
to clone MLO extrachromosomal DNA from a 
Florida isolate of the maize bushy stunt MLO 
(MBS-MLO). Four MBS-MLO-specific recom
binant clones hybridized with several low-mo
lecular-weight, extrachromosomal DNAs in 
MBS-MLO-infected corn and D. maidis leaf
hoppers. Unexpectedly, no hybridization oc
curred between any of the four extrachromo
somal DNA probes and DNA from a Texas 
isolate of MBS-MLO, indicating the Texas iso
late had no extrachromosomal DNA. Never
theless, hybridization occurred between Florida 
MBS-MLO chromosomal DNA probes and 
chromosomal DNA ofthe Texas isolate. Symp
toms produced by the Texas MBS-MLO were 
very similar to symptoms produced by the Flor
ida isolates, so the function ofplasmid-encoded 
genes in the MBS-MLO, as weIl as all of the 
other MLO plasmids identified thus far, are un
known. 

Supercoiled, extrachromosomal DNAs pres
ent in three strains ofwestern aster yellows were 
isolated on cesium chloride/ethidium bromide 
gradients (Kuske and Kirkpatrick, 1990a; 
Kuske, 1989). AIthough virus-like particles 
(VLPs) have been occasionally associated with 
some MLOs (Allen, 1972; Giannotti et al., 1973; 
Gourret et al., 1973), no VLPs were observed 
in these strains of western aster yellows infected 
plants (Hemmati and McLean, 1980; B. C. 
Kirkpatrick, unpublished observations). For 
this reason, these extrachromosomal DNAs are 
most likely MLO plasmids and not DNAs from 
encapsidated viruses. Four plasmids, ranging in 
size from 7.4 to 1. 7 kbp, were isolated from the 
severe strain of western aster yellows (SAY
MLO). Similar, but not identical, plasmids were 
found in the dwarf and Tulelake strains (Frei
tag, 1964) of western aster yellows. The native 
SAY-MLO plasmids were labelled and used as 
probes in Southern blots of decline and viresc
ence MLO DNA. Most ofthe virescence agents 
that were examined contained plasmid DNAs 
wh ich shared some homology with SAY-MLO 
plasmids (Kuske et al., 1991b). 

Unexpectedly, SAY-MLO plasmid DNA hy
bridized with MBS-MLO extra-chromosomal 
DNA. In reciprocal experiments, a recombinant 
plasmid containing a fragment of MBS-MLO 
extrachromosomal DNA hybridized with all of 
the native western AY-MLO plasmids (Kuske 
et al., 1988, 1991 b). These results are significant 
because both the plant host range and the insect 
vectors ofthe AY- and MBS-MLO are presently 

mutually exclusive (Nault, 1980, 1985), which 
suggests these ecologically distinct MLOs either 
evolved from similar ancestors or that they oc
cupied common habitats, or niches, at some 
time in the past. Both native and recombinant 
SAY-MLO plasmids hybridized with numerous 
virescence isolates from North America and 
Europe; however, the number and siz~ of the 
plasmids in these virescence agents vaned con
siderably (Kuske et al., 1991). 

Although no hybridization occurred between 
SAY-MLO plasmids and DNA isolated from 
BLTVA-MLO-infected plants, we have identi
fied and cloned portions of several plasmids that 
are present in the BLTVA-MLO (Shaw and 
Kirkpatrick, 1990). Thus it appears there are at 
least two major subgroups of the virescence 
agents whose chromosomal and extrachromos
mal DNAs, as weIl as their antigenic properties, 
are distinct. 

No extrachromosomal DNAs have been 
found in any ofthe tree decline agents examined 
thus far either by Southern blot analysis using 
AY-MLO plasmids as probe or MLO DNA elec
trophoresced in ethidium-stained gels (Kuske, 
1989). These data provide additional evidence 
that the virescence and decline MLOs represent 
distinctly different groups of pathogens. 

The identification ofplasmid DNA in the vi
rescence MLOs may provide a means for intro
ducing foreign DNA into MLOs. It is theoret
ically possible to identify specific MLO genes 
by transposon mutagenesis using engineered 
MLO plasmids. For example, a Gram-positive 
transposon, Tn916, has been introduced into 
Mycoplasma and Acholeplasma species (Dyb
vig and Cassell, 1987; Dybvig and Alderete, 
1988; Mahairas and Minion, 1989). In addition, 
it may be possible to characterize plasmid-en
coded genes if MLO plasmids could be intro
duced into a genetically compatible, culturable 
prokaryote. Phylogenetic analyses suggest that 
Acholeplasma species, and perhaps even Bacil
lus subtilis, might be amenable to transforma
tion with MLO plasmid DNA. 

Phylogenetic Relationships 
Between MLOs and Other 
Prokaryotes 

Nucleotide sequences of evolutionarily con
served genes, such as the 5S and 16S rRNA, 
have been extensively used to determine the 
phylogenetic relationships of the class Molli
cutes (Woese et al., 1980, 1985; Rogers et al. , 
1985; Weisberg et al., 1989) and other prokar
yotes (Woese, 1987). Because it is not necessary 
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to culture an organism in order to clone and 
sequence its rRNA genes, it is possible to de
termine the phylogenetic relationships ofMLOs 
using this evolutionarily conserved marker. 
Early comparisons, using 16S rRNA oligonuc
leotide catalog sequences, indicated the cultur
able mollicutes were derived from a Gram-pos
itive clostridial ancestor from which Bacillus 
and Lactobacillus species also evolved (Woese 
et al., 1980). Full-Iength 16S rRNA sequences 
provide the most comprehensive data for phy
logenetic comparisons and more than 50 full
length 16S rRNA sequences of wall-Iess pro
karyotes have now been determined, nearly all 
of these obtained by Weisburg and colleagues 
(1989). 

Full-Iength 16S rRNA sequences have been 
determined for three MLOs to date. Lim et al. 
(1989) cloned and sequenced the 16S rRNA 
gene of an MLO (O-MLO) that was obtained 
from field-infected Oenothera plants in Michi
gan. The O-MLO is thought be astrain of the 
eastern aster yellows MLO because it can be 
transmitted by Macrosteies severini leafhop
pers. However, the exact identity of this MLO 
is uncertain because symptoms produced by the 
O-MLO in vector-inoculated test plants are not 
typical of eastern AY-MLO (Sears and Klom
parens, 1989). Full-Iength sequence compari
sons of the O-MLO and other culturable pro
karyotes established that the O-MLO was most 
closely related to Mycoplasma capricolum (80% 
homology), followed by Bacillus subtitis, thus 
establishing that MLOs are evolutionarily re
lated to Gram-positive rather than Gram-neg
ative organisms. Comparisons of the O-MLO 
16S sequence with 16S rRNA oligonucleotide 
catalog sequences of selected mycoplasmas and 
clostridial bacteria suggested that the O-MLO 
was more closely related to Acholeplasma laid
lawii than to other Mycoplasma or Spiroplasma 
speCles. 

The full-Iength 16S rRNA sequence of an
other virescence agent, the SAY-MLO, has been 
determined (Kuske and Kirkpatrick, 1989; 
Kuske, 1989). The sequence of the SAY-MLO 
l6S structural gene was 99.2% homologous to 
the O-MLO, indicating that these two viresc
ence agents are very closely related phyloge
netically. Analysis of oligonucleotide rRNA cat
alog sequences also supported the conclusion 
that the SAY-MLO was closely related to A. 
la idlawii. 

The 16S rRNA sequence of a decline type 
MLO, the WX-MLO, was also recently deter
mined (Kirkpatrick and Fraser, 1989).The se
quence ofthe WX-MLO 16S gene was 78% ho
mologous to both M. capricolum and B. subtilis 
and only 72% homologous with E. coti, provid-
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ing evidence that decline MLOs are also evo
lutionarily related to Gram-positive organisms. 
The WX-MLO was 89% homologous to both 
the SAY- and the O-MLOs. Although the 89% 
homology between the WX-MLO and the two 
virescence MLOs is higher than WX -MLO ho
mologies with other prokaryotes, this relatively 
low value indicates that decline and virescence 
MLOs are distinctly different groups of MLOs, 
a conclusion supported by the results of sero
logical and DNA hybridization analyses. 

The 16S rRNA sequence ofthe 0-, SAY-, and 
X-MLOs were recently compared with those or 
other mollicutes and Gram-positive prokar
yotes (c. R. Woese, personal communication). 
The three MLOs were more closely related to 
each other than to any other prokaryotes. The 
MLOs formed a phylogenetically distinct clus
ter within the "anaeroplasma group" which 
contains all the Anaeroplasma species that were 
examined, as well as Acholeplasma laidlawii 
and A. modicum (Weisburg et al., 1989). In ad
dition to finally establishing that MLOs are 
truly members of the class Mollicutes, this in
formation mayaiso provide valuable clues for 
those who are attempting to culture these ob
ligate plant pathogens. 

Several interesting structural features were 
also identified in the MLO rRNA operons. A 
tRNAiie gene was found in the spacer region be
tween l6S and 23S rRNA genes ofthe X-, SAY
and O-MLOs. However, at least one significant 
difference was found between the two viresc
ence agents. A tRNA'yr gene was found just up
stream from the 16S rRNA structural gene in 
the SAY-MLO (Kuske, 1989) but not in the 0-
MLO (P. -0. Lim, personal communication). 
No tRNAs were found within a 1.2 kb region 
upstream from the WX-MLO 16S rRNA gene. 
Two putative rRNA operon promoters were 
identified upstream from the SAY-MLO l6S 
rRNA gene. These were similar to rRNA pro
moters identified in culturable mollicutes and 
Bacillus subtilis (Kuske, 1989). Similarly, two 
putative promoters, that were very similar to 
the rRNA operon promoter of B. subtilis, were 
identified upstream from the WX-MLO l6S 
gene (Kirkpatrick and Fraser, 1988a). 

Further evidence that MLOs are related to 
Gram-positive organisms was provided by the 
sequence of the RNase III cleavage site in the 
stern region formed from sequences flanking the 
SAY-MLO 16S rRNA structural gene. The SAY
MLO cleavage site sequence was highly ho
mologous to culturable Mycoplasma species 
and B. subtitis but not to E. coti. A Gram-pos
itive RNase III cleavage site whose sequence 
was nearly identical to the SAY-MLO site, was 
identified in the WX-MLO. 
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The MLO rRNA sequences also provided a 
sensitive method for detecting very low num
bers of MLOs using techniques originally de
veloped for culturable mycoplasmas (Göbel et 
al. , 1987). Computer-assisted sequence com
parisons ofthe WX-MLO 16S rRNAs with the 
16S rRNA sequences of other prokaryotes and 
plant organelles identified several oligonucleo
tide sequences that were MLO-specific. 32P-Ia
belled oligonucleotide probes provided 10 to 20 
times more sensitive detection of the X-MLO 
than similarly labelled fragments ofthe X-MLO 
chromosome (Kirkpatrick and Fraser, 1989). 

Conclusion 

In the short period oftime since the first edition 
of this Handbook was published, there have 
been several significant advances in our ability 
to detect and differentiate plant pathogenic 
MLOs. The development of sensitive, MLO
specific serologieal and nucleic acid hybridiza
tion assays has greatly facilitated both basic and 
applied studies on plant pathogenic MLOs and 
the diseases they cause. Genetic analyses using 
cloned fragments of MLO DNA, together with 
comparisons of MLO 16S rRNA sequences, 
have clearly established that the MLOs repre
se nt a diverse but distinct taxon of presently 
nonculturable mollicutes. The ability to isolate 
and characterize MLO DNA, RNA, and anti
genic proteins has obviated, at least to some 
extent, the requirement to culture these path
ogens in order to characterize so me of their 
basic biological properties. Future classification 
and differentiation of wall-Iess prokaryotes will 
be based on serological, genetic, phylogenetic, 
and other biological data. If the criteria estab
lished for naming and classifying wall-Iess pro
karyotes can be revised, more formal taxonomie 
designations may eventually be proposed for 
plant pathogenic MLOs. 
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The L-Forms of Bacteria 

SARABELLE MADOFF and lOHN W. LAWSON 

Introduction 

It is clearly established that many or possibly 
all bacteria can produce L-forms as a result of 
the complete or partial inhibition of cell wall 
synthesis. The resultant wall-deficient organ
isms (L-forms) lack the classical bacterial struc
ture; in culture they manifest a distinct1y var
iant type of independent growth. Under certain 
conditions, L-forms have the potential to revert 
to the parent bacterial form. 

The modern microbiologist can profit from a 
knowledge ofthe bacterial L-forms. Bacteria are 
exposed to traumatic influences exerted by en
vironmental changes, host-dependent mecha
nisms, and biologic interdependency with other 
microorganisms. In this context, evolutionary 
trends and pathologic conditions may be the 
result of genetic modifications of bacteria me
diated by changes in their cell wall. 

In recent years, the L-forms have come to be 
recognized as invaluable tools in new and in
novative areas of microbial research. With the 
recent advances in molecular biology, the L
forms are being used to study the biosynthesis 
of bacterial membranes, ribosomal functions, 
the replication of DNA, plasmid-related effects, 
mechanisms of antibiotic activities on bacteria 
and their membranes, and many other aspects 
of bacterial physiology at the genetic level. The 
study of these complex and divergent disci
plines can be expected to yield valuable infor
mation as to the role of L-forms in the biology 
ofbacteria and as to their participation and sig
nificance in infectious disease processes. For a 
recent review, see Madoff (1986). 

The discovery of the L-forms over 50 years 
aga ushered in a new era in the understanding 
of the bacterial cello The name L-forms (L for 
Lister Institute) was first proposed by Kliene
berger (1935); she discovered colonies resem
bling mycoplasma in cultures of Streptobacillus 
moniliformis isolated from the rat, and named 
them LI' Dienes (1939) studied the spontaneous 
development ofthe LI from Streptobacillus and 
its reversion to the bacillary form. Dienes 

thereby established the bacterial derivation of 
the L-forms. Within a few years, the sponta
neous development of L-form colonies was ob
served in cultures of Bacteroides, Haemophilus, 
Escherichia, and Neisseria. For an early review, 
see Dienes and Weinberger (1951). 

The discovery that L-forms could be induced 
by exposure of bacteria to penicillin (Pierce, 
1942) was an important advance. Other anti
biotics were found to produce a similar result 
by interfering with biosynthesis of cell wall. Ex
posure of bacteria to bacteriostatic chemicals, 
to phage, and to antibodies also resulted in L
transformation. In 1954, Sharp recognized that 
organisms lacking a rigid cell wall needed os
motic protection and he induced L-forms from 
group A streptococci on media containing high 
salt concentrations. The current belief is that 
conversion to L-forms may be a universal prop
erty of bacteria provided that suitable condi
tions for induction and growth can be deter
mined. L-forms have been derived from 
bacteria of many genera (Hij mans and Clasener, 
1971) as shown in Table 1. 

Terminology and Biological 
Characteristics 

An L-form is a cell-wall-deficient organism de
rived or induced from a bacterium following 
suppression ofthe synthesis ofits rigid cell wall. 

Table I. Some bacterial genera from which L-forms have 
been derived. 

Agrobacterium Erysipelothrix Salmonella 
Bacillus Escherichia Sarcina 
Bacteroides Flavobacterium Serratia 
BartoneIla Haemophilus Shigella 
Bordetella Listeria Staphylococcus 
Brucella Neisseria Streptobacillus 
Clostridium Proteus Streptococcus 
Corynebacterium Pseudomonas Vibrio 
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In culture the classical bacterial forms are re
placed by soft spherical granular forms and 
large bodies that penetrate the agar gel and pro
duce colonies that resemble those of the my
coplasma. Other characteristics similar to those 
of the mycoplasma, such as fragility, pleo
morphism, and filterability, may be related to 
the absence of rigid wall (Dienes, 1968). These 
are the fundamental characteristics of the L
forms and represent the criteria by which they 
are recognized. Definite identification can be 
made microscopically by means of agar blocks 
stained in situ by the Dienes technique (Madoff, 
1960). The terms "L-phase" and "L-phase var
iants" are synonymous and have been used in
terchangeably with the term L-forms. 

Protoplasts and spheroplasts are not the same 
as L-forms. Rather, they are spherical structures 
that originate from bacteria following partial 
(spheroplasts) or complete (protoplasts) re
moval of the cell wall by enzymatic digestion 
in a hyperosmolar environment (Brenner et al., 
1958). A major difference from the L-forms is 
that protoplasts and spheroplasts are unable to 
replicate as such. However, they may be capable 
of producing L-forms when transferred to solid 
media of the proper osmolarity. Thus, "spher
oplast L-forms" and "protoplast L-forms" are 
descriptive for L-forms that differ in properties 
relating to the presence or absence of cell wall 
components. (Ghuysen et al., 1986). 

Atypical, aberrant, transitional, or variant 
bacterial forms are bacteria with altered cell 
walls that are occasionally recovered from clin
ical specimens (McGee et al. , 1971). These 
forms have unstable morphology and may re
quire osmotic protection for isolation and 
growth. However, they tend to regain normal 
growth characteristics upon subculture without 
producing L-type growth. Most clinical isolates 
of wall-defective bacterial forms probably fall 
within this group (Wittler, 1968). 

The ability of "unstable" L-forms to revert 
to their parent bacteria is an important prop
erty. When this ability is lost, the cultures are 
considered to be "stable." Reversion is unpre
dictable, however, and has been shown to occur 
in apparently stable L-forms. The term "sta
bilized" would, therefore, be more appropriate. 
Bacteria recovered from the L-forms most often 
retain the essential characteristics of the parent 
strains. However, certain revertant bacteria may 
show profound alterations that indicate that 
changes can occur at some time during conver
sion, propagation, or reversion of the L-forms 
(Dienes, 1970; Pachas and Madoff, 1978; Ow
ens and Nickerson, 1989). 

Given the currently available methodology, a 
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description ofthe L-forms only in terms ofmor
phology and ultrastructure is insufficient. Fu
ture investigators should include other perti
nent data in the description of the organisms, 
such as origin of the parent bacterium, method 
of L-transformation, requirements for osmotic 
protection, tendency for reversion, extent ofthe 
wall defectiveness, and, if possible, some com
parative information on the physiological and 
biochemical properties of the parent, the de
rived L-forms, and the revertant bacteria. In 
this manner, the nomenclature will be clarified 
and the essential information regarding the L
cultures will be made available. For detailed 
studies of the physiology and biochemistry of 
the bacterial L-forms in comparison with my
coplasma, see Smith (1971, 1978). 

The production of L-forms may reflect ge
netic differences among the bacteria in a pop
ulation. In on~ well-known experiment with 
Streptococcus, only 1 colony out of 20 was 
shown to produce progeny capable of L-trans
formation (Hijmans and Dienes, 1955). Bio
chemical studies support the hypothesis of ge
netic determinants in the transformation to the 
stable L-form state. Stable L-forms of strepto
cocci were shown to be defective in important 
stages of cell wall biosynthesis. Altered constit
uents of cytoplasmic membrane (Cohen and 
Panos, 1966) and the lack of certain cell wall 
components (King et al., 1970) have also been 
demonstrated. Gregory and Gooder (1977) 
noted the loss of enzyme function is S. faecium 
L-forms at the membrane stage of peptidogly
can synthesis. Pachas and Shor (1977) suggested 
that penicillin had a mutagenic effect, based on 
structural and functional changes in Proteus L
forms. Differences in antibiotic sensitivity pat
terns seen in L-forms ofvarious species are also 
suggestive of genetic modifications (Schmitt
Slomska and Roux, 1977). Stable L-forms of a 
phytopathogenic bacterium, Erwinia, have been 
produced by ultraviolet irradiation with appar
ent mutagenic effect (Cabezas de Herrera and 
Garcia Jurado, 1977). 

There is a paucity of studies at the molecular 
level. An important contribution in this area 
was made by Hoyer and King (1969), who dem
onstrated the loss of a portion of the chromo
somal DNA in a stable L-form of Streptococcus 
faecalis. Wyrick et al. (1973) used DNA trans
formation to transfer the stable L-form state to 
intact cells of Bacillus subtilis. Further studies 
by molecular biologists should do much to elu
cidate the nature of the L-forms and to explore 
their role as a factor of genetic change in bac
teria. (For review and discussion, see Gilpin and 
Young, 1986.) 
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Induction of L-forms: 
General Principles 

The techniques used for the induction of L
forms have been described in several diverse 
publications (Dienes and Weinberger, 1951; 
Gooder and Maxted, 1961; Guze, 1968; Hij
mans et al., 1969; Lawson, 1982; Madoff, 1986; 
Madoff et al., 1967; Sharp, 1954). The general 
principles ofinduction and maintenance will be 
reviewed here and detailed directions for par
ticular strains will be given. 

The conversion of a bacterium to the L-form 
depends on the species, the strain ofthe species, 
and the experimental conditions. In general, in
duction is accomplished by exposing bacteria 
to penicillin or other ß-Iactam antibiotics on a 
suitable medium. Important aspects of the me
dium are its physical and chemical properties, 
wh ich include the consistency of the agar gel, 
the presence of animal serum, and, especially, 
the osmolarity (Dienes and Sharp, 1956). 

In general, the L-forms prefer a fairly soft 
medium with the addition of 10-20% ofserum. 
Many bacteria, notably the Gram-negative Pro
teus, Salmonella, and Shigella species, can be 
converted to L-forms on media containing the 
normal concentration of sodium chloride 
(0.5%). Others require a hypersomolar environ
ment for stabilization. These include the Gram
positive bacteria (e.g., Streptococcus, Staphylo
coccus, Corynebacterium, and Listeria) and 
some Gram-negative species (e.g., Neisseria, 
Serratia, and Pseudomonas). Sodium chloride 
(1-5%) is the commonly used osmotic stabilizer. 
Other neutral salts (e.g., potassium chloride, 
magnesium chloride, and phosphates) have also 
been used. Sucrose, in concentrations ranging 
from 5-20%, plus Mg2+ can be more effective 
for osmotic stabilization in some strains. The 
combination of sodium chloride and sucrose in 
varying concentrations has been successful in 
some experiments. Polyvinylpyrrolidone (PVP) 
has also been found to support L-form growth 
in several bacterial species (Lawson and Doug
las, 1973; Wyrick and Gooder, 1977). 

Often, even a slight modification in the con
centration of inducing agent or osmotic stabi
lizer may make a decisive change in the success 
of an experiment. Anaerobiosis may be neces
sary for L-transformation for so me species; for 
others it is helpful for primary induction. The 
L-cultures can later be adapted to aerobic 
growth. Certain strains of bacteria appear to be 
impervious to all known methods of induction. 

The penicillins, with their action on the pep
tidoglycan cross-linkages of bacterial cell wall, 
are the most effective inducing agents. Other 
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antibiotics that act on the cell wall (cycloserine, 
ristocetin, bacitracin, vancomycin, and the 
cephalosporins) have also been shown to pro
duce L-forms. High concentrations of certain 
amino acids, notably glycine, methionine, and 
phenylalanine, have been shown to produce L
forms from some bacteria. Inorganic salts such 
as mercury, lithium, and cadmium have also 
been used to produce L-type growth. 

L-forms can be induced by certain enzymes, 
particularly lysozyme, that digest the peptido
glycan of the cell wall of bacteria. The bacteria 
are grown in osmotically protective media and 
are treated with the enzyme. Protoplasts are re
leased which then produce L-forms when trans
ferred to appropriate hyperosmolar solid media 
(King and Gooder, 1970; Madoff et al. , 1967) 
(see Fig. 1). In 1961, Gooder and Maxted pro
duced protoplasts of group A streptococci using 
a phage-associated muralytic enzyme found in 
a group C phage lysate. After inoculation on 
appropriate agar media, a high yield ofL-forms 
developed. This method has been successfully 
applied to many other strains of Streptococcus 
(Hryniewicz, 1977). 

For the induction of L-forms with penicillin, 
a culture is grown in broth medium for several 
hours. A small aliquot of broth culture is then 
spread over the surface of an appropriate agar 
medium and allowed to dry. A penicillin gra
dient is established in the plate by means of 
antibiotic discs saturated with varying concen
trations, or the penicillin is introduced into 
small troughs cut in the agar. Other inducing 
agents (antibiotics, lysozyme, and amino acids) 
mayaIso be tested in this manner. The concen
tration of the inducing agent may be a critical 
factor; later, the appropriate concentration can 
be incorporated into the medium for mainte
nance of the L-cultures. The use of pour plates 
may be effective; the inoculated agar medium 
is poured into a plate containing a thin layer of 
solid medium with similar nutrient and peni
cillin concentrations. 

The experimental bacterial culture should be 
tested on a variety of media, both with and 
without osmotic stabilizers. L-forms have been 
obtained on routine culture media (e.g., horse 
blood agar), even from strains that would seem 
to require high salt concentration. L-forms in
duced on media of high osmolarity can so me
times be adapted to media of normal osmolar
ity. Adaption may represent either selection or 
mutation of viable organisms (Hijmans and 
Clasener, 1971; Leon and Panos, 1976; Panos, 
1986). 

L-forms ofsome organisms (e.g., Proteus and 
Bacillus species) may be formed several hours 
after exposure of the bacteria to penicillin 
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Fig. I. Induction of L-forms of Bacillus species by means of lysozyme treatment. Photomicrographs made from Dienes
stained preparations. X 2,250. (A) Organisms grown 2 h in broth medium. (B) Following incubation for 2 h, in the presenee 
oflysozyme, protoplasts are formed which are then transferred to hypertonie L-form agar medium. (C) Protoplasts enlarge 
to large body forms with granular elements developing into L-forms colony. (D) Detail of periphery of mature L-colony. 

whereas others (e.g., Streptococcus, Staphylo
coccus, and Listeria) may take several days or 
weeks to develop. Successful transfer of the L
culture depends on the viability of the organ
isms; some require frequent transfers and 
others remain viable for extended periods. 

Subcultures are made from agar to agar by 
the "push-block" technique, in the manner used 
for mycoplasma. A block of agar bearing L-form 
growth is cut from the plate and pushed gently 
along the surface ofthe fresh medium. The agar 
block should be left on the plate because growth 
in the transplant may occur only under the 
block. Growth in broth is also initiated with 

agar blocks, but in contrast to mycoplasmas, is 
often difficult to obtain. A long period of ad
aptation to growth in broth may be necessary 
to obtain an adequate concentration of viable 
organisms. This difficulty has hampered the 
study of many important biological properties 
ofthe bacterial L-forms. An alternative method 
of inducing broth cultures is by the use of a 
diphasic medium. The appropriate broth is 
added after the production ofL-form growth on 
agar slants in tubes of flasks. After further in
cubation, the L-colonies may be dislodged by 
shaking or by the use of a Vortex mixer, and 
serial subcultures in broth are continued. 
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Growth in chemically defined media is not eas
ily obtained; onlya few species ofL-forms have 
been adapted to grow in such media (van Boven 
et al., 1967; Gilpin et al., 1973; Bacigalupi and 
Lawson, 1973). Periodic transfer of broth cul
tures to agar are always necessary to determine 
viability as well as stability of the L-cultures. 

Reversion and Identification 
of Revertants 

Transfer offreshly isolated L-colonies in the ab
sence of inducing agent will often result in re
version to the parent bacterium. For some spe
cies, when the cultures have become stabilized 
reversion can no longer be effected under any 
known circumstances. Special techniques have 
been devised to induce reversion of L-forms. 
Thus, reversion of Bacillus subtilis has been 
achieved by changes in the physical environ
ment, e.g., by increasing the agar concentration, 
by the use of 15-35% gelatin in the medium, 
or by the application of membrane filters (Land
man et al., 1968). Similar techniques using gel
atin media were employed successfully with 
Streptococcus L-forms (King and Gooder, 1970; 
Wyrick and Gooder, 1977). In rare instances, 
reversion ofL-forms has been influenced by the 
presence of factors produced by other bacteria 
or fungi. Landman and Halle (1963) induced 
reversion of B. subtilis L-forms by using B. sub
tilis cell wall material as a primer for wall re
generation. In L-forms of H. inf/uenzae growth 
and reversion were found to be enhanced by a 
10w-molecular-weight peptide produced by a 
strain of Neisseria perflava (Madoff, 1977, 
1979). 

The identification of an L-form culture from 
an unknown source depends, to a large extent, 
on its ability to achieve reversion. In cases where 
the L-form is no longer revertible, DNA-base 
composition and DNA hybridization may pro
vide information as to its origin. Serological 
testing by agglutination, complement fixation, 
and fluorescent antibody methods may be use
ful for identifying unknown L-forms (Feinman 
et al., 1973; Lynn and Haller, 1968). Modified 
biochemical tests, useful for bacteria and their 
derived L-forms, can aid in characterizing and 
identifying stable, nonreverting L-forms (Cohen 
et al., 1968). Comparison of membrane proteins 
by polyacrylamide gel electrophoresis appears 
to offer a reliable method for comparing L
forms and bacteria (King et al. , 1969; Gilpin 
and Young, 1986). Further studies are needed 
to detect key antigenic and metabolic markers 
for the L-forms. 
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Induction of L-Forms: 
Selective Procedures 

Variations in requirements for nutrients, os
motic protection, inducing agents, and gel con
sistency make it necessary to tailor the tech
niques to the experimental organism. The 
following media and methods have proved suc
cessful with certain strains of selected species: 

Gram-Negative Species (Dienes and Weinberger, 
1951; Madoffand Pachas, 1970) 

For induction and maintenance of L-forms of Gram
negative species (Proteus, Salmonella, and Shigella), a 
simple medium consisting of trypticase soy agar (BBL) 
or brain heart infusion (Difco), containing 10% horse 
serum will support L-form growth. Yeast extract (5%) 
may be added. Penicillin concentrations vary according 
to the strain. Anaerobic incubation may be useful. Other 
Gram-negative species may require a hyperosmolar en
vironment. As examples, Escherichia coU, Serratia mar
cescens, and Klebsiella and Pseudomonas species have 
been converted to L-forms and maintained only in the 
presence ofhigh salt or sucrose concentrations (Guze et 
al., 1976; Lederberg and St. Clair, 1958). 

High-Salt-Requiring L-Forms (Marston, 1968; 
Sharp, 1954; Madotf, 1970) 

For the induction and propagation ofL-forms requiring 
high-salt concentration (Streptococcus, Staphylococcus, 
Corynebacterium, and Listeria, an all-purpose L-form 
medium is prepared in the author's laboratory as fol
lows: 

To 300 ml of distilled water is added 12 g of trypticase 
soy agar (BBL). The solution is thoroughly mixed and 
autoc1aved without previous heating. The agar is cooled 
to 56°C (in a water bath) and the following sterile com
ponents are added in the order listed (it is advisable to 
warm the solutions slightly and to mix weil after each 
addition): 30 ml of a 30% solution of NaCI, 30 ml of 
inactivated horse serum (56°C for 30 min), and 15 ml 
of yeast extract. The inducing agent may be incorpo
rated into the medium or added, as noted above. The 
medium is poured into sterile petri dishes; plates are 
used after standing overnight at room temperature. 

This medium is also useful for maintaining stock L
form cultures which normally do not require increased 
salt concentration e.g., (Proteus and Salmonella.,).) For 
maintenance, penicillin is added to the medium in con
centration of 500-1,000 units per milliliter. 

Liquid media that can be used are Todd-Hewitt or 
Mycoplasma Broth Base (BBL) containing similar con
centrations of horse serum, yeast extract, NaCI, and the 
appropriate antibiotic. Growth may be enhanced ini
tially by the addition of 0.1 % agar. 

Sucrose in varying concentrations has been 
used most successfully as an osmotic stabilizer 
with L-forms of numerous bacterial species 
(Listeria, Brem and Eveland, 1968; Neisseria, 
Roberts, 1966; Streptococcus, Madoff, 1970). 
Madoff and Dienes (1958) induced growth of 
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L-forms of pneumococci in media containing 
10-20% sucrose, 0.01% MgS04'7H20 and 10% 
horse serum. With the pneumococcus, the crit
ical factor was the appearance of L-forms only 
in a narrow range of low penicillin concentra
tions (0.1-0.3 units per milliliter). 

Streptococcus by Lysozyme (Gooder, 1968; Wyrick 
and Gooder, 1977) 

Protoplasts were prepared in the following manner: Cul
tures of Streptococcus faecium strain F 24 were grown 
overnight (stationary phase) in trypticase soy broth, har
vested, and washed three times in distilled water. Su
crose (0.6 M) or polyethylene glycol (Carbowax 4000, 
Union Carbide Co.) 8% (w/v) was used as osmotic sta
bilizer in 0.01 tris-chloride buffer, pH 7.1. A mixture of 
2 X 109 streptococcal colony-forming units (CFU) and 
200 /Lg lysozyme (Nutritional Biochemieals Corp.) per 
milliliter was incubated at 37°C for 2 h. Tenfold serial 
dilutions of the protoplast suspension were then plated 
onto the surface oftryptone soy agar (Oxoid) containing 
0.43 M NH4Cl, 0.5% (w/v) additional glucose, and 2% 
inactivated horse serum. Incubation of the plates was 
at 37°C. L-colonies could be counted in 2-5 days. 

Broth medium for S. faecium L-forms consisted of 
Albimi brucella broth (Gibco Diagnostics) prepared in 
0.43 M NH4Cl with 0.5% glucose added. Reversion me
dium consisted of tryptone soy broth prepared in 0.6 M 
sucrose and 35% gelatin (Difco) as the solidifying agent. 
Plates were incubated at 25°C. 

Neisseria (Lawson, 1986; Roberts, 1966; Roberts 
and Wittler, 1966) 

L-forms of Neisseria meningitidis were produced with 
penicillin using the gradient plate technique. The me
dium consisted ofbrain heart infusion (BHI; Difco) of 
pH 7.2-7.4 containing 1.2% agar, 10% sucrose, 0.5% 
yeast extract, and 10% inactivated horse serum. L-forms 
obtained were serially propagated on media containing 
benzylpenicillin (1,000 units per milliliter). Incubation 
of plates was at 37°C in CO2 (candle jar). L-forms of 
N. meningitidis have also been produced by methicillin, 
ampicillin, cycloserine, cephalothin, ristocetin, bacitra
ein, and vancomycin. 

L-forms of N. gonorrhoeae were induced and prop
aga ted under similar conditions with the exception that 
100 units penicillin per milliliter was required. Growth 
of L-forms in broth was obtained by the use of diphasic 
media. Agar slanted in flasks was inoculated and then 
overlayered with BHI broth of similar composition but 
containing 0.01 % agar. Frequent serial transfers were 
required before heavy L-form growth was obtained in 
broth lacking traces of agar. 

Lawson and Bacigalupi (1977) produced L
forms of N. gonorrhoeae using penicillin and L
form media supplemented with 7.0% PVP as 
osmotic stabilizer. The PVP was subjected to 
extensive dialysis before use. Induction fre
quencies were higher than those obtained in the 
presence of sucrose. Two other antibiotics 
which inhibit cell wall synthesis, cephalothin 
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and D-cycloserine, also permitted L-transfor
mation; transformation did not occur with van
comycin, bacitracin, or novobiocin. The L
forms of Neisseria species were reviewed by 
Lawson (1986). 

Identification of L-Forms 

Transformation ofbacteria to L-forms may oc
cur in periods ranging from several hours to 
several days. Cultures must be examined fre
quently. In a penicillin gradient plate, L-colo
nies may be detected by the naked eye or with 
a hand lens in the zone of penicillin inhibition. 
Microscopic examination under oil immersion 
is necessary for the identification ofL-form co 1-
onies. The Dienes technique of stained agar 
preparation is recommended (Madoff, 1960). 
The method is simple and equally applicable to 
mycoplasma; it is indispensable for distinguish
ing L-colonies and viable organisms from tiny 
bacterial colonies and from artifacts. 

The Dienes-staining solution is made by dis
solving 2.5 gof methylene blue, 1.25 g of Azur 
11, lOg of maltose, 0.25 g of NA2C03, and 0.2 
g of benzoic acid in 100 ml of distilled water. 
A thin film of stain is painted on a coverslip by 
means of a cotton applicator and allowed to dry. 
Many coverslips can be prepared at a time and 
stored for future use. The coverslip is cut into 
convenient squares with a dia mond pencil. A 
block of agar bearing suspected colonies is cut 
from the plate and placed face up on a glass 
microscope slide, and the stained coverslip is 
placed face down on the agar. The preparation 
is then ready for microscopic observation. 

Microscopically, L-colonies and mycoplasma 
colonies stain a deep blue at the center and pale 
blue at the periphery. Nonviable organisms and 
artifacts either do not stain or they assume a 
pinkish to violet hue. Viable bacterial colonies 
also take the Dienes stain. Decolorization of the 
stain may occur in bacterial colonies, as in large 
L-colonies, if the preparation is not examined 
at once. Contrary to other reports, decoloriza
tion of the Dienes stain is not a criterion for 
distinguishing between mycoplasma and L
form colonies. Identification is based rather on 
the distinctive morphologic characteristics of 
the organisms. 

Morphology and Ultrastructure 

The use of stained agar preparations and oil 
immersion magnification permits the observa
tion of the transformation from bacteria to L
forms to be followed in serially examined 
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blocks of agar. The initial change is the enlarge
ment of the bacterial cell to produce a "large 
body." In some instances, large bodies are 
formed during division when swelling occurs 
within segmenting cells. The large bodies ap
pear to form a connecting link between the 
growth of bacteria and the transformation of L
forms (Dienes, 1968). The large body stage may 
be followed by fragmentation of these forms 
with release of typical bacterial forms. Alter
natively, granular elements of varying size de
velop within or at the periphery of the large 
bodies; these soon penetrate the agar and mul
tiply, forming an L-colony. The L-colony may 
grow to resemble the mycoplasma, with dense 
central growth into the agar surrounded by a 
periphery of surface growth ("fried egg" ap
pearance), as shown in Fig. 2A; or the colony 
may become grossly irregular in shape and con
tour (Fig. 2B). L-colonies are usually larger and 
of coarser appearance than those of the myco
plasma. The distinctive morphology of the L
form colonies results from the growth into the 
agar of coarse granular elements, the presence 
oflarge bodies, and the complete absence of any 
residual bacterial forms (Dienes, 1939, 1968, 
1970). 

Young L-colonies of so me bacterial species, 
notably, Haemophilus injluenzae, Corynebac
terium species, various streptococci, and Strep
tobacillus monilijormis, can be very small, ir
regular, and consist of very small granular 
forms. Therefore they can be difficult to distin
guish from mycoplasma colonies purely by mor
phology. A problem can arise if such tiny col
onies are produced on penicillin-containing 
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media inoculated primarily for the isolation of 
mycoplasma from clinical material. In such 
cases, the final identification of the L-forms is 
by proof of derivation from the bacterium by 
their reversion to the parent, or by serological 
or biochemical means. This may present con
siderable difficulty in some instances. 

Two morphologic types of L-colonies have 
been described, the A-and B-type L-forms (Fig. 
3). Partialloss of cell wall by the bacteria usu
ally produces the highly revertible B-type L
forms (Fig. 3, middle), whereas the complete 
loss of cell wall yields the stable or difficult-to
revert A-type L-forms (Fig. 3, bottom). Gram
positive organisms such as streptococci, staph
ylococci, and corynebacteria tend to produce A
type colonies almost exclusively. 

Enterobacteriaceae and other Gram-negative 
species may produce B-type L-forms predomi
nantly, but can also produce the stable A-type. 
In Proteus, for example, L-colonies growing on 
agar medium are distinguished by their small 
size, fine granularity, and scarcity of large bod
ies. With electron microscopic examination, 
they are seen to be devoid of cell wall (Dienes 
and Bullivant, 1968). The pleomorphic ele
ments are bound by a single unit membrane and 
they are filled with ribosomes and DNA ma
terial. Their resemblance to mycoplasma is no
table. Mesosomal bodies are absent. By light 
microscopy, the B-type colonies appear to be 
composed almost entirely oflarge bodies. When 
examined with the electron microscope, L-or
ganisms of the B-type show the presence of cell 
wall components apparently similar to the wall 
of the parent bacteria, but lacking its rigidity. 

Fig. 2. (A) L-forms of Neisseria gonorrhoeae. x 65. (B) L-forms of Streptococcus pyogenes. X 110. 
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Fig. 3. L-forms of Proteus. In the electron micrographs, the 
presence of cell wall constituents is clearly visible in the B
type (middle photograph). In the A-type (bottom photo
graph) there is only the cytoplasmic membrane. Note the 
size difference between the colonies of A- and B-type L
forms (top photograph). X65. [Reproduced by permission 
ofthe American Socicty for Microbiology (Pachas and Ma
dolf, 1978). J 
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The presence of altered mucopeptide layers in 
revertible B-type L-forms of Proteus has also 
been noted (Cole, 1971). 

Similarly, in Proteus mirabilis, exposure of 
the bacteria to ß-lactam antibiotics has led to 
the production of the stable "protoplast L
forms" and the unstable "spheroplast L-forms," 
the latter retaining portions of defective cell 
wall and the former having the plasma mem
brane as the sole integument. With a long period 
of subcultivation of the spheroplast L-forms in 
the presence of benzylpenicillin, spheroplast L
forms can be detected that are stable and have 
lost the ability to revert (Martin et al. 1977). 
Concomitantly, these forms show resistance to 
the action of benzyl penicillin and mecillinam 
combined. Thus, as emphasized by Dienes 
(1970), the presence or absence of cell wall con
stituents does not appear to be the decisive fac
tor in the ability of an L-form to revert to the 
parent form. At the present time, the mecha
nism by which these "mutants" are formed re
mains unexplained. (For a comprehensive re
view of B-lactam induced Proteus L-forms, see 
Ghuysen et al., 1986.) 

Conflicting morphological descriptions are 
also given for other L-forms, particularly ofthe 
Gram-negative species. In Escherichia coh, 
Neisseria meningitidis, and Brucella abortus, L
forms have been shown to possess a layer of 
damaged cell wall external to the cytoplasmic 
membrane. In PVP-stabilized L-forms of Neis
seria gonorrhoeae (Lawson and Bacigalupi, 
1977) and in L-forms of Haemophilus influ
enzae (Madoff, 1977), only the unit cytoplasmic 
membrane was visible. In studies ofthin section 
of Bacillus licheniformis, Bacillus subtihs, and 
Salmonella paratyphi, no trace of cell wall could 
be seen and the organisms were bounded only 
by cytoplasmic membrane (Wyrick and Rogers, 
1973). 

D. Albrewczynski and J. W. Lawson (unpub
lished observations) have isolated from gelatin 
a low-molecular-weight « 1,000 MW) peptide 
which, on addition to a culture of stable L-forms 
of S. faecalis strain F24L, induces near-com
plete conversion of the culture to large bodies. 
This peptide was obtained after 4 days of di
alysis of 60% gelatin. The dialysate was then 
filtered through a 1,000 MW cutoff filter using 
an Amicon ultrafiltration apparatus. Upon 
freezing the filtrate, biologically active crystals 
precipitated. The crystals were recovered by fil
tration and solubilized in L-broth. The induced 
large bodies attained diameters of more than 20 
J!m and upon rupture-released viable units. Im
idazole (30 J!m), a cyclic AMP (cAMP) phos
phodiesterase stimulator, induced similar 
changes in the L-form cultures. On the other 
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hand, the anti-pyretic analgesie drug indometh
acin, a cAMP phosphodiesterase inhibitor, in
hibited large body formation in the presence of 
the gelatin factor but not imidazole. The level 
of cAMP in L-form broth cultures and cultures 
supplemented with indomethacin rose steadily 
during exponential growth and then fell rapidly. 
The cAMP levels in the gelatin factor and im
idazole supplemented cultures remained low 
until the stationary phase and then rose slowly. 
Electron microscopy revealed that large bodies 
in imidazole supplemented cultures appeared 
devoid ofinternal membranes. In contrast, large 
bodies from cultures containing the gelatin fac
tor were highly vacuolated and contained viable 
granules. 

By electron mieroscopy, stable L-forms of a 
strain of Escherichia coli show the presence of 
laminate structures and microtubules (Eda et 
al., 1976) resembling similar configurations pre
viously observed in Streptococcus faecalis 
(Cohen et al., 1968) and in Pseudomonas spe
cies. Microtubu1e-like cores have also been ob
served in thin sections of L-forms of Nocardia 
(Beaman, 1986). The nature and function of 
these structures have not been established. 

Replication and Reversion 

As seen with transmission and scanning elec
tron microscopy, L-forms of diverse bacteria 
species are surprisingly similar in their mor
phology and reproductive processes. Although 
organisms as small as 200 to 300 nm have been 
seen, the size of the smallest units which are 
viab1e and capab1e ofreproduction remains un
clear. Like those of the mycoplasma, the mech
anisms of replication appear to vary from sim
ple binary or asymmetric fission to budding or 
segmentation of small, dense bodies from large, 
spherical, or filamentous forms in sequential 
growth. In Proteus L-forms, sequential enlarge
ment of protoplasmic bodies appears to be fol
lowed by release of new viable granules (Dienes 
and Bullivant, 1968; Cole, 1971). Thin sections 
of L-form colonies of Haemophilus injluenzae 
grown within agar reveal small, dense bodies 
seen as condensations at the periphery of large 
cells apparently capable of detachment as bud
ding forms (Madoff, 1977). 

Among the Gram-positive bacteria, growth 
and reversion of L-forms have been studied in 
Bacillus subtilis (Landman and Forman, 1969; 
Landman et al., 1968), Bacillus licheniformis, 
(Elliott et al. , 1975), Streptococcus pyogenes 
(Cole, 1970), S.faecalis (Green et al. , 1974b), 
and S. faecium (King and Gooder, 1970; Wyrick 
and Gooder, 1977). Of particular interest in 
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these reports are the studies that describe the 
sequential stages of reproduction and the re
version of L-forms to bacteria. 

Green et al. (1974b) have proposed a repro
ductive cycle for L-forms of S. faecalis. Small, 
dense, nonvesiculated L-form bodies are 
thought to divide by simple binary fission and 
budding and develop within vesicles of mature 
"mother" forms; under certain conditions, 
these dense forms may undergo transition and 
revert to the bacteria. Reversion may be accom
panied by the formation of mesosome-like 
structures in a manner similar to that seen in 
B. subtilis (Landman et al., 1968). In a study of 
S. faecium with ferritin labeling, reversion ap
pears to arise through excretion of cell wall ma
terial around the unstable L-forms. Pieces of 
wall associated with cell membrane form a scaf
folding to create the intact (complete) bacterial 
cell wall (Wyrick and Gooder, 1977). 

Antibiotic Sensitivities of L-forms 
and Parent Bacteria 

The susceptibilities ofL-forms to antimicrobial 
agents have been reviewed in several publica
tions (Hijmans, et al., 1969; Schmitt-Slomska 
and Roux, 1977. For arecent review, see 
Schmitt-Slomska, 1986). Although the subject 
is too extensive to treat here, a few general state
ments can be made. 

L-forms are not susceptible to the ß-lactams 
or to other drugs that inhibit the synthesis of 
the bacterial cell wall. In recent years, the in
teraction of ß-lactams with bacteria has been 
the focal point of extensive investigations. Such 
studies show the existence of multiple, func
tionally different penicillin targets: pencillin
binding proteins (PBPs), penicillin-sensitive en
zymes, and murein-hydrolases have been de
scribed. The modes of action of other inhibitors 
of peptidoglycan synthesis (e.g., bacitracin, ris
tocetin, and D-cycloserine) are poorly under
stood. Neither has shown any effect on the 
growth of L-forms. 

Polymixin B increases the permeability ofthe 
cell membrane through affinity for the phos
pholipid of the membrane. It has been shown 
to exert a greater effect on L-forms than on the 
parent bacteria. L-forms derived from poly
myxin-resistant Gram-negative bacteria, N. 
gonorrhoeae, Brucella melitensis, and Proteus 
species are as resistant to polymyxin as the par
ent bacteria. 

The broad-spectrum antibiotics exert their 
primary influence by inhibition of nucleic acid 
functions and protein synthesis. They have, in 
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general, a greater effect on the L-forms than on 
the parent bacteria. Greater susceptibility has 
been shown by the L-forms of S. /aecalis to the 
tetracyclines and to the aminoglycoside anti
biotics, kanamycin, streptomycin, and vanco
mycin (Montgomerie et al., 1966). Staphylococ
cus L-forms have also shown greater 
susceptibility to the tetracyclines. In N. men
ingitidis and N. gonorrhoeae, both parent bac
teria and derived L-forms showed similar sus
ceptibilities to tetracylcine, novobiocin, 
erythromycin, and sulfadiazine (Roberts, 1966; 
Roberts and Wittler, 1966). More recent studies 
with Neisseria L-forms (Lawson and Bacagal
upi, 1977) showed considerably greater suscep
tibility of the L-forms than the parent to the 
same antibiotics. The authors explain the di
vergent results as being due to the complete ab
sence of cell wall constituents in the PVP-sta
bilized forms of Neisseria as opposed to those 
induced on sucrose-containing media. 

Studies with the L-forms of Proteus species 
(Ghuysen et al., 1986) and with Streptococcus 
pyogenes (Leon and Panos, 1988) have shown 
changes in numbers and relative concentrations 
of penicillin-binding proteins with the loss of 
normal cell synthesis. 

In summary, the L-forms share with their 
parent bacteria, to a greater or lesser degree, 
susceptibility to antibiotics other than those 
that act on bacterial cell wall. Agents that exert 
their influence on cytoplasmic membrane te nd 
to have a greater inhibitory effect on the wall
defective forms. Recent studies confirm the un
predictability of the degree of susceptibility of 
the L-forms in comparison with the parent bac
teria, and, in particular, with bacterial rever
tants from L-forms. Alterations in biochemical 
or genetic properties of the cytoplasmic me m
branes following prolonged cultivation in the L
form may be important factors. Should the L
form be found to playa significant role in in
fectious disease, these considerations could be 
important (Schmitt-Slomska, 1986). 

Occurrence and Pathogenicity 

The controversial aspects of L-forms as patho
gens have been discussed in several publications 
(Clasener, 1972; Hijmans et al., 1969; Kagan et 
al., 1977; Pachas and Madoff, 1978; Roux, 1977; 
Wittler, 1968). For a thorough review, see Pa
chas (1986). 

L-forms of the following species have been 
found to be adaptable to growth in tissue cul
tures of diverse origin: Brucella abortus in ham
ster kidney cells (Hatten and Sulkin, 1968); 
Streptococcus/aecalis in human embryonie kid-
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ney cells (Green et al., 1974a); and S. pyogenes 
in human heart cells (Leon and Panos, 1976). 
In the last example, a marked cytotoxic effect 
was found with a L-strain adapted to physio
logically isotonic environment (Panos, 1986). 

Early experiments with L-forms in animals 
failed to show any pathogenicity unless it was 
caused by the revertant bacteria, as in Strep
tobacillus and Listeria, or unless toxins were 
produced, as in Clostridium and in Vibrio spe
cies. Staphylococcus L-forms failed also to col
onize experimental endocarditis in rabbits 
(Linneman et al., 1973). The persistence of L
forms of Streptococcus has been shown in 
mouse experiments, but pathogenic effects have 
not been noted (Schmitt-Slomska et al., 1967). 
L-forms of Streptococcus pyogenes, which had 
been adapted to grow in iso tonic conditions, 
survived in immunosuppressed mice (Panos, 
1986) suggesting that the minimal response of 
the mouse (host) may playa role in suppressing 
the L-forms in vivo. 

Some recent studies in vivo suggest a path
ogenic role for the L-forms. Khostikian et al. 
(1987) have shown that the intraperitoneal in
oculation of stable L-forms of group B strep
tococci into animals led to a progressive inflam
matory, necrotic and sclerotic degeneration of 
the hypothalmus, hypophesis, and adrenal 
glands. Persistence of the organisms appeared 
to result in hormonal disturbances. Owens 
(1987) demonstrated that L-forms of Staphy
lococcus aureus could be isolated from bovine 
mastitis lesions following penicillin treatment. 
After cessation of therapy, the cows that har
bored L-forms yielded the parent organisms. 
This observation may perhaps account for the 
poor response of staphylococcal bovine mastitis 
to treatment with antibiotics. 

The L-forms of Nocardia have clearly shown 
their pathogenic potential. L-forms of actino
mycetes, Nocardia, Actinomyces, and Actino
madura have been isolated from infected tissues 
of humans and animals (Beaman, 1982, 1985, 
1986; Buchanan et al. , 1982). The possible re
lationship between these L-forms and clinical 
manifestations have been studied. It was shown 
that the immunologically intact host induced 
the formation ofL-forms (probably by activated 
macrophages) (Bourgeois and Beaman, 1974), 
which persisted within the tissues for long pe
riods. In contrast, L-forms were not isolated 
from T -cell deficient hosts (Beaman, 1980; Bea
man and Scates, 1981). In experimental murine 
infections with Nocardia caviae (Beaman, 1980; 
Beaman and Scates, 1981), it was shown that 
L-forms could grow in tissues to form granules 
characteristic of those found in mycetomas. 
Frequently, the L-forms reverted to the parental 
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cell so that both cell types could be recovered 
from these granules; however, so me remained 
composed entirely of bacterial L-forms. It was 
shown that in vitro induced L-forms of N. cav
iae injected into mice induced mycetomatous 
disease. Furthermore, the L-forms from these 
lesions could be isolated in vitro, and trans
mitted to new animals, with the resultant for
mation of new lesions, thus, fulfilling "Koch's 
postulates" for the pathogenicity of Nocardia L
forms (Beaman, 1980, 1982, 1985; Beaman and 
Scates, 1981). 

Summary 

The pathogenicity of the bacterial L-forms re
mains unclear. Certain factors in persisting and 
recurrent infections may predispose to the pro
duction of wall-defective organisms. Factors 
such as the dissolution of bacterial cell wall by 
immune mechanisms, by cellular enzymes, or 
by antibiotics may create favorable conditions 
for the establishment of chronic infections by 
wall-defective organisms. 

To establish a definitive role for the L-forms 
in disease, a conscientious search will have to 
begin with careful observations in the labora
tory. In searching for L-forms in human infec
tion, however, it is important to keep in mind 
the potential for misinterpreting bacteria that 
show atypical or aberrant morphology. In the 
last decade, progress on the clinical significance 
of the L-forms has produced little new infor
mation. On the other hand, strong new data 
such as the production of chronic or latent in
fection in animals by bacterial L-forms offer in
teresting possibilities for future studies, partic
ularly as they may relate to similar conditions 
in humans. 

Clinical studies have reported the recovery of 
L-forms and other wall-defective organisms 
from blood, body fluids, and tissues of animals 
and humans. However, their relation to path
ogenic states are at present unclear. Studies by 
Domingue et al. (1977) describe the recovery of 
variant wall-defective bacterial forms from the 
blood of normal as weIl as diseased humans. 
Likewise, the role of L-forms of Mycobacteria 
in tuberculous infection or in resistant states 
merits further attention (Mattman, 1968; Kho
meno et al., 1980). A comprehensive survey of 
the L-forms and bacterial variants in clinical 
disease has been presented by Pachas (1986). 

The bacterial L-forms deserve investigations 
with new experimental models, isolation meth
ods, and culture techniques. For example, pro
vocative observations have been made on the 
stimulation ofgrowth ofL-forms by certain bac-
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teria (satellite effect) (Bouvet and Acar, 1977; 
Madoff, 1977, 1979; Falcon et al., 1989). Studies 
showing the enhanced survival of L-forms of 
Streptococcus in immunosuppressed mice 
(Panos, 1986) and the production of myceto
matous disease in animals with L-forms of No
cardia (Beaman, 1986) represent new and 
promising avenues of approach. 

The L-forms ofbacteria deserve to be studied 
for their intrinsic scientific value. That the bac
teria can, under certain conditions, enter into a 
wall-Iess state, that they can survive and repro
duce themselves in this wall-deficient state, that 
they can ultimately revert to their bacterial 
form-or lose the ability to revert-are remark
able phenomena. These phenomena cannot be 
insignificant. Further studies with regard to 
their structure, biochemical function, and ge
netic composition should elucidate the role of 
the L-forms in the biology ofbacteria and their 
potential role in clinical disease. 
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The Genus Gallionella 

HANS H. HANERT 

The bacteria of the genus Gallionella belong to 
the so-called "iron bacteria," which achieved 
their theoretical importance after Winogradsky 
(1888, 1922) postulated his conception of 
chemolithotrophy for these organisms. These 
bacteria also have practical significance since 
they clog drains, water pipes, and wells with 
deposits of iron oxide compounds. In connec
tion with freshwater supply problems and the 
rapid growth of agriculture, hydrotechnicians 
and land-reclamation (underground drainage) 
specialists have become increasingly interested 
in bacterial iron oxidation as a common source 
of interference with wells and drainage systems 
(Pord, 1978; Hanert, 1974b; Khrutskaya, 1970; 
Martin et al., 1978). Iron bacteria are also in
teresting for ecological and biogeochemical rea
sons. Like algae, iron bacteria may develop in 
their natural habitats in such masses that the 
idea of their participation in the sedimentary 
formation of iron ore is plausible, as was rec
ognized in the first description of the iron bac
terium Gallionella jerruginea (Ehrenberg, 
1836). 

Iron bacteria are reputed to be diflicult to 
work with. The general opinion of microbiol
ogists is that it is diflicult to cultivate these or
ganisms in the laboratory and that there are 
difliculties in isolating and identifying them. 
Therefore, it is one of the main purposes of this 
contribution to show that this poor reputation 
is unjustified. It will be demonstrated that cul
tivation and handling ofthe treated bacteria are 
in no way more diflicult than for other micro
organisms, if attention is paid to only a few 
fundamental peculiarities, such as "sessility" 
and "gradient growth." Disregard of these fac
tors may be one of the most common practical 
reasons for failure to locate these organisms in 
natural habitats, for failure to cultivate them 
successfully, for misinterpretation of presumjXl 
developmental stages, and for discouragemtmt 
which can often be observed when students are 

This paper is taken directly from the ist edition of The 
Prokaryotes. 

starting in this field. Therefore, the following 
text is narrowly restricted to methods and prac
tical advice-without any theoretical discussion 
on the controversial life cycle, taxonomie po
sition, and physiology, which are described in 
the literature cited. 

Habitats 
Chemistry of the Habitats 

Gallionella jerruginea characteristically occurs 
most abundantly in very pure, iron-bearing 
waters that contain only traces of organic ma
terial. Habitats with the best prospects for a suc
cessful search are ferruginous mineral springs, 
water works, wells, and drainages, especially 
underground drainages in regions near the 
groundwater table. Swamp ditches and lakes are 
unusual habitats that contain Gallionella in 
large quantities only at places where pure, fer
rous waters infiltrate. Occurrence is not re
stricted to fresh waters or to 10w-temperature 
habitats, as commonly assumed; Gallionella has 
been convincingly found in salt water, marine 
bays, and thermal springs with temperatures up 
to 47°C (Hanert, 1973b, 1981a; Sharpley, 1961; 
Volkova, 1939; Vouk, 1960). 

Common to all of the various Gallionella 10-
calities investigated are sharply limited physi
cochemical conditions characterized by a low 
redox potential in an Eh range of + 200 to + 320 
mV (rH2 values generally vary from 19 to 21) 
and a slightly acidic environment caused by the 
solution of considerable amounts of CO2• Add
ing the data determined by Volkova (1939) in 
slightly alkaline mineral waters, the pH envi
ronmentallimits range from 6.0 to 7.6, which 
excludes growth in acid habitats. Occurrence of 
Gallionella in acid mine waters as described by 
Walsh and Mitchell (1969, 1970) may be a result 
of confusing Gallionella with Metallogenium 
and/or nonbiological structures. 

These Eh and pH limits characterize Galli
onella as a very good example of a gradient 
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organism that develops under neither strongly 
reducing conditions nor in a highly oxidizing 
zone, but in a level between the two extremes 
with redox conditions about 200-300 mV lower 
than typical surface waters. This region in 
which Gallionella grows characterizes the low
est zone of Eh-pH environmentallimits of iron 
bacteria established by Baas-Becking et al. 
(1956), in which there are usually only low con
centrations of oxygen. 

Comparison with geochemical-stability field 
data for ferrous iron, published by Garrels and 
Christ (1965) and Hem (1972), shows that the 
Gallionella Eh-pH milieu, in all the cases that 
have been measured, lies significantly within 
the zone in which ferrous ions are stable. This 
stability appears to be the essential factor in the 
environmental conditions for the existence of 
Gallionella, much more important than the fac
tors of temperature and oxygen content to 
which Gallionella manifests greater adaptability 
than generally thought. The marked psychro
phily and the microaerophily generally ascribed 
to Gallionella seem to be only secondary effects 
that depend on the fact that bivalent iron is 
most stable under these conditions (Hanert, 
1975). Thus, it is easy to understand why Gal
lionella also occurs in 02-saturated waters, for 
example, in aerated, iron-removal treatment 
plants in water works or in thermal springs, 
when the only essential condition, stability of 
bivalent iron in the presence of oxygen, is ful
filled. These observations do not invalidate the 
most common values of physicochemical fac
tors measured in Gallionella habitats, which are 
0.1-1 mgfliter02, 8-16°C, 5-25 mgfliterFe(II), 
around 20 or more mg/liter CO2, and a very 
slight content of organic material, not above 12 
mg/liter KMn04 (Hanert, 1975). 

Growth Measurement and Analysis of Iron
Oxidation Structures by In Situ Exposure 

The red-brown deposits at Gallionella sites con
sist primarily ofthe typical spiral bands of dead 
matter excreted from the terminal Gallionella 
cells. These deposits may be extremely pure. 
However, their Gallionella-nature may be very 
difficult to recognize when the deposits have 
been altered by additional chemical iron-oxi
dation processes. False conclusions may then be 
drawn about the nature of the iron-oxide pre
cipitation. A direct measurement of Gallionella 
growth is indispensable for analyzing such 
structures, as well as for determining whether 
or not Gallionella is actually growing on the site. 

There are three proven methods of in situ 
exposure for light microscopy and for trans
mission and scanning electron microscopy: (1) 
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The exposure of cover slips or slides for several 
hours or days, singly or in multiple vertical 
alignment, in plastic clamp fittings. This 
method, a modification of the on-growth 
method of Naumann (1919) and Cholodny 
(1924) allows the localization of the zones in 
which Gallionella develops in still waters, the 
densitometric and photometric registration of 
the total iron oxidation (Hanert, 1981a) and, by 
determining stalk production, the quantifica
tion ofthe momentary Gallionella development 
(Hanert, 1973a). (2) The exposure of Formvar
coated, platinum or gold, electron-microscope 
grids (copper grids are inappropriate due to the 
frequent presence of H2S). With these proce
dures, the fine structure of the bands, as well as 
of the terminal Gallionella cells on the sessilely 
excreted intact stalks, may be observed. The lat
ter is not included when suspension prepara
tions of the stalk fragments are used (Hanert, 
1970; Hirsch and Pankratz, 1970). (3) Exposure 
of round glass slides for scanning electron mi
croscopy and electron probe microanalysis 
(FeKa). This procedure is especially important 
because it allows tiny globular particles (0.04-
0.3 ~m in diameter) to be chemically and phys
ically analyzed (Hanert, 1981a). Until now, they 
were thought to be mycoplasma-like develop
mental stages and buds of Gallionella, but they 
have been shown to be pure Fe(III)-oxide par
ticles. 

The advantages of these three procedures, 
which all make use of the sessile way oflife, are 
obvious when one considers that the failure to 
find the characteristic apical cells in natural 
habitats (van Iterson, 1958) was the starting 
point for the studies that aimed at proving the 
mycoplasma-like and Metallogenium-like via
ble nature of Gallionella stalks (Balashova, 
1967b, 1969, 1974; van Iterson, 1958; Zavarzin, 
1961). The three procedures described above 
mayaiso be applied to pure cultures of Galli
onella. 

Isolation 

Physiological Basis for Isolation 

Although chemolithotrophy has not as yet been 
generally recognized for Gallionella, it must be 
emphasized that all of the successful cultures 
were able to develop only in mineral media with 
iron(II) as energy source. This is true for 
Lieske's first cultures (1911) containing metallic 
iron as well as for the excellent culturing pro
cedures of Kucera and Wolfe (1957) that use 
ferrous sulfide as a source of reduced iron. Cul
ture procedures that used organic media con-
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taining serum, as suggested by Balashova 
(1969), have remained unsuccessful. Classic 
Gallionella organisms with stalks and apical 
cells as weIl as developmental stages producing 
such forms have not been obtained. It thus 
seems evident that Gallionella is truly a chemo
lithotrophic bacterium and that ferrous-con
taining mineral media are best for cultivation 
and isolation. 

Isolation Principles and Procedures 

Two isolation procedures have proven useful. 
Both use mineral Wolfe's FeS medium (see be
low) as a selective isolation medium for Galli
onella, in which neither sheathed nor capsu
lated iron bacteria will grow. 

One procedure is a test-tube dilution method 
in which a final concentration of one colony per 
culture is reached. The ability to stick to the 
vessel walls is used to separate Gallionella from 
the contaminants (Engel and Hanert, 1967; Ha
nert, 1968; Hanert 1981b). 

Isolation of Gallionella by Dilution and Serial 
Transfer (Engel and Hanert, 1967; Hanert, 1968) 

One Gallionella eolony is withdrawn with a eapillary 
pipette from the wall of a test tube eontaining an en
riehment eulture, suspended homogeneously in 10 ml 
of Wolfe's medium without FeS, diluted to 10-' (max
imally 10-6, one eolony of 1 mm in diameter eonsists of 
about 100,000 apieal eells), and then inoeulated into test 
tubes with Wolfe's FeS medium (30-50 parallel eultures 
starting with a 10-4 dilution). 

After 1 week of eulture, a one-eolony eulture is treated, 
in essentially the same way as above, to obtain a pure 
culture. The colony, which is attaehed to the wall ofthe 
test tube, is earefully rinsed using a pipette with ap
proximately 200 ml of fresh, sterile medium without 
FeS, after first disposing ofthe FeS sediment (l ml) and 
the mineral medium (9 ml). Then the eolony is trans
ferred five times into test tubes eontaining 10 ml of 
sterile medium (without FeS) and washed with gentle 
shaking to rid the eolony of clinging eontaminations. 
The washed eolony is then suspended into sterile me
dium (l0 ml) and again inoeulated into test tubes eon
taining Wolfe's FeS medium at dilutions of maximally 
10-6 (again 30-50 parallel eultures). Five to ten serial 
transfers are neeessary to aehieve pure eulture in this 
manner. Although this proeedure requires up to 10 
weeks, it is a very certain method of eontinually redue
ing the number of eontaminants and obtaining a pure 
eulture (Hanert, 1975). 

The second isolation technique requires 
much less time and leads, according to the au
thors, to a pure culture in 7 out of 10 ca ses. It 
is based on the observation that some strains 
of Gallionella, in contrast to most contami
nants, is resistant to 0.5% formalin. 
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Isolation of Gallionella by Formalin Resistance 
(Nunley and Krieg, 1968) 

Five-tenths milliliter offormalin (40% formaldehyde so
lution) was added to a dilution bottle ofWolfe's medium 
eontaining 10 ml of ferrous sulfide agar and 100 ml of 
fluid medium. Sam pies of Gallione/la from its natural 
souree were eentrifuged at 3000 X g for 3 minutes. One 
to five milliliters of sediment was transferred to the 
Wolfe's medium with formalin. The medium was in
eubated at 25°C for 1-2 days. One-milliliter aliquots of 
the eulture were transferred to fresh Wolfe's medium 
without formalin. Cultures were ineubated at 25°C for 
2-3 weeks. Tests for eulture purity were performed using 
the third serial transfer after the formalin treatment. 

Purity is checked by use of a variety of het
erotrophie and autotrophie test media; for ex
ample, yeast extract bouillon, nutrient agar, Ni
trosomonas medium, Ferrobaällus medium, 
and Thiobacillus agar. The length of observa
tion is up to 4 weeks. 

Micro- and Macrocultures and Axenic 
Maintenance 

There are no principal difficulties in cultivating 
Gallionella in containers ranging from small 
chambers to 12-liter fermentors. The difficulties 
of culture that have been reported in almost all 
publications on Gallionella generally are due to 
overlooking interactions in the medium among 
the following factors: phosphate, ferrous and 
ferric iron, oxygen, pH, and redox potential. 
The most important growth-inhibiting chemical 
processes in the medium are: (1) iron phosphate 
precipitation caused by too high a concentration 
of phosphate; (2) chemieal autoxidation of fer
rous iron caused by too high a concentration of 
oxygen or by the redox potential being too high; 
and (3) the pH becoming more acidic when el
evated O2 concentration causes hydrolysis of 
ferric iron. All three processes eventually reduce 
the Fe(II) content ofthe mineral medium ofthe 
FeS cultures below the lower limit of 5 ppm. In 
order to retain the required Fe(II) concentra
tion, it is absolutely necessary to have the fol
lowing initial conditions in the medium: oxygen 
content 1 ± 0.2% (0.42 ppm), pH 6.0 (values 
from CO2 bubbling, border values between 5.5 
and 6.3), Eh + 330 mV to + 350 mV (Eh border 
values from - 55 to + 395 m V), phosphate (as 
K2HP04) 0.05 g/liter. These conditions were es
tablished in optimum growth zones of J·liter 
Erlenmeyer flasks and confirmed in test tube 
cultures (Hanert, 1975). They lead, following 
interactions between mineral medium and FeS
sediment, to an iron(II) concentration of 10-20 
ppm which guarantees good growth of Galli
onella. The conditions of gassing must be varied 
according to the volume in each vessel, so that 



CHAPTER 231 

common standardized instructions may not be 
given for all sizes of flasks. Identical for all cul
tures, though, is the production and storage of 
ferrous sulfide as weIl as the production of mod
ified mineral Wolfe's medium. During the first 
process, essential mistakes may be made that 
inhibit the growth of Gallionella. 

Preparation and Storage of Ferrous Sulfide 
For preparation of ferrous sulfide, two precipitation re
actions with equal molar quantities are possible. FeS 
can be produced either by reacting 78 g ferrous am
monium sulfate [(NH.),Fe(SO.k6H,Ol with 44 g so
dium sulfide (Na,S'9H,O) or 140 g ferrous sulfate 
(FeSO .. 7H,O) with 120 g sodium sulfide in deionized 
water (50°C; ferrous salts are added in solid form while 
stirring). The resulting FeS precipitate must be washed 
extensively using deionized water (decanting of the su
pernatant and its replacement with deionized water at 
50°C), removing Na+, NH. +, and, above all, S'- ions until 
the precipitate reacts neutrally (pH measurement in FeS, 
not in the supernatant). 

Washing of FeS while continually checking 
pH is indispensable, since hydrolysis of any re
sidual sulfide ions (S2- + H20 -> HS- + OH-) 
raises the pH to 7.7 directly over the FeS sed
iment. The elevated pH prevents bivalent iron 
from dissolving and Gallionella development 
does not begin (Gebauer, 1978). Because ofthis 
indirect effect of sulfide on the development of 
Gallionella, sodium sulfide, used to manufac
ture FeS, is added in slightly less than the equi
molar amount. The separation of the adsorbed 
sulfide ions from the FeS precipitate during the 
washing procedure is a slow process and takes 
approximately 5 days (5-9 washings at intervals 
of at least 4 h). Delayed FeS sedimentation 
caused by formation of FeS-hydrosol can easily 
be eliminated by including a few drops of a sat
urated Feel3 solution or by once washing with 
tap water. After this cautious washing, FeS pre
cipitate can be stored without oxidation in glass
stoppered bottles that are completely filled. 

Modified Mineral Wolfe's Medium 
The modified mineral medium contains per liter dis
tilled water: I g NH.CI, 0.2 g MgSO .. H,O, 0.1 g 
CaCI,'2H,O, and only 0.05 g K,HPO .. 3H,O (one-tenth 
of the original concentration). 

With the strongly reduced concentration of 
phosphate, it is no longer necessary to sepa
rately autoclave the individual components (no 
earth alkali phosphates are formed during au
toclaving). Low phosphate concentration also 
prevents iron phosphate precipitate in the cul
ture medium. Such precipitation would result 
in a total growth inhibition of Gallionella due 
to lack of dissolved iron(II). 
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Microculture Slide Chambers for In Vivo Studies 
on Cell Division, Cell Rotation, and Stalk Twisting 

In constructing achamber, one cover glass (20 X 50 
mm) is mounted on each slide (26 X 76 mm). The cover 
glass is maintained at 0.05 or 0.1 mm above the slide 
by initially inserting a 0.05- or O.I-mm flat bar and then 
sealing the two sides with sealing wax. The bar is re
moved, the third side (bottom of the chamber) is then 
sealed, and the slide is held erect for filling. First, a tiny 
drop of FeS is inserted (by capillary pipette) and then 
mineral medium is added so that the chamber is two
thirds full, whereby the final ratio of l-eS:medium is 
1:10. The chamber is then inoculated and the fourth 
side is sealed. Microaerobic conditions are produced by 
replacing the air with CO, or with a mixture of94% N,-
5% CO,-I% 0,. Gallionella growth (stalk production) 
starts immediately after the chamber is c10sed (Hanert, 
I 974a). 

Procedure for Maintenance ofAxenic Cultures of 
Gallionella. 

The following procedure has proven useful in maintain
ing pure cultures of Gallionella. 

Thirty-four test tube cultures are set up with the di
lutions 10-1 (4 cultures; inoculum 150,000-300,000 
cells), 10-' (5 cultures), 10-3 (15 cultures), and 10-' (10 
cultures; inoculum 150-300 cells). For this purpose, the 
cotton-plugged test tubes are aseptically filled with 9 ml 
autoc1aved mineral medium. Then, 22.8 cm3 of cotton
filtered CO, is bubbled through each tube using ai-mi 
pipette (length of bubbling approximately 5 s; the pH 
of the medium is now 4.5-4.8). One milliliter of sterile 
FeS precipitate is then slowly added with a pipette. 

Six hours after the addition of FeS, the inoculation 
follows subsequent to dissolving 5-10 ppm bicarbonatic 
Fe(II) in the medium; meanwhile, the tubes are stored 
injars at 17°C under an atmosphere of94% N,-5% CO,-
1% 0,. In preparing the initial suspension for inocula
tion (100 dilution), two colonies with a diameter of 2 
mm (or one colony with a diameter of 4 mm) are sus
pended in 10 ml of sterile medium using a vortex mixer. 
Dilution series and inoculation are repeated as described 
above. The cultures are then incubated in preservingjars 
at 17°C in an atmosphere of 94% N,-5% CO,-I % 0,. 
This gas mixture can also be used for bubbling through 
the cultures (135 cm3 for each test tube). The best Gal
lionella growth is usually at a dilution of 10-3 and is 
macroscopically visible after 3-5 days. Enrichment cul
tures may be obtained in the same manner, using a drop 
of natural Gallionella sediment for inoculation. Cultures 
are transferred every 4 weeks. 

Preservation of Gallionella culture material 
in viable form for at least 13 weeks has been 
reported by Nunley and Krieg (1968) using the 
following procedure. 

Culture Preservation by Freezing (Nunley and 
Krieg, 1968) I The organisms were centrifuged at 3000 X g for 3 min

utes, resuspended in the fluid portion of fresh Wolfe's 
medium containing 15% glycerol, and stored in I-rn! 
quantities in a !ow-temperature cabinet at -80°C. Sur-
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vival was tested by transfer to Wolfe's medium at weekly 
intervals; in every case, the organisms were viable, form
ing a distinct mat of growth on the submerged ferrous 
sulfide agar after 7-10 days. 

Batch Cultures in Erlenmeyer Aasks for 
Physicochemical Studies in the Optimal 
Gallionella Growth Zone 

In order to obtain the described physicochemical growth 
conditions, FeS (100 ml ofFeS precipitate or 100 ml of 
1.5% FeS agar) is added to the sterile culture medium 
(2 liters) in 2-liter Erlenmeyer flasks (silicon stoppers 
with glass tubes for bubbling), and then bubbled with 
94% N z-5% COz-I% Oz up to pH 6 (gassing takes ap
proximately 90 min). Then, pH, Oz, and Eh values are 
checked electrometrically and the medium is addition
ally gassed with N z and COz to adjust to the required 
conditions (see above). The inoculation is with a sus
pension containing 10-15 Gallione/la colonies (2 mm 
in diameter) into 10 ml ofmineral medium. Gallione/la 
growth becomes macroscopically visible after a lag phase 
of 4-6 days, during which the redox potential of the 
culture medium is lowered 300-400 mV by the bacteria 
(Hanert, 1975). 

Fermentor Cultures in Mineral Ferrous 
Bicarbonate Medium 

A clear Fe(HC03)z medium is made by adding 200 ml 
of FeS precipitate to 10 liters of modified Wolfe's me
dium, and COz is bubbled through for approximately 
24 h until a Fe(II) concentration of 50 ppm (pH 4.6) is 
reached. After FeS sedimentation, 4.5 liters of the su
pernatant, combined with 4.5 liters ofmodified Wolfe's 
medium [without Fe(II)], is filtered into the autoclaved 
fermentor through a membrane-filter apparatus con
taining coarse prefilter (IO-~m pore eize) followed by a 
Sartorius membrane filter (0.2-~m pore size) using agas 
mixture of 94% N z-5% COz-I % Oz under 2 atm pres
sure. This filtration results in 9 liters of culture volume 
with 25 ppm ferrous iron. For measurement, control, 
and eventual readjustment ofthe physicochemical con
ditions with Nz or COz gas, the solution is left in the 
fermen tor vessel for 24 h. The conditions are so reduc
tive that no autoxidation ofthe ferrous iron occurs (cul
ture temperature, 17°C). Inoculation is with 10-15 col
onies (4 mm in diameter), suspended in 10 ml of 
medium. In contrast to normal fermentation cultures, 
the medium should be only moderately stirred (25 rpm) 
and gassed (I bubble/2 s). 

Gallione/la growth becomes macroscopically 
visible after 2 days (white flakes on the walls of 
the vessel; after 5 days, the entire Fe(II) in the 
culture medium has been oxidized. Gallione/la 
grows on all the inner surfaces of the culture 
vessel without gradient formation. This proce
dure seems suitable for the development of Gal
lionella fermentor cultures with a continuous 
flow of culture solution, during which it is par
ticularly important to prevent contamination of 
the culture (changing of redox potential during 
Gallionella growth; Hanert, 1975). 
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Identification 

The characteristic, spirally twisted, stalk struc
ture formed by rotation ofthe apical cell makes 
Gallione/la very easy to identify. It is uncertain, 
though, whether the genus consists of one or 
more species. This question has repeatedly been 
discussed at length (Beger and Bringmann, 
1953; Pringsheim, 1949; van Iterson, 1958; 
among others). These authors have pointed 
out-and rightly so-that in almost all cases the 
differentiation into species has been based only 
on differences visible under light microscopy in 
the bands of Gallionella collected in nature. 

Studies on quantification of the iron content 
of the bands of pure cultures of Gallione/la fer
ruginea (Hanert, 1975) have shown that, due to 
additional chemical-physical iron oxidation on 
the surface of the bands, these surfaces may 
vary greatly in morphology. Six stalk types have 
been differentiated. Thus, the differentiation 
into species on the basis of light-microscopic 
band differences is definitely unreliable. 

The genus is presently differentiated into two 
species, Gallionellaferruginea (stalk consists of 
40 filaments or more) and Gallione/la filamenta 
(stalk consists of only 3-8 filaments), based on 
the electron-microscopic band differentiation of 
Balashova (1967a, 1968). But this differentia
tion is only a morphological definition in an
other dimension; it does not exclude the pos
sibility that "filamenta" is only an underfed 
"ferruginea." It seems conceivable that the pre
sumption ofPringsheim (1949), which we favor, 
is accurate-the genus may consist of only a sin
gle species (Gallionella jerruginea) and all the 
other described species are only ecological 
growth forms of this one. The proof of this pre
sumption by the results of additional physio
logical investigations would show that this bac
terium-unique in its physiology and stalk 
excretion-is not nearly as complex as Galli
onella literature may give the impression. 
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CHAPTER 232 

The Genus Nevskia 

PETER HIRSCH 

The Russian microbiologist A. Famintzin 
(1892) discovered a rod-shaped bacterium that 
was characterized by the formation ofa laterally 
excreted slime stalk. The organism was often 
slightly bent; during division, both daughter 
cells continued to laterally produce the slime, 
which therefore became dichotomously 
branched. Groups of cells were thus kept to
gether by a disk-shaped or spherical structure 
consisting of the polymer (Fig. 1). Famintzin 
(1892) named this morphologically unique or
ganism Nevskia ramosa. 

Famintzin observed this bacterium on the 
water surface of aquaria in his laboratory, but 
he was unable to obtain a culture of it. The 
bacterium, together with its polymer stalk, 
vaguely resembled aggregates of Pasteuria ra
mosa Metchnikoff, a bacterial parasite on (in) 
Daphnia, which had just been described. P. ra
mosa had rosettes of drop-shaped cells and was 
thought to divide longitudinally. But Famintzin 
correctly recognized and described the nature 
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Fig. I. Nevskia sp. cell families surrounding the central poly
mer. From a pond water enrichment culture with 0.1 % Na 
lactate. X 1,280. 

This paper is taken directly from the I st edition of The 
Prokaryotes. 

of the center of Nevskia aggregates, a polymer 
soluble in 1 % KOH. 

Additional observations made by Famintzin 
(1892) must be considered significant for the 
recognition of Nevskia spp. He described N. ra
mosa to contain highly refractile spherical bod
ies of variable diameter. In 35% ethanol, these 
globules swelled; in 70% ethanol, they com
pletely dissolved. Famintzin thought that the 
globules consisted of "ethereal oils." Occasion
ally, he also observed that individual cells of a 
group actively left the central polymer to dis
appear in the water. Although motility was not 
observed as such, he inferred that such cells had 
become motile. 

It is surprising that, with its rather peculiar 
properties, Nevskia was not seen very often later 
on. Henrici and Johnson (1935), in their now
famous paper on the stalked bacteria, mention 
finding Nevskia on the surface of a water sam pie 
taken from a greenhouse lily pond "to which a 
little sodium sulphide had been added to en
courage a growth of Beggiatoa." They were able 
to transfer Nevskia to new water sam pies con
taining NazS, but pure culturing was not at
tempted. 

Babenzien (1965) reported seeing Nevskia 
spp. on the water surface ofa swamp ditch; sur
face-contact preparations that had been trans
ferred to sterilized pond water (pH 5.9, with 
0.1 % Na lactate) yielded pure cultures of slime
producing bacteria, but the lateral slime stalk 
was only seen occasionally, in older cultures. 
Additional information on Nevskia was pub
lished later (Babenzien, 1966, 1967; Babenzien 
and Schwartz, 1970). 

H. Hippe (personal communication, 1964) 
found Nevskia on a greenhouse pool. From his 
sampies, the present author successfully iso
lated neuston bacteria ofthe Nevskia shape and 
size, capable of slime production. But lateral 
polymer stalks could not be found. Zimmer
mann (1975) showed a scanning electron mi
crograph of a Nuclepore-filter preparation with 
Nevskia sp. His sampie came from the brackish 
water of the Bight of Kiel (Baltic Sea). The di-
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chotomously branched, lateral slime stalks are 
clearly recognizable. 

Habitats 

Most findings of Nevskia-like bacteria have been 
reported from the water surface, usually from 
fresh water. In fact, Nevskia appears to be a 
typical neuston microorganism, according to 
Babenzien, (1965, 1966, 1967) and to Babenzien 
and Schwartz (1970). Table 1 summarizes ob
servations of various authors on the occurrence 
of Nevskia spp. The lengths of lateral polymer 
stalks evidently varied considerably, as did the 
cell sizes. It is quite probable that identification 
solelyon the basis of lateral slime production 
and intracellular granules may not have been 
sufficient and, thus, various different bacteria 
could have been observed. 

Nevskia-like bacteria are widely distributed in 
shallow, aquatic habitats; they have never been 
reported from soils. Their occurrence in brooks, 
ponds, and even lakes is shown in Table 2. From 
these data, we can see that bacteria with lateral 
polymer stalks can be found during most of the 
year. There does not seem to be a distinct tem
perature dependency and, in all but one case, 
the organisms were found in or near the (aero
bic) water surface. Nevskia-like bacteria do not 
show preference for a specific type of aquatic 
environment as long as they can live at the sur
face and are not overgrown by other organisms. 
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Isolation 

Henrici and Johnson (1935) obtained their Nev
skia enrichments by adding "a little sodium sul
phide" to ajar ofwater taken from a greenhouse 
lily pond. Continued growth was observed when 
the Nevskia-containing scum was serially trans
ferred to sterilized, Na2S-containing water from 
the same lily pond. Babenzien (1965) could not 
confirm beneficial effects of a sulfide addition. 

Babenzien (1965) collected his Nevskia sp. by 
touching the swamp brook-water surface with 
a glass slide, by washing the film off the slide 
with sterile water from the same site (pH 4.8), 
and by repeatedly transferring to new, sterile 
water. Growth of families occurred within 4 
weeks. Addition of C or N sources other than 
0.1 % Na lactate to this water resulted in over
growth of the Nevskia by the other microorga
nisms. Finally, a pure culture was obtained us
ing water from a dystrophic pond (pH 5.9), 0.1 % 
lactate, and agar. The organisms grew only on 
the water's surface, and lateral polymer stalks 
developed only in cultures after 2 weeks of in
cubation at 20-28°C. 

The enrichment technique employed by H. 
Hippe (personal communication, 1964) resem
bled that of Henrici and Johnson (1935) some
what. A water sam pie from a greenhouse pool 
was enriched with water lily leaves, then filled 
to the top, closed, and incubated in darkness 
and warmth for several months. When this sam
pIe was exposed to light and air, a surface pel-

Table I. Occurrence and habitats of Nevskia and similar bacteria as reported in the literature. 

Remarks 

Location Depth Habitat Nevskia cells Reference 

Aquarium in laboratory, Surface Size: 2-6 X 12 /Lm; Famintzin (1892) 
St. Petersburg globules of ethereal 

oils; lateral stalks 
Greenhouse lily pond Surface Surface scum Size: 1 X 3-4 /Lm; each Henrici and Johnson (1935) 

cell with 3-4 
44vacuoles, " 
considered to be 
sulfur 

Greenhouse pool Surface Sampie with Cells smalI; lateral H. Hippe (personal 
water lily stalks; cells motile communication, 1964) 
leaves, kept 
warm 

Swamp ditch Surface Water, pH 4.8; in Size: 0.7 X 1.8-2.7/Lm; Babenzien (1965) 
surface pellicle stalks 3 /Lm; cells 

with 1-3 flagella and 
1-6 storage bodies 
(not SO) 

Little Lake, Wisconsin 8m Anaerobic,4°C Cells short rods with D. E. Caldwell (personal 
gas vesicles; stalks communication, 1975) 
long and slender 

Kiel Bight (Baltic Sea) ? Brackish water Cells smalI, with lateral Zimmermann (1975) 
polymer stalks 
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Table 2. Occurrence of Nevskia-like bacteria in various aquatic habitats and some data on the habitats and organisms.> 

Nevskia habitat Cell properties 

Location Time Depth Temp. O2 Size (",rn) Granules Aagella Stalks Remarks 

Lake Lansing 7 Dec. 15 cm 1°C (+) 0.5-0.7 - - + Lake, ice-covered; in 
(Michigan) 1968 X 1.2-2.0 enrichments 

Lake Plußsee 30ct. Surface 15.5°C + 0.5-0.6 + - + In enrichments after 
(Holstein) 1975 X 0.9-1.7 30-40 days 

Knaack Lake 14 May 17.5 m 5°C - 0.4-0.8 - - + Cells with gas vesicles; 
(Wisconsin) 1975 X 1.0-1.5 Long in natural sampies 

Gull Lake 15 Sept. Moist ND + 0.4-0.7 - - + Enrichment with 
(Michigan) 1969 beach X 1.7-3.3 Short Elodea and tap 

sand water; 8 months 

Forest Pond 21 July 40 cm 22°C (+) 0.6-0.8 - + + On EM grid 
(Michigan) 1968 X 0.7-1.0 (I) Branched submerged 5 days 

Occom Pond (New 10 July Surface 20°C + 0.7-0.8 + - + In enrichments, pH 
Hampshire) 1964 X 2.0-5.0 5.9, with 0.1 % Na 

lactate 

Iron Spring Brook 30 March Surface 15°C + 0.6-0.8 + - + In enrichments at 
(Connecticut) 1967 X 1.7-5.8 5°C/dark 

Humus Brook 26 July Surface 22°C + 0.7-0.9 + - + In enrichments at 
(Connecticut) 1967 X 2.5-5.0 Short room tempo 

Aquarium water 10 Feb. Surface 21°C + 0.7-0.9 - - + 
(Iaboratory) 1968 X 2.0-4.8 

Warburg water bath 25 Apr. Surface 22°C + 0.7-0.8 + - + 
(laboratory) 1968 X 2.1-5.0 Very short 

>ND, not determined; +, present; (+), low oxygen concentration; -, absent. P. Hirsch, unpublished observations. 

lide that contained 90% Nevskia developed 
within a month. Transfers into sterile water 
with or without 0.1 % Na acetate resulted in 
some growth, but Nevskia developed better 
without acetate. These enrichments were inoc
ulated by the present author into pond water, 
whose pH had been adjusted to 5.9 with H3P04 

and to which 0.1 % ofNa lactate had been added 
after sterilization. Excellent development of 
Nevskia occurred within 7 days of dark incu
bation at 22°C. Nevskia likewise grew weIl un
der these conditions when the inoculum came 
from Occom Pond, a eutrophic pond in Han
over, New Hampshire. Isolation ofthese organ
isms was accomplished by streaking onto the 
same medium solidified with 2% Noble agar 
(Difco). The pure cultures obtained, however, 
produced polymer all around the cells rather 
than just lateraIly. 

Enrichment of Nevskia from Lake Water 
Enrichment from lake surface water was done repeatedly 
by using the following procedure: 100 ml of surface
water sam pies (0-20 cm) are poured into 500-ml Erlen
meyer flasks and covered with a loose cotton plug. To 
some flasks, 0.005% (wt/vol) of either peptone (Difco) 
or yeast extract (Difco), or 1 ml ofvitamin solution no. 
6 (Van Ert and Staley, 1971) are added. Incubation is 

in the dark and at room temperature (20-22 0C). Nevskia 
families will occur on the surface within 30-40 days. 
The enrichments will have to be monitored often, since 
a Nevskia cell bloom develops rapidly and lasts only for 
a few days; lysis will then cause a rapid drop of cell 
numbers. Although the polymer structures remain for a 
long time, the only remnants of Nevskia cells after lysis 
are den se, dark granules located at the former site of 
the cel!. Addition of 0.005% (wt/vol) peptone (Difco) 
usually resuIts in the greatest numbers of Nevskia fam
ilies. 

Identification 

Nevskia ramosa Famintzin 1892 has not been 
obtained in pure culture. Key characteristics, 
such as slime formation and the presence of 
fragile, reserve-material globules, are also found 
in other rod-shaped bacteria that are slightly 
bent (Brachyarcus thiophilus, Microcyclus 
aquaticus). However, lateral slime formation 
has not been found too often. "Bacterium ped
iculatum," described by Koch and Hosaeus 
(1894) as a contaminant of sugar factories, 
showed with its long, branched stalks a certain 
morphological similarity to Nevskia spp. Hen
rici and Johnson (1935) regarded this organism 
as a species of Nevskia. Siderophacus corneolus 
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(Dorff) Beger 1949, 12 (= Gallionella corneola 
Dorff 1934, 26) mayaIso be related to Nevskia 
spp. But its longer and less-branched stalks, as 
weIl as the deposition offerric oxide hydrate on 
the stalks, distinguish it from Nevskia spp. 

The type species, Nevskia ramosa, was de
scribed by Famintzin (1892) as being 2-6 X 12 
~m in size ("the average length of the cell mea
sures 0.012 mm, in the mature state it is 2-6 
times longer than wide"). One wonders if these 
measurements could have been correct. Al
though within the bacterial range, Henrici and 
Johnson (1935) pointed out that all other Nev
skia-like bacteria seen to date were smaller. The 
average sizes were: 0.4-0.8 X 1.0-3.3 ~m (from 
lakes); 0.7 X 1.8-2.7 ~m (only from swamp 
ditch); and 0.6-1.0 X 1.7-5.8 ~m (from ponds, 
brooks, aquaria, etc.). Therefore, more than one 
species of the Nevskia genus might exist. Fa
mintzin (1892) mentioned that he had seen a 
form identical to N. ramosa, but of much 
smaller dimensions. Babenzien and Hirsch 
(1974) list but one species. 

Apart from size, there were remarkable dif
ferences with respect to stalk formation. Stalk 
formation depends on the original source as 
weIl as on growth conditions and cell age (Ba
benzien, 1965). Slow growth under oligotrophic 
conditions and greater cell age favor lateral stalk 
formation; faster growth and younger cell age 
result in less polymer formation, equally pro
duced over the whole cell surface. 

The physiology of Nevskia spp. is still nearly 
unknown. From the data in Tables 1 and 2, as 
weIl as from the work ofBabenzien (1965, 1966, 
1967), we can deduce the following properties: 
Nevskia spp. should be chemoorganotrophic 
and oligocarbophilic, with an ability to utilize 
low concentrations of lactate and perhaps ace
tate. They are aerobic, nonphotosynthetic, oc
casionally motile (1-3 flagella), and capable of 
ceIllysis and storage of alcohol-soluble reserves. 
They should be mesophilic and may be rather 
UV resistant (since they are found in the neus
ton). Nevskiae evidently prefer slightly acid en
vironments (pH < 6.0). Growth is probably not 
vitamin dependent. There may be forms that 
are slightly halotolerant. 

The organisms found by D. E. Caldwell and 
this author in Little Lake and Knaack Lake 
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(Wisconsin) contained gas vesicles. Their cells 
(short rods to almost cocci) sat on long, slender 
stalks with only few branches. They came from 
anaerobic, cold strata of these two meromictic 
lakes. All of these properties render them dis
tinctly different from the other Nevskia spp. 
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CHAPTER 233 

The Genera Caulococcus and Kusnezovia 

JEAN M. SCHMIDT and GEORGI A. ZAVARZIN 

Perfil'ev and Gabe (1965) observed bacteria of 
the genera Caulococcus and Kusnezovia, along 
with Metallogenium and Siderococcus, as man
ganese- and, to a lesser extent, iron-depositing 
or -oxidizing organisms of mud and sandy de
posits. The use of capillary devices that permit 
microscopic observation (peloscopes) has per
mitted some observations of structure and co
lonial morphologies. Their morphologies sug
gest that these organisms might be related to 
Acholeplasma, Metallogenium, or Siderococcus, 
but lack ofaxenic cultures has prevented thor
ough study of their physiology and composi
tion; understanding ofthe nature ofthese rather 
rare bacteria is quite meager. 

Habitats 

Caulococcus has been found in sam pies of mud 
and sandy deposits as observed with microcap
illary techniques (Kutuzova et al. , 1972; Per
fil'ev and Gabe, 1961; Perfil'ev et al., 1965). It 
was originally found in Lake Khepo-Yarvi (Ka
relian Isthmus), "especially in ore deposits," 
and was "frequently observed in the upper lay
ers ofbottom mud deposits, above the reducing 
horizon," or in the bottom water (periphyton) 
over the mud (fine mineral or sandy) surface 
(Perfil'ev et al., 1965). 

Kusnezovia was observed, using the pelo
scope technique, only "in mud sampies from 
Lake Ukshezero, Karelian ASSR" (Perfil'ev et 
al. , 1965), and in secondary profiles in zones of 
manganese oxidation of mud sam pies stored in 
the laboratory. 

As described by Perfil'ev and Gabe (1965), in 
capillary peloscope sam pies from many ore
bearing lakes, for all those "with a black-orange 
microzone, the blackish-brown horizon of the 
microzone in the peloscope canals showed a 
mass-development of Metallogenium, rarely 
Caulococcus, and sometimes Kusnezovia, the 

This paper is taken directly from the Ist edition of The 
Prokaryotes. 

biogenic deposits of which consist mostly of 
manganese oxides." 

Isolation 

Neither Caulococcus nor Kusnezovia has been 
isolated in pure culture. Distinctive morphol
ogies, particularly those of microcolonies using 
microcapillary techniques, have been used to 
define these two groups (Perfil'ev et al., 1965). 

Organisms could be maintained in the iso
lated sampies of mud (Perfil'ev et al., 1965): a 
sampie ofwater (approximately 113) and mud eh) 
from the natural habitat was mixed thoroughly 
and incubated in a 200-ml beaker at room tem
perature for months. Peloscopes were placed 
across the upper 3 cm ofthe mud. Development 
of mangane se- and iron-depositing organisms 
was observed to occur in sharp, horizontal mi
crozones (a few millimeters in width) in the up
per layers of mud following the reduction of 
metal oxides in the bottom layers. 

Identification 

In the absence ofaxenic cultures and infor
mation on cultural traits, colonial morphology 
is used, along with the characteristic manganese 
deposition, for tentative recognition of these 
kinds of bacteria. To observe cell morphology, 
Perfil'ev and Gabe (1965) dissolved manganese 
deposits with 0.2-1.0% oxalic acid, washed 
them with distilled water, and stained them 
with a carbol solution of gentian violet. All steps 
were monitored with the light microscope. The 
bacteria appeared as minute bodies without 
sharp contours, and appeared to reproduce by 
budding. They were embedded in a matrix or 
connected with thin filaments. For identifica
tion, the original illustrations of Perfil'ev et al. 
(1965) should be consulted. Some other char
acteristics are given in Table 1. 

Colonial morphology is variable. Three sorts 
of microcolony morphologies have been de-
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Table I. Characteristics of Caulococcus and Kusnezovia spp. 

Trait Caulococcus manganijer Kusnezovia polymorpha 

0.5 Coccoid cell diameter (!Lm) 
Connecting filament diameter (!Lm) 
Mode of reproduction 
Motility 
Gram reaction 
Zoogleal accumulations 
Oxygen relationship 
Occurrence 

0.1 
Budding (?) 

Present 
Not reported 

Present 

0.5-1.5 
0.1-0.2 

Budding (?) 
Not observed 
Not reported 
Not observed 

Microaerophilic Microaerophilic (presumed) 
Rare, in iron-manganese ore from several Extremely rare, found in only one lake 

lakes (Karelian Isthmus, ASSR) (Ukshezero, Karelia) 

scribed for Caulococcus manganifer. The most 
commonly observed microcolonies occur as 
dense, irregular clusters, the surfaces of which 
appear ribbed. The central portion of the mi
crocolony is more heavily mineralized than the 
periphery, due to manganese deposition. The 
mineralized colonies are blackish brown in 
color. Occasionally, colonies have radial arms 
(termed "radiallobate" colonies); the rarest co
lonial form in Caulococcus microaccretions is 
the trichospherical colony with very fine, ra
diating processes. 

Kusnezovia polymorpha microcolonies (po
lymorphous cenobia) also occur in a variety of 
forms: filamentous sprouts, open lily-of-the-val
ley leaves, or goblets with a toothed margin, 
with the wider portion of the microcolony 
pointing downward in the peloscope canals. 
Candelabra-like and clavate, filamentous cen
obia structures attached to the peloscope wall, 
with an appearance analogous to Cladonia (a 
bryophyte), have also been attributed to Kus
nezovia. Removal of mangane se from these de
posits revealed the cocci, connected by thread 
(Perfil'ev et al., 1965). 

These organisms will require further atten
tion in order to distinguish them from other 

quite similar mangane se depositers, such as Me
tallogenium. In fact, we strongly suspect that 
these genera, particularly Caulococcus, are 
merely growth forms of Metallogenium in a cer
tain habitat. The description of Siderococcus 
(this handbook, Chapter 236) should be con
sulted, since these iron-depositing organisms 
are very probably members of the same group, 
although they are not presently classified as 
such. 
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CHAPTER 234 

The Genus Brachyarcus 

PET ER HIRSCH 

Light-microscopic investigation of the micro
organisms in the hypolimnion of many lakes, 
shows the presence of a highly diverse popu
lation of bacteria. Here, most of the recogniz
able forms have never been cultured and many 
of them have not even been described morpho
logically. Among these bacteria are rod-shaped 
organisms that are be nt in an arc by asymmet
ric, polar cell growth and that frequently assume 
the shape ofa pretzel. Cell division in the center 
and separation result in two arcs that face each 
other. Additional cell divisions and the presence 
of masses of polymer lead to even numbers of 
arcs facing each other in a symmetric, mirror
image way (Fig. I). 

Phase-contrast light microscopy, using slides 
coated with water agar to improve resolution, 
reveals the presence of gas vesicles in most of 
these organisms. The wide distribution and 
often the high cell numbers of such arc-shaped 
bacteria warrants attempts to cultivate and 
study them, but such attempts have been un-

This paper is taken directly from the I st edition of The 
Prokaryotes. 

Fig. 1. Arc-shaped cell families of a 
Brachyarcus sp. from Wintergreen Lake 
(Michigan), collected [rom 4 m. Magni
fication X 1,280. 

successful. Skuja (1964) found similar bacteria 
in a Lappish lake, and he described them as 
Brachyarcus thiophilus. The species name was 
used to suggest a possible sulfur metabolism, 
since the cells occasionally possessed intracel
lular structures resembling sulfur globules. 

Since Brachyarcus spp. have never been cul
tivated, not even in enrichments, their possible 
identification presents so me problems. In fact 
a rodlike, arc-shaped cell shape is quite com~ 
mon among other bacteria. But the cell arrange
ment after division, the presence of gas vesicles, 
the absence ofphotosynthetic pigments, and the 
frequent observation of these bacteria among 
other "thiophilic" organisms may indeed allow 
a recognition sufficient for a descriptive treat
ment here, as has been done in the eighth edi
tion of Bergey's Manual 01 Determinative Bac
teriology (Hirsch, 1974). 

Habitats 
The original observations were made by Skuja 
(1964) on a hypolimnion water sam pie collected 
April, 1953, at a depth of 12-13.5 m in Lake 
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Vuolep Njakajaure, Swedish Lappland (408 m 
above sea level). The water sam pIe had a tem
perature of 2°C; the lake was ice-covered. To
gether with Brachyarcus thiophilus, large num
bers of other "thiobiontic" bacteria were found, 
many ofwhich contained sulfur storage globules 
but none of which has ever been cultured (for 
nomenclature, see Skuja, 1964), e.g., Macro
monas bipunctata, M. mobilis, Gigantomonas 
cucullata, G. capitata, Thiovulumspora, Hyalo
botrys hypolimnicus. Also present in this sam
pIe were some photosynthetic bacteria (Thio
cystis violacea, Pelochromatium roseum 
consortium) and sulfate reducers (Microspira 
desulfurieans). 

Similar crescent-shaped organisms have been 
found by other authors (Table 1) in various 
lakes or ponds. Bacteria of such cell arrange
ment and/or shape were also found in soil (Ni
kitin, 1971, 1973; "Renobacter vacuolatum'') or 
even in reindeer mmen (Tarakanov, 1972). The 
latter bacteria were 0.4-0.5 X 1.1-1.2,um and 
occurred in the above-described cell-plate ar
rangements. Their shape, however, was more 
that of a vibrio than that of an arc. 

Table 1. Occurrence of Brachyarcus-like bacteria. 
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Isolation 

Although isolation has not yet been successful, 
the data on occurrence in Table 1 allow us to 
speculate on possible enrichment techniques. In 
Wintergreen Lake, temperatures in the Brachy
arcus layers during the time of observation var
ied between 11 ° and 20°C, with the maximum 
cell density of Brachyarcus spp. at 13°C (depth, 
5 m). In the other sites-as far as data are avail
able-temperatures ranged from 5° to 12.5°C. 
These observations indicate that Brachyarcus is 
psychrophilic. 

In all cases observed, the organism occurred 
under anaerobic conditions. A pR of 7.5 and a 
phosphate concentration below 2.56 mg/liter 
would be additional parameters. No informa
tion is available on the carbon nutrition, al
though one could guess that Brachyarcus (being 
nonphotosynthetic) would have a chemoorgan
otrophic metabolism. Their presence in strata 
that contain methane (Wintergreen Lake) or re
ducible sulfate (Lake Vuolep Njakajaure) points 
to preference for a low redox potential in the 
environment. Storage of intracellular sulfur 

Depth Temperature 
Location Date (m) 

Lake Vuolep, April 1953 12-13.5 
Njakajaure 
(Lappland) 

Burke Lake 23 Aug. 1972 9 
(Michigan) 

Cassidy Lake 1 Aug. 1968 7 
(Michigan) 11 Aug. 1970 7 

Knaack Lake 14 May 1975 17.5 
(Wisconsin) 

Wintergreen Lake 23 July 1970 4 
(Michigan) 22 July 1975 3.5-6.0 

Lake Blunkersee 16 Sept. 1975 8 
(Holstein) 

Lake Plußsee 17 June 1967 27 
(Holstein) 

Forest Pond, 15 Oct. 1968 0.25-0.51 
Augusta 17 Nov. 1968 0.55-0.65 
(Michigan) 

Arco Lake Sept. 1972 6.5-9 
(Minnesota) May, June 1973 6.5-9 

(0C) 

2 

6 

8.5 
7.6 

5 

16.5 
20-11 

12.5 

5.5 

15.5 
6 

Remarks 

Anaerobic; sulfide + 

Anaerobic; sulfide + 
Anaerobic; sulfide +; 

pH,7.12 
Anaerobic 

O2, 0.22 mg/liter; pH, 
7.74 

Anaerobic; pH, 7.8-
7.3; DOC, 9-7 mg/ 
liter; POC, 2-5 mg/ 
liter; methane, 
60-320 !tM/liter X 
10-3; POl- ; 
0.23-2.56 mg/liter; 
max. distribution at 
5m(= 13°C) 

Anaerobic; sulfide + 

Anaerobic 

Anaerobic; sulfide ( + ) 
Anaerobic; sulfide + 

Anaerobic? 

Reference 

Skuja, 1964 

Caldwell and Tiedje, 
1975 

P. Hirsch, unpubl. 
P. Hirsch, unpubl. 

P. Hirsch, unpubl. 

P. Hirsch, unpubl. 
P. Hirsch, unpubl. 
(M. Klug, R. Wetzei, 

unpubl.) 

P. Hirsch, unpubl. 

P. Hirsch, unpubl. 

P. Hirsch, unpubl. 
P. Hirsch, unpubl. 

Walsby, 1974 
Walsby, 1974 
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globules indicates participation in the sulfate 
reduction or sulfide oxidation processes. 

Identification 

Brachyarcus Skuja 1964, 19, is a genus of co 1-
orless rod-shaped bacteria of approximately 1.0 
X 1.5-2.5 ~m that usually contain few to many 
gas vesicles (Fig. 1). Occasionally, globules re
sembling sulfur were observed by Skuja (1964), 
but these have not been reported by other au
thors nor have they been seen by this author. 
The cells are be nt like a bow or are, almost to 
a circle or even a pretzel shape. Upon division, 
a 3-shape is initially assumed until two semi
circles lie opposite each other, embedded in a 
thick polymer capsule with diffuse edges (Fig. 
1) Families oftwo to 16 synchronously dividing 
cells are common; they often form cell plates, 
which may be free floating or grow attached to 
a surface. Three-dimensional, free-floating fam
ilies of polymer-embedded cells of up to 100-
~m family size or larger have been observed. 
The type species is Brachyarcus thiophilus 
Skuja 1964, 20, so named for the "thiophilic" 
environment in which it has been found. 

Identification is still largely on the basis of 
morphology. Cells or cell aggregates of similar 
shape are formed by the purple bacterium, Rho
docyclus (Rhodospirillaceae), or by the green 
bacteria, Chlorobium vibrioforme and Pelodic
tyon luteolum (Gorlenko, Dubinina, and Kuz
netsov, 1977; Pfennig, 1978). The former two 
bacteria lack gas vesicles while P. luteolum does 
contain them. Since Brachyarcus has been de
scribed (Skuja, 1964) and has subsequently 
been found to be colorless (see Table 1), differ
entiation from these photosynthetic bacteria 
should be possible. 

Morphological similarity with a colorless, 
gas-vacuolated soil bacterium called Renobacter 
vacuolatum (Nikitin, 1971, 448; 1973) also 
holds true for the size (0.7-1.0 X 1.6-1.8 ~). 
However, this bacterium appears to grow out, 
before cell division, to an S-shape rather than 
a 3-shape or pretzel. Similarity also exists with 
Microcyclus spp. Electron micrographs of the 
nonvacuolated Microcyclus marinus (Raj, 1977) 
or the gas-vacuolated strains of M. aquaticus 
(Van Ert and Staley, 1971) show cells that ap
pear to be more vibrioid; in pure culture, the 
characteristic orderly arrangement in symme
trie cell plates, as seen in Brachyarcus (in na-
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ture), is not seen in the genus Microcyclus. Fur
thermore, both of the M. aquaticus strains that 
were studied in greater detail had temperature 
optima of 37° and 30°C, respectively, and ne i
ther strain grew anaerobically. Brachyarcus 
thiophilus can be expected to be an an aerobic 
psychrophile. 
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CHAPTER 235 

The Genus Pelosigma 

PETER HIRSCH 

The Danish scientist E. Warming observed, 
during a walk along Kallebo Beach in 1874, a 
reddish discoloration of mud and decaying al
gae. His microscopic investigation of a sam pIe 
started the now-famous study of "bacteria li v
ing on Denmark's coasts" (Warming, 1875). 
One of the organisms he found in "stinking 
mud at the height of decay" at severallocations 
was a highly unusual, flat and striated, motile 
"bacterium" (wh ich he called Spiromonas 
cohnii) that resembled a flagellate Spiromonas 
previously described from Switzerland. Al
though Warming himself was not quite sure of 
what he saw, his drawings are remarkably ac
curate illustrations of bacteria that can still be 
found in hypolimnia and on anaerobic sedi
ment surfaces. 

About 40 years later, these organisms were 
observed again and described as the bacterial 
genus Pelosigma (Lauterborn, 1913, 1915). 
Lauterborn clearly stated that a bacterium 
could not belong to a flagellate genus, but other
wise his observations confirmed the findings of 
Warming. Another 40 years later, a study on 
Swedish lakes revealed Pelosigma organisms in 
many different locations (Skuja, 1956). But now 
the old theory that this organism was a flagel
late-at least in part-was revived. Skuja was 
convinced that he had found another example 
of a flagellate/bacterium symbiosis, and he pro
duced detailed drawings of various stages of 
such consortia. Nevertheless, the genus name 
Pelosigma was retained for the consortium for 
both the flagellate and the bacterium organisms. 

Detailed microscopic investigations of aquatic 
microorganisms and the study of several lakes 
and ponds in the United States and northern 
Germany revealed the presence of Pelosigma 
spp. in many locations, often in large numbers 
(P. Hirsch, unpublished observation). These 
studies allowed a preliminary description and 
interpretation for the eight edition of Bergey's 
Manual of Determinative Bacteriology (Hirsch, 

This paper is taken directly from the 1 st edition of The 
Prokaryotes. 

1974). Since then, many additional sam pIes have 
been found to contain Pelosigma spp., and evi
dence is mounting that these are, indeed, bac
teria living in sigmoid, bundle-shaped aggregates 
just as originally drawn by Warming (1875) and 
described by Lauterborn (1913, 1915). Unfor
tunately, all attempts to cultivate these organ
isms so far have failed. Suggestions for enrich
ment cultures can be made, however, on the basis 
of the observed occurrence. 

Habitats 

The original description (Warming, 1875) does 
not contain many details on the natural habitat. 
It is not even clear whether Spiromonas (= Pe
losigma) cohnii was found in mud of salt water, 
brackish water, or fresh water. However, the 10-
cation "Limfjord" suggests brackish water, and 
the purpose of the article by Warming was to 
describe bacteria living at the coasts. Warming 
listed four locations for S. cohnii and stressed 
its occurrence in mud that was most active in 
the decaying process. He stated also that S. 
cohnii, like other bacteria discussed later in his 
paper, did not contain granules such as those of 
the organism now known as Chromatium 
okenii. His description of these granules makes 
it quite likely that he meant sulfur globules. Al
though obviously an anaerobe, S. cohnii thus 
did live in a sulfide-rich environment but did 
not store elementary sulfur. 

The habitat of Pelosigma (=Spiromonas) pal
ustre (Lauterborn, 1913) was likewise poorly de
scribed: fresh water; in the decaying sediment 
especially in ponds with characean algae. 

The observations of Skuja (1956) could be 
added to the habitat description, if one accepts 
the interpretation that his Pelosigma organisms 
indeed were identical with those seen by Warm
ing and Lauterborn. Skuja found Pelosigma 
spp. in Swedish lakes (Hönsan, Lushavet, 
Munkbosjön, Tjärnatjärn), usually at depths 
ranging from 10 to 14 m. Although he did not 
describe these environments chemically or 



CHAPTER 235 

physically, some information can be obtained 
from the list of accompanying bacteria. Skuja 
mentioned Peloploca spp. (P pulchra, P fibrata, 
P taeniata), Macromonas mobilis, Achroonema 
sp., Pelonema tenue, Achromatium oxaliferum, 
Gigantomonas cucullata, Ochrobium tectum, 
Beggiatoa arachnoidea, Leukobium maior, Pel
ochromatium roseum, and Thiocystis violace 
(nomenclature sensu Skuja, 1956). These bac
teria are generally known to be anaerobic or 
microaerophilic, hypolimnetic organisms, 
many of which are found in sulfide-rich envi
ronments. Thus, we can expect the presence of 
low sulfide concentrations in an otherwise 
mostly anaerobic and dark environment. 

More information comes from recent obser
vations on Pelosigma habitats (Table 1; P. 
Hirsch, unpublished). The presence of Pelo
sigma spp. appears to be correlated with an
aerobic conditions and, generally, temperatures 
below 11 oe. Like Brachyarcus spp., often found 
in the same location, Pelosigma spp. can be ex
pected to be psychrophilic. It should be pointed 
out, however, that Pelosigma spp. have been 
found occasionally at higher temperatures. 

The presence, in Wintergreen Lake (Michi
gan), of sulfide together with measurable con
centrations of dissolved methane during Pelo
sigma occurrence points to a need of these 
organisms for a low redox potential. 

Isolation 

From the data given by Warming (1875), Lau
terborn (1915), Skuja (1956), and in Table 1, an 
enrichment procedure could be conceived. It 
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would consist of inoculating an anaerobic me
dium of pH 7.5 that contains organic matter 
(such as organic acids, amino acids, etc.), a 
mixed vitamin solution and, perhaps, a low 
concentration of sulfide (10-4 M or less). The 
sam pie for inoculation should be drawn anaer
obically, and it should be kept at temperatures 
below 10°e. Incubation would be in the dark 
at 5-1O°e. 

Identification 

All Pelosigma spp. observed were more or less 
flat, band-shaped aggregates of slender, long, 
and S-shaped bacterial rods. The aggregates ap
pear to be formed preferentially by four cells or 
by multiples of four. At least one end of the 
aggregates appears to be more pointed. If a fla
gellar structure is present, it is located at the 
more pointed end. The overalliength of the ag
gregates (9-25[30] Jlm) is not the length of the 
individual, component rod, since uneven elon
gation and cross-division occur. The maximum 
width of aggregates is 5-11 Jlm and depends on 
the number of rods in the aggregate (Fig. 1). 

At present, there are two species recognized 
(Hirsch, 1974): Pelosigma cohnii (Warming) 
Lauterborn 1913, 100 (synonym: Spiromonas 
cohnü Warming 1875, 370) and P palustre Lau
terborn 1915, 418. Both species show great mor
phological similarity but differ in size. Aggre
gates of P cohnü are 1.2-4 Jlm wide and 9-20 
Jlm long, while those of P palustre are 8-10 Jlm 
wide and 20-25 Jlm long. The aggregates of P 
cohnü are usually pointed at both ends (and 

Table I. Occurrence and morphological characteristics of Pelosigma spp. and some data on their environment. 

Length of Width of No. ceHs Width of 
Depth aggregate aggregate per ceHs Flagella 

5ite Time (rn) ("rn) ("rn) aggregate ("rn) (no.) Rernarks 

Lake Plußsee June 1967 27 20.3 ND' 4 + 4 ND I T = 5.5°C; 0,(-) 
(Holstein) 29 19.0 ND 4 + 3 0.31 0 T = 5°C; 0,(-) 

30 19.0 ND 12;6;8;4 ND 0 T = 5°C; 0,(-); 
very nurnerous 

31 19.0 ND 4+2 ND 0 T = 5°C; 0,(-) 
Little Lake 

(Wisconsin) May 1975 12 19.5 ND 3 + 4 ND T = 4°C; 0,(-); 
actively rnotile 

Wintergreen Aug. 1970 4.5 29.7 10.2 Nurnerous 0.23 0 0,(-) 
Lake 4.5 19.5 5.1 4 + 4 (+4) ND 0 0,(-) 
(Michigan) July 1975 4.0 18.7 ND 4 + 4 ND 0 T = 19°C; 0,(-); 

pH = 7.65; 5'-+; CH4 + 
5.5 19.3 ND 4+4+4 ND 0 T = 1O.5°C; 0,( -); 

pH = 7.25; 5'-+; CH4 + 
6.0 19.5 ND 4+4 ND 0 T = 10°C; 0,( - ); 

5'-+; CH4 + 
Forest Pond J uly 1968 0.7 19.6 10.1 3 + 8 ND 0 T = 17.5°C; 0,(-); 

(Michigan) 5'-( +) 

'Not determined. 
Data from P. Hirsch, unpublished observations. 



4100 P. Hirsch CHAPTER 235 

Fig. I. A mixed bacterial flora with Pelosigma palustre cell aggregates from Wintergreen Lake (Michigan), collected from 
4.5 m on 5 August 1970. X 1,280. 

often flagellated on both ends), they are actively 
motile, and the individual cells measure ap
proximately 0.4 /-Lm in diameter (from the draw
ings of Warming, 1875). The aggregates of P. 
palustre normally show only one pointed end; 
they are much less actively motile, and flagella 
have not been seen. They occur in freshwater 
habitats. 

The Pelosigma aggregates found by Skuja 
(1956) were thought to surround a colorless flag
ellate which multiplied by longitudinal fission. 
One to eight (usually four) colorless, S-shaped 
rods were kept by the flagellate "subpellicu
larly" with the ends sometimes sticking out. 
The aggregate (consortium) ofbacteria and flag
ellate were described as "Pelosigma cohnii"; the 
overall sizes were 1-7 X 11-27 /-Lm. The bac
terial component was 0.3-0.4 X 7-15 (20) /-Lm 
in size, colorless, without any granules, and 
sometimes yellowish pigmented. Cross-division 
was not synchronous with the longitudinal fis
sion ofthe monad. The consortium did not have 
two flagella; the aggregates seen by Warming 
were likewise not supposed to have front and 
rear flagella-despite the fact that Warming 
(1875) mentions these and has actually drawn 
three double-flagellated aggregates (Table VII, 
Fig. 4a, 4c by Warming). The consortium was 
thought to be "oligothiophilic" and possibly in-

volved in the decomposition of cellulose and/ 
or hemicelluloses. 

The aggregates described in Table 1 (Fig. 1) 
were, in general, 19.5 /-Lm long and either 5-6 
or 10-11 /-Lm wide; thus, they resembled P. pal
ustre. One sam pie (Wintergreen Lake, 4.5 m, 
August 1970) had much larger aggregates with 
thinner cells. None ofthe numerous aggregates 
seen contained anything that could have resem
bled a flagellate. Only two cases of flagellation 
and motility were seen; in both cases, the fla
gellum had the appearance of bacterial flagella, 
with a permanent, constant wavelength. There
fore, the author believes that such visible fla
gella constitute tufts of several prokaryotic fla
gella, attached polarly to each individual 
bacterium and combined to form the visible 
structure. Another argument against a eukary
otic flagellum would be the absence of two fla
gella from the "dividing" cell pole (as would be 
formed during longitudinal fission of a eukary
otic flagellate). Instead, the one "flagellum" 
(tuft) is located on the nondividing cell pole; 
Occasional bipolar flagellation (as has been ob
served by Warming) would be expected to occur 
in polarly flagellated bacteria. The transparent 
area in between the aggregate's bacteria is prob
ably filled with an extracellular, common poly
mer. It is also possible that there exist, in nature, 
Pelosigma-like consortia of S-shaped bacteria 
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with colorless flagellates. Only observation of 
laboratory cultures and directly embedded and 
sectioned natural material could solve this 
problem. For the time being, it may be advisable 
to restriet the name Pelosigma to the bacteria 
that are agreed upon by all ob servers. 
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The Genus Siderocapsa (and Other Iron- or 
Manganese-Oxidizing Eubacteria) 

HANS H. HANERT 

This ehapter diseusses those speeies of Sidero
capsa and members of the family Sideroeap
saeeae (Pribram, 1929) whose morphology, 
eeology, and to some extent, eulture physiology, 
have been so exaetly deseribed that, in spite of 
disagreement eoneerning their taxonomie po
sition, there ean be no doubt of their existenee 
and great eeologieal significance. The diseussion 
coneentrates on such existing and ecologieally 
significant representatives of this family in or
der to preserve the praetieal orientation of this 
Handbook. Information on many genera and 
speeies whose position is uneertain has been 
drawn together in Bergey's Manual 0/ Deter
minative Bacteriology, eighth edition (Bueh
an an and Gibbons, 1974; eontributor G. A. Za
varzin) and seventh edition (Breed et al., 1957; 
eontributor R. S. Breed in eooperation with H. 
Beger) and by Dorff (1934). A eomparison of 
the genera and species treated in these refer
ences provides a bird's-eye view of this entire 
group of organisms. 

The family Sideroeapsaceae is defined as uni
eellular, nonfilamentous or nonstalkforming, 
iron and/or manganese baeteria that are able to 
deposit these metal oxides under natural eon
ditions, on or in eapsules or on extracellular 
mucoid material exereted by these baeteria. 
This definition is taxonomieally rather imper
feet, but for practieal purposes it is quite ade
quate. That the validity of this family, in par
tieular of the speeies of the genus Siderocapsa, 
has often been questioned is to be ascribed ex
clusively to the present taxonomie inadequacy 
of the definition. Such questions have been 
raised most recently by Dubinina and Zhdanov 
(1975); but a final clarification of the taxonomie 
question will not be possible until the eomplete 
developmental cycle of these bacteria in their 
natural habitat has been clearly described. Cul
ture experiments are doubtless very helpful 
here, but they eannot provide a final clarifiea
ti on of the taxonomie question as long as the 

This paper is taken directIy from the 1st edition of The 
Prokaryotes. 

natural development of the organisms remains 
unknown. 

Merely beeause there have been eontroversial 
questions of taxonomy it does not follow that 
these baeteria do not exist. Their existenee and 
great ecological signifieanee have beeome firmly 
established in the last deeades through the dis
eovery of their mass development in the hy
polimnion of many lakes. 

Habitats 

Occurrence and Natural Mass Development 

Siderocapsaeeae are widely distributed in na
ture (see Table 1). They are found in all habitats 
whieh eontain iron and manganese. They were 
first found in meadow and swamp ditehes and 
mesosaprobie flowing streams, as weIl as in stag
na nt waters (Dorff, 1934; Drake, 1965; Galinsky 
and Hanert, 1979a; Hardman and Henriei, 
1939; Moliseh, 1910; Naumann, 1921). The or
ganisms oeeur in these habitats as epiphytes on 
submerged water plants or on growths of ex
posed slides, or they are free-living and neus
tonic in metallie, glossy, iron oxide films on the 
water. A seeond important souree of these or
ganisms is deep weIls, pipes, and waterworks, 
as described by Beger (1949) and by Hässel
barth and Lüdemann (1967). Greatest devel
opment of Sideroeapsaceae has been found in 
the hypolimnion of lakes, often near growths of 
Metallogenium. At present, five speeies of the 
genus Siderocapsa (see Table 1) have been 
shown to be planktonic, not sessile, and so are 
not susceptible to slide growth (Kalbe, 1965; Re
dinger, 1931; Skuja, 1948, 1956; Wawrik, 1956). 

The occurrenee ofSideroeapsaeeae is not lim
ited to typical freshwater habitats. As the in
vestigations by Ten (1967, 1968, 1969) have 
shown, the family Sideroeapsaeeae (Nauman
niella polymorpha) oecurs in brown forest soils 
and iron-manganese erusts on soil-forming 
rocks as weIl. A marine Siderocapsa has been 
found in the iron bay of Palaea Kameni in San
torini, Greeee (Hanert, 1981). 
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Table 1. SpectfUm of Siderocapsaceae habitats and environmental parameters. 

Habitats 

lron-rich meadow 
and swamp 
ditches, flat 
pools (often 
stagnant) and 
mesosaprobie 
flowing streams 

Wells, pipes, and 
waterworks 

Lakes (planktonic 
forms) 

Soils, bottom de
posits of water 
bodies, mud, 
iron man
ganese crusts 
on soil-forming 
rocks 

Organisms 

Siderocapsa 
S. treubii 

S. major 
S. monoica 

Siderocystis 
S. vulgaris 

S. confervarum 

Siderocapsa 
S. botryoides 

Naumanniella 
N. pygmaea 
N. elliptica 
N. minor 
N. catenala 

Siderobacter 
S. gracilis 
S. brevis 
S. latus 

Siderocapsa 
S. anulata 

S. coronata 

S. arlbergensis 

S. eusphaera 

S. geminala 

Melallogenium 
M. personatum 

Siderocapsa sp. 
(Ten, 1967) 

Environment 

Typically epiphytic (attached to submerged 
roots and leaves of water plants; also on
growth on slides; mesosaprobic waters) 

Neustonic and epiphytic 
Epiphytic 

Ongrowth in the upper water layer 

Forming large iron aggregates on algae 

All found in cool waters of pipes and deep 
wells by Beger (1949) 

Epilimnetic (water surface up to 6 m) 

Generally neustic, mass development at 
time of vernal thaw, also found at 
depths of 17-20 m 

Epilimnetic in alpine pools with mass de
velopment at time of thaw 

Generally hypolimnetic in larger meso
and eutrophic lakes. at depths of 6-30 
m, mass development 

Generally hypolimnetic, epilimnetic occur
rence during vernal and autumnal circu
lation, at depths of 0-26 m, mass devel
opment in lakes 

Hypolimnetic with mass devclopment in 
the chemocline zone, where 0, disap
pears, at an iron and manganese content 
of 1-5 ppm 

Different soil types 

Physicochemical basic 
conditions inferred from 

natural occurrence or 
culture experiments 

Aerobic, organotrophic, 
pH 6.2-8.7 

As above 
Aerobic tending to micro

aerobic, organotrophic 

Aerobic, organotrophic, 
pH 6-7 

Aerobic, organotrophic, 
pH 6-7 

Microaerobic, psychrophilic, 
organotrophic 

Aerobic, pH around 8.0, or
ganotrophic 

Aerobic to microaerobic, 
organotrophic 

Aerobic, organotrophic, fer
rous iron up to 4 ppm, 
pH 4.5-8.5 

Microaerobic to aerobic, or
ganotrophic 

Microaerobic to aerobic, or
ganotrophic 

Microaerobic, organotrophic 

Aerobic to microaerobic, 
organotrophic 

(continued) 
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Table I. Continued 

Organisms 

Naumanniella 

Environment 

CHAPTER 236 

Physicochemical basic 
conditions inferred from 

natural occurrence or 
culture experiments 

N. polymorpha lron-manganese crusts and brown forest 
soils 

Aerobic to microaerobic, 
possibly mixotrophic by 
manganese oxidation 

Siderococcus 
S. limoniticus Mud horizons and bottom deposits of fresh 

waters 
Microaerobic, neutral pH 

In all habitats, the most characteristic feature 
of Siderocapsa is its capacity to form large mas
ses of iron and/or manganese oxide. This mass 
development ofSiderocapsaceae, like that ofthe 
c1assical stalk- and threadforming iron bacteria, 
is often visible to the naked eye. Such readily 
visible deposits usually develop during vernal 

and autumnal circulation or during vernal thaw 
in alpine lakes and pools; deposits have been 
reported from all planktonic lake Siderocapsa
ceae, as weIl as from so me epiphytic Sidero
capsa species (Sokolova, 1959). A yearly cyc1e 
of Siderocapsaceae development with vernal 
and autumnal maxima in swamp ditches has 

Table 2. Procedures for Siderocapsaceae enrichment in natural waters and synthetic media. 

A. Procedures using natural waters: 
I. Maintenance of sam pie flasks (totally or 2/3 filled) at 4°C and 

room temperature without any stirring. 
Flask size: up to I liter. 
Modifications: addition of I mg MnC03/liter or I mg FeCO,lliter. 

2. Test tubes filled with sampie water underiayed by I ml natural 
sediment. 
Modification as above. 

3. 30- to 40-liter aquarium cultures adding 0.07 g yeast extract/liter 
and I mg FeC03/liter or I mg MnCO,lliter (divided in 5 portions 
added in intervals of 2 days). 

B. Procedures with synthetic liquid media (frequently used with 0.1 % 
agar): 
I. Yeast extract-MnS04 medium; Pringsheim (1949)-medium in 

modification of Tyler and Marshall (1967) and application 
according to Dubinina and Zhdanov (1975). 
Composition (%): yeast extract, 0.005; MnS04, 0.002; distilled 
water, I liter-in place of manganese, to the bottom of the test 
tubes iron oxalate or ferrous sulfide were added. 

2. Peptone-MnC03 medium; manganese-peptone media have been 
frequently used, see Schweisfurth, 1972. 
Composition according to Schmidt (1976) with addition of glucose 
(%): peptone, 0.00002; MnC03, 0.0002; glucose, 0.00002; distilled 
water, I liter. 

3. Yeast and beef extract-manganese-iron medium (according to 
Mulder and van Veen, 1963). 
Composition (%): MnC03, 0.2; (NH4),Fe(S04k6H,O, 0.015; Difco 
yeast extract, 0.0075; beef extract, 0.1; cyanocobalamin, 0.005 
mg/liter, Na-citrate-2-hydrate, 0.015; distilled water, I liter. 

4. Starch-MnC03 medium (Zavarzin, 1964-medium modified 
according to Dubinina, 1970). Composition (%): starch, 0.1; 
MnC03, 0.5 (freshly prepared); distilled water, I liter. 

C. Procedures with solid media for isolation: 
Media as B 1-4 with 1-1.5% agar in petri dishes. 

Procedure suitability and incubation time: 

These procedures with natural waters seem 
suitable for the majority of all known 
Siderocapsaceae 

Incubation time: up to 3 weeks 

Growth usually within 2-3 days 

Growth within 2 days; iron and/or 
mangane se oxidation within 7 days 
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been demonstrated and quantified for Sidero
cystis vulgaris (Galinsky and Hanert, 1979b). 
Detailed measurements which give so me 
impression of Siderocapsaceae mass develop
ment in nature were taken by Dubinina, Gor
lenko, and Suleimanov (1973) in the meromic
tic lake Gek-Gel', using the membrane-filter 
method (filters stained with erythrosine and 
treated with potassium ferricyanide and hydro
chloric acid). These determinations counted up 
to 60,000 ceHs/ml at a depth of 27-29.5 m in 
the zone of massive development of Sidero
capsa eusphaera (distinct narrow zone below 
Metallogenium growth zone), and also demon
strated the gradient growth ofthis organism (see 
also Sorokin, 1968). 

Aspects of Siderocapsaceae Physiology 
Deduced from Environmental Variables 

The old idea that Siderocapsaceae are aerobic 
iron bacteria arose from their initial discovery 
in epiphytic, neustonic, and surface film habi
tats. More recent discoveries ofSiderocapsaceae 
in deep weHs, and especiaHy in the hypolimnion 
of lakes, have forced the revision of this idea. 
Siderocapsa treubii, Siderocapsa major, and 

Table 3. Enriched or presumably iso la ted Siderocapsaceae. 
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Siderocapsa monoica (wh ich are probably only 
growth forms of one species-Drake, 1965; 
Hardman and Henrici, 1939) as weH as Sider
ocystis vulgaris, Siderocystis confervarum, Nau
manniella neustonica, and possibly Siderocapsa 
anulata (see Table 1) appear to be the only 
markedly aerobic species. All the other Sider
ocapsaceae (Siderococcus limoniticus, Nauman
niella polymorpha, and the lake Siderocapsa 
species) te nd to be microaerophilic. The oxygen 
content of the mass growth zone in lakes is at 
the level where oxygen disappears (narrow water 
layer at the chemocline: O2 < 1 ppm, rH2 < 
19, Fe2+ 1-2 ppm, Mn2+ 1-5 ppm; Dubinina, 
Gorlenko, and Suleimanov, 1973). These nat
ural mass growth conditions established for Sid
erocapsa eusphaera are very similar to those for 
Siderocapsa geminata (Schmidt, 1976), which 
also grows under extremely microaerobic con
ditions (see later, Fig. 2a-f). Generalizing, and 
including the macroscopic observations con
cerning the onset of a mass development oflake 
Siderocapsa described by the first observers (see 
Table 1), it seems that optimal Siderocapsaceae 
growth takes place at the beginning of a change 
from extremely reduced to oxidized conditions 
in a neutral-to-light alkali ne environment. 

Organism Enrichment or isolation procedure-

Siderocapsa 
S. treubii 

S. eusphaera 

S. geminata 
Naumanniella 

N. neustonica 

N. polymorpha 

Ferribacterium 
F duplex 

Siderocystis 
S. vulgaris 

S. confervarum 

Siderococcus 
S. limoniticus 

S. communis 

Enriched: method A3 (Moldau-water resp. tap water + 0.1 % MnCI2 as epiphytic growth; 
Molisch, 1910). 

Enriched: method A3 (swamp-ditch water + 0.007% yeast extract + 0.0001 % FeC03; growing as 
neustic form in the water surface layer). 

Enriched: method BI; presumably iso la ted: on medium BI with 1% agar by Dubinina and 
Zhdanov (1975). 

Enriched: method AI; presumably isolated: on media BI-4 by Schmidt (1976). 

Enriched: method A3 (swamp-ditch water + 0.007% yeast extract + 0.0001 % FeC02; growing as 
neustic form in the water surface layer). 

Presumably iso la ted: on Beijerinck's medium. 
(K,HP04, 0.05%; NH4Cl, 0.05%; MnC03 or Mn(HC03)" 1%; agar, 2%); further on Aristovskaya's 

(1965) medium (ulminofulvate complex) and on iron ammonium sah of citric acid by Ten 
(1968, 1969). 

Enriched: modified method A2 underlayed with peat and iron bars, Brussoff (1916); presumably 
isolated: in iron ammonium citrate medium, Brussoff(l916). 

Enriched: method AI in 3-liter Erlenmeyer flasks 3/4 filled with swamp-ditch water; growing as 
rust-spot ongrowth on the flask walls at room temperature, H. H. Hanert (unpublished 
observations). 

Enriched: method AI in 100-ml flasks filled to the top with swamp-ditch water and some algae 
threads, cuhivated at room temperature and near a window (daylight). 

Enriched: method A2, coupled with slide and capillary ongrowth, Dorff, 1934; Zavarzin, 1972; 
Kutuzova, 1974. 

Enriched: in ferrous ammonium citrate, Dorff, 1934. 

-See Table 2 for methods. 
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Table 4. Procedures necessary for identification of Siderocapsaceae. 

Procedure Methods for realization 

I. Exact light-microscopic 
visualization of the 
bacterial cell and 
surrounding iron 
capsule 

2. Scanning electron 
microscopy and 
electron probe 
microanalysis 

3. Transmission electron 
microscopy 

4. Direct microscopic 
observation of 
developmental cell 
cycJe in micro
chambers or reverse 
light microscope 

a. Phase-contrast observation: 
Yellowish iron capsule with light-refrangible central bacterial cell. 

b. Direct microscopic control of capsular ferric iron dissolution by adding 5% HCI to 
the edge of the cover glass (suspension preparations), immediately followed by 
carbolfuchsin staining of the central cell under microscope. 

C. Carbolfuchsin-Prussian blue double-staining (air-dried preparations): Prussian blue 
solution (70 ml 0.1% HCl + 30 drops 2% K.[Fe(CN)6]·3H,o): 10 min (cuvette); 
washing with water (cuvette); 10 min into nonheated Ziehl-Neelsen carbolfuchsin 
(cuvette). 

d. Benzidine staining for manganese reaction: 
Material on slides or filters is first wetted with benzene, and 2 or 3 drops of 0.5% 
benzidine hydrochloride in 50% acetic acid are applied to the wet surface. After 1-2 
s, the benzidine is removed with filter paper (Dubinina, Gorlenko, and Suleimanov, 
1973). 

e. Fluorescence staining of the bacterial cell: air-dried preparations covered with a 
filtered FITC solution for 5 min (0.1 N Na2C03 + 0.1 N NaHC03 in 3:2 proportion 
+ 3.5 mg FITC per 10 ml)-washing with the same buffer. Very suitable for 
visualization of bacterial cells in rust-spot-forming bacteria. 

a. Stereoscan: 
Necessary for detection of the slimy nature of the capsule as weil as the globular 
ferrihydrite particJes in rust spots. 
Preparation in the usual way, placing a drop of material directly onto the specimen 
stub or using ongrowth method (specimens metal-coated). Figs. I (without Ih), 2a-d, 
and 2h-k. 

b. Electron-probe microanalysis for proof concerning iron or manganese incorporation 
of the capsules using X-ray analysis (area- or point-scanning). Figs. 1h, 2e, f, and I. 

Realization in the usual way using formvar-coated grids (ongrowth method for sessile 
Siderocapsaceae; see also Kutuzova, 1974, 1975; Kutuzova, Gabe, and Kravkina, 1972); 
cell observation is better when capsular iron or manganese is removed by dissolving. 

The possibility of pleomorphic development of Siderocapsaceae members makes it 
necessary to compare cell development in chambers filled with habitat water or culture 
media for identifying growing cells with the natural originals. This should be possible 
by directly proving stalk excretion from the apical cell in the way done for Gallionella 
(Hanert, 1974) or by using the reverse microscope (Schmidt, 1976, ceU cycle of 
Siderocapsa geminata; see also Dubinina and Zhdanov, 1975, cell cycJe of Arthrobacter 
siderocapsulatus). 

A more essential difference between classical 
stalk- or threadforming bacteria and capsular 
iron bacteria appears to be the latter's obvious 
growth dependence on organic material. It ap
pears to be no accident that Siderocapsaceae 
have not yet been found in iron springs or min
eral water, very poor in organic substances 

(with the exception of certain results concerning 
very unsure forms obtained by Beger, 1949). 
From this standpoint, classifying Siderocapsa
ceae as a chemolithotrophic bacterial group 
(Buchanan and Gibbons, 1974) appears lessjus
tified and a physiologically indeterminate clas
sification would correspond better to the facts 

Fig. I. Identification and differentiation of Siderocapsaceae cells, capsules, and ferrihydrite particJes. (a-c) Siderocapsa 
treubii. in situ growth on slide in aquarium-natural water culture: (a) single cells at the initial phase of capsule formation; 
(b) two cells eoated with slime and iron particJes; (e) slime capsule completely eoating the cell. (d-f) Siderocapsa sp. from 
the Siderocapsaceae zone in the marine iron bay of Palaea Kameni, in situ growth on slide, Hanert, 1981: (d) thread
slime eapsule; (e) eapsule with two holes; (f) eell half-eoated with thread-slime eapsular material. (g-i) Globular, ehain
forming ferrihydrite particJes on the slime surface ofthe rust-spot baeteria (formed in the marine bay): (g and i) ferrihydrite 
particles; (h) FeKa pieture to (g). (j) Single eell of Siderocystis vulgaris surrounded by ferrihydrite particles. (k) Single 
eell of the marine rust-spot-former surrounded by ferrihydrite particles. (I) Slime eapsule of the marine Siderocapsa sp. 
eoated with ferrihydrite particles. 
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and would avoid invalid inferences. Until now, 
only Naumanniella polymorpha cultivated by 
Ten (1968, 1969) in Beijerinck's MnC03 me
dium appeared to have a certain probable ca
pacity for mixotrophic growth by manganese 
oxidation. 

For the other capsular iron or manganese bac
teria, the natural conditions of the habitat sug
gest that the highest probability is organotrophic 
nutrition, possibly ofthe sort first postulated by 
Aschan (1907) (utilizing the organic portion of 
iron hum~tes or other iron organic substances 
and precipitating ferric iron in or on the cap
sules). 

Isolation 
Enrichment 

Table 2 lists suitable enrichment procedures for 
Siderocapsaceae. In particular, the procedures 
with natural water are extraordinarily simple, 
straightforward, and characteristic for the 
speedy enrichment of iron bacteria in general. 
In habitat-water sampies maintained in cold 
storage or at room temperature without any stir
ring, a rapid growth of iron bacteria begins 
within a few days (often overnight). The growth 
can be recognized mostly by the formation of 
yellow to black-brown (iron and/or manganese 
oxides) flocs which sediment slowly. The Sid
erocapsaceae in general are no exception; nor, 
for example, is Siderocapsa geminata, observed 
in the hypolimnion ofthe "Plußsee" (Plön, Ger
many) and investigated by Schmidt (1976), 
among others. Our own sampies from the same 
site behaved in the same way, and led within a 
week to an intensive development of Sidero
capsa geminata in the sampie flasks. 

A second suitable enrichment method in
volves the use of 30- to 40-liter aquaria cultures 
with habitat water after the addition of 0.007% 
yeast extract and 0.0001 % FeC03 or MnC03• At 
first, within 2 days after the culture start and 
before the addition of yeast extract and FeC03, 

thread-forming bacteria develop. Then, 7 days 
after the addition of FeC03 and yeast extract 
and the start of desulfurication, an intensive 
development of Siderocapsaceae takes place at 
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the end of the desulfurication phase. The Sid
erocapsaceae form an ochreouslayer, 2-3 mm 
thick, on the water surface. This method makes 
enrichment possible by more closely simulating 
natural conditions, particularly with Sidero
capsa treubii and Naumanniella neustonica, 
which both form dense nests of bacterial cells. 
The first enrichment of a Siderocapsa strain, as 
carried out by the discoverer of this organism 
group, is fundamentally similar; Siderocapsa 
treubii was cultivated as an epiphytic growth on 
water plants in aquaria with the addition of 
0.1 % MnCl2 (Molisch, 1910). Test tubes with 
sam pie water underlayed with natural sam pie 
mud were successfully used for the enrichment 
of Siderococcus limoniticus, and showed growth 
3-4 days after the beginning of the culture 
(Dorff, 1934). The enrichment of Siderocystis 
confervarum, an organism which grows in direct 
contact with filamentous algae, also uses natural 
sampie water. 

In Table 2, section B, four synthetic media 
are presented which have proven to be partic
ularly suitable for cultivating Siderocapsaceae. 
Yeast extract is particularly suitable as an or
ganic carbon and nitrogen substrate, as is pep
tone and beef extract in weak concentration; 
iron and manganese are best given as carbonate 
or sulfate salts. On the basis of the presently 
available facts, in particular the culture exper
iments by Dubinina and Zhdanov (1975) and 
Schmidt (1976), as weIl as indications from the 
older literature (summarized by Schweisfurth, 
1972), Siderocapsaceae can be regarded as or
ganisms that grow weIl in weak concentrations 
of organic media, when cultivated in a neutral 
environment under aerobic to microaerobic 
conditions. Growth without oxygen appears to 
be impossible. Table 3 provides a bird's-eye 
view of all Siderocapsaceae that have been en
riched so far. 

Isolation 

The isolation of Siderocapsaceae is much more 
a problem of identification than the application 
of particular isolation techniques. As Dubinina 
and her co-workers indicated for Siderocapsa 
eusphaera (1973, 1975), Schmidt for Sidero
capsa geminata (1976), and Ten for Nauman-

Fig. 2. Ironjmanganese capsules and slimes of Siderocapsa geminata and Metallogenium personatum. (a-f) Siderocapsa 
geminata. flocs grown in Plußsee sam pie flasks, three-quarters filled at a depth of26 m in the natural habitat and maintained 
in cold storage at 4°C, where the S. geminata flocs formed in c1ear, natural habitat water: (a-d) capsules c10sed or with 
a hole; (e) MnKa; (f) FeKa picture to (d), proving simultaneous presence of manganese and iron, the laUer at a much 
lower level. (g-I) Metallogenium personatum. flocs grown in habitat water-sample flasks from 4°C at a depth of 27 m, 
Plußsee: (g) light microscopic; (h-k) young Metallogenium organisms and thread-slime structure; (I) simultaneous man
ganese (MnKa, 5894keV) and iron (FeKa, 6398keV) evidence in the center of Metallogenium (k). 
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niella polymorpha (1968, 1969), pure cultures 
ofthese organisms could be conventionally pro
duced without difficulty in liquid and solid me
dia, using serial solution or plating techniques, 
respectively, (Table 3). 

The main problem in isolating Siderocapsa
ceae is the question of relating the isolated or
ganism with the Siderocapsaceae organism of 
the inoculated material from the natural envi
ronment. The iso la ted strains of Naumanniella 
polymorpha, Siderocapsa eusphaera, and Sid
erocapsa geminata show-as described by the 
authors-an extreme polymorphism and a quite 
complex cycle of development, whereas it has 
not yet been possible to demonstrate corre
sponding changes directly in the natural envi
ronment immediately from an individual ob
ject. This is one of the reasons why the task of 
identifying Siderocapsaceae has such crucial 
importance at the moment, and why isolation 
work cannot lead to really secure results so long 
as the individual developmental cycle remains 
unexplained. 

Identification 
Initial Identification 

Siderocapsaceae are defined purely morpholog
ically, without physiological features and the 
morphological definition provided by the peo
pie who first described them refers to their mor
phology in their natural environment or in hab
itat water cultures. This fact is the starting point 
from which all identification work has to pro
ceed. The second important point to make is 
that the first morphological descriptions of the 
organisms corresponded to the then present 
state of microscopic technology; the descrip
tions used only light-microscopic photographs 
or drawings and the natural ultramorphology 
and ultrastructure remained unknown. Sidero
capsa anulata is the only Siderocapsaceae 
which, at the time of its discovery, was de
scribed by means of an electron microscope 
(Kalbe et al., 1965) so that a clear picture of its 
morphology was produced which was com
pletely adequate for purposes of identification. 

The description which defines the morphol
ogy of the Siderocapsaceae contains three com
ponents: the bacterial cell, the capsule or ex
creted gelatinous material, and iron and/or 
manganese compounds deposited in or on the 
excreted material. The capacity to form cap
sule-like material has been recently shown for 
Siderococcus limoniticus (Kutuzova, 1974), 
which had previously been regarded as a non
capsule-forming Siderocapsaceae, so that this 
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component appears to be common to all Sid
erocapsaceae. For the identification of Sidero
capsaceae, the analysis of natural ultramor
phology of these three components is of crucial 
importance, and thus, in virtue of new ideas 
concerning the pleomorphic development of 
these organisms, the analysis of the individual 
natural development must be added as a further 
new component. 

Identification by Analysis of the Natural 
Ultramorphology and Development 

The methods that are indispensable for a clear 
identification, which must be carried out with 
all Siderocapsaceae whose existence has been 
made certain by repeated finds, and ecological 
descriptions are summarized in Table 4. They 
retate to the visualization of the bacterial cell, 
the differentiation of cell and capsule or slime 
material, the ultramorphology of the capsular 
material, the specific evidence for the presence 
of iron and mangane se, the ultramorphology of 
the iron deposits, and the analysis of the indi
vidual development under natural conditions. 

LIGHT MICROSCOPY, STAINING, AND DIFFEREN

TlA TlON OF THE BACTERIAL CELL. In phase con
trast microscopy, the central cells can only be 
distinguished from the surrounding capsule 
which contains metal oxide by their differing 
light reflection. This appearance can also be cre
ated by the shape of the capsule, and cell and 
capsule staining are indispensable. Carbolfuch
sin and fluorescence staining have been found 
suitable for cdl staining. Erythrosine staining 
has been applied just as successfully by other 
authors. In combination with the Prussian blue 
reaction for iron and the benzidine hydrochlo
ride reaction for manganese, a differentiating 
double staining ofthe cell and metaI-containing 
capsule is possible. Fluorescein isothiocyanate 
(FITC) fluorescence staining is especially suit
able for the visualization and differentiation of 
the bacterial cells from iron/manganese oxides 
in rust-spot-forming bacteria, since the inor
ganic deposits are not stained (Hanert, 1981). 
A specific staining of the capsular polysaccha
rides has not yet been carried out, so that the 
capsule until now has only been made recog
nizable by staining the iron or manganese which 
it contains. 

ULTRAMORPHOLOGY OF THE CAPSULE AND Ex
CRETED GELATINOUS MATERIAL. In all the Sid
erocapsaceae material which has been sampled 
in the natural environment or in habitat water 
cultures, the capsules showed a very character
istic slime-thread ultramorphology and struc-
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ture, which can be recognized best with scan
ning electron microscopy. The capsules are 
slimy but, nevertheless, form casings which the 
bacteria vacate, leaving a noticeable hole when 
they depart. The bacteria produce this gelati
nous thread slime, cover themselves with it-at 
this stage the bacteria cannot be recognized with 
a scanning electron microscope-and break 
through the capsule after a certain time. Even 
though this process cannot be observed in vivo, 
the electron microscope pictures allow scarcely 
any other inference. (See Fig. 1 a-c, Siderocapsa 
treubii; Fig. Id-f, Siderocapsa sp.; Fig. 2a-d, Sid
erocapsa geminata from flocs.) On the basis of 
this characteristic ultramorphology, it seems 
reasonable to think that the slime capsule might 
be a very characteristic feature of genuine Sid
erocapsaceae. It should be noted that the gelat
inous slime of the Siderocapsaceae also resem
bles ultramorphologically those thread slimes 
which we have observed without the formation 
of capsules in Metallogenium habitat water cul
tures (Fig. 2g-k, Metallogenium flocs). 

ULTRAMORPHOLOGY OF DEPOSITED IRON PAR
TICLES AND ELEMENT-SPECIFIC, X-RAy DETER
MINATION OF THE PRESENCE OF IRoN/MAN
GANESE IN THE CAPSULES IN COMBINA TION WITH 
POSTULATED DEvELoPMENTAL STAGES. There 
has been intensive discussion concerning the 
existence of tiny mycoplasma-like develop
mental and budding stages in certain iron and 
manganese bacteria, for example, in Gallione/la 
(Balashova, 1969), Metallogenium (Dubinina, 
1970), and also in Siderocapsaceae (Siderococ
cus limoniticus, Kutuzova, 1974; Kutuzova, et 
al. , 1974; Naumanniella polymorpha, Ten, 
1968, 1969; Siderocapsa geminata, Schmidt, 
1976). Evidence which has previously been pre
sen ted in favor of this hypothesis has largely 
been pictures obtained by transmission electron 
microscopy which, however, show only tiny 
dense particles. 

Relevant here are observations on rust-spot
forming bacteria (rust spots in the Palaea Ka
meni Bay, Hanert, 1981; Siderocystis vulgaris 
rust spots, Galinsky and Hanert, 1979a). The 

Table 5. Siderocapsaceae which have c1early been shown to exist by repeated finds. 

Organisms 

Siderocystis 
S. confervarum 
S. vulgaris 

Naumanniella 

N. neustonica 

N. polymorpha 

Siderococcus 
limoniticus 

Siderocapsa 
S. treubii 

S. anulata 

S. coronata 

S. arlbergensis 

S. eusphaera 

S. geminata 

Morphological features and characteristic ecology 

Large ovoid iron precipitations on Conferva-algae; iron-containing swamp ditches. 
Forming rust spots up to I mm in diameter on exposed glass slides (Fig. Ij); iron

containing swamp ditches. 
Slim rods with a thin, sharply limited iron capsule in the form of a torus (marginal 

thickening); single and in short chains. 
Rod-shaped cells, inc1uding the torus, 1.8-3.3 by 4.9-10 ~m; surface of iron-bearing weIl 

and swamp water. 
Ellipsoid rods ofO.7-1.0 X 1.0-2.0 ~m that form coccoid cells by budding and fission; 

thin capsules; manganese- not ferrous iron-oxidizing; colony-forming in manganese 
carbonate or manganese acetate agar; brown forest soils and rock crusts. 

Cocci (0.2-0.5 ~m in diameter) without capsules (recently, capsule-like formations in 
which iron-oxide deposition takes place have been found by Kutuzova, 1974); in mud 
horizons and zone growth in culture. 

Coccus resp. ovoid or short rods, single or in groups in a very thick, slimy iron capsule. 
(Including the intermediary form of S. major and S. monoica found by Hardman and 

Henrici, 1939 and Drake, 1965.) 
Coccoid cells of 0.6-1.6 ~m in diameter and small rods 0.4-1.0 X 2 ~m; single or in 

groups; most frequently of 6-8 up to 30 cells and more in mucoid capsules averaging 
about 2 ~m by 4.5 ~m with round, elliptical, or irregular outer edge surrounded by 
thick, rust-brown deposits of iron (light microseopie photographs by Hardman and 
Henrici, 1939). 

Single coccus (0.2-0.5 ~m in diameter) surrounded by sharply limited ferric iron ring 
(1.2-1.9 ~m), excellent electron microscopic photographs by Kalbe, Keil, and Theile, 
1965; planktonic and epilimnetic. 

Two to eight cocci (maximal 1.2 ~m) in one capsule (up to 24 ~m in diameter); 
aggregating to coenobia of up to 90 capsules and a length of 400 ~m (described and 
pictured by drawings; Redinger, 1931); in alpine lakes. 

Cocci (0.4-1.0 ~m) normally in pairs in capsules (diameter 6-15 ~m); coenobia similar to 
S. coronata, but single capsules not fusing; light-microscopic photographs by Wawrik, 
1956; planktonic and neustic in alpine pools. 

Coccoid to ovoid (1-2 ~m) cells up to 60 in large capsules (regular spheres up to 50 ~m in 
diameter); capsules occur singly (drawings by Skuja, 1948); planktonic and hypolimnetic 
in large lakes. 

Ovoid cells (0.5 X 0.8 ~m) usually in pairs in round capsules (7-11 ~m in diameter); 
capsules occur singly (drawings by Skuja, 1956); planktonic and hypolimnetic in lakes. 



4112 H.H. Hanert 

iron oxides in these rust spots consist of tiny, 
spherical ferric iron particles which are often 
chainlike in form; these particles correspond to 
the iron bodies which have been analyzed as 
ferrihydrite by Tschukrov (1974). These parti
eIes consist exeIusively ofiron, which can easily 
be demonstrated by X-ray analysis (point-scan
ning) and dissolving in acids. 

Another useful aid in structural analysis in 
this field is area-scanning electron microscopy 
in combination with element-specific scanning. 
The existence of both iron and manganese in
corporation in the capsules can be indicated si
multaneously (see Fig. 2d-f for Siderocapsa 
geminata and Fig. 21 for Metallogenium). 

The methodological possibilities for analyz
ing natural individual development in vivo are 
represented in Table 4. 

In summary, it should be emphasized that an 
adequate number of identification and culture 
methods are available for the investigation of 
Siderocapsaceae, which can be applied to those 
genera and species (Table 5) whose existence 
has been made certain. One of these forms is 
Siderocystis confervarum, which forms large, 
round, iron oxide aggregates on algae, and can 
be found in profusion in iron-bearing swamp 
ditches in the vicinity ofBraunschweig. The ap
plication of the methods described here to this 
bacterium has resulted in the surprising dis
covery that this organism lives not only on the 
surface of the algae but also within it. This bac
terium might have a lytic function for this algae, 
similar to those lytic bacteria which colonize on 
the hyphae of fungi in natural habitats (e.g., 
Phytophthora cinnamomi; Nesbitt, Malajczuk, 
and Glenn, 1978). 
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CHAPTER 237 

The Genus Fusobacterium 

TOR HOFSTAD 

The genus Fusobacterium includes several spe
cies of obligately anaerobic, nonsporeforming, 
motile or nonmotile, Gram-negative rods. Some 
are slender, spindle-shaped bacilli, others are 
pleomorphic rods with parallel sides and 
rounded ends. Their habitat is the mucous 
membranes of humans and animals. 

During the last decade of the nineteenth cen
tury, several authors, among them Miller 
(1898), Plaut (1894), and Vincent (1896, 1899, 
1904), observed spindle-shaped, or fusiform, 
bacilli in material from both the diseased and 
the healthy human mouth. Veillon and Zuber 
(1998), Lewkowicz (1901), and Ellermann 
(1904) were the first to cultivate fusiform ba
cilli. Loeftler, in 1884, observed. pleomorphic 
rods in diphtheritic lesions of calves and doves. 
The same organism, identifiable with the F. nec
rophorum of today, was cultured by Bang 
(1890-1891) from necrotic lesions of a number 
of domestic animals, and by Schmorl (1891) 
from an epizootic in rabbits. 

The more pleomorphic fusobacteria without 
tapering ends have been described under dif
ferent generic names. Examples are Bacteroides, 
Sphaerophorus, Bacterium, Necrobacterium, 
Pseudobacterium, Bacillus, Actinomyces, Cor
ynebacterium, Ristella, and Zuberella. 

The family name Bacteroidaceae was first 
used by Pribram (1929) for strictly anaerobic 
rods. Ten years earlier, Castellani and Chalmers 
(1919) proposed that the genus Bacteroides 
should only contain obligately anaerobic bacilli 
that did not form spores. Eggerth and Gagnon 
(1933) and Weiss and Rettger (1937) excluded 
the Gram-positive rods from the genus. The ge
neric name Fusobacterium was proposed by 
Knorr (1923) for obligately Gram-negative ba
cilli that were fusiform. Prevot (1938), who ar
gued that the generic name Fusobacterium (and 
also the names Bacteroidaceae and Bacteroides) 
was invalid, used the term Sphaerophorus for 
the nonmotile, pleomorphic fusobacteria, and 
the term Fusijormis for the fusobacteria that 
had tapered ends. The seventh edition of Ber
gey's Manual of Determinative Bacteriology 

(Breed et al., 1957) divided the family Bacter
oidaceae into three genera: Bacteroides, defined 
as rods with rounded ends; Fusobacterium, de
fined as rods with tapering ends; and Sphaer
ophorus, defined as rods with rounded ends that 
showed a market pleomorphism and where fil
aments were common. 

Cell morphology therefore, had so far been 
the main criterion for the classification of the 
nonsporeforming, anaerobic rods. Physiological 
studies (Beerens et al. , 1962; Werner, 1972a; 
Werner et al., 1971) and studies of DNA base 
ratios (Sebald, 1962) showed that there was in
sufficient evidence to separate the genera Fu
sobacterium and Sphaerophorus. In the eight 
edition of Bergey's Manual (Moore and Holde
man, 1974a) the genus Fusobacterium was re
stricted to anaerobic, nonsporeforming, Gram
negative rods which form butyric acid as a ma
jor endproduct from peptone or glucose (with
out isobutyric and isovaleric acids). Further, 
Leptotrichia (see Chapter 223) was reestab
lished as a genus for the saccharolytic fusiform 
bacilli producing lactic acid as the only major 
fermentation product. 

Up to now, 12 human species of Fusobacter
ium have been adequately described (Table 1). 
The GC content ofthese species ranges from 26 
to 34 mol%. In addition, F. prausnitzii, which 
has a GC content of 52-57 mol%, has been in
cluded in the genus. The species isolated most 
frequently from humans and animals are F. nu
cleatum and F. necrophorum, respectively. F. 
simiae is a new species which has been isolated 
from the mouth of the stumptailed macaque 
(Macaca arctoides) (Slots and Potts, 1982). 

Habitats 

As Normal Microbiota of Humans 
and Animals 

All Fusobacterium species are parasites of hu
mans and animals. Anaerobic Gram-negative 
rods with the same morphological and bio-
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Table 1. The main human sources of Fusobacterium iso1ates. 

Normal flora 

Species Mouth Gastrointestinal tract Clinical specimens 

F nucleatum + + 
F necrophorum + + 
F alocis + 
F gonidiajormans + + 
F mortiferum + + 
F navijorme + + 
F necrogenes + 
F periodonticum + 
F prausnitzii + 
F russii + 
F sulci + 
F ulcerans + 
F varium + + 
Adapted from Moore et al. (1984), Siots et al. (1983), Cato et al. (1985), and 
Adriaans and Shah (1988). 

chemical properties as Fusobacterium species 
have also been isolated from the hindgut of the 
cockroach Eublaberus posticus (Foglesong et al., 
1984) and the gastrointestinal tract of the grass 
carp Ctenopharyngodon idella (Trust et al. , 
1979). 

The main human habitats ofthe different Fu
-sobacterium species are listed in Table 1. 

F. nucleatum is a constant member ofthe oral 
microflora of adults, but has also been isolated 
from the oral cavity of predentate children 
(Hurst, 1957; McCarthy et al., 1965). The prin
cipal habitat of F. alocis and F. sub is the hu
man gingival sulcus. The incidence of F. per
iodonticum in the human oral cavity is 
unknown. Occasionally, F. naviforme has been 
found in the mouth or the upper respiratory 
tract (Holdeman et al., 1977). The isolation of 
F. necrophorum from pleuropulmonary infec
tions suggests that this organism is also ab1e to 
live as a parasite on the mucous membranes of 
the oral cavity and upper respiratory tract of 
humans. The number of fusobacteria per mil
liliter of saliva has been estimated to be 5.6 X 
104 (Richardson and Jones, 1958). In different 
surveys, fusobacteria have been found to make 
up from 0.4 to 7% of the cultivable dental 
plaque flora (Rardie and Bowden, 1974). There 
are, however, great individual variations. In pa
tients with different forms of periodontitis, F. 
nucleatum is apredominant member of the 
subgingival plaque flora (Williams et al., 1976; 
Moore et al. , 1982, 1983). Hadi and Russel 
(1969) reported a mean viable count of F. nu
cleatum per gram wet weight of gingival plaque 
material from patients with advanced chronic 
periodontal disease and acute ulcerative gingiv
itis of 3.3 X 107 and 9.3 X 107, respectively. In 

subjects with healthy gingivae, the correspond
ing figure was 5.7 X 106• 

Fusobacterium makes up a small part of the 
fecal microflora of man, with individual vari
ation ranging from about 7% to less than 1 % of 
the cultivable fecalflora (Finegold et al. , 1974; 
Finegold et al. , 1975; Holdeman et al. , 1976; 
Moore and Holdeman, 1974b; van Houte and 
Gibbons, 1966). The most prevalent species 
seem to be F. prausnitzii, F. russii, and F. mor
tiferum. Both the number of fusobacteria in 
feces and the relative frequency ofthe different 
species are influenced by the diet (Finegold et 
al., 1974; Maier et al., 1974; Peach et al., 1974). 
Thus, Japanese on a traditional diet rich in car
bohydrate have a relatively high number of F. 
necrophorum in feces (Ohtani, 1970a; Ueno et 
al. , 1974). 

The occurrence of fusobacteria on the mu
cous membranes of the genitourinary tract is 
virtually unknown. Fusobacteria were not pres
ent in the normal microflora ofthe cervix of 30 
healthy females examined by Gorbach et al. 
(1973), and Rite et al. (1947) found no fuso
bacteria in the healthy vaginas of pregnant 
women. Fusobacteria, particularly F. necropho
rum, were, however, present in the vagina of 
pregnant women with trichomoniasis and in the 
postparturn uterus of such women. Spaulding 
and Rettger (1937) found F. nucleatum in the 
normal vagina but not in the vagina of pregnant 
women. Davis and Pilot (1922) and Brams et 
al. (1923) isolated fusiform bacilli (and spiro
chetes) from the clitoris region in females, and 
from preputial secretions of 50 out of 100 men. 

The habitat of F. ulcerans is unknown. The 
organism has been isolated from tropical ulcers 
(Adriaans and Drasar, 1987) and from a few 
specimens of mud (Adriaans and Shah, 1988). 
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Tropical u1cer is a form of skin u1ceration pre
dominantly affecting children and is most com
monly in the tropics (Robinson and Hay, 1985) 

F. necrophorum is anormal inhabitant ofthe 
alimentary tract of cattle, horses, sheep, and 
pigs. Fuller and Lev (1964), in a study of the 
Gram-negative bacteria of the pig alimentary 
tract, found F. necrophorum to be present from 
the age of 43 days. Aalbrek (1972) isolated the 
organism from the colon of pigs in numbers up 
to 103 per gram of wet material, but in consid
erably higher number in the ileus, cecum, and 
colon of pigs with experimental enteritis. F. nec
rophorum has also been found in infections and 
in feces of other animals, such as mules (No
lechek, 1918), goats (Jensen, 1913), reindeer 
(Horne, 1898-1899), antelope (Mettam and 
Carmichael, 1933), macropods (Bang, 1890-
1891; Samuel, 1983), wildebeest (Grainer, 
1983), dogs (Jensen, 1913), rabbits (Cameron 
and Williams, 1926; Schmorl, 1891), rats (Lewis 
and Rettger, 1940), chickens (Jensen, 1913), 
and apes (Dack et al., 1935; Dack et al., 1937). 
It has also been reported in buffaloes, cats, 
guinea pigs, mice, snakes, tortoises, and fowl 
(Simon and Stovell, 1969; Weinberg et al. , 
1937). 

Less is known about the presence in animals 
of the other Fusobacterium species. Fusiform 
bacilli, probably F. nucleatum, have been iso
lated from the alimentary tract ofpigs (Aalbrek, 
1977) and mice (Syed, 1972), and from the oral 
cavity and the throat of monkeys (Krygier et al., 
1973; Pratt, 1927; Slanetz and Rettger, 1933), 
dogs (Slanetz and Rettger, 1933), cats (Prevot 
et al. , 1951), rabbits (Pratt, 1927; Slanetz and 
Rettger, 1933), and guinea pigs (Pratt, 1927; 
Spaulding and Rettger, 1937). Terada et al. 
(1976) isolated F. necrogenes and F. morti/erum 
from pig feces, and F. perfoetens has been found 
in piglet feces (van Assche and Wilssens, 1977). 
F. necrogenes is a member of the cecal flora of 
poultry (Holdeman et al., 1977). F. russii is a 
member of the normal oral flora of cats (Love 
et al., 1987) and has been mentioned as being 
part of the normal microflora of mice and pigs, 
as well as of the rumen flora of cattle (Smith, 
1975). 

As Pathogens of Humans and Animals 

Next to members of the "Bacteroides fragilis 
group" and the black-pigmented bacteroides, F. 
nucleatum is the Gram-negative anaerobic or
ganism most often encountered in human in
fections. Also, F. necrophorum is clearly path
ogenic in humans. Before the advent of 
antibiotics and other antimicrobial drugs, this 
organism was frequently isolated from suppur-
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ative infections ofthe oral cavity and the upper 
respiratory tract, and from pleuropulmonary in
fections. Reviewing the literature concerning 
anaerobic pleuropulmonary infections, Fine
gold (1977) found that F. necrophorum ac
counted for 24% of all anaerobic bacteria iso
lated from 358 ca ses. Today the organism is less 
commonly isolated from human infections. F. 
nucleatum is usually found associated with 
other anaerobic and/or facultative organisms. 
On a percentage basis, F. nucleatum and F. nec
rophorum have been isolated in pure culture 
from pyogenic infections more frequently than 
have other anaerobic bacteria (Beerens and Ta
hon-Castel, 1965; Werner and Pulverer, 1971; 
Bartlett et al., 1974). However, when in mixture 
with other organisms the recovery of fastidious 
strains ofF. nucleatum and F. necrophorum may 
fail. Other species of Fusobacterium are occa
sionally isolated from clinical specimens, and 
nearly always in mixed culture. 

Pathogenic fusobacteria are in particular iso
lated from inflammatory processes accom
panied by necrosis and u1ceration. They are 
most frequently found in head and neck infec
tions, pleuropulmonary infections, abscesses of 
the brain and the liver, and in infections fol
lowing human and animal bites. Fusobacterium 
species are also recovered from subcutaneous 
and soft-tissue abscesses, obstetrical and gyne
cological infections, and abdominal abscesses. 
Because of variations in nomenclature and an
aerobic culture technique, the incidence of Fu
sobacterium infections is difficult to determine 
from the literature. In aseries of 15,844 clinical 
specimens submitted over 12 years (1973-1985) 
to the microbiological laboratories in two mil
itary hospitals, Fusobacterium species ac
counted for 4% of all anaerobic isolates (Brook, 
1988). F. nucleatum was the most common Fu
sobacterium species (47% of all Fusobacterium 
species). The incidence of fusobacteria was 
somewhat higher in a 10-year series of anaer
obic isolates from hospital patients (Sutter et 
al. , 1985). F. nucleatum and F. necrophorum 
mayaiso be encountered in blood cultures, par
ticularly when the upper respiratory and the fe
male genital tract are the portals of entry (FeIner 
and Dowell, 1971; Henry et al. 1983). Fusobac
terium species may be a cause of chorioam
nionitis (Altshuler and Hyde, 1985). F. nuclea
tum is invariably present in Plaut-Vincent's 
angina (fusospirochetal angina) and in acute 
necrotizing u1cerative gingivitis. 

F. necrophorum is the cause of human nec
robacillosis. This is arare, but life-threatening 
septicemia which predominantly affects healthy 
young adults. The infection is characterized by 
sore throat, followed by rigor and the formation 
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of abscesses, usually involving the lung (Lem
ierre, 1936; Moore-Gillon et al., 1984). 

F. necrophorum is an animal pathogen that is 
frequently isolated from necrotic and gangren
ous lesions in cattle, sheep, and pigs, and less 
frequently from other animals. Carnivorous an
imals appear to be resistant. The most common 
manifestations of diseases associated with F. 
necrophorum are liver abscess (hepatic necro
bacillosis) and footrot. 

Liver abscesses are especially encountered in 
heavily fattened cattle. Ninety % or more of 
such abscesses contain F. necrophorum as the 
only organism or in combination with other or
ganisms (Hussein and Shigidi, 1974; Kanoe et 
al. , 1976; Newsom, 1938; Simon and Stovell, 
1971; Berg and Scanlan, 1982). The disease is 
associated with inflammation of the foresto
mach, presumably caused by irritating sub
stances produced by fermentation of the high
caloric feed or by foreign bodies (Jen sen and 
Mackay, 1965). F. necrophorum present in the 
stornach contents is thought to gain entry to the 
vascular system through the injured mucosa. 
Liver abscesses have thus been produced ex
perimentally in cattle and sheep by intraportal 
injections of viable cells of a bovine isolate of 
F. necrophorum (Jensen, et al., 1954). Hepatic 
necrobacillosis in feedlot cattle may present an 
economic problem in meat-producing countries 
(Langworth, 1977; Panel report, 1973). Footrot 
is frequently encountered in sheep and cattle. 
The disease affects the epidermal tissues of the 
interdigital skin and hoof and leads to separa
tion of the hoof from the soft tissues. Lameness 
and morbidity from infection lead to a reduc
tion in productivity and economic losses; Foot
rot in sheep is caused by Bacteroides nodosus 
in combination with Fusobacterium necropho
rum. B. nodosus is the principal causative agent 
transmitting the disease from one animal to an
other (Beveridge, 1941), whereas F. necropho
rum is essential for the later inflammatory de
struction of tissue (Egerton et al. 1969; Roberts 
and Egerton, 1969). Injury to the foot and damp 
soil are predisposing factors (Graham and Eger
ton, 1968). Effective protection against ovine 
footrot is achieved through immunization with 
killed, fimbriated B. nodosus cells (Egerton and 
Roberts, 1971; Stewart et al., 1982). 

The primary cause of epizootic footrot in cat
tle has not been found. F. necrophorum is pres
ent in the lesions as a concurrent pathogen 01: 
a secondary invader. Typical lesion have ben 
produced in cattle by the intradigital or intra
dermal inoculation of F. necrophorum alone or 
in combination with black-pigmented bacteroi
des (Berg and Loan, 1975; Clark et al., 1985). 
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Another disease associated with F. necropho
rum is calf "diphtheria," which is necrotic lar
yngitis that occurs in calves up to 2 years of age. 
F. necrophorum is also involved in several other 
suppurative or gangrenous processes in domes
tic animals, such as interdigital dermatitis and 
heel abscess in sheep (Parsonson, et al., 1967; 
Roberts et al., 1968), neonatal bacteremias in 
calves and lambs, necrotic enteritis of pigs, ne
crotic rhinitis of growing pigs, and oral infec
tions in several animals. 

Necrobacillosis have long been known as a 
serious cause of death of macropods, mainly in 
zoological collections, but also in wild habitats. 
The body sites most commonly affected are the 
face, the stornach wall, and the hind limbs. 
There is good evidence that F. necrophorum is 
the main etiological agent of the disease, but 
other organisms, especially Bacteroides species, 
are often also present in the lesions in high num
bers (Oliphant et al., 1984; Samuel, 1983). Fu
sobacterium species are the predominant spe
cies of the mixed flora in soft tissue infections 
of cats caused by contamination from the oral 
flora (Love et al., 1980). 

Virulence Determinants 

The natural infections have verified the infec
tivity and invasiveness in animals of F. necro
phorum and in man of F. nucleatum and F. nec
rophorum. Experimental investigations in 
animals have shown that synergistic mecha
nisms may be ofimportance in the pathogenesis 
of mixed infections involving fusobacteria 
(Brook and Walker, 1986; Hamp and Mergen
hagen, 1963; Hill et al., 1974; Kaufman et al., 
1972; Onderdonk et al., 1976; Roberts, 1967a, 
b). 

Our current knowledge of virulence deter
minants is cursory. Fimbriation has been seen 
in F. necrophorum (Shinjo and Kiyoyma, 1986), 
but not in F. nucleatum or other Fusobacterium 
species. Encapsulation has been observed in F. 
nucleatum and F. necrophorum (Brook, 1986; 
Emery 1988). 

F. necrophorum isolates from cattle and sheep 
have been assigned to bi ovars A and B, and to 
an intermediate type, AB, on the basis of cul
tural characteristics (Fievez, 1963). A and AB 
biovars are frequently isolated from lesions, are 
highly virulent in mice, hemolytic, and produce 
a hemagglutinin. B biovars are oflow virulence 
in mice and nonhemolytic. The agglutinin is 
associated with the cell Nall, has a subunit mo
lecular weight of 19,000, and is heat labile (Na
gai et al. 1984). Certain strains of F. necropho
rum produce a leukocidin which is also 
destructive for erythrocytes and a variety of cu 1-
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tivated cells (Coyle-Dennis and Lauerman, 
1978; Fales et al. , 1977; Garcia et al. , 1975a; 
Ishii et al., 1988; Roberts, 1967a, b; Scanlan et 
al. , 1982). The toxin is possibly a phospholipase 
(Abe et al., 1979). High amounts of leukocidin 
is produced by A and AB biovars of F. necro
phorum, indicating a correlation between toxin 
production and virulence. (Coyle-Dennis and 
Lauerman, 1979; Emery and Vaughan, 1986; 
Scanlan et al. 1982). 

A hemagglutinin is also produced by F. nu
cleatum (Dehazya and Coles, 1980; Falkler and 
Hawley, 1977). F. nucleatum and F. necropho
rum, as well as other Fusobacterium species, 
posses a cell wall lipopolysaccharide with the 
characteristics of an endotoxin (Garcia et al. , 
1975; Hofstad and Kristoffersen, 1971; Sveen 
et al., 1977; Warner et al., 1975). 

Physiology 

Fusobacterium species are not particularly de
manding with regard to a low oxidation-reduc
tion potential. The maximum Eh value permit
ting growth varies, depending on the species, the 
size ofinoculum, and the medium. Stock strains 
of F. nucleatum were able to grow in an oxygen 
tension of up to 6% (Loesche, 1969). Fusobac
teria are, however, fairly readily killed by ex
posure to air. This is possibly due to their sus
ceptibility to hydrogen peroxide and is 
especially noticeable when thioglycolate or cys
teine HC1 is incorporated into media that are 
exposed to air before inoculation and incuba
tion. 

Fusobacteria grow readily on ordinary solid 
media, such as Brucella blood agar and brain 
heart infusion agar, and in fluid media with a 
base of peptone and yeast extract. Proteose pep
tone, tryptone, and trypticase have better 
growth-promoting effects than casamino acids 
(Gharbia and Shah, 1988a). 

Energy is obtained from peptides and amino 
acids, which are fermented to give a mixture of 
butyric and acetic acids. Peptides represent the 
most important energy source (Gharbia et al., 
1989). Lysine is likely catabolized by the 3-keto, 
5-aminohexanoate pathway (Barker et al. , 
1982). Glutamate may be degraded through dif
ferent pathways (Gharbia, 1987). F. necropho
rum has an absolute need for protein-containing 
polypeptides (Wahren and Holme, 1973). Most 
Fusobacterium species convert threonine to pro
prionate. Lactate is converted to proprionate by 
F. necrophorum. 

All the Fusobacterium species are either non
fermentative or only weakly fermentative. All 
species examined are able to utilize glucose, 
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which is incorporated into cellular components 
(Robrish et al. , 1987; Gharbia and Shah, 1988a). 
The accumulation of glucose is dependent upon 
energy supplied by fermentation of amino acids 
(Robrish et al., 1987). A low terminal pH (sel
dom lower than pH 5.5) in glucose-containing 
media indicate that, in at least a few species, 
some glucose is fermented. 

Glutamate dehydrogenase is produced by all 
Fusobacterium species. The activity at different 
pH values and the electrophoretic mobility of 
the enzyme differ between species or groups of 
species (Gharbia and Shah, 1988b). Possibly all 
fusobacteria produce deoxyribonuclease 
(Porschen and Sonntag, 1974). F. necrophorum 
is able to deconjugate bile salts (Shimada et al., 
1969). 

The fusobacteria are susceptible to many of 
the commonly used antibiotics, induding pen
icillins and cephalosporins. They are, however, 
resistant or relatively resistant to vancomycin, 
neomycin, and erythromycin. F. nucleatum may 
produce beta-lactamase. F. varium and F. mor
tiferum are resistant to rifampicin (rifampin). 
The growth of these two organisms is not in
hibited by bile, to which other species of Fu
sobacterium are susceptible. Along with several 
other Gram-negative bacteria, the fusobacteria 
will grow in the presence of low concentrations 
of various dyes. 

Isolation 

Sampling 

Fusobacterium nucleatum is best iso la ted from 
saliva or centrifuged salivary deposits, or from 
the crevice or pocket that exists between the 
gingiva and the tooth surface. Sampling from 
the crevice area is performed by the use of ster
ile filter paper points (absorbent dental points), 
which are gently inserted into the crevice. Saliva 
or salivary deposits may be inoculated into the 
medium either directly or after being resus
pended in a reducing diluent, such as the serum
containing diluent of Bowden and Hardie 
(1971) or in prereduced anaerobically sterilized 
(PRAS) one-fourth-strength Ringer solution 
(Sutter et al., 1985). The inoculated tapering 
end of the paper point is streaked on a sm all 
area ofthe solid medium, and further spreading 
ofthe deposited material is carried out by a wire 
loop. Because of their presence in small num
bers, isolation of other Fusobacterium species 
from their natural habitat in man can be diffi
cult. Detailed directions for collection, trans
port, and processing of fecal specimens have 
been given by Sutter et al. (1985). It is essential 
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that the specimens are thoroughly homogenized 
and adequately diluted in a reducing diluent 
before inoculation. This applies also to the iso
lation of F. necrophorum from the intestinal 
tract of animals. 

Isolation Under Nonselective Conditions 

When present in clinical specimens, Fusobac
terium nucleatum and F. necrophorum and the 
less commonly isolated Fusobacterium species 
are usually recovered on solid nonselective me
dia. If the colonies are carefully inspected, the 
Gram stain is properly used and if subculturing 
is performed proniptly, isolation is usually 
straight forward. 

Nonselective isolation of fusobacteria from 
their natural habitats on the mucous mem
branes in man and animals is laborious and 
time-consuming. Such isolation attempts 
should be avoided in those instances where iso
lation on selective media is possible. However, 
isolation under nonselective conditions seems 
to be the most reliable method for examination 
and quantitation of viable cells in normal flora 
specimens. For this purpose the roll tube 
method (Holdeman et al., 1977; Moore, 1966) 
or the use of a glove box (Aranki et al., 1969) 
is to be recommended. By inoculating roll tubes 
with 1 ml each of lOS, 109, and 1010 dilutions 
ofhomogenized feces, bacterial species-includ
ing fusobacteria-present in numbers as low as 
3 X 1010 per gram of fecal dry matter (0.06% 
ofthe fecal bacterial population), were counted 
(Moore and Holdeman, 1974). 

Selective Isolation 

Media formulations have been developed and 
evaluated for selective isolation of fusobacteria 
from human (Baird-Parker, 1957; Morgenstein 
et al., 1981; Ohtani, 1970b; Omata and Dis
raely, 1956; Sutter et al. , 1971; Walker et al. , 
1979) and animal (Fales and Teresa, 1972a) 
sources. 

The following medium of Morgenstein et al., 
(1981) is recommended for the isolation of Fu
sobacterium species from their natural habitats 
and from clinical specimens. 

Fusobacterium Egg Yolk Agar (FEA) Medium 
(Morgenstein et al., 1981; Sutter et al., 1985) 

Brucella agar base 37 g 
Disodium phosphate 5 g 
Monopotassium phosphate 1 g 
Magnesium sulfate 0.1 g 
Hemin solution (5 mg/mi) 1 ml 
Polysorbate 80 I ml 
Neomycin solution (100 mg/mI) 1 ml 
Distilled water 1,000 ml 
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Vancomycin solution (7.5 mg/mi) 0.67 ml 
Josamycin (Yamanouchi 3 mg 

Pharmaceuticals) 
Egg yolk emulsion (Difco) 50 ml 
(or Egg yolk emulsion) (Oxoid) 74 ml 

The vancomycin, the josamycin and the egg yolk emul
sion are added to the medium after adjustment of pH 
to 7.6, dissolving by boiling, autoclaving at 121°C for 
15 min, and cooling to 50°e. 

The FEA medium is selective because of its 
conte nt of antibiotics. Addition of egg yolk 
makes it differential for F. necrophorum, which 
is lipase positive. All species of Fusobacterium 
grow on the medium with only minimal inhi
bition. The typical colonial morphology is 
translucent to white, convex, round, and entire 
colonies. Leptotrichia grows with white, raised, 
and granular colonies, and Veillonella forms 
small and translucent colonies. The growth of 
a majority of facultative Gram-negative organ
isms is inhibited. Gram-positive organisms do 
not grow on the medium. 

The CVE medium ofWalker et al. (1979) may 
be used in addition to the FEA medium for 
isolation of F. nucleatum from the oral cavity. 

Crystal Violet Erythromycin Agar (CVE) Medium 
(Walker et al., 1979) 

Trypticase 
Yeast extract 
Sodium chloride 
Glucose 
Tryptophane 
Agar 
Crystal violet 
Distilled water 
Sterile defibrinated sheep blood 
Erythromycin (dissolved in small 

volume of 95% ethanol) 

lOg 
5 g 
5 g 
2g 
0.2 g 

15 g 
5 mg 

1,000 ml 
50 ml 
4 mg 

The blood and the erythromycin are added to the me
dium after adjustment ofthe pH to 7.0-7.2, autoclaving 
at 121°C for 20 min, and cooling to 50°e. 

The selectivity of the CVE medium depends 
on its content of erythromycin and crystal vi
olet. Strains of F. nucleatum exhibit one oftwo 
different colony types on CVE. Some strains 
form transparent, smooth, round, blue colonies 
having an entire edge with a darker blue center. 
Other strains form transparent, rounded or ir
regular, blue colonies with a speckled internal 
appearance. Several species of Gram-positive 
and Gram-negative organisms grow on the me
dium, but with a colonial morpho10gy distin
guishable from those of F. nucleatum. 

The medium ofSutter et al. (1971) is selective 
for F. varium and F. mortiferum and can be used 
for isolation of these species from feces or from 
other sources. The selectivity of this medium 
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depends on the addition ofrifampin to standard 
blood agar. 

Rifampin Blood Agar (Sutter et al. 1971; Sutter et 
al. , 1985) 

A total of 50 lLg/ml of rifampin is added to Brucella 
blood agar just before the plates are poured. Rifampin 
stock solution: 0.1 g of rifampin is dissolved in 20 ml 
of absolute ethyl alcohol, and 80 ml of sterile distilled 
water is added. This gives a final concentration of 1,000 
lLg/ml. The solution can be stored at 4 oe for up to 2 
months. 

F. varium and F. mortiferum grow freely on 
this medium, while the growth of Bacteroides 
and most other organisms present in human 
feces in high numbers is inhibited. 

A medium selective for the isolation of F. nec
rophorum from bovine liver abscesses was re
ported by Fales and Teresa (1972a). The me
dium is based on the trypticase and egg yolk 
medium ofMcClung and Toabe (1947) and con
tains crystal violet and phenethyl alcohol as se
lective agents. 

Isolation Medium for Fusobacterium necrophorum 
(Fales and Teresa, 1972a) 

To 415.0 ml of distilled water add the following: 

Trypticase 
Biosate 
Thiotone 
Glucose 
MgSO. (5% solution) 
Na2HPO. 
Agar 
Adjust to pH 7.3. 

16.0 g 
4.0 g 
2.0 g 
0.5 g 
0.1 ml 
2.5 g 
8.3 g 

After autoclaving, the basal medium is cooled to 
50oe, and 1.35 ml (0.27% volfvol) ofphenethyl alcohol 
is added. One egg yolk mixed with an equal volume of 
a 0.9% sterile saline solution (total volume, approxi
mately 45.0 ml) and blended with the basal medium, 
and then 11.5 mg of crystal violet dissolved in 25.0 ml 
of sterile distilled water is added. Finally, the volume 
is adjusted to 500 ml with sterile distilled water. 

Small colonies of Proteus species appearing 
on the medium are easily distinguished from 
the larger colonies (1.5-1.7 mm in diameter af
ter 48 h of incubation) of F. necrophorum. 

As previously mentioned, the various selec
tive media designed for isolation of Fusobac
terium species allow other organisms to grow to 
a varying extent. In order to gain experience 
with these media it is important, therefore, to 
check the different colony types by Gram-stain
ing. 

Axenic Cultivation and Maintenance 

Fusobacterium strains can be maintained by 
weekly serial subcultures on blood agar. Viable 
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cells can be stored at -70°C in Greave's so
lution. Stock cultures can also be prepared in 
skim milk (Sutter et al., 1985). 

Greave's Solution 

I 
Bovine serum albumin 
Sodium glutamate 
Glycerol 
Distilled water 

50 g 
50 g 

WOg 
1,000 ml 

Batch cultivation is best performed in a nu
trient broth with a tryptone base, which is sup
plemented with yeast extract (0.3%), glucose 
(0.25%), and cysteine HCI (0.1 %), or in the se
lective media bases. If narrow-necked, well
filled containers are used, PRAS media are usu
ally not necessary. 

F. necrophorum has been grown in continuous 
culture with glucose as the growth-limiting fac
tor (Wahren et al., 1971). Maximal cell yields 
(3.5 mg/mI dry weight) were achieved at dilu
tion rates between 0.19 h-1 and 0.40 h-1, at a 
pH of 6.8, and at temperatures of 33-36°C. 

Identification 

All Fusobacterium species are susceptible to col
istin and kanamycin, resistant to vancomycin, 
and produce butyric acid without isobutyric or 
isovaleric acids. In the clinical diagnostic lab
oratory identification is based on both cell and 
colony morphology and on biochemical prop
erties. Chemotaxonomic methods, such as 
DNA-DNA hybridization, lipid analysis, elec
trophoretic mobility of glutamate dehydrogen
ase, outer membrane protein patterns, and 
peptidoglycan composition, are useful for tax
onomical purposes. 

Morphology 

Fusobacterium nucleatum has a characteristic 
cell morphology that makes presumptive iden
tification relatively easy. The cells are Gram
negative, slender, spindle-shaped bacilli with 
sharply pointed ends, often appearing in pairs 
and end-to-end. Most cells are 5-10 ~m long, 
but both shorter and longer rod forms may be 
seen. F. periodonticum has a similar cell mor
phology. This organism has, however, not been 
isolated from clinical specimens. The fusiform 
cells of Capnocytophaga species are generally 
smaller than those of F. nucleatum. Those of 
Leptotrichia buccalis are thicker and usually 
larger (distinguishing characters are given in Ta
ble 1 of Chapter 223). The cells of F. necropho
rum are pleomorphic, often curved, and may 
have spherical enlargements. Free coccoid bod-



T
ab

le
 2

. 
D

if
fe

re
nt

ia
l 

ch
ar

ac
te

ri
st

ic
s 

o
f 

F
us

ob
ac

te
ri

um
 s

pe
ci

es
 e

nc
ou

nt
er

ed
 i

n 
cl

in
ic

al
 s

pe
ci

m
en

s.
 

C
ha

ra
ct

er
is

ti
c 

F.
 n

uc
le

at
um

 
F.

 n
ec

ro
ph

or
um

 
F.

 g
on

id
ia

fo
rm

an
s 

F.
 n

av
if

or
m

e 

G
ro

w
th

 i
n 

20
%

 b
ile

 
P

ro
du

ct
io

n 
o

f 
G

as
 f

ro
m

 P
Y

G
a 

In
do

le
 

L
ip

as
e 

H
yd

ro
ly

si
s 

o
f e

sc
ul

in
 

P
ro

pi
on

at
e 

fr
om

 
L

ac
ta

te
 

T
hr

eo
ni

ne
 

F
at

ty
 a

ci
ds

 f
ro

m
 P

Y
G

 

+
 +
 

A
ce

tic
, 

pr
op

io
ni

c,
 

bu
ty

ri
c;

 
so

m
et

im
es

 
fo

rm
ic

, 
la

ct
ic

, 
su

cc
in

ic
 

+
 +
 

+
 +
 

+
 

A
ce

tic
, 

pr
op

io
ni

c,
 

bu
ty

ri
c;

 
so

m
et

im
es

 
la

ct
ic

, 
su

cc
in

ic
 

+
 +
 

+
 

A
ce

tic
, 

pr
op

io
ni

c,
 

bu
ty

ri
c;

 
so

m
et

im
es

 
fo

rm
ic

, 
la

ct
ic

, 
su

cc
in

ic
 

+,
 p

os
it

iv
e 

re
ac

ti
on

 f
or

 m
aj

or
it

y 
o

f 
st

ra
in

s;
 -

, 
ne

ga
tiv

e 
re

ac
ti

on
 f

or
 m

aj
or

it
y 

o
f 

st
ra

in
s.

 
·P

Y
G

, 
pe

pt
on

e-
ye

as
t 

ex
tr

ac
t-

gl
uc

os
e 

br
ot

h.
 

+
 

A
ce

tic
, 

bu
ty

ri
c,

 
la

ct
ic

; 
so

m
et

im
es

 
fo

rr
ni

c,
 

pr
op

io
ni

c,
 

su
cc

in
ic

 

F.
 m

or
ti

fe
ru

m
 

+
 +
 

+
 

+
 

A
ce

tic
, 

pr
op

io
ni

c,
 

bu
ty

ri
c;

 
so

m
et

im
es

 
fo

rm
ic

, 
la

ct
ic

, 
va

le
ri

c,
 s

uc
ci

ni
c 

F.
 r

us
si

 

+
 

A
ce

tic
, 

bu
ty

ri
c,

 
la

ct
ic

; 
so

m
et

im
es

 
fo

rm
ic

 

F.
 v

ar
iu

m
 

+
 +
 

+
 

+
 

A
ce

tic
, 

pr
op

io
ni

c,
 

bu
ty

ri
c,

 l
ac

tic
; 

so
m

et
im

es
 

su
cc

in
ic

 

~ tI
! ,a
 

N
 

l.o
J 

-.
J ~ i '" ~ I ;:;. ~
 ..,. -N 



4122 T. Hofstad 

ies and, especially, filaments are common. F. 
naviforme strains may have boat-shaped cells. 
Gonidial forms may be seen in old cultures of 
F. gonidiajormans. The other Fusobacterium 
species have no distinctive cellular morphology. 

Colonies of F. nucleatum on blood agar are 
low convex, glistening, and slightly irregular in 
form. Those of F. necrophorum are circular, 
rough, and often ß-hemolytic. The other Fuso
bacterium species form smooth, small- to-punc
tiform colonies on blood agar after incubation 
for two days. 

Biochemical Properties 

Differential characteristics ofthe most common 
Fusobacterium species are shown in Table 2. In 
addition, F. periodonticum hydrolyzes hippur
ate; nitrate is reduced by F. ulcerans; the pH 
may be slightly lowered in cultures of Fusobac
terium species grown in carbohydrate-contain
ing media, but also in cultures grown without 
added carbohydrate. This makes the interpre
tation of fermentation reactions difficult. 

Commercial multi test systems for identifi
cation of bacteria are generally associated with 
a percentage of misidentifications, which may 
be either system or laboratory dependent. Ex
perience is limited with respect to identifica
tions of Fusobacterium species. 

DNA probes for identification of Fusobacter
ium species are not available. The fluorescent 
antibody technique has been used for identifi
cation of fusobacteria in clinical specimens 
from man (Griffin, 1970; Stauffer et al., 1975) 
and for F. necrophorum in bovine liver ab
scesses (Fales and Teresa, 1972b). Simon (1975) 
has described a hemagglutination inhibition test 
for rapid identification of F. necrophorum. 

Literature Cited 

Aalbaek, B. 1972. Gram-negative anaerobes in the intestinal 
flora of pigs. Acta Vet. Scand. 13:228-237. 

Abe, P. M., C. J. Kendall, L. R. Stauffer, and J. W. Holland. 
1979. Hemolytic activity of Fusobacterium necropho
rum culture supernatants due to presence of phospho
lipase A and Iysophospholipase. Am. J. Vet. Res. 40:92-
96. 

Adriaans, B., and B. S. Drasar, 1987. The isolation of fu
sobacteria from tropical u1cers. Epidem. Infect. 99:361-
372. 

Adriaans, B., and H. Shah. 1988. Fusobacterium ulcerans 
sp. nov. from tropical u1cers. Int. J. Syst. Bacteriol. 
38:447-448. 

Altshuler, A., and S. Hyde. 1985. Fusobacteria. An impor
tant cause of chorioamnionitis. Arch. Pathol. Lab. Med. 
109:739-743. 

Aranki, A., S. A. Syed, E. B. Kenney, and R Freter. 1969. 
Isolation ofanaerobic bacteria from human gingiva and 

CHAPTER 237 

mouse cecum by means of a simplified glove box pro
cedure. Appl. Microbiol. 17:568-576. 

Baird-Parker, A. C. 1957. Isolation of Leptotrichia buccalis 
and Fusobacterium species from oral material. Nature 
180:1056-1057. 

Bang, B. 1890-1891. Om aarsagen tillokal nekrose. Maa
nedskrift for Dyrlaeger 2:235-259. 

Barker, H. A., J. M. Kahn, and L. Hedrick. 1982. Pathway 
of lysine degradation in Fusobacterium nucleatum. J. 
Bacteriol. 152:201-207. 

Bartlett, J. G., V. L. Sutter, and S. M. Finegold. 1974. An
aerobic pleuropulmonary disease: Clinical observations 
and bacteriology in 100 cases, p. 327-344. In: A. Bal
ows, R M. DeHaan, V. R. Dowell, Jr., and L. B. Guze 
(ed.), Anaerobic bacteria: role in disease. CharIes C. 
Thomas, Springfield, IL. 

Beerens, H., M. M. Castei, and L. Fievez. 1962. Classifi
cation des Bacteroidaceae, p. 120. Abstr VIII Int. Con
gress Microbiol., Montreal. 

Beerens, H., and M. M. Tahon-Castel. 1965. Infectiones hu
maines ä bacteries anaerobies non toxigenes. Presses 
Academiques Europeennes, Brussels. 

Berg, J. N., and R. W. Loan. 1975. Fusobacterium necro
phorum and Bacteroides melaninogenicus as etiologic 
agents of footrot in cattle. Am. J. Vet. Res. 36: 1115-
1122. 

Berg, J. N., and C. M. Scanlan. 1982. Studies of Fusobac
terium necrophorum from bovine hepatic abscesses: 
Biotypes, quantitation, virulence, and antibiotic sus
ceptibility. Am. J. Vet. Res. 43: 1580-1586. 

Beveridge, W. I. B. 1941. Foot rot in sheep: A transmissible 
disease due to infection with Fusijormis nodosus 
(n.sp.). Council for Scientific and Industrial Research, 
Commonwealth of Australia, Bulletin 140, Melbourne. 

Bowden, G. H., and J. M. Hardie. 1971. Anaerobic organ
isms from the human mouth, p. 177-205. In: D. A. 
Shapton and R G. Board (ed.), Isolation ofanaerobes. 
Society for Applied Bacteriology Technical Series No. 
5. Academic Press, London. 

Brams, J., I. Pilot, and D. J. Davis. 1923. Studies offusiform 
bacilli and spirochetes. 11. Their occurrence in normal 
preputial secretions and in erosive and gangrenous bal
anitis. J. Infect. Dis. 32: 159-166. 

Breed, R S., E. G. D. Murray, and N. R. Smith (ed.). 1957. 
Bergey's manual of determinative bacteriology, 7th ed. 
Williams & Wilkins, Baltimore. 

Brook, I. 1986. Encapsulated anaerobic bacteria in syner
gistic infections. Microbiol. Rev. 50:452-457. 

Brook, I. 1988. Recovery of anaerobic bacteria from c1inical 
specimens in 12 years at two military hospitals. J. Clin. 
Microbiol. 26: 1181-1188. 

Brook, 1., and R. I. Walker. 1986. The relationship between 
Fusobacterium species and other flora in mixed infec
tion. J. Med. Microbiol. 21:93-100. 

Cameron, G. R, and F. E. Williams. 1926. An epidemic 
affecting stock rabbits. J. Pathol. Bacteriol. 29: 185-188. 

Castellani, A., and A. J. Chalmers. 1919. Manual oftropical 
medicine. William Wood & Company, Baltimore. 

Cato, E. P., L. V. H. Moore, and W. E. C. Moore. 1985. Fu
sobacterium alocis sp. nov. and Fusobacterium sulci sp. 
nov. from the human gingival su1cus. Int. J. Syst. Bac
teriol. 35:475-477. 

Clark, B. L., D. J. Stewart, and D. L. Emery. 1985. The role 
of Fusobacterium necrophorum and Bacteroides me-



CHAPTER 237 

lanino-genicus in the aetiology of interdigital necro
bacillosis in cattle. Aust. Vet. J. 62:47-49. 

Coyle-Dennis, J. E., and L. H. Lauerman. 1978. Biological 
and biochemical characteristics of Fusobacterium nec
rophorum leukocidin. Am. J. Vet. Res. 39: 1790-1793. 

Coyle-Dennis, J. E., and L. H. Lauerman. 1979. Correla
tions between leukocidin production and virulence of 
isolates of Fusobacterium necrophorum. Am. J. Vet. 
Res. 40:274-276. 

Dack, G. M., L. R. Dragstedt, and T. E. Heinz. 1937. Fur
ther studies on Bacterium necrophorum isolated from 
cases of chronic ulcerative colitis. J. Infect. Dis. 60:335-
355. 

Dack, G. M., T. E. Heinz, and L. R. Dragstedt. 1935. UI
cerative colitis. Study ofbacteria in the isolated colons 
ofthree patients by cultures and by inoculation of mon
keys. Arch. Surg. 31 :225-240. 

Davis, D. J., and L Pilot. 1922. Studies of Bacillus fusi
formis and Vincent's spirochete. L Habitat and distri
bution ofthese organisms in relation to putrid and gan
grenous processes. J. Amer. Med. Ass. 79:944-951. 

Dehazya, P., and R. J. Coles, Jr. 1980. Agglutination ofhu
man erythrocytes by Fusobacterium nucleatum: factors 
influencing hemagglutination and some characteristics 
of the agglutinin. J. Bacteriol. 143:205-211. 

Egerton, J. R., and D. S. Roberts. 1971. Vaccination against 
ovine foot-rot. J. Comp. Pathol. 81:179-185. 

Egerton, J. R., D. S. Roberts, and L M. Parsonson. 1969. 
The aetiology and pathogenesis of ovine foot-rot. LA 
histological study of the bacterial invasion. J. Comp. 
Pathol. 79:207-216. 

Eggerth, A. H., and B. H. Gagnon. 1933. The bacteroides 
ofhuman feces. J. Bacteriol. 25:389-413. 

Ellermann, V. 1904. Über die Kultur der fusiformen Ba
cillen. Cbl Bakteriol. Parasiten. Infektkr. Abt. I Orig. 
37:729-730. 

Emery, D. L. 1988. Approaches to identify and neutralize 
virulence determinants of Fusobacterium and Bacte
roides spp. p. 343-362. In: J. A. Roth (ed.), Virulence 
mechanisms of bacterial pathogens. American Society 
for Microbiology, Washington D.C. 

Emery, D. L., and J. A. Vaughan. 1986. Generation of im
munity against Fusobacterium necrophorum in mice 
inoculated with extracts containing leucocidin. Vet. Mi
crobiol. 12:255-268. 

Fales, W. H., and G. W. Teresa. I 972a. A selective medium 
for the isolation of Sphaerophorus necrophorus. Am. J. 
Vet. Res. 33:2317-2321. 

Fales, W. H., and G. W. Teresa. I 972b. Fluorescent anti
body technique for identifying isolates of Sphaeropho
rus necrophorus of bovine hepatic abscess origin. Am. 
J. Vet. Res. 33:2323-2329. 

Fales, W. H., J. F. Warner, and G. W. Teresa. 1977. Effects 
of Fusobacterium necrophorum leukotoxin on rabbit 
peritoneal macrophages in vitro. Am. J. Vet. Res. 
38:491-495. 

Falkler, W. H., Jr., and C. E. Hawley. 1977. Hemagglutin
ating activity of Fusobacterium nucleatum. Infect. Im
mun. 15:230-238. 

Feiner, J. M., and V. R. Dowell, Jr .. 1971. "Bacteroides" 
bacteremia. Am. J. Med. 50:787-796. 

Fievez, L. 1963. Etude comparee des souches de Sphaero
phorus necrophorus isolees de L'homme et chez L'an
imal. Monographie, Presses Academiques Euro
peennes, BrÜssel. 

The Genus Fusobacterium 4123 

Finegold, S. 1977. Anaerobic bacteria in human disease. 
Academic Press, New York. 

Finegold, S. M., H. R. Attebery, and V. L. Sutter. 1974. Ef
fect of diet on human fecal flora: Comparison of Jap
anese and American diets. Am. J. Clin. Nutr. 27: 1456-
1469. 

Finegold, S. M., D. J. Flora, H. R. Attebery, and V. L. Sut
ter. 1975. Fecal bacteriology of colonic polyp patients 
and control patients. Cancer Res. 35:3407-3417. 

Foglesong, M. A., D. L. Cruden, and A. J. Markovetz. 1984. 
Pleomorphism of fusobacteria isolated from the cock
roach hindgut. J. Bacteriol. 158:474-480. 

Fuller, R., and M. Lev. 1964. Quantitative studies on some 
of the Gram-negative anaerobic bacteria in the pig al
imentary tract. "J. Appl. Bacteriol. 27:434-438. 

Gainer, R. S. 1983. Necrobacillosis in wildebeest calves. J. 
Wildlife Dis. 19: 155-156. 

Garcia, M. M., D. C. Alexander, and K. A. McKay. 1975a. 
Biological characterization of Fusobacterium necropho
rum cell fractions in preparation for toxin and im
munization studies. Infect. Immun. 11:609-616. 

Garcia, M. M., K. M. Charlton, and K. A. McKay. 1975b. 
Characterization of endotoxin from Fusobacterium 
necrophorum. Infect. Immun. 11:371-379. 

Gharbia, S. E. 1987. A biochemical approach to the study 
of the genus Fusobacterium. Ph.D. Dissertation. The 
University of Kuwait. 

Gharbia, S. E., and H. N. Shah. 1988a. Glucose utilization 
and growth response to protein hydrolysates by Fuso
bacterium species. Curr. Microbiol. 17:229-234. 

Gharbia, S. E., and H. N. Shah. 1988b. Characteristics of 
glutamate dehydrogenase, a new diagnostic marker of 
the genus Fusobacterium. J. Gen. Microbiol. 134:327-
332. 

Gharbia, S. E., H. N. Shah, and S. G. Welch. 1989. The in
fluence of peptides on the uptake of amino acids in 
Fusobacterium; predicted interactions with Porphyro
monas gingivalis. Curr. Microbiol. 19:231-235. 

Gorbach, S. L., K. 8. Menda, H. Thadepalli, and L. Keith. 
1973. Anaerobic microflora of the cervix in healthy 
women. Am. J. Obst. Gyn. 117:1053-1055. 

Graham, N. P. H., and J. R. Egerton. 1968. Pathogenesis of 
ovine foot-rot: The role ofsome environmental factors. 
Aust. Vet. J. 44:235-240. 

Griffin, M. H. 1970. Fluorescent antibody techniques in the 
identifkation of Gram-negative nonsporeforming an
aerobes. Hlth Lab. Sci. 7:78-83. 

Hadi, A. w., and C. Russel. 1969. Fusiforms in gingival 
material. Quantitative estimations from normal indi
viduals and cases ofperiodontal disease. Brit. Dent. J. 
126:83-84. 

Hamp, E. G., and S. E. Mergenhagen. 1963. Experimental 
intracutaneous fusobacterial and fusospirochetal infec
tions. J. Infect. Dis. 112:84-99. 

Hardie, J. M., and G. H. Bowden. 1974. The normal flora 
ofthe mouth, p. 47-83. In: F. A. Skinner and J. G. Carr 
(ed.), The normal microbial flora of man. Society for 
Applied Bacteriology Symposium Series No. 3. Aca
demic Press, London. 

Henry, S., A. DeMaria, Jr., and W. R. McCabe. 1983. Bac
teremia due to Fusobacterium species. Am. J. Med. 
75:225-231. 

Hili, G. 8., S. Osterhout, and P. C. Pratt. 1974. Liver abscess 
production by nonsporeforming anaerobic bacteria in 
a mouse model. Infect. Immun. 9:599-603. 



4124 T. Hofstad 

Hite, K. E., H. C. Hesseltine, and L. Goldstein. 1947. A 
study of the bacterial flora of the normal and patho
logical vagina and uterus. Am. J. Obst. Gyn. 53:233-
240. 

Hofstad, T., and T. Kristoffersen. 1971. Preparation and 
chemical characteristics of endotoxic lipopolysacchar
ide from three strains of Sphaerophorus necrophorus. 
Acta Pathol. Microbiol. Scand., Sect B 79:383-390. 

Holdeman, L. v., E. P. Cato, and W. E. C. Moore. 1977. An
aerobe laboratory manual. 4th ed., Blacksburg. VPI An
aerobe Laboratory, Virginia Polytechnic Institute and 
State University, VA. 

Holdeman, L. v., I. J. Good, and W. E. C. Moore. 1976. 
Human fecal flora: Variation in bacterial composition 
within individuals and a possible effect of emotional 
stress. Appl. Environ. Microbiol 31:359-376. 

Horne, H. 1898-1899. Renens klovsyge. Nor. Veto tidsskr. 
10-11:97-110. 

Hurst, V. 1957. Fusijormis in the infant mouth. J. Dent. 
Res. 36:513-515. 

Hussein, H. E., and M. T. A. Shigidi. 1974. Isolation of 
Sphaerophorus necrophorus from bovine liver abscess 
in the Sudan. Trop. An. Hlth. 6:253-254. 

Ishii, T., M. Kanoe, T. Inoue, K. Kai, and H. Blobel. 1988. 
Cytotoxic effects of a leukocidin from Fusobacterium 
necrophorum on bovine hepatic cells. Med. Microbiol. 
Immunol. 177:27-32. 

Jensen, C. O. 1913. Die vom Nekrosebacillus (Bacillus nec
roseos) hervorgerufenen Krankheiten, p. 234-250. In: 
Kolle, w., and von Wassermann, A. (ed.), Handbuch 
der pathogenen Mikroorganismen, vol. 6. Gustav 
Fischer Verlag, Jena. 

Jensen, R., J. Flint, and L. A. Griner. 1954. Experimental 
hepatic necrobacillosis in beef cattle. Am. J. Veto Res. 
15:5-14. 

Jensen, R., and D. R. MacKay. 1965. Diseases of feedlot 
cattle. Lea & Febiger, Philadelphia. 

Kanoe, M., H. Imagawa, M. Toda, A. Sato, M. Inoue, and 
y. Yoshimoto. 1976. Bacteriology ofbovine hepatic ab
scesses. Jpn. J. Vet. Sci. 38:263-268. 

Kaufman, E. J., P. A. Mashimo, E. Hausmann, C. T. Hanks, 
and S. A. Ellison. 1972. Fusobacterial infection. En
hancement by cell free extracts of Bacteroides melan
inogenicus possessing collagenolytic activity. Arch. 
Oral Biol. 17:577-580. 

Knorr, M. 1923. Uber die fusospirilläre Symbiose, die Gat
tung Fusobacterium (K. B. Lehmann) und Spirillum 
sputigenum. 11. Mitteilung. Die Gattung Fusobacter
ium. Zbl. Bakteriol. Parasitenk. Infektkr. Abt. 1 Orig. 
89:4-22. 

Krygier, G., R. J. Genco, P. A. Mashimo, and E. Hausmann. 
1973. Experimental gingivitis in Macaca speciosa mon
keys: Clinical, bacteriological and histological similar
ities to human gingivitis. J. Periodontol. 44:454-463. 

Langworth, B. F. 1977. Fusobacterium necrophorum: Hs 
characteristics and role as animal pathogen. Bacteriol. 
Rev. 44:373-390. 

Lemierre, A. 1936. On certain septicaemias due to anaer
obic organisms. Lancet ii:701-703. 

Lewis, K. H., and L. F. Rettger. 1940. Non-sporulating an
aerobic bacteria of the intestinal tract. J. Bacteriol. 
40:287-307. 

Lewkowicz, X. 1901. Recherches sur la flore microbienne 
de la bouche des nourrissons. Arch. Med. Exp. 13:633-
660. 

CHAPTER 237 

Loeffler, F. 1884. Bacillus der Kälberdiphterie. Mittheilun
gen aus dem Kaiserlichen Gesundheitsamte 2:493-499. 

Loesche, W. J. 1969. Oxygen sensitivity of various anaer
obic bacteria. Appl. Microbiol. 18:723-727. 

Love, D. N., E. P. Cato, J. L. Johnson, R. F. Jones, and M. 
Bailey. 1987. Deoxyribonucleic acid hybridization 
among strains of fusobacteria isolated from soft tissue 
infections of cats: comparison with human and animal 
type strains from oral and other sites. Int. J. Syst. Bac
teriol. 37:23-26. 

Love, D. N., R. F. Jones, and M. Bailey. 1980. Characteri
zation of Fusobacterium species isolated from soft tis
sue infections in cats. J. Appl. Bacteriol. 48:325-331. 

McCarthy, c., M. L. Snyder, and R. B. Parker. 1965. The 
indigenous oral flora of man. I. The newborn to the 1-
year-old infant. Arch. Oral Biol. 10:61-70. 

McClung, L. J., and R. Toabe. 1947. The egg yolk plate 
reaction for the presumptive diagnosis of Clostridium 
sporogenes and certain species ofthe gangrene and bot
ulinum groups. J. Bacteriol. 53:139-147. 

Maier, B. R., M. A. Flynn, G. C. Burton, R. K. Tsukakawa, 
and D. J. Hentges. 1974. Effects of a high-beef diet on 
bowel flora: A preliminary report. Am. J. Clin. Nutr. 
27: 1470-1474. 

Mettam, R. W. M., and J. Carmichael. 1933. Necrobacil
losis in recently captured antelope in Uganda. J. Comp. 
Pathol. 46: 16-24. 

Miller, W. D. 1889. Die Mikroorganismen der Mundhöhle. 
Die örtlichen and allgemeinen Erkrankungen welche 
durch dieselben hervorgerufen werden. Georg Thieme 
Verlag, Leipzig. 

Moore, W. E. C. 1966. Techniques for routine culture of 
fastidious anaerobes. Int. J. Syst. Bacteriol. 16: 173-190. 

Moore, W. E. c., and L. V. Holdeman. 1974a. Genus 11 Fu
sobacterium. Knorr 1922.4, p. 404-416. In: R. E. Buch
anan, and N. E. Gibbons (ed.), Bergey's manual of de
terminative bacteriology, 8th ed. The Williams and 
Wilkins Company, Baltimore. 

Moore, W. E. c., and L. V. Holdeman. 1974b. Human fecal 
flora: The normal flora of 20 Japanese-Hawaiians. 
Appl. Environ. Microbiol. 27:961-979. 

Moore, W. E. c., L. V. Holdeman, E. P. Cato, M. Smibert, 
J. A. Burmeister, and R. R. Ranney. 1983. Bacteriology 
ofmoderate (chronic) periodontitis in mature adult hu
mans. Infect. Immun. 42:510-515. 

Moore, W. E. c., L. V. Holdeman, R. M. Smibert, D. E 
Hash, J. A. Burmeister, and R. R. Ranney. 1982. Bac
teriology of seven periodontitis in young adults human. 
Infect. Immun. 38:1137-1148. 

Moore-Gillon, J., T. M. Lee, S. J. Eykyn, and I. Philips. 
1984. Necrobacillosis: a forgotten disease. Brit. Med. 
J. 288: 1526-1527. 

Morgenstein, A. A., D. M. Citron, and S. M. Finegold. 1981. 
New medium selective for Fusobacterium species and 
differential for Fusobacterium necrophorum. J. Clin. 
Microbiol. 13:666-669. 

Nagai, S., M. Kanoe, and M. Toda. 1984. Purification and 
partial characterization of Fusobacterium necrophorum 
hemagglutins. Zbl. Bakteriol. A258:232-241. 

Newsom, I. E. 1938. A bacteriologic study of liver absceses 
in cattle. J. Infect. Dis. 63:232-233. 

Nolechek, W. F. 1918. Necrobacillosis in horses and mules. 
J. Am. Vet. Med. Ass. 54:150-155. 

Ohtani, F. 1970a. Selective media for the isolation ofGram
negative anaerobic rods. Jpn. J. Bacteriol. 25:222-232. 



CHAPTER 237 

Ohtani, F. I 970b. Selective media for the isolation ofGram
negative anaerobic rods. Part 11. Distribution ofGram
negative anaerobic rods in feces of normal human 
beings. Jpn. J. Bacteriol. 25:292-299. 

Oliphant, J. c., R. Parsons, and G. R. Smith. 1984. Ae
tiological agents ofnecrobacillosis in captive wallabies. 
Res. Veto Sei. 36:382-384. 

Omata, R. R., and M. N. Disraely. 1956. A selective me
dium for oral fusobacteria. J. Bacteriol. 72:677-680. 

Onderdonk, A. 8., J. G. Bartlett, T. Louie, N. Sullivan-Seig
ler, and S. L. Gorback. 1976. Microbial synergy in ex
perimental intra-abdominal abscess. Infect. Immun. 
13:22-26. 

Panel Report. 1973. Foot rot among cattle. Modern Veto 
Practice 54:63-65. 

Parsonson, I. M., J. R. Egerton, and D. S. Roberts. 1967. 
Ovine interdigital dermatitis. J. Comp. Pathol. 77:309-
313. 

Peach, S., F. Fernandez, K. Johnson, and B. S. Drasar. 1974. 
The nonsporing anaerobic bacteria in human faeces. J. 
Med. Microbiol. 7:213-221. 

Plaut, H. C. 1894. Studien zur Bakteriellen Diagnostik der 
Diphterie und der Anginen. Dtsch Med. Wschr. 
20:920-9U 

Porschen, R. K., and S. Sonntag. 1974. Extracellular deox
yribonuclease production by anaerobic bacteria. Appl. 
Microbiol. 27: 1031-1033. 

Pratt, J. S. 1927. On the biology of B. fusijormis. J. Infect. 
Dis. 41:461-466. 

Prevot, A. R. 1938. Etudes de systematique bacterienne. 111. 
Invalidite du genre Bacteroides. Castellani et Chalmers. 
Demembrement et reclassification. Ann. Inst. Pasteur 
60:285-307. 

Prevot, A. R., P. Goret, L. Joubert, P. Tardieux, and N. 
A1adame. 1951. Recherches bacteriologiques sur une 
infection purulente d'allure actinomycosique chez le 
chat. Ann. Inst. Pasteur 81:85-88. 

Pribram, E. 1929. A contribution to the c1assification of 
microorganisms. J. Bacteriol. 18:361-394. 

Richardson, R. L., and M. Jones. 1958. A bacteriolytic cen
sus of human saliva. J. Dent. Res. 37:697-709. 

Roberts, D. S. 1967a. The pathogenic synergy of Fusijormis 
necrophorus and Corynebacterium pyogenes. I. Influ
ence ofthe leucoeidal exotoxin of F. necrophorus. Brit. 
J. Exp. Pathol. 48:665-673. 

Roberts, D. S. 1967b. The pathogenic synergy of Fusijormis 
necrophorus and Corynebacterium pyogenes. 11. The re
sponse of F. necrophorus to a filterab1e product of C. 
pyogenes. Brit. J. Exp. Pathol. 48:674-679. 

Roberts, D. S., and J. R. Egerton. 1969. The aetiology and 
pathogenesis of ovine foot-rot. 11 The pathogenic as
soeiation of Fusijormis nodosus and F. necrophorus. J. 
Comp. Pathol. 79:217-227. 

Roberts, D. S., N. P. H. Graham, J. R. Egerton, and I. M. 
Parsonson. 1968. Infective bulbous necrose (heel ab
scess) of sheep, a mixed infection with Fusijormis nec
rophorus and Corynebacterium pyogenes. J. Comp. Pa
thol. 78:9-17. 

Robinson, D. A., and R. J. Hay. 1985. Tropical ulcer in 
Zambia. Trans. Roy. Soc. Trop. Med. Hyg. 80:132-137. 

Robrish, S. A., C. Oliver, and J. Thomson. 1987. Amino 
aeid-dependent transport of sugar by Fusobacterium 
nucleatum ATCC 10953. J. Bacteriol. 169:3891-3897. 

Samuel, J. L. 1983. Jaw disease in macropod marsupials: 
Bacterial flora iso1ated from 1esions and from the 
mouths ofaffected animals. Veto Microbiol. 8:373-387. 

The Genus Fusobacterium 4125 

Scanlan, C. M., J. N. Berg, and W. H. Fales. 1982. Com
parative in vitro leukotoxin production ofthree bovine 
strains of Fusobacterium necrophorum. Am. J. Veto 
Res. 43: 1329-1333. 

Schmor1, G. 1891. Über ein pyogenes Fadenbacterium 
(Streptothrix cunicull). Dsch. Z. Tiermed. Pathol. 
17:375-408. 

Sebald, M. 1962. Etude sur les bacteries anaerobies gram
negatives asporu1ees. University ofParis. Dissertation. 

Shimada, K., K. S. Bricknell, and S. M. Finegold. 1969. De
conjugation ofbi1e aeids by intestinal bacteria: Review 
of literature and additional studies. J. Infect. Dis. 
119:273-281. 

Shinjo, T., and H. Kiyoyma. 1986. Pathogenicity of a non
haemagglutinating mutant strain of Fusobacterium nec
rophorum biovar A in mice. Jpn J. Veto Sei. 48:523-
527. 

Simon, P. C. 1975. A simple method for rapid identification 
of Sphaerophorus necrophorus isolates. Can. J. Comp. 
Med. Veto Sei. 39:349-353. 

Simon, P. c., and P. L. StovelI. 1969. Diseases of anima1s 
assoeiated with Sphaerophorus necrophorus: character
istics ofthe organism. Veto Bull. 39:311-315. 

Simon, P. c., and P. L. StovelI. 1971. Isolation of Sphaero 
phorus necrophorus from bovine hepatic abscesses in 
British Columbia. Can. J. Comp. Med. Veto Sei. 
35:103-106. 

Slanetz, L. w., and L. F. Rettger. 1933. A systematic study 
of the fusiform bacteria. J. Bacteriol. 26: 599-617. 

Siots, J., and T. V. Potts. 1982. Fusobacterium simiae, a new 
speeies from monkey dental plaque. Int. J. Syst. Bac
teriol. 32: 191-194. 

Siots, J., T. V. Potts, and P. A. Mashimo. 1983. Fusobac
terium periodonticum. a new speeies from the human 
oral cavity. J. Den. Res. 62:960-963. 

Smith, L. D. 1975. The pathogenic anaerobic bacteria, 2nd 
ed. p.62-63. In: A. Balows (ed.), American lectures in 
c1inical microbiology. Charles C. Thomas, Springfield, 
IL 

Spaulding, E. H., and L. F. Rettger. 1937. The Fusobacter
ium genus. I. Biochemical and serological c1asification. 
J. Bacteriol. 34:535-548. 

Stauffer, L. R., E. O. Hili, J. W. Holland, and W. A. Alte
meier. 1975. Indirect fluorescent antibody procedure 
for the detection and identification of Bacteroides and 
Fusobacterium in c1inical speeimens. J. Clin. Micro
biol. 2:337-344. 

Stewart, D. J., B. L. Clark, J. E. Peterson, D. A. Griffiths, 
and E. F. Smith. 1982. Importance of pilus-assoeiated 
antigen in Bacteroides nodosus vaccines. Res. Veto Sei. 
32:140-147. 

Sutter, V. L., D. M. Citron, M. A. C. Edelstein, and S. M. 
Finegold. 1985. Wadsworth anaerobic bacteriology 
manual, 4th. ed. Star Pub1ishing Company, Belmont, 
CA. 

Sutter, V. L., P. T. Sugihara, and S. M. Finegold. 1971. Ri
fampin-blood-agar as aselective medium for the iso
lation of certain anaerobic bacteria. Appl. Microbiol. 
22:777-780. 

Sveen, K., T. Hofstad, and K. C. Milner. 1977. Lethality for 
mice and chick embryos, pyrogenieity in rabbits and 
ability to gelate Iysates from amoebocytes of Limulus 
polyphemus by lipopolysaccharides from Bacteroides. 
Fusobacterium and Veillonella. Acta Pathol. Microbiol. 
Scand. Sect. B 85:388-396. 



4126 T. Hofstad 

Syed, S. A. 1972. Biochemical characteristics of Fusobac
terium and Bacteroides species from mouse cecum. 
Can. J. Microbiol. 18:169-174. 

Terada, A., K. Uchida, and T. Mitsuoka. 1976. Die Bac
teroidaceenflora in den Faeces von Schweinen. Zbl. 
Bakteriol. Parasitenk. Infektkr. Hyg. Orig. A 234:362-
370. 

Tissier, H. 1905. Repartition des microbes dans 1 'intestin 
du nourrison. Ann. Inst. Pasteur 19:109-123. 

Trust, T. J., L. M. BuH, B. R. Currie, and J. T. Buckley. 
1979. Obligate anaerobic bacteria in the gastrointestinal 
microflora ofthe grass carp (Ctenopharyngodon idella), 
goldfish (Carassius auratus). and rainbow trout (Salmo 
gairdneri). J. Fish. Res. Board Can. 36: 1174-1179. 

Ueno, K., P. T. Sugihara, K. S. BrichneH, H. R. Attebery, 
V. L. Sutter, and S. M. Finegold. 1974. Comparison of 
characteristics of Gram-negative anaerobic bacilli iso
lated from feces of individuals in Japan and the United 
States, p. 135-148. In: A. Balows, R. M. DeHaan, V. R. 
DoweH Jr., and L. B. Guze (ed.), Anaerobic bacteria: 
Role in disease. Charles C Thomas, Springfield, IL. 

van Assche, E E, and A. T. Wilssens. 1977. Fusobacterium 
perfoetens (Tissier) Moore and Holdeman 1973: De
scription and proposed neotype strains. Int. J. Syst. 
Bacteriol. 27: 1-5. 

van Houte, J., and R. J. Gibbons. 1966. Studies ofthe cul
tivable flora ofnormal human feces. Antonie van Leeu
wenhoek J. 32:212-222. 

Veillon, A., and A. Zuber. 1898. Recherches sur quelques 
microbes strictement anaerobies et 1eur röle en path
ologie. Arch. Med. Exp. 10:517-545. 

Vincent, H. 1896. Sur l'etiologie et sur les lesions anatomo
pathologique de la pourriture d'Höpital. Ann. Inst. Pas
teur 10:488-510. 

Vincent, H. 1899. Recherches bacteriologiques sur 1 'angine 
a Bacillus fusijormis. Ann. Inst. Pasteur 13:609-620. 

Vincent, H. 1904. Etiologie de la stomatite ulcero-mem
braneuse primitive. Compt. Rend. Soc. Biol. (Paris) 
56:311-313. 

CHAPTER 237 

Wahren, A., K. Bernholm, and T. Holme. 1971. Formation 
of proteolytic activity in continuous culture of Sphaer
ophorus necrophorus. Acta Pathol. Microbiol. Scand. 
Sect. B 79:391-398. 

Wahren, A., and Holme, T. 1973. Amino acid and peptide 
requirement of Fusijormis necrophorus. Bacteriol. 
116:279-284. 

Walker, C. B., D. Ratlitt, D. MuHer, R. MandeH, and S. S. 
Socransky. 1979. Medium for selective isolation of Fu
sobacterium nucleatum from human periodontal pock
ets. J. Clin. Microbiol. 10:844-849. 

Warner, E, W. H. Fales, M. C. Sutherland, and G. W. Ter
esa. 1975. Endotoxin from Fusobacterium necropho
rum ofbovine hepatic abscess origin. Am. J. Vet. Res. 
36:1015-1019. 

Weinberg, M., R. NativeHe, and A. R. Prevot. 1937. Les 
microbes anaerobies. Masson et Cie, Paris. 

Weiss, J. E., and L. E Rettger. 1937. The Gram-negative 
bacteroides ofthe intestine. J. Bacteriol. 33:423-434. 

Werner, H. 1972a. A comparative study of 55 Sphaeropho
rus strains. Differentiation of 3 species: Sphaerophorus 
necrophorus, Sph. varius and Sph. freundii. Med. Mi
crobiol. Immunol. 157:299-314. 

Werner, H. 1972b. Anaerobierdifferenzierung durch gas
chromatographische StoffWechselanalysen. Zbl Bakte
rial. Parasitenk. Infektkr. Hyg. Orig. A 220:446-451. 

Werner, H., E Neuhaus, and H. Hussels. 1971. A biochem
ical study of fusiform anaerobes. Med. Microbiol. Im
munol. 157:10-16. 

Werner, H., and G. Pulverer. 1971. Haufigkeit und medi
zinische Bedeutung der eiterregenden Bacteroides and 
Sphaerophorus-arten. Dsch. Med. Wschr. 96: 1325-
1329. 

Williams, B. L., R. M. Pantalone, and J. C. Sherris. 1976. 
Subgingival microflora and periodontitis. J. Periodont. 
Res. 11:1-18. 



Index Volumes I-IV 

A 

A antigen, Brucella, 2385, 2387 
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A38 agent, 2408 
AAM medium, Aquaspirillum, 2576 
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sheep, 3488-3490, 3702 

Abortive infection, Lactococcus, 
1496 

Abscess, see also specjfic sites and 
types of abscesses 
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Eubacterium, 1916 
Hafnia, 2816 
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Acetaldehyde dehydrogenase 
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Acetamidase, Mycobacterium, 1219 
Acetamide medium, Pseudomonas, 
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Acetamide utilization 
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bacteria, 2280 
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Escherichia, 2698 
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thermoanaerobic saccharolytic 
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Vibrio, 634, 2974 
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Acetobacter. 2268-2280 
food preservation, 1550 
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Anaerobiospirillum. 3981 
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Brochothrix. 1618 
Carnobacterium. 1576 
cellulolytic bacteria, 479-480, 

483-486 
Cellulomonas. 1327 
Chlorojlexus. 3765 
Clostridium. 1800, 1814, 1820-

1838, 1867-1868, 1870-1877, 
1926 

cyanobacteria, 2083 
Cytophagales, 3658 
Derxia. 2609 
Enterococcus. 1469 
Erysipelothrix. 1635 
Eubacterium. 1918, 1926, 3985 
Fervidobacterium. 3814 
Frateuria. 3198 
Fusobacterium. 4118, 4121 
Gemella. 1649 
Haloanaerobiaceae, 1898 
homoacetogens, 517-529, 1926, 

1929, 1932-1934 
hydrogen-oxidizing bacteria, 347 
Lactobacillus. 1535, 1549, 1559, 
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Ruminobacter. 3981 
Selenomonas. 2009-2012 
Serpens. 3238 
Spirochaeta. 3529, 3534 
Sporomusa. 1926, 2014-2015, 

2017-2019 
Staphylococcus. 1389 
Succinimonas. 3980 
Succinivibrio. 3981 
su1fate-reducing bacteria, 3368 
syntrophic bacteria, 2048, 2055 
Syntrophococcus. 1926 
thermoanaerobic saccharolytic 

bacteria, 1902, 1904, 1906, 
1908-1909 

Thermococcales, 702 

Thermoplasma. 717 
Thermoproteales, 681 
Thermotoga. 3810 
Treponema. 3551,3553 
Veillonella. 2036, 2041 
Zymomonas. 2290 

Acetic acid sensitivity, 
Carnobacterium. 1577 

Acetidine-2-carboxylic acid, 1054 
Acetitomaculum. 1925-1934 
Acetitomaculum ruminis. 517-518, 

1925,1927,1929-1931 
Acetivibrio cellulolyticus. 277, 461, 

471-472,479-481 
Acetivibrio ethanolgignens. 479 
Acetoacetate decarboxylase, 

Clostridium. 1822 
Acetoacetyl-CoA reductase, 

Alcaligenes. 2550 
Acetoanaerobium. 1925-1934 
Acetoanaerobium noterae. 518, 

1928-1932 
Acetobacter. 26, 53, 432, 436, 538, 

2128,2133,2254,2268-2280, 
2289, 2359, 3959 

Acetobacter aceti. 1933-1934, 2268-
2269, 2271, 2274-2275, 2278-
2280 

Acetobacter acidophilus. 2271 
Acetobacter aurantius. see Frateuria 
Acetobacter diazotrophicus. 536, 

539, 2133, 2236, 2273, 2275-
2276, 2278-2279 

Acetobacter hansenii. 2273, 2278-
2279 

Acetobacter liquejaciens. 2273, 
2278-2279 

Acetobacter methanolicus. 2274, 
2278-2279 

Acetobacter nitrocaptans. 536 
Acetobacter pasteurianus. 2268-

2269, 2271, 2274-2275, 2278-
2279 

Acetobacter xylinum. 53, 2268-
2269, 2271, 2274, 2278-2280 

Acetobacteraceae, 536, 2128, 2135, 
2276-2277, 3071 

Acetobacterium. 25, 59, 517,910, 
1819,1925-1934 

Acetobacterium carbinolicum. 517-
518,1925,1928-1933,2019, 
3394 

Acetobacterium malicum. 517-518, 
1925, 1930-1931, 1933 

Acetobacterium wieringae. 518, 
1925, 1928-1933 

Acetobacterium woodii. 81, 83, 276-
277,281-282,291,306-307, 
517-518,523-529,1823,1918, 
1925, 1928-1933 

Acetogen, 58-59, 81, 83, 304, 306-
307,461,517-529 

Acetogenium. 25, 59, 1819, 1925-
1934 

Acetogenium kivui. 518, 1925-1934 
Acetohydroxy acid synthase 

Chlorojlexus. 3766 
methanogens, 720 

Acetoin production 
Brochothrix. 1618 
Gemella. 1650 
Klebsiella. 2785 

Lactobacillus. 1549, 1566 
Lactococcus. 1489 
Leuconostoc. 1510, 1520 
Micrococcus. 1304-1305 
Pectinatus. 1999-2000 
Staphylococcus. 1384, 1386-1387 
Streptococcus. 1427-1428, 1433, 

1435 
Succinimonas. 3980 
Zymomonas. 2289 

Acetoin utilization 
Clostridium. 1829 
homoacetogens, 1930 
Pelobacter. 3393, 3395, 3397-

3398 
Aceto1 utilization, Mycobacterium. 

1225 
a-Acetolactate decarboxylase 

Enterobacter. 2805 
Lactococcus. 1491 

a-Acetolactate utilization. 
Enterobacter. 2804-2805 

Acetomonas. 3080 
Acetone production, 82 

Clostridium. 1822-1824, 1833 
Lactobacillus. 1547 

Acetone utilization 
sulfidogenic bacteria, 609, 3363, 

3371 
syntrophic coculture, 292 

Acetonitrile utilization, 
Chromobacterium. 2595 

Acetosyringone, 2218 
Acetovibrio. 910 
Acetyl xylan esterase, Butyrivibrio. 

2030 
Acetyl-CoA, 56 
Acetyl-CoA pathway 

homoacetogens, 517-529 
Sporomusa.2018 

Acetyl-CoA reductase, Clostridium. 
1824 

Acetylene utilization, Pelobacter. 
3393, 3395-3398 

ß-N-Acetylgalactosaminidase, 
Streptococcus. 1430 

N-Acetylglucosamine, 138 
requirement in Borrelia. 3560 

N-Acetylglucosamine utilization 
Alteromonas. 3061 
Brochothrix. 1625 
Chromobacterium. 2593 
Enterobacter. 2806 
Haloanaerobiaceae, 1899 
Klebsiella. 2785 
Kurthia. 1659 
Marinomonas. 3061 
Pectinatus. 1999 
Pirellula. 3718-3720 
Planctomyces. 3716 
Serratia. 2836 
Staphylococcus. 1386-1387 
Streptococcus. 1428 

N-Acetylglucosaminidase 
Bacteroides. 3603 
Lysobacter. 3265 
Porphyromonas. 3615 
Streptococcus. 1430 

Acetyl-metal, 526 
Acetylmethylcarbinol production 

commercial, 2282 
Gemella. 1649 



Neisseria, 2506 
Acetylmethylcarbinol utilization, 

Yersinia, 2865 
N-Acetylmuramic acid, 138 
N-Acetylmuramidase, 

Pseudonocardiaceae, 1020 
N-Acetylmuramyl-L-alanine 

amidase, Neisseria, 2503 
N-Acetylneuraminic acid aldolase, 

Clostridium, 1831 
O-Acetylserine sulfhydralase, 

Rhodocyclus, 2556 
Acholeplasma, 25, 1937-1952, 1962, 

4093 
Acholeplasma f/orum, 4054 
Acholeplasma laidlawii, 134, 1940-

1941, 1945, 1949-1951, 4062 
Acholeplasma modicum, 4062 
Acholeplasmataceae, 54, 1938 
Acholeplasmatales, 1938 
Achromatium, 75, 97-98, 387, 

3934-3939 
Achromatium gigas, see 

Achromatium oxaliferum 
Achromatium mobile, see 

Macromonas mobilis 
Achromatium oxaliferum, 3934, 

3937-3939, 4099 
Achromatium volutans, 3934, 3939 
Achromobacter, 27, 83, 87, 264, 453, 

564, 3241 
Achromobacter albus, 2118 
Achromobacter anaerobium, see 

Zymomonas mobilis 
Achromobacter butyri, 2118 
"Achromobacter citroalcaligenes, " 

2545 
"Achromobacter cycloclastes, " 559, 

568-570,2118,2128,2545 
"Achromobacter cystinovorum, " see 

Comamonas acidovorans 
Achromobacter formosus, 2118 
"Achromobacter haemolyticus, " 

2545 
"Achromobacter halophilus, " 3190, 

3193 
"Achromobacter hartlebii, " 2545 
Achromobacter harveyi, see Vibrio 

harveyi 
Achromobacter iophagus, 2116 
Achromobacter liquefaciens, 2118, 

3241 
"Achromobacter metalcaligenes," 

2545 
"Achromobacter mucosus, " 2545 
Achromobacter nematophilus, see 

Xenorhabdus nematophilus 
Achromobacter punctatum, see 

Aeromonas caviae 
"Achromobacter turbidus, " 3190-

3191,3193 
Achromobacter venosus, 2118 
"Achromobacter viscosum, " 3190-

3191,3193 
Achromobacter xylosoxidans, 564, 

571-572,2544,2601 
Achromobacteriaceae, 2940 
Achromopeptidase sensitivity, 

Propionibacterium, 837 
Achroonema, 4027, 4099 
Achroonema angustum, 3802 
Achroonema spiroideum, 3677 

Acid end products, 141 
Acid environment, 86-87 
Acid food, Lactobacillus, 1548 
Acid mine effiuent 

colorless sulfur bacteria, 391 
Gallionella, 4082 
sulfur bacteria, co1orless, 3936 

Acid phosphatase 
Cytophagales, 3653, 3658 
Gemella, 1650 
Legionella, 3286 
Listeria, 1603 
Staphylococcus, 1394 

Acid production, see also specific 
acids 

Agrobacterium, 2214 
rhizobia, 2198, 2200, 2205 

Acid reductase complex, 
bioluminescent bacteria, 626-
628 

Acid tolerance 
Beijerinckia, 2254, 2258 
Pectinatus, 1999 

Acidaminobacter hydrogenoformans, 
290-291 

Acidaminococcus, 1997, 2042-2043 
Acidaminococcus fermentans, 30 I, 

306, 2037 
Acid-fast stain, 136 

hydrogen-oxidizing bacteria, 363 
Mycobacterium, 1239, 1251, 1271, 

1277 
Acidianus, 31, 84, 338, 385, 387, 

390-393, 399, 685-686, 2640 
Acidianus brierleyi, 393, 685-686, 

688,691-695, 716 
Acidianus cryptum, 399 
Acidianus infemus, 393, 588, 684-

695 
Acidianus rubrum, 399 
Acidic grape broth, Leuconostoc, 

1519 
Acidic Koser citrate medium with 

ornithine and raffinose, 
Klebsiella, 2784 

Acidic peptide 41.012, 1054 
Acidic tomato broth (ATB) 

Leuconostoc, 1518 
Pediococcus, 1518 

Acidimonas, 2128 
Acidiphilium, 26, 2132, 2650 
Acidiphilium cryptum, 392 
Acidiphilium rubrum, 2646 
Acidophile, 86-87, 162 

colorless sulfur bacteria, 391-392 
hydrogen-oxidizing bacteria, 

thermophilie, 3920 
Acidophilin, 1538, 1570 
Acidophilium cryptum, 2646 
Acidophilus milk, 1486, 1547 
Acidothermus cellulolyticus, 479, 

487 
Acidovorax, 369, 2123-2125 
Acidovorax andropogonis, 3088 
Acidovorax delafieldii, 345, 363-

364, 366-370, 2124 
Acidovorax facilis, 345, 351, 355, 

361, 363-364, 366-370, 377, 
2124 

Acidovorax temperans, 369, 2124 
Acinetobacter, 28, 64, 452-455, 660, 

1301,2115, 2118-2121, 2337, 
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2495, 2545, 2587, 2834, 2956, 
3080,3137-3141, 3241-3242, 
3245, 3737-3738 

Acinetobacter baumannii, 3137 
Acinetobacter calcoaceticus, 268-

269, 454, 2548, 3137 
Acinetobacter haemolyticus, 3137 
Acinetobacter johnsonii, 3137 
Acinetobacter junii, 3137 
Acinetobacter lwojfi, 3137 
Acne, 844, 1396 

Propionibacterium, 840 
Aconitase, Bacillus, 1671 
Aconitic acid utilization 

Azospirillum, 2241 
Deleya, 3195 
Enterobacter, 2807 
rhizobia, 2200 
Serratia, 2836, 2838 
Spirillum, 2567 

Acridine orange stain 
Anaplasmataceae, 4007 
rickettsiae, 2425 

Acridine-nalidixic acid-agar 
medium, Listeria, 1600 

Acrinomadura longispora, see 
Saccharothrix longispora 

Acrodermatitis chronicum 
atrophieans, Borrelia, 3563, 
3565 

Acryloyl-CoA reductase, 
Clostridium, 1828 

Acrylyl-CoA aminase, Clostridium, 
1832 

Actinobacillosis, embolie, 3344 
Actinobacillus, 29, 919, 2116-2117, 

2983, 3304, 3331, 3334, 3342-
3348 

Actinobacillus actinoides, see 
Streptobacillus moniliformis 

Actinobacillus 
actinomycetemcomitans, 1437, 
2115,2117,3304,3311,3319-
3320, 3340, 3342, 3344-3347, 
3514 

Actinobacillus capsulatus, 3342, 
3344, 3346-3347 

Actinobacillus equuli, 2385, 2676, 
3342-3343, 3346-3348 

Actinobacillus haemolytica, see 
Pasteurella haemolytica 

Actinobacillus lignieresii, 2115, 
3342-3348 

Actinobacillus lignieri, 2864 
Actinobacillus pleuropneumoniae, 

see Haemophilus 
pleuropneumoniae 

Actinobacillus seminis, 3342 
Actinobacillus suis, 2676, 3342-3348 
Actinobacteria, 811, 813-814 
''Actinobacterium'' meyeri, 851 
Actinobifida, 1085, 1089 
Actinobifida alba, see 

Thermomonospora alba 
Actinobifida chromogena, see 

Thermomonospora chromogena 
Actinomadura, 24, 38, 812, 814, 

921-924,932,937, 1047, 1063, 
1070, 1085-1107, 1126, 1128, 
1140-1143, 1146, 1149-1151, 
1324 

L-forms, 4077 
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Actinomadura africana, see 
Microtetraspora africana 

Actinomadura atramentaria, 1087, 
1097, 1101-1102 

Actinomadura aurantiaca, 1087, 
1097, 1101-1102 

Actinomadura carminata, 1101, 
1106,1126 

Actinomadura citrea, 1087, 1089, 
1097, 1102, 1106 

Actinomadura coerulea, 1097, 1101-
1102 

Actinomadura coeruleofusca, see 
Saccharothrix coeruleofusca 

Actinomadura coeruleoviolacea, see 
Saccharothrix coeruleoviolacea 

Actinomadura cremea, 1087, 1089, 
1097, 1101-1102 

Actinomadura dassonvillei, see 
Nocardiopsis dassonvillei 

Actinomadura echinospora, 1088, 
1097, 1101, 1118 

Actinomadura fastidiosa, see 
Microtetraspora fastidiosa 

Actinomadura ferruginea, see 
Microtetraspora ferruginea 

Actinomadurafibrosa, 1101-1102 
Actinomadura flava, see 

Saccharothrix flava 
Actinomadura flexuosa, see 

Microtetraspora flexuosa 
Actinomadura fulvescens, 1087, 

1097, 1101 
Actinomadura helvata, see 

Microtetraspora helvata 
Actinomadura kijaniata, 1087, 

1093, 1097, 1101-1102, 1106 
Actinomadura libanotica, 1087, 

1097, 1101-1102 
Actinomadura livida, 1087, 1097, 

1101-1102 
Actinomadura longispora, see 

Saccharothrix longispora 
Actinomadura luteofluorescens, 

1088, 1097, 1101-1102 
Actinomadura macra, 1087, 1093, 

109~ 1101-110~ 1106 
Actinomadura madurae, 956, 1085, 

1087, 1089, 1092, 1097-1098, 
1100-1102, 1117 

Actinomadura malachitica, see 
Actinomadura viridis 

Actinomadura oligospora, 1087, 
1097, 1101-1102, 1106 

Actinomadura pelletieri, 956, 1087, 
1089, 1092, 1097, 1101-1102 

Actinomadura polychroma, see 
Microtetraspora polychroma 

Actinomadura pusilla, see 
Microtetraspora pusilla 

Actinomadura recticatena, see 
Microtetraspora recticatena 

Actinomadura roseola, see 
Microtetraspora roseola 

Actinomadura roseoviolacea, see 
Microtetraspora roseoviolacea 

Actinomadura rubra, see 
Microtetraspora rubra 

Actinomadura rubrobrunea, 1088-
1089, 1093, 1101, 1104 

Actinomadura salmonea, see 
Microtetraspora salmonea 

Actinomadura spadix, 1087, 1093, 
1101-1102 

Actinomadura spiculosospora, 1106 
Actinomadura spiralis, see 

Microtetraspora spiralis 
Actinomadura turkmeniaca, see 

Microtetraspora turkmeniaca 
Actinomadura umbrina, 1088, 1097, 

1101 
Actinomadura verrucosospora, 

1088-1089,1097,1101-1102, 
1117 

Actinomadura vinacea, 1088, 1097, 
1101-1102 

Actinomadura viridilutea, 1089 
Actinomadura viridis, 1087-1088, 

1097, 1101-1102, 1117-1118, 
1131 

Actinomadura yumaensis, 1088, 
1097,1101-1102,1106 

Actinomaduraceae, 24 
Actinomyces, 33, 109, 453, 814, 823, 

850-891, 910, 1178, 4114 
L-forms, 4077 

Actinomyces bovis, 850-852, 858, 
865-866, 876, 878, 882, 888-
889 

Actinomyces denticolens, 851, 858, 
866, 876, 878, 882, 888-889 

Actinomyces hordeovulneris, 851, 
858, 865-866, 874, 876, 882, 
888-889 

Actinomyces howellii, 851, 858, 866, 
876, 878, 882, 888-889 

Actinomyces humiferus, 850, 852, 
858, 866-867, 873-874, 876, 
882, 888-889 

Actinomyces isolation agar, 
Streptomycetaceae, 945 

Actinomyces israelii, 842, 850-855, 
861-866,873, 875-880, 882, 
887-891, 1149,2038-2039, 
2041 

Actinomyces listeri, see Nocardiopsis 
listeri 

Actinomyces meyeri, 851,853,862, 
876, 878, 881-882, 888-889 

Actinomyces muris, see 
Streptobacillus moniliformis 

Actinomyces naeslundii, 842, 851-
858, 861-866, 872-878, 882, 
888-891, 1645,2038-2041 

Actinomyces odontolyticus, 851, 
853-855, 862, 864-866, 873, 
876, 878, 880, 882, 888-889, 
2038 

Actinomyces propionicus, see 
Propionibacterium propionicum 

Actinomyces pyogenes, 851,858, 
862-863, 865-866, 876, 878, 
882,887-890,1174,1637,2024 

Actinomyces slackii, 851,858,866, 
876, 878, 882, 888-889 

Actinomyces suis, 851, 865-866, 
876, 882, 888-889 

Actinomyces viscosus, 851-858, 
861-862, 864-866, 869, 872-
873, 876, 882, 887-889, 891, 
1645, 2038-2041 

Actinomycetaceae, 852 
Actinomycetales, 198, 1153, 1227, 

1323 

Actinomycete, 36, 68, 811-814, 
1227 

Actinomyces, 850-891 
actinoplanetes, 1029-1055 
Arcanobacterium, 850-891 
cellulolytic, 497-499 
L-forms,4077 
Nocardiopsis, 1139-1153 
Pseudonocardiaceae, 996-1021 
ribosomal RNA, 1117 
Rothia, 850-891 
Streptomycetaceae, 921-980 
Streptosporangiaceae, 1115-1134 
Thermomonosporaceae, 1085-

1107 
Actinomycete mycetoma, 814, 940, 

1089-1092, 1194 
Actinomycin, 978, 1055 

production in Streptomycetaceae, 
956, 1054 

Actinomycin D resistance/ 
sensi ti vity 

Chlamydia, 3697 
Lysobacter, 3266, 3268 
myxobacteria, 3467 

Actinomycosis, 814, 850-851, 854, 
858-864, 870 

Actinobacillus, 3344 
cattle, 865 
dogs,865 
Propionibacterium, 844, 846 

Actinoplanaceae, 24, 812, 814 
Actinoplanes, 24, 67-69, 219, 500, 

811,1029-1055,1070,1117, 
1126, 1149 

Actinoplanes armeniacus, 970 
Actinoplanes auranticolor, 1044 
Actinoplanes azureus, 1054 
Actinoplanes brasiliensis, 479, 1030-

1031 
Actinoplanes caeruleus, 1044-1045, 

1054 
Actinoplanes cyaneus, 1045 
Actinoplanes ferrugineus, 1045 
Actinoplanes garbadinensis, 1045 
Actinoplanes ianthinogenes, 1045 
Actinoplanes italicus, 1045 
Actinoplanes minutisporangius, 

1045 
Actinoplanes missouriensis, 1031, 

1052, 1055 
Actinoplanes phillipinensis, 479, 500 
Actinoplanes rectilineatus, 1045 
Actinoplanes teichomyceticus, 1045, 

1054 
Actinoplanes utahensis, 1055 
Actinoplanetes, 216-219, 937 
Actinoplanone A, 1054 
Actinoplanone B, 1054 
Actinopolyspora, 24, 922, 924, 996-

1021, 1142 
Actinopolyspora halophila, 500, 

996-997, 1000, 1002, 1005, 
1009-1010, 1015-1016 

''Actinopolyspora thermovinacea, " 
1000, 1016 

Actinopycnidium, 923, 925, 970, 974 
Actinorhizal plant, 542, 812-813, 

1069, 1071-1080 
Actinosporangium, 923, 925, 970, 

974 
Actinospore, 68 



Actinosynnema, 1085, 1090, 1096, 
1141 

Aetinotioein, 1131 
Aetivated sludge 

Aeromonas, 3022 
Arthrobacter, 1286 
Blastobacter, 2171-2172 
Cellulomonas, 1325 
Comamonas, 2588 
dimorphie prostheeate baeteria, 

2180 
Haliscomenobacter, 3688-3690 
Herpetosiphon, 3787-3788, 3792-

3794, 3799, 3802 
hydrogen-oxidizing baeteria, 346 
Leptothrix, 2622 
Leucothrix, 3253 
Microbacterium, 1364 
Nocardia, 1194 
Noeardiaeeae, 1206 
Pseudonoeardiaeeae, 1001, 1003 
purple nonsulfur baeteria, 2141, 

2143 
Rhodococcus, 1195 
Saprospira, 3678 
sheathed baeteria, 2612-2613 
Sphaerotilus, 2615-2616 
sulfur-redueing baeteria, 3382 
Zoogloea, 3955, 3958 

Aculeximycin, 1131 
Aeylase, Escherichia coli, 2725 
Aeylneuraminate lyase, Clostridium, 

1824 
Adaptation, 248 
Addition transduction, Bacillus, 

1678 
Adenine methylase, Staphylococcus, 

1402 
Adenine utilization 

Bacillus, 1729 
Clostridium, 1813, 1832 
N oeardiaceae, 1204 
Pseudonocardiaeeae, 1012, 10 16 
Saccharothrix, 1064 
Streptomycetaeeae, 966 

Adenitis 
Chromobacterium, 2593 
Haemophilus, 3309-3310 

Adenomatosis, intestinal, see 
Intestinal adenomatosis 

Adenosine deaminase, Bacillus, 
1671 

Adenylate cyclase, Bacillus, 1750-
1751 

Adenylate eyclase toxin, 645 
Bordetella, 645, 2531, 2536, 2538 

adh gene, 20 I 
Zymomonas, 2296 

Adherenee, 91-94, 255, 643-644; 
see also Sessile prokaryote 

Actinomyces, 856 
Bordetella, 2535 
Caulobacter, 2177 
to cellulosic substrates, 471-473 
dimorphie prosthecate bacteria, 

2177-2178,2183 
Erysipelothrix, 1633 
Escherichia coli, 2711-2713, 2715 
Gemella, 1645 
hydroearbon-oxidizing bacteria, 

454-455 
Klebsiella, 2778,2781 

Lactobacillus, 1542 
mechanism, 262-263 
Mobiluncus, 913 
mycop1asma, 1944-1946 
Neisseria, 2502 
nonspecific, 263 
orientation, 267-268 
Pasteurella, 3333-3334 
Providencia, 2855 
Renibacterium, 1314 
riekettsiae, 2438 
Simonsiellaceae, 2660 
speeific, 263 
Staphylococcus, 1376-1377 
Streptococcus, 1460 
thermodynamics, 263 
Veillonella, 2034, 2038-2041 
Yersinia, 2867-2868 

Adhesin, 643-644 
Aeromonas, 3018 
Cytophaga1es, 3664 
Klebsiella, 2778 
mycoplasma, 1945-1947 
Staphylococcus, 1397 
Streptococcus, 1422, 1460 

Adipic aeid uti1ization 
Alcaligenes, 2549 
Comamonas, 2586 
hydrogen-oxidizing bacteria, 364 
Methylobacterium, 2347 
rhizobia, 2200 

Adonitol utilization 
Actinobacillus, 3347 
Agrobacterium, 2214, 2221 
Alcaligenes, 2549 
Cardiobacterium, 3341 
Citrobacter, 2747-2748 
Edwardsiella, 2741 
Enterobacter, 2807, 2809-2810 
Enterobacteriaceae, 2923 
Escherichia, 2698 
Flavobacterium, 3625 
Hafnia, 2818 
Klebsiella, 2784, 2786-2787 
Kurthia, 1659 
Nocardiaceae, 1203 
Nocardiopsis, 1152 
Pect i natus, 1999 
Photobacterium, 2980 
phytopathogenie pseudomonads, 

3107 
Plesiomonas, 3036 
Propionibacterium, 845 
Pseudonocardiaceae, 10 12-10 13 
Saccharothrix, 1064 
Serratia, 2835, 2837-2838 
Shigella, 2755 
Streptosporangiaceae, 1132-1133 
Vibrio, 2973, 2980 

ADP sulfury1ase, 3214 
Chlorobiaeeae, 3589 

ADP-glucose pyrophosphorylase, 
Clostridium, 1830 

ADP-ribosyl transferase 
Clostridium, 1876 
nitrogen-fixing bacteria, 545 

Adrobacterium, 2198 
Adverse environmental factor, 82 
Aegyptianella, 3994-3995, 4007-

4011 
Aegyptianella carpani, 4009 
Aegyptianella emydis, 4009 
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Aegyptianella moshkovskii, 4009 
Aegyptianella pullorum, 4007-4011 
Aegyptianella ranarum, 4009 
Aegyptianellosis, pouItry, 4008-

4011 
"Aerobacter aerogenes, " see 

Enterobacter aerogenes 
''Aerobacter cloacae, " see 

Enterobacter cloacae 
''Aerobacter dissolvens, " see 

Enterobacter dissolvens 
''Aerobacter lipolyticus, " see Serratia 

liquefaciens 
Aerobacter liquefaciens, see 

Aeromonas hydrophila; Serratia 
liquefaciens 

''Aerobacter oxytocum, " see 
Klebsiella oxytoca 

Aerobactin 
Enterobacter, 2803-2804 
Klebsiella, 2779 
use by Neisseria, 2508 

Aerobe 
diversity, 55 
facu1tative, 300 
obligate, 55 

Aerocavin, Chromobacterium, 2595 
Aerococcus, 25, 1450-1451, 1456, 

1482, 1502, 1504-1506 
Aerococcus viridans, 1467, 1502, 

1504-1506 
Aeroeyanidin, Chromobacterium, 

2595 
Aeromonadaeeae, 2115-2116, 2135, 

2943 
Aeromonas, 28, 453, 2114, 2116, 

2595, 2938-2945, 2948, 2956, 
2964, 2983, 2988, 2993, 3005, 
3012-3028 

Aeromonas agar, 3024 
Vibrionaeeae, 2948 

Aeromonas caviae, 2116, 2939, 
3013-3018,3020,3022,3026, 
3028 

Aeromonas eucrenophila, 3014 
Aeromonas formicans, see 

Aeromonas caviae 
Aeromonas hydrophila, 642, 646-

647, 2939, 2945, 2947, 2957, 
3012-3026, 3028, 3030 

Aeromonas liquefaciens, see 
Aeromonas hydrophila 

Aeromonas media, 2939, 3014, 3016 
Aeromonas membrane agar 

Chromobacterium, 2594 
Janthinobacterium, 2597 

Aeromonas proteolytica, see Vibrio 
proteolyticus 

Aeromonas punctata, see Aeromonas 
caviae; Aeromonas eucrenophila 

Aeromonas salmonicida, 2939, 
2947,3013-3015,3019-3020, 
3022, 3025, 3028-3029 

Aeromonas schubertii, 2939, 3014-
3016, 3026 

Aeromonas shigelloides, see 
Plesiomonas shigelloides 

Aeromonas sobria, 2939, 3014, 
3016-3019, 3022, 3026, 3028 

Aeromonas veronii, 2939, 3014-
3016, 3026 

Aerosol 
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Coxiella, 2473 
Erwinia, 2908 
laboratory, 177 
Legionella, 3283 

Aerotaxis, 99, 250-252 
Aerotolerance, Spirillum, 2567 
Aeruginosin A, 3093 
Aeruginosin H, 3093 
A-factor, Streptomycetaceae, 813, 

958 
African Amblyomma tick typhus, 

2419 
Agar, 152, 169-170 
Agar degradation, 133 

Alteromonas, 3051 
Cytophagales, 3632-3634, 3640-

3641, 3658, 3663 
Deleya, 3194 
Herpetosiphon, 3800 
Thermomonosporaceae, 1103 
Vibrio, 2967 
Vibrionaceae, 2946-2947 

Agar dilution series 
Ectothiorhodospira, 3223 
purple non sulfur bacteria, 2143 
sensitivity testing, 3499 
sulfate-reducing bacteria, 3364-

3365 
sulfur-reducing bacteria, 3385 
Thermodesuljobacterium, 3391 

Agar medium 
Azotobacteraceae, 3148 
sulfate-reducing bacteria, 3365 

Agar shake cuhure, 
Streptomycetaceae, 967 

Agar streak method, Kurthia 
isolation, 1657 

Agarbacterium, 2946-2947 
''Agarbacterium alginicum, " 3190-

3191,3193-3194 
Agarbacterium aurantiacum, 2947 
Age groups, 37-38 
Agglutination test 

Brucella. 2385 
rhizobia, 2207 
Streptococcus, 1459 
Wolinella, 3518 
Yersinia, 2879-2880 

Agglutinogen, Bordetella pertussis, 
645 

Aggregate, 93, 131, 246, 303 
cyanobacteria, 2059, 2070-2072, 

2076, 2083 
diversity, 51-52 
phototrophs, 323 
Seliberia, 2490 
syntrophic coculture, 293-294 
Thermoproteales, 680 

Aggregation substance, 
Enterococcus, 1472-1475 

Agmatine utilization 
Arthrobacter, 1285 
Enterococcus. 1469 

Agmenellum. 2091 
Agmenellum quadruplicatum, 2087, 

2093 
Agrobacterium. 27, 38, 201-202, 

564, 662-666, 670, 2127-2128, 
2131-2133,2201,2214-2228, 
2254, 2347, 2385, 2443, 2493, 
2545, 2550, 2587, 2601, 2604, 
3080 

L-forms, 4068 
Agrobacterium aggregatum, 2128, 

2133 
Agrobacterium agile, 2118 
Agrobacterium autotrophicus, 2365-

2367 
Agrobacterium ferrugineum, 2128, 

2133 
Agrobacterium gypsophilae, see 

Erwinia herbicola 
Agrobacterium kieliense, 2128 
Agrobacterium luteum, 93, 2128, 

2133 
Agrobacterium pseudotsugae, 1284 
Agrobacterium radiobacter, 558, 

664, 2220 
Agrobacterium rhizogenes, 664, 666, 

2219-2220,2222,2227 
Agrobacterium rubi, 664, 666, 2220-

2223 
Agrobacterium sanguineum, 2128, 

2133 
Agrobacterium stellatum, 2128 
Agrobacterium tumefaciens, 53, 93, 

249, 256, 536, 558, 663-664, 
668, 2011, 2127, 2130, 2214-
2218, 2220-2228, 2360, 2380, 
2545, 2548, 3776 

"Agrobacterium vitis, " 2220 
Agrocin 84, 2223-2225 
Agrocinopine A, 665, 2216-2217, 

2223 
Agrocinopine C, 2217, 2223 
Agroinfection, 2227-2228 
Agromyces, 24, 886, 1324 
Agromyces ramosus, 666, 882, 

1355-1357 
Agropine, 2217, 2223 
AR medium, Aeromonas, 3027 
AIDS 

mycobacteriosis and, 1244-1246 
tuberculosis and, 1240, 1242 

ail gene, Yersinia, 652, 2867-2868 
Air 

Bacillus, 1664 
Kurthia, 1654 
Methylobacterium in, 2343-2344 
Micrococcus in, 1301 
Pseudonocardiaceae, 1001-1002 
sampling, 174 
Streptomycetaceae, 943 

Air conditioning, Legionella, 3295-
3296 

Air pollution indicator, 
cyanobacteria, 3830 

Air-sac infection, Enterococcus, 
1476 

Akinete, 68, 232-234 
cyanobacteria, 69, 71, 324-325, 

327, 2059, 2074-2075 
AL-1 protease, Lysobacter, 3272 
ala gene, Bacillus, 2298 
Alanine aminopeptidase, Gemella, 

1650 
Alanine carboxypeptidase, Neisseria, 

2503 
Alanine dehydrogenase 

Bacillus, 1671, 2298 
methanotrophs, 2356 
Serratia, 2841 
sulfidogenic bacteria, 610 

Alanine utilization 

Alteromonas, 3062 
Arthrobacter, 1285 
Brucella, 2386 
Chloroßexus, 3766 
Deleya, 3194 
Derxia, 2610 
Desuljomaculum, 1795 
Marinomonas, 3062 
Psychrobacter, 3243 
rhizobia, 2201 
Xanthobacter, 2374 

Albamycin T resistance/sensitivity, 
Methylobacterium, 2346 

A1cacalienaceae, 27 
A1caligenaceae, 2123, 2125, 2135, 

2530, 2544, 2550, 2588, 3305 
Alcaligenes, 27, 83, 94, 167, 387, 

398, 453, 554, 563-564, 568, 
2123, 2125, 2321, 2530, 2587-
2588, 2625, 3046, 3053, 3079, 
3108, 3961 

Alcaligenes aestus, see Deleya aesta 
Alcaligenes aquamarinus, see 

Deleya aesta; Deleya 
aquamarina 

Alcaligenes autrophus, 355, 2546 
''Alcaligenes carboxydus, " 2127, 

2545, 2547-2548 
Alcaligenes cupidus, see Deleya 

cupida 
Alcaligenes denitrificans, see 

Alcaligenes xylosoxidans 
Alcaligenes eutrophus, 83, 132, 344-

345,351,355-357,361-371, 
376-378, 554, 559, 565, 568, 
800, 2123-2124, 2328, 2376, 
2544-2551 

Alcaligenesfaecalis, 57,415,481, 
536, 539, 559, 568-570, 572, 
2123, 2125, 2360, 2544-2550, 
2605,3190-3193 

Alcaligenes hydrogenophilus, 377, 
2124, 2550 

''Alcaligenes hydrogenophilus, " see 
Alcaligenes eutrophus 

Alcaligenes latus, 346, 363-364, 
366-369, 371, 536,2123,2366, 
2544, 2546, 2548-2549, 2551 

Alcaligenes odorans, 2544, 2547 
Alcaligenes pacificus, see Deleya 

pacifica 
Alcaligenes paradoxus, 345, 350-

351, 363-372, 536, 2123, 2544-
2546, 2548-2549, 3075 

Alcaligenes piechaudii, 2544, 2547, 
2549 

Alcaligenes ruhlandii, see 
Alcaligenes xylosoxidans 

Alcaligenes venustus, see Deleya 
venusta 

Alcaligenes xylosoxidans, 344-345, 
351, 355, 363-37~ 55~ 564-
565, 567-570,2123,2125, 
2544-2549 

A1cohol dehydrogenase 
Spirochaeta, 3529 
sulfidogenic bacteria, 608 
Sulfolobales, 693 
thermoanaerobic saccharolytic 

bacteria, 1904-1906, 1910 
Zymomonas, 201, 2290 



Alcohol treatment, elimination of 
vegetative eells, 1807 

Alcohol-aldehyde/ketone 
oxidoreduetase, 
thermoanaerobie saeeharolytie 
baeteria, 1905 

Aldehyde dehydrogenase, 
sulfidogenic baeteria, 608 

Alder 
nitrogen-fixing baeteria, 542 
Pseudonoeardiaeeae, 999-1000 

Aldoheptose, 136 
Aldolase, Staphylococcus, 1390 
Aldose dehydrogenase, 

Acinetobacter, 3140 
Alfalfa 

Clavibacter, 1359 
dwarf disease, 4030, 4034 
pathogen, 667 
rhizobia, 2198 
Serratia, 2825 

Alfalfa straw enriehment proeedure, 
Sphaerotilus, 2615-2616 

Aigae 
dimorphie prostheeate baeteria, 

2181-2182,2192 
Leucothrix, 3247-3248,3251, 

3253-3254 
myxobaeteria, 3422 
symbionts, 3859-3860 

Aigal bloom, Lysobacter, 3259-
3260, 3267-3268 

Aigal mat, thermoanaerobie 
saeeharolytie baeteria, 1902 

Aiginase 
Alteromonas, 3055, 3063 
Deleya, 3194 
Marinomonas, 3055, 3063 
Photobacterium, 3002 
Vibrio, 2987 

Alginate degradation 
Bacillus, 1665-1666 
Cytophagales, 3658 
Lysobacter, 3266 
Vibrionaeeae, 2946-2947 

Alginate produetion, Pseudomonas, 
3093, 3095 

Alginobacter, 2946 
Alginobacter acidojaciem, 2946 
Alginomonas, 2946 
Alginomonas alginica, 2946 
Alginomonas alginovora, 2946 
Alginomonas jucicola, 2946 
Alginomonas nonjermentans, 2946 
Alginomonas terrestralginica, 2946 
Alginovibrio, 2946-2947 
Alginovibrio aquatilis, 2947 
Alginovibrio immotus, 2947 
Alginovibrio norvegicus, 2947 
Alien,77 
Alimentary traet, see Digestive traet 
Aliphatie hydroearbons, 135 
Alkaline peptone water 

Aeromonas, 3025 
Vibrio, 2962-2963, 2966 
Vibrionaeeae, 2948 

Alkaline phosphatase 
anaerobic Gram-positive eocci, 

1888 
Bacillus, 1671 
Cytophagales, 3653, 3658 
Gemella, 1650 

Listeria, 1602 
Lysobacter, 3265, 3269 
Noeardiaeeae, 1205 
Renibacterium, 1314 
Staphylococcus, 1384, 1386-1387, 

1394 
Streptococcus, 1428, 1431, 1433, 

1435 
Alkaline pretreatment (enrichment 

technique), Mobiluncus, 907 
Alkaline waters 

Heliothrix, 3757 
methanogens, 742 
Pirellula, 3718 

Alkalophile, 87, 162 
Bacillus, 1666 
Nocardiopsis, 1144, 1150 

Alkane oxygenase, hydrocarbon
oxidizing bacteria, 454 

Alkane utilization, 453-454 
Acinetobacter, 3141 
Arthrobacter, 1286 
hydrocarbon-oxidizing bacteria, 

450 
Nocardiaceae, 1203 
sulfate-reducing bacteria, 3361, 

3365 
sulfidogenic baeteria, 611 
Thermoleophilum, 3780-3784 

Alkene monooxygenase, 
Mycobacterium, 1225, 1232 

Alkene utilization, Mycobacterium, 
1231 

Alkylbenzene, Sulfolobales, 691 
Alkyl-methoxypyrazine, Serratia, 

2831 
Allantoin utilization 

Kurthia, 1658 
Pseudonocardiaceae, 1013 
Saccharothrix, 1064 
Streptomycetaceae, 966, 968 

Allantoinase, Mycobacterium, 1219 
Allen's basal salt medium, 

Sulfolobales, 686 
Allen's salts, 3775 
Allergie alveolitis, see 

Hypersensitivity pneumonitis 
Allergy 

Bacillus, 1756 
Pseudonocardiaceae, 1001 
Streptomycetaceae, 934-935 

Alligator, Aeromonas, 3020 
Allochthonous microorganism, 77 
Allomonas, 2116, 2943 
Allomonas enterica, see Vibrio 

fluvialis 
Almond, leaf scorch disease, 4030, 

4034 
Almond moth, Wolbachia, 2479 
Alpha symbiont, see Holospora 

caryophila 
Alpha toxin, 1867 

Clostridium chauvoei, 1870 
Clostridium histolyticum, 1872 
Clostridium novyi, 1873 
Clostridium perjringens, 1874 
Clostridium septicum, 1875 

a-hemolysin, Staphylococcus, 1376 
a-hemolysis, 141 

Campylobacter, 3495 
Erysipelothrix, 1634-1635 
Gemella, 1646, 1648 

Index Volumes I-IV 1-7 

Lysobacter, 3265 
Streptococcus, 1421, 1427, 1429-

1432, 1435, 1451, 1455 
Vibrio, 2964 

a-prime-hemolysis, Streptococcus, 
1455 

Alteromonas, 28, 625, 633, 2117, 
2591, 2676, 3046-3066 

Alteromonas aurantia, 3046-3048, 
3051-3058, 3061-3063 

Alteromonas citrea, 3046-3048, 
3051-3058, 3061-3063 

Alteromonas colwelliana, 2117, 
3046-3048, 3055, 3057-3058, 
3061-3065 

Alteromonas communis, see 
Marinomonas communis 

Alteromonas denitrificans, 560, 
3046-3052, 3055, 3057-3058, 
3064 

Alteromonas espejiana, 2953, 3046, 
3048, 3052, 3054, 3057, 3061-
3064 

Alteromonas haloplanktis, 2115, 
2117,2953,2985,3046,3048-
3049, 3052, 3057-3058, 3061-
3065 

Alteromonas hanedai, 625, 2117, 
3046, 3048, 3051-3055, 3057, 
3061-3064 

Alteromonas luteoviolacea, 2595, 
2597,3046-3049, 3051-3055, 
3057-3058, 3061-3064 

Alteromonas macleodii, 2115, 2117, 
2967, 3046, 3048, 3051-3052, 
3057, 3061-3064 

Alteromonas nigrijaciens, 3046-
3049, 3052, 3055, 3057, 3061-
3062 

Alteromonas putrejaciens, 588-589, 
610, 2114-2117, 2768, 3047, 
3052-3053, 3057-3065, 3383, 
3388 

Alteromonas rubra, 3046-3049, 
3051, 3053-3058, 3061-3063 

"Alteromonas thalassomethanolica, .. 
3047, 3049-3053, 3057, 3061-
3062, 3064 

Alteromonas undina, 2565, 3046, 
3048, 3052, 3054, 3057, 3061-
3062 

Alteromonas vaga, see 
Marinomonas vaga 

Althiomycin, 3474 
Aluminum binding, Zoogloea, 3961 
Aluminum hydroxide antacid 

Oerskovia, 1331 
Promicromonospora, 1334 

Alveolar abscess, Wolinella, 3513 
Alveolitis, allergie, see 

Hypersensitivity pneumonitis 
Alvinella symbionts, 3894, 3897 
Alysiella, 27, 2120, 2122-2123, 

2495, 2658-2666 
Alysiella jilijormis, 2658-2659, 

2665-2666 
a-Amanitin resistance/sensitivity, 

methanogens, 756-757 
AMB medium, myxobacteria, 3437 
Amber disease, 2827 

grass grub, 2687 
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Ambruticin, myxobacteria, 3474-
3475 

Amensalism, 164 
American foulbrood, 1706-1711 
Amidase, 202 

myxobacteria, 3466 
Amikacin resistance/sensitivity 

Aeromonas, 3028 
Brochothrix, 1625 
Citrobacter, 2749 
Erythrobacter, 2488 
Flavobacterium, 3627 
Klebsiella, 2780 
Proteus, 2852 
Serratia, 2830-2831 

Amine, methy1ated, see Methylated 
amine utilization 

Amino acid production, 
Corynebacterium, 1161-1165 

Amino acid requirement, 157 
Bacillus, 1701 
Clostridium, 1806 
Erysipelothrix, 1634 
Leuconostoc, 1521 
Listeria, 1606 
myxobacteria, 3465 
Photobacterium, 3002 
Sporosarcina, 1776 
Staphylococcus, 1392-1393 
Vibrio, 2966-2967 

Amino acid uti1ization, see also 
specific amino acids 

Aeromonas, 3026 
anaerobes, 301-302 
anaerobic Gram-positive cocci, 

1888 
Aquaspirillum, 2571 
Archaeoglobus, 710 
Arthrobacter, 1286 
Brochothrix, 1618 
Brucella, 2385 
Clostridium, 1804, 1812, 1823, 

1826, 1829, 1831-1832, 1834-
1836, 1839, 1872 

Desulfotomaculum, 1794 
Enterobacter, 2806 
Eubacterium, 1917, 1919-1920 
Haloanaerobiaceae, 1897-1898 
Halobacteriaceae, 789-797 
Klebsiella, 2785-2786 
Kurthia, 1659 
methanogens, 735 
Methylobacterium, 2345, 2347 
Ochrobactrum, 2603 
Paracoccus, 2322 
Photobacterium, 634 
Phyllobacterium, 2603 
Proteus, 2850 
Pseudonocardiaceae, 1012 
purple nonsulfur bacteria, 2142, 

2149 
Saprospira, 3685 
Sporosarcina, 1776 
Streptomycetaceae, 944 
sulfidogenic bacteria, 587-588, 

610 
syntrophic coculture, 290 
Thermococcales, 703 
Vibrio, 634 

Amino acids, see also specific amino 
acids 

L-form induction, 4070 

D-Aminoacylase, Alcaligenes, 2550 
p-Aminobenzoate, 157 
p-Aminobenzoate production, 

Nocardiaceae, 1206 
p-Aminobenzoate requirement 

Brochothrix, 1619 
Clostridium, 1806 
Corynebacterium, 1160 
Desulfotomaculum, 1794 
purple nonsulfur bacteria, 2148 
sulfate-reducing bacteria, 3370 

Aminobutyrate production, 
Lactobacillus, 1550 

Aminobutyrate utilization 
Clostridium, 1823 
Comamonas, 2587 
rhizobia, 2201 

4-Aminobutyrate utilization 
Enterobacter, 2807 
Kurthia, 1660 
Serratia, 2836 

a-Aminobutyrate utilization 
Alteromonas, 3062 
Marinomonas, 3062 

')'-Aminobutyrate utilization, 
Psychrobacter, 3243 

3-Aminobutyryl-CoA deaminase, 
Clostridium, 1835 

Aminoglycoside acetyltransferase 
Citrobacter, 2749 
Enterobacter, 2804 
Klebsiella, 2780 

Aminoglycoside production, 1053 
Aminoglycoside resistance/ 

sensitivity 
Corynebacterium, 1182-1183 
dimorphic prosthecate bacteria, 

2178 
Enterococcus, 1466 
Gemella, 1643, 1645 
Leptotrichia, 3984 
Mobiluncus, 911-912 

Aminoglycoside-3' -0-
phosphotransferase, 
Enterobacter, 2804 

5-Amino1evulinic acid production, 
purple nonsulfur bacteria, 2152 

Aminolipids, Serratia, 2831 
7-Amino-4-methylcoumarin 

substrates, Nocardiaceae, 1204-
1205 

Aminopeptidase 
Chromobacterium, 2595 
Cytophagales, 3664 
Leptospira, 3571 
Mycobacterium, 1231 
Neisseria, 2507 
Thermus, 3750 

Aminovalerate utilization 
Clostridium, 1823 
Deleya, 3195 
Enterobacter, 2807 
Pseudomonas, 3094 
Psychrobacter, 3243 
Vibrio, 2977 

Ammonia mineral sa1ts (AMS) 
medium, methanotrophs, 2352 

Ammonia monooxygenase, 
ammonia-oxidizing bacteria, 
416,419 

Ammonia production 

anaerobie Gram-positive cocci, 
1886-1888 

Azotobacteraceae, 3165 
hydrogen-oxidizing bacteria, 347 
Selenomonas, 2006 

Ammonia tolerance, ammonia
oxidizing bacteria, 2626, 2631 

Ammonia utilization, 58 
Bifidobacterium, 828 
Chlorojlexus, 3766 
Derxia, 2610 
dimorphie prosthecate bacteria, 

2178 
Haliscomenobacter, 3690 
lanthinobacterium, 2596 
Leptothrix, 2614 
Lysobacter, 3265 
methanotrophs, 2356 
Rhodocyclus, 2557, 2559 
Selenomonas, 2011-2012 
Sphaerot ilus, 2614 
Succinivibrio, 3981 
sulfur bacteria, colorless, 2647, 

2650 
sulfur bacteria, purple, 3215 

Ammonia-oxidizing bacteria, 83, 
332-334, 340, 414-415, 2126, 
2302 

lithotrophic, 415-420, 2625-2636 
Ammonium chloride glycerol agar, 

Pseudonocardiaceae, 1005 
Amniotic fluid, Porphyromonas, 

3609 
Amoeba 

Legionella, 3285, 3296-3297 
Mycobacterium leprae, 1274 
symbionts, 3855-3861 
xD, 3856-3857, 3859-3860 

Amoebobacter, 28, 96, 318, 2121, 
3223 

''Amoebobacter morrhuae, .. 798 
Amoebobacter pediojormis, 52, 

3202, 3208 
Amoebobacter pendens, 3202, 3208, 

3210,3215 
Amoebobacter purpureus, 3208 
Amoebobacter roseus, 537, 3202, 

3207-3208, 3215 
Amorphosporangium, 219, 1029-

1055 
Amoxicillin resistance/sensitivity 

Actinomyces, 863 
Borrelia, 3564 
Pseudonocardiaceae, 1010 

amp genes, Citrobacter, 2750 
Amphibian, Edwardsiella, 2738 
Amphotericin B, 977-978 
Amphotericin B resistance/ 

sensiti vi ty 
methanogens,757 
Moraxella, 3278 
Rochalimaea, 2444 

Ampicillin resistance/sensitivity 
Actinomyces, 863 
Aeromonas, 3027 
Bacillus, 1756 
Brochothrix, 1625 
Citrobacter, 2747, 2749-2750 
Edwardsiella, 2741 
Enterobacter, 2804 
Enterococcus, 1476 
Erythrobacter, 2488 



Flavobacterium. 3627 
Hafnia. 2820 
Halobacteriaceae. 789-797 
Klebsiella. 2780 
Listeria. 1608 
Moraxella. 3278-3279 
Plesiomonas. 3034, 3038 
Salmonella. 2770 
Serratia. 2830 
Shigella. 2757-2758 
Simonsiellaceae, 2662 
Vibrio. 2978, 2984, 2992, 2995-

2997 
Xanthobacter. 2375 
Yersinia. 2878 
Zymomonas. 2294 

Ampullariella. 219, 1029-1055 
Ampullariella campanulata. 1046 
Ampullariella digitata. 1046 
Ampullariella lobata. 1046 
Ampullariella regularis. 1044, 1046, 

1054 
''Ampullariella 

violaceochromogenes. " 1046 
AMS medium, see Ammonia 

mineral salts medium 
amy gene 

Bacillus. 1685-1686, 2298 
Klebsiella. 2298 

Amycolata. 24, 922-924, 996-1021, 
1063, 1117, 1140, 1142, 1147, 
1149 

Amycolata alni. 999-1000, 1003, 
1010,1012,1017 

Amycolata autotrophica. 363-364, 
375,997,999-1000, 1002, 
1005,1010-1012,1016-1017, 
1019, 1144 

Amycolata hydrocarbonoxydans. 
999-1000, I OI 0, 10 12 

Amycolata saturnea. 999-1000, 
1010, 1012, 1016 

Amycolatopsis. 24, 922-924, 996-
1021, 1063, 1140-1141, 1149 

Amycolatopsis azurea. 997, 999, 
1011-10I3, 1020 

Amycolatopsis fastidiosa. 997. 999, 
1012-1013,1020 

Amycolatopsis mediterranei. 1003, 
1012-1013,1017,1019,1206 

Amycolatopsis orientalis. 999, 1001, 
1003.1012-1013,1017,1019-
1020 

Amycolatopsis rugosa. 999, 1012-
1OI3, 1020 

Amycolatopsis sulphurea. 999, 1003, 
1012-1013,1020 

Amygdalin utilization 
Actinomyces. 889 
Arcanobacterium. 889 
Brochothrix. 1625 
Carnobacterium. 1577-1578 
Clostridium. 1868, 1870 
Lactobacillus. 1563-1564 
Rothia. 889 
Streptococcus. 1428, 1430-1431, 

1435 
Yersinia. 2894 

Amyl alcohol utilization, 
Xanthobacter. 2376 

Amylamine utilization. 
lanthinobacterium. 2597 

Amylase 
Aeromonas. 3028 
Alteromonas. 3055, 3061, 3063 
Bacillus. 1685-1686, 1757 
Cellulomonas, 1329 
Marinomonas. 3055, 3061, 3063 
Nocardiopsis. 1151 
Photobacterium. 634, 3002 
Pseudonocardiaceae, 1012-1013 
Streptomycetaceae, 933 
thermoanaerobic saccharolytic 

bacteria, 1907-1908 
Vibrio. 634, 2987 

a-Amylase 
Bacillus. 1689, 2298 
binding to Streptococcus, 1431, 

1435 
Clostridium, 1820-1822, 1838 
Klebsiella, 2298 
Pseudonocardiaceae, 1015 

ß-Amylase, Clostridium, 1820-1821, 
1838 

Amylopectin degradation, 
Roseburia. 2029 

Amylopullulanase, thermoanaerobic 
saccharolytic bacteria, 1908 

Amylosucrase, Neisseria, 2505 
Anabaena, 26, 61-62, 69, 71, 232, 

350, 538, 544-548, 2074, 2085, 
2088-2094, 3821-3822, 3825, 
3830-3835 

caulobacters associated with, 2181 
Anabaena azollae, 660, 3830-3835 
Anabaena catenula. 3261 
Anabaena cylindrica, 233 
Anabaenaf/os-aquae, 3261 
Anabaena variabilis. 546, 2083 
Anabaenopsis. 538 
Anacystis. 26 
Anacystis montana. 3825 
Anacystis nidulans, 35, 2011, 2070, 

3776 
Anaerobacter. 1817 
Anaerobacter polyendosporus. 1816 
Anaerobe, 80-82, 140 

in biofilm, 270 
cellulolytic bacteria, 479-487 
degradative pathways yielding 

ATp, 301-304 
diversity, 55 
evolution, 300-301 
Gram-positive cocci, 1879-1890 
ion translocation in energy 

conservation, 304-306 
macromolecules, 300-301 
morphology, 300-301 
obligate, 55, 58, 88, 300 
oxygen sensitivity, 308 
phototrophic, 80-81, 318-323 
structural heterogeneity of 

environment, 292-294 
syntrophic, 2048-2055 
trophic groups, 276-277 

Anaerobic agar, Bacillus. 1761-1762 
Anaerobic chamber, 175 
Anaerobic culture 

Actinomyces, 868-869 
anaerobic Gram-positive cocci, 

1880-1881 
Archaeoglobus. 708 
Clostridium. 1807-1808 
Fortner's method, 868-869 
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Fusobacterium, 4119 
He1iobacteriaceae, 1987-1989 
history, 153 
homoacetogens, 520-521 
methanogens, 724-725 
mycoplasma, 1948 
procedures, 175 
purple nonsulfur bacteria, 2142 
sulfate-reducing bacteria, 3353-

3357 
Sulfolobales, 688 
syntrophic bacteria, 2050 
thermoanaerobic saccharolytic 

bacteria, 1902 
Thermococcales, 702-703 
Thermoproteales, 678-679 
Thermotogales, 3810 

Anaerobic digestor, 300 
methanogens, 721, 733, 742 

Anaerobic food chain, 306-308 
Anaerobic glovebox, 175 
Anaerobic jar 

Actinomyces, 869, 871 
anaerobie Gram-positive eoeei, 

1881 
Campylobacter, 3503 
Clostridium, 1808 
sulfur baeteria, purple, 3205 
Treponema, 3545 

Anaerobie respiration, 56-58, 80-81 
Anaerobie sewage digester, sulfur

reducing baeteria, 3382 
Anaerobiospirillum, 910 
Anaerobiospirillum 

succiniproducens, 3981 
Anaeroplasma, 25, 1937-1952, 

1962,4062 
Anaeroplasma abactoclasticum, 

1945 
Anaeroplasmataeeae, 1938 
Anaeroplasmatales, 1938 
Anaerorhabdus. 25, 37, 3596-3597 
Anaerorhabdus furcosus, 3594-3595, 

3598, 3602, 3604 
Anaerovibrio. 910 
Analgesie degradation, 

Phenylobacterium, 2335 
Analog resistanee, 199 
Anaplasma, 3994-3995, 4009-4016 
Anaplasma caudatum, 4013 
Anaplasma centrale, 4010-4013, 

4016 
Anaplasma marginale, 2401, 4007, 

4010-4016 
Anaplasma ovis, 4010-4012, 4014, 

4016 
Anaplasmataeeae, 2403, 2405, 

3994-3996, 4005-4016 
Anaplasmosis, 4011-4012 
Anaplerotie sequence, 58 
Ancalochloris. 96, 2163, 3201 
Ancalochloris perfilievii. 3583, 3587 
Ancalomicrobium, 26, 2131, 2160-

2164,2176,3806 
Ancalomicrobium adetum. 2162-

2164,3806 
Ancylobacter aquaticus, 346, 362, 

364, 366-369, 372, 2359, 4091, 
4097 

Ancylobacter eburneus. 346 
Andersen sampIer, 943, 947, 1004-

1005 



1-10 Index Volumes I-IV 

Androcidium, 2922 
Androcidium nasoniae, 2674, 2922-

2924 
Anemia 

Anaplasmataceae, 3994-4017 
Bartonellaceae, 3994-4017 
Eperythrozoon, 4007 
Haemobartonella, 4007 

a~genes, 543-544 
Angiococcus, 3453, 3455, 3468-

3469, 3471 
Angiococcus discijormis, 3460, 3469 
Aniline utilization 

Nocardiaceae, 1203 
sulfidogenic bacteria, 610-611, 

3363 
Animal, see also specific domestic 

animals; Wild animal 
as habitat for bacteria, 108-111 

Animal bite wound 
Cytophagales, 3665 
Weeksella, 3622 

Animal feed 
Corynebacterium, 1158-1159 
cyanobacteria, 2097 
Streptomycetaceae, 927, 933-934 

Animal inoculation 
Anaplasma, 4014 
isolation of Yersinia pestis, 2892 

Animal model, oral bacteria, 2039-
2040 

Animal reservoir, Yersinia pestis, 
2888 

Anisate utilization, sulfate-reducing 
bacteria, 3371 

Ankylosing spondylitis 
Enterobacteriaceae, 2679 
Klebsiella, 2780 

Annelid symbionts, 3894, 3896 
Anoxic environment, 87-88 

marine, 105-107 
Anoxygenic photosynthesis, 80, 95-

97, 313-316, 318-323 
Anoxyphotobacteria, 312 
Ansamacrolide antibiotic, 1053 
Ansomycin, 1055 
Ant, Serratia, 2826 
Antarctic rock, Blastobacter, 2171-

2172 
Antarctic sea ice, Prosthecobacter, 

2164 
Antarctic soil, 2565 
Antelope, Actinomyces, 865 
Antenna complex, 314-318 

Chlorobiaceae, 3586 
Chlorojlexus, 3768-3770 
cyanobacteria, 2079 
He1iobacteriaceae, 1982 
sulfur bacteria, purple, 3213 

Anthozoa symbiont, 3822 
Anthracene degradation, 

hydrocarbon-oxidizing bacteria, 
453 

Anthracycline production, 1053 
Anthranilate, phytopathogenic 

pseudomonads, 3107 
Anthranilate synthetase, 

Clostridium, 1824 
Anthranilate utilization 

anaerobes, 303 
Comamonas, 2584 
denitrifying bacteria, 565 

Anthrax, 150, 1746-1751 
agricultural, 1747 
cutaneous, 1747-1749 
industrial, 1747-1748 
inhalation, 1748-1749 
intestinal, 1747, 1749 
oropharyngeal, 1747, 1749 

Antibiogram, Pseudomonas, human-
and animal-pathogenic, 3094 

Antibiotic 44,161, 1054 
Antibiotic 66-40, 1055 
Antibiotic 67-121, 1054 
Antibiotic A/15104, 1054 
Antibiotic A-10947, 1054 
Antibiotic A-7413, 1054 
Antibiotic assay organism, 

Micrococcus, 1308 
Antibiotic cell extract agar, see ACE 

agar 
Antibiotic G-367, 1054 
Antibiotic G-418, 1055 
Antibiotic G-52, 1055 
Antibiotic JI-20, 1055 
Antibiotic LL-D05139-beta, 1055 
Antibiotic PA-1322, 1055 
Antibiotic procedure, purification of 

myxobacteria, 3429-3430 
Antibiotic production, 200 

Actinomycetes, 812 
actinoplanetes, 1052-1055 
Alteromonas, 3048-3049,3051-

3052, 3063 
Bacillus, 1687-1689, 1706 
Chromobacterium, 2595 
Cytophagales, 3665 
function, 228 
Lactobacillus, 1568-1571 
Lysobacter, 3256, 3263, 3267-

3268 
myxobacteria, 3474-3475 
Nocardiaceae, 1206 
Nocardiopsis, 1152 
Promicromonospora, 1337 
Pseudonocardiaceae, 996, 1017-

1021 
Staphylococcus, 1396-1397 
Streptomyces, 228, 1052-1055 
Streptomycetaceae, 925-926, 931-

932,937,946,951,958,966, 
969-970, 977-979 

Streptosporangiaceae, 1131-1133 
Thermomonosporaceae, 1106 
Xenorhabdus, 633 

Antibiotic resistance, 142, 180-181, 
270; see also specific antibiotics 

rhizobia, 2208-2209 
Antibiotic Sch 34164, 1054 
Antibiotic sensitivity testing 

agar dilution method, 3499 
disk diffusion method, 3499 

Antibiotic TA, see Myxovirescin 
Antibiotic UK-69,753, 1020 
Antibiotic XK 41-B-2, 1055 
Antibiotic XK-101-2, 1055 
Antibody, monoclonal, see 

Monoclonal antibody 
Anticholesteremic activity, 

Lactobacillus, 1542 
Antifoam, 3439 
Antifungal agent 

actinoplanetes, 1054 
Azotobacteraceae, 3164 

Streptomycetaceae, 977-978 
Antigen, see also specific antigens 

rhizobia, 2206-2208 
Antigen F, Renibacterium, 1314 
Antigenic variation, 649-650 

Borrelia, 650, 3560-3561, 3563, 
3565 

Coxiella, 2475 
Moraxella, 650 
Neisseria, 2500, 2503 

Antimicrobial substance, 
Lactobacillus, 1538-1539, 
1568-1571 

Antimony-oxidizing bacteria, 332, 
339 

Antinuclear antibody, 2392 
Antipyrin utilization, 

Phenylobacterium, 2335 
Antiserum 

Actinomyces, 889-890 
Erwinia, 2902 

Antitumor substance 
actinoplanetes, 1054 
Lactobacillus, 1543 
myxobacteria, 3475 
Sporolactobacillus, 1774 
Streptomycetaceae, 977-978 
Thermomonosporaceae, 1106 

Antiviral substance, myxobacteria, 
3475 

Antlermicin, 1055 
AO medium, Cytophagales, 3644-

3650 
Aomenellum, 26 
AOR strain, 520 
AOW agar, Cytophagales, 3645 
Aphanizomenon, 538 
Aphanizomenon jlosaquae, 96 
Aphanocapsa, 26, 3821-3822, 3825, 

3835 
Aphanocapsa Jeldmanni, 3835 
Aphanothece halophytica, 2062, 

2067, 2082-2083 
Aphid 

Erwinia, 2908 
symbiont, 3907-3912 

Aphodius tasmaniae, Bacillus, 1701 
Aphragmabacteria, II 
Aphyllophorales symbiont, 3822, 

3824 
API IOE system, Carnobacterium, 

1578 
API 20 Strep 

Actinomyces, 887 
Corynebacterium, medical, 1178 
Gemella, 1650 

API 20A system 
Actinomyces, 887 
Bacteroides, 3601 

API 20E system 
Alteromonas, 3056 
Marinomonas, 3056 
Plesiomonas, 3035 
Yersinia pestis, 2894 

API 20NE system 
Ochrobactrum, 2602 
Phyllobacterium, 2602 

API 20S system, Corynebacterium, 
medical, 1178 

API 50AA system 
hydrogen-oxidizing bacteria, 366-

369 



Ochrobactrum, 2603 
Phyllobacterium, 2603 
Serratia, 2834 

API 50AO system 
hydrogen-oxidizing bacteria, 366-

368 
Ochrobactrum, 2603 
Phyllobacterium, 2603 
Serratia, 2834 

API 50CH system 
Alteromonas, 3054 
Carnobacterium, 1578 
Gemella, 1650 
hydrogen-oxidizing bacteria, 366-

367 
Listeria, 1604 
Marinomonas, 3054 
Ochrobactrum, 2603 
Phyllobacterium, 2603 
Serratia, 2834 

API STAPH-IDENT system, 1384 
API system, Bacillus, 1666, 1763 
Apirillum 5175, 3379 
API-ZYM system 

Brochothrix, 1625 
Gemella, 1650 
Renibacterium, 1314 
Xylophilus, 3135 

Aplanobacter populi, 2120 
Appendicitis 

Clostridium fallax, 1871 
Haemophilus, 3309 
Streptococcus, 1438 
Yersinia, 2873 

Appendix, Actinomyces, 854 
Apple 

acetic acid bacteria, 2269, 2272, 
2275 

Erwinia, 2907-2908, 2910, 2914 
methanogens, 736 

Apple eider, see Cider 
Apple juice medium, Lactobacillus, 

1556 
Apple juice-yeast extract medium, 

Zymomonas, 2288-2289 
Apple maggot, 2272 
Apple proliferation mycoplasma-like 

organism, 4052, 4057, 4059-
4060 

Applications, 197-203 
acetic acid bacteria, 2280-2282 
Acinetobacter, 3141 
actinoplanetes, 1052-1055 
Agrobacterium, 2223-2228 
Alcaligenes, 2550-2552 
Alteromonas, 3065 
ammonia-oxidizing bacteria, 2636 
aphid symbiont, 3911 
Arthrobacter, 1293-1294 
Azospirillum, 2246-2249 
Azotobacteraceae, 3163-3165 
Bacillus, 1705-1706, 1727-1728, 

1731-1732 
Bacteroides, 3604-3605 
Bdellovibrio, 3410 
Beijerinckia, 2265 
bioluminescent bacteria, 634-635 
Blastobacter, 2174 
Butyrivibrio, 2031 
cellulolytic bacteria, 501-502 
Cellulomonas, 1329 
Chlorobiaceae, 3589 

Chromobacterium, 2595-2596 
Citrobacter, 2750-2751 
Clostridium, 1820-1821 
colorless sulfur bacteria, 403-406 
Comamonas, 2588-2589 
Corynebacterium, 1165-1167 
Cowdria, 2453 
Coxiella, 2477 
cyanobacteria, 2096-2097, 3834 
Cytophagales, 3662-3666 
Derxia, 2611 
dimorphic prosthecate bacteria, 

2191-2192 
Ectothiorhodospira, 3228 
Ehrlichia, 2448-2450 
Enterococcus, 1477 
Escherichia coli, 2722-2725 
Eubacterium, 1918-1921 
Flavobacterium, 3627 
Haloanaerobiaceae, 1897-1899 
Halobacteriaceae, 800-801 
Halomonas, 3187-3188 
Heliobacteriaceae, 1990-1991 
Herbaspirillum, 2246-2249 
Herpetosiphon, 3803 
hydrocarbon-oxidizing bacteria, 

455-456 
hydrogen-oxidizing bacteria, 377-

378, 3930-3931 
Janthinobacterium, 2597-2598 
Lactobacillus, 1552-1553 
Lactococcus, 1492-1494 
Leptospira, 3578-3579 
Leuconostoc, 1527 
manganese-oxidizing bacteria, 

2318 
Marinomonas, 3065 
methanogens, 758-759 
Methylobacterium, 2347 
Mycobacterium, 1231-1232 
mycoplasma, 1952 
myxobacteria, 3473-3476 
Nitrobacter, 2307 
Nocardiaceae, 1206 
Oerskovia, 1333 
Pediococcus, 1504 
Pelobacter, 3398 
Porphyromonas, 3616 
Propionigenium, 3950-3951 
Pseudonocardiaceae, 1019-1021 
purple nonsulfur bacteria, 2151-

2152 
rhizobia, 2210-2211 
Rhodocyclus, 2559 
rickettsiae, 2440-2442 
Rickettsiella, 2480-2481 
Rochalimaea, 2444-2445 
Serratia, 2832 
Sporolactobacillus, 1774 
Sporosarcina, 1779-1781 
Staphylococcus, 1403-1404 
Streptomycetaceae, 977-980 
Streptosporangiaceae, 1131-1134 
Sulfolobales, 696 
sulfur bacteria, colorless, 3936 
sulfur bacteria, purple, 3216 
syntrophic bacteria, 2055 
thermoanaerobic saccharolytic 

bacteria, 1910 
Thermomonosporaceae, 1106-

1107 
Wolbachia, 2479 
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Xanthobacter, 2378-2380 
Zoogloea, 3961-3962 
Zymomonas, 2292-2293 

Approved List of Bacterial Names, 
127, 129 

Apramyein, 1020 
Apricot ch1orotic leafroll 

mycoplasma-like organism, 
4059-4060 

APS, su1fidogenic bacteria, 591-593, 
606 

APS reductase 
Archaeoglobus, 709 
Ch1orobiaceae, 3589 
prokaryote-invertebrate 

symbiosis, 3894, 3900 
sulfidogenic bacteria, 593, 596 
sulfur bacteria, purple, 3214 

APT medium 
Aerococcus, 1505 
Brochothrix, 1619, 1623 
Carnobacterium, 1575-1576 
Lactobacillus, 1554-1556 

Aquaculture 
Leucothrix, 3247 
Nitrobacter, 2307 

Aqualysin I, 3750 
Aquarium fish, Edwardsiella, 2739 
Aquaspirillum, 26-27, 565, 2123-

2125,2130-2132,2243,2562, 
2565-2566, 2569-2580, 2587-
2588, 3080, 3235 

Aquaspirillum anulus, 2571-2572, 
2574,2579 

Aquaspirillum aquaticum, 2125, 
2570, 2574, 2576, 2579, 2588 

Aquaspirillum autotrophicum, 350, 
355, 362, 364, 366-369, 372, 
2570-2572, 2574, 2577, 2579, 
2597 

Aquaspirillum bengal, 2123, 2569, 
2571-2572, 2574, 2576, 2579 

Aquaspirillum delicatum, 2565, 
2570-2572, 2574-2575, 2578-
2579 

Aquaspirillum dispar, 559, 2123, 
2571-2572, 2574, 2579 

Aquaspirillum fasciculus. 88, 536, 
2123, 2569-2572, 2574, 2576, 
2578-2580 

Aquaspirillum giesbergeri, 2571-
2572, 2574, 2579 

Aquaspirillum gracile, 2125,2565, 
2570-2572, 2574-2575, 2579, 
3534 

Aquaspirillum itersonii, 536, 558, 
571, 2128, 2131, 2236-2238, 
2340, 2377, 2565-2566, 2570-
2572, 2574, 2578-2580 

Aquaspirillum magnetotacticum, 
536, 556, 558, 2565, 2570-
2572, 2574, 2577-2580 

Aquaspirillum metamorphum, 
2571-2572, 2574-2575, 2579 

Aquaspirillum peregrinum, 536, 
2128,2131,2133,2565-2566, 
2570-2572, 2574, 2578-2580 

Aquaspirillum polymorph um. 2128, 
2565, 2570-2572, 2574, 2578-
2580 

Aquaspirillum psychrophilum, 558, 
2570-2572, 2574, 2578-2579 
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Aquaspirillum putridiconchylium. 
2565, 2574, 2579 

Aquaspirillum serpens. 2123, 2569, 
2571-2572, 2574, 2576, 2579, 
3528 

Bdellovibrio host, 3405 
Aquaspirillum sinosum. 2571-2572, 

2574, 2579 
Aqueous environment, oxygen 

content, 300 
Aquil, cyanobacteria, 2064, 2066-

2067 
Ara-A, 977-978 
Arabanase, Erwinia. 2913 
Arabinofuranosidase 

Butyrivibrio. 2030 
Streptosporangiaceae, 1134 

Arabinogalactan, 137, 1352 
D-Arabino-heptatosonate 7-

phosphate synthase, Neisseria. 
2507 

Arabinomannan, 137 
Arabinose uti1ization 

Actinomyces. 889 
Aeromonas. 3026, 3028 
Agrobacterium. 2214 
Alcaligenes. 2549 
anaerobic Gram-positive cocci, 

1889-1890 
Arcanobacterium. 889 
Arthrobacter. 1293 
Bacteroides. 3603 
Bijidobacterium. 821, 825 
Brochothrix. 1625 
Budvicia. 2932 
Butyrivibrio. 2028 
Cardiobacterium. 3341 
Carnobacterium. 1577 
Chromobacterium. 2593 
Clostridium. 1829, 1876 
Deleya.3195 
Edwardsie//a. 2741 
Enterobacter. 2806 
Enterobacteriaceae, 2923 
Enterococcus. 1468 
Escherichia. 2698, 2931 
Flavobacterium. 3624-3625 
Frateuria. 3199 
Haemophi/us. 3320 
Hajnia. 2683, 2818, 2931 
Haloanaerobiaceae, 1899 
Ha1obacteriaceae, 789-797 
Herbaspirillum. 2243 
Klebsiella. 2785 
Lactobacillus. 1564-1565 
Leminorella. 2929, 2932 
Leuconostoc. 1522-1523 
Lysobacter. 3265 
Megasphaera. 2001 
Methylobacterium. 2345, 2347 
Microbacterium. 1365 
Nocardiaceae, 1203 
Obesumbacterium. 2930-2931 
Pectinatus. 1999 
Pediococcus. 1505 
Photobacterium. 2980 
phytopathogenic pseudomonads, 

3105 
Plesiomonas. 3036 
Pragia. 2932 
Promicromonospora. 1337 

Pseudonocardiaceae, 1012-1013, 
1015-1016 

Psychrobacter. 3243 
rhizobia, 2200, 2210 
Rothia.889 
Saccharothrix. 1064 
Serratia. 2837 
Staphylococcus. 1384, 1386-1387, 

1390 
Streptobacillus. 4024 
Streptococcus. 1430, 1432 
Streptosporangiaceae, 1127, 1132 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Thermomonosporaceae, 1103 
Treponema. 3551 
Vibrio. 2973, 2977-2978, 2980, 

3027 
Yersinia. 2875-2876, 2894 

Arabitol utilization 
acetic acid bacteria, 2279 
Agrobacterium. 2221 
Buttiauxella. 2926 
Enterobacter. 2807, 2809-2810 
Enterobacteriaceae, 2923 
Escherichia. 2698 
Klebsiella. 2784-2785 
Kluyvera. 2926 
Photobacterium. 2981 
Plesiomonas. 3036 
Providencia. 2854 
Serratia. 2837, 2839 
Vibrio. 2973,2981 

Arachnia. 37, 814, 921 
Arachnia propionica. 834, 853 
Arachnia propionico. see Arachnia 

propionicum 
Arbutin utilization 

Brochothrix. 1625 
Escherichia. 2931 
Hajnia. 2683,2931 
Obesumbacterium. 2931 
Streptococcus. 1431, 1433, 1435 
Streptomycetaceae, 966, 968 
Thermomonosporaceae, 1101-

1102 
Arcanobacterium. 850-891, 11 76, 

1178 
Arcanobacterium haemolyticum. 

853, 855, 858, 862-863, 866, 
869-870, 876, 878, 882, 885, 
888-889, 1174, 1637 

Archaea, 11, 13 
phylogenetic tree, 14 

Archaebacteria, 10, 13, 34-35, 48 
anaerobic, 301 
cell enve!ope, 138 
denitrifying, 556-558 
diazotrophs, 540 
distinctive features, 720 
nitrogen fixation, 537 
phototrophic, 61, 313 
ribosoma1 RNA, 30-31 

Archaeog1obaceae, 707 
Archaeoglobales, 707 
Archaeoglobus. 13, 30, 301, 586-

587, 591, 704-710 
Archaeoglobus julgidus. 14, 585, 

591, 593, 597, 600, 604, 609, 
707-710, 745 

Archaeoglobus projundus. 85, 707-
710 

Archaeopsis monococca. 3838 
Archangiaceae, 3471 
Archangium. 479, 501, 3425-3426, 

3436, 3440, 3448, 3452-3454, 
3456-3457, 3463, 3468, 3471 

Archangium serpens. 3421, 3456-
3457 

Archangium violaceum. see 
Cystobacter violaceus 

Archromatium, 401 
Arc-shaped bacteria, Brachyarcus, 

4095-4097 
Ardacin, 10 19 
Ardisia pathogen, 660, 2596 
Arg operon, Bacillus. 1683 
Arginase, Agrobacterium, 663 
Arginine biosynthesis, Neisseria. 

2507 
Arginine decarboxylase 

Chromobacterium, 2593, 2595 
Serratia. 2837-2838 
Shigella. 2755 

Arginine deiminase, see Arginine 
dihydro1ase 

Arginine dihydro1ase 
Actinomyces. 886-888 
Aeromonas, 3026 
Alteromonas, 3056 
Cardiobacterium, 3341 
Carnobacterium. 1578 
Clostridium. 1834 
Edwardsiella, 2741 
Enterobacter, 2807 
Enterobacteriaceae, 2923 
Enterococcus. 1467, 1469 
Escherichia. 2698 
Gardnerella, 918 
Hajnia. 2818 
Halobacteriaceae, 799 
Klebsiella. 2784 
Lactobacillus, 1567 
Marinomonas. 3056 
Micrococcus, 1303-1304 
mycoplasma, 1943 
Photobacterium. 2979, 3005 
Plesiomonas, 3035-3036 
Pseudomonas. 3077, 3092 
Rahnella, 2932 
rhizobia, 2200 
Spiroplasma. 1970 
Sporosarcina, 1779 
Staphylococcus. 1386-1387 
Vibrio. 2955, 2970, 2972-2973, 

2975, 2979, 2999-3000 
Yersinia. 2865 
Yokenella. 2935 

Arginine glycero1 salts agar 
actinoplanetes, 1038, 1049 
Pseudonocardiaceae, 1003-1004 

Arginine hydrolysis 
Arthrobacter, 1293 
Lactococcus. 1485 
mycoplasma, 1949 
Spiroplasma. 1963-1964, 1974 
Streptococcus, 1427, 1431-1432, 

1435, 1458 
Arginine stimulation, Mobiluncus. 

912 
Arginine utilization 

Alteromonas. 3062 
Arthrobacter. 1285 
Brucella, 2386 



Marinomonas, 3062 
Pseudomonas, 669 
rhizobia, 2201 
Rhodocyclus, 2558 

Arginine vitamins (AV) agar 
actinoplanetes, 1049 
Streptosporangiaceae, 1123-1124 
Thermomonosporaceae, 1093-

1094 
Arginine-vinegar (AV) agar, 

Saccharothrix, 1062-1063 
Arizona, see Salmonella 
Arizonosis, 2677 
Armadillo, Mycobacterium leprae, 

1271, 1273-1278 
Arogenate dehydrogenase, 

Phenylobacterium, 2340 
Aromatic compound degradation, 

452-453 
anaerobes, 303-304, 565 
Bacillus, 1665-1666 
Eubacterium, 1914 
homoacetogens, 528-529 
sulfidogenic bacteria, 584-585, 

610-611 
syntrophic coculture, 279-282, 

289-290 
Arphamenine A, 2595 
Arphamenine B, 2595 
Arrhenius equation, 161 
Arsenic resistance/sensitivity 

Anaplasmataceae, 3995 
Bartonellaceae, 3995 

Arthritis 
Actinobacillus, 3344 
Aerococcus, 1504-1505 
Aeromonas, 3020 
Bacillus, 1755 
Borrelia, 3563 
Brucella, 2392 
Campylobacter, 3490 
Chlamydia, 3702 
Clostridium, 1871 
Corynebacterium, 1181-1182 
Eikenella, 2671 
Enterobacter, 2801 
Enterobacteriaceae, 2679 
Enterococcus, 1476 
Erysipelothrix, 1632-1634 
Haemophilus, 3304, 3306-3307, 

3312 
mycoplasma, 1944 
Neisseria, 2509 
Plesiomonas, 3031 
Propionibacterium, 844 
sheep, 3702 
Staphylococcus, 1374-1375 
Yersinia, 2870, 2872, 2879 

Arthrobacter, 24, 37, 90, 350, 363-
364, 375, 432, 435-438, 452-
453, 479, 500, 660, 662, 812-
813, 1070, 1283-1294, 1300, 
1312, 1320, 1323-1324, 1334, 
1351-1352, 1371, 1661,3830 

Arthrobacter atrocyaneus, 1289-
1292 

Arthrobacter aurescens, 1290, 1292 
Arthrobacter citreus, 1283-1285, 

1290-1292 
Arthrobacter crystallopoietes, 813, 

1290-1292, 3261 
Arthrobacter duodecadis, 1284 

Arthrobacter flavescens, see 
Aureobacterium flavescens 

"Arthrobacter glacialis, " 1289 
Arthrobacter globiformis, 1283-1294 
Arthrobacter histidinolovorans, 

1290, 1292 
Arthrobacter ilicis, 666-667, 1286, 

1290, 1292 
''Arthrobacter luteus, " 1330 
Arthrobacter nicotianae, 1284, 

1290-1291, 1293 
Arthrobacter oxydans, 956, 1290, 

1292 
Arthrobacter pascens, 1290-1292 
Arthrobacter polychromogenes, 956, 

1290 
Arthrobacter protophormiae, 1286, 

1290, 1293 
''Arthrobacter pyridinolis, " 1291 
Arthrobacter radiotolerans, see 

Rubrobacter radiotolerans 
Arthrobacter ramosus, 1290, 1292 
''Arthrobacter sialophilus, " 1284 
Arthrobacter siderocapsulatus, 1284 
Arthrobacter su/fureus, 1290-1291, 

1293 
Arthrobacter terregens, see 

Aureobacterium terregens 
Arthrobacter tumescens, see 

Terrabacter tumescens 
Arthrobacter uratoxydans, 1290, 

1293 
Arthrobacter ureajaciens, 1290-1292 
Arthrobacter variabilis, see 

Corynebacterium variabilis 
Arthrobacter viscosus, 1284 
Arthrobacteraceae, 1334 
Arthrobactin, use by Neisseria, 2508 
Arthromitaceae, 1785 
Arthromitus, 2658, 3977 
Arthropod, see also specific 

arthropods 
Aegyptianella, 4008-4010 
Anaplasma, 4011-4013, 4016 
Anap1asmataceae, 3995, 4005 
Bartonellaceae, 3995-3997 
Borrelia, 3561-3562 
collection and examination, 

2422-2424 
Coxiella, 2473 
detection of Rickettsia, 2424, 

2427 
Gordona, 1194 
Grahamella, 4000-4002 
Nocardia, 1194 
Rhodococcus, 1194 
Rickettsiella, 2480 
spirochetes, large symbiotic, 3965 
sterilization, 2423 
Streptomycetaceae, 929, 931 
Tsukamurella, 1194 
Wolbachia, 2477 
Yersinia pestis, 2888, 2890, 2892 

Arthrospira, 2073 
Arthrospore 

Nocardiopsis, 1140 
Streptosporangiaceae, 1115 

Artificial seawater (ASW) medium 
Alteromonas, 3049,3051 
Deleya, 3192 
Marinomonas, 3049 

Index Volumes I-IV 1-13 

Artificial soil agar, actinop1anetes, 
1042,1049 

Arylamidase, Leptospira, 3571 
Arylaminopeptidase, Cytophaga1es, 

3664 
Ary1su1fatase 

Mycobacterium, 1219, 1221, 
1258-1259, 1261 

Nocardiaceae, 1190, 1202 
Rhodococcus, 1192 
Tsukamurella, 1193 

Asakusa group, see Edwardsiella 
Ascidiaceae symbiont, 3822 
Ascidian, Prochlorales, 2105-2110 
Ascolichen, 3822-3823, 3825-3827 
Ascomycetidae, 3823 
Ascomycotina, 3823 
Ascorbate test 

Buttiauxella, 2926 
Kluyvera, 2926, 2928 

Ascorbic acid utilization 
Kluyvera, 2927 
Xanthobacter, 2374 

Aseptic technique, 173 
Ash yellows mycoplasma-like 

organism, 4057 
Asparaginase 

Erwinia, 2914 
Woline/la, 3521 

Asparagine utilization 
acetic acid bacteria, 2279 
Arthrobacter, 1293 
Bruce/la, 2386 
Lysobacter, 3265 
Mycobacterium, 1218 
rhizobia,2201 
Wolinella, 3520 

Aspartate aminotransferase, 
Sulfolobales, 693 

Aspartate synthase, Succinivibrio, 
3981 

Aspartic acid utilization 
Arthrobacter, 1285 
Clostridium, 1877 
Haliscomenobacter, 3690 
Leptothrix, 2614 
Methylobacterium, 2345, 2347 
Neisseria, 2507 
Psychrobacter, 3243 
Rhodocyclus, 2558 
Selenomonas, 2010 
Sphaerotilus, 2614 
sulfur bacteria, colorless, 2648-

2649 
sulfur-reducing bacteria, 3385, 

3388 
Wolinella, 3520 

Aspartokinase 
Chloroflexus, 3766 
Clostridium, 1831 
Corynebacterium, 1164-1166 
Enterobacteriaceae, 2942 
Vibrionaceae, 2942 

Aspergillus niger, 2281 
Aspergillus oryzae, 2268 
Assay medium, 170 
Association, 255-256 
Aster, Spiroplasma, 1967 
Aster yellows mycoplasma-like 

organism, 4052-4055, 4058-
4059 

Asteroleplasma, 1937-1952 
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Asteroleplasma anaerobium, 1945 
Asticcacaulis, 49-50, 91, 2164-2165, 

2176-2192,2493 
Asticcacaulis biprosthecum, 2178, 

2187,2190 
Asticcacaulis excentricus, 2178, 

2186,2190 
AT medium, purp1e nonsulfur 

bacteria, 2143-2144 
ATB, see Acidic tomato broth 
ATB 32 STAPH kit, 1384 
ATB medium, Leuconostoc, 1516 
ATCC medium 810, Herpetosiphon, 

3793 
ATCC Medium No. 172, 

Saccharothrix, 1063-1064, 1066 
ATCC Medium No. 174, 

Saccharothrix, 1063-1064 
Atmospheric requirement, 

Treponema, 3543-3545 
Atmungsfiguren, 3941-3942 
ATP 

formation in syntrophic bacteria, 
282-290 

production in anaerobes, 301-304 
ATP agar, Sporolactobacillus, 1771 
atp genes, cyanobacteria, 2089 
ATP su1fury1ase, 3214 

Archaeoglobus, 709 
Chlorojlexus, 3766 
prokaryote-invertebrate 

symbiosis, 3894, 3900 
su1fidogenic bacteria, 591 

ATP synthase 
Micrococcus, 1306 
nitrite-oxidizing bacteria, 424 
Propionigenium, 3950 

ATP/ADP trans1ocase, rickettsiae, 
2439-2440, 2442 

ATPase,13 
Chlorojlexus, 3769 
Clostridium, 1830 
mycop1asma, 1943-1944 
Propionigenium, 3948 
Su1fo1oba1es, 694 

ATPase synthase, cyanobacteria, 
2090 

ATP-citrate lyase 
reaction, 59-60 
su1fidogenic bacteria, 602-603, 

605 
ATP-trans1ocase, Frankia, 814 
Atrophic rhinitis, Pasteurella, 3332-

3333 
Attachment, protozoa-prokaryote 

symbiosis, 3857-3858 
Attacin, 1718 
Attack-phase cells, Bdellovibrio, 

219-222,3401-3402,3404, 
3406-3407, 3409-3410 

Attenuation, Bacillus, 1683 
Attractant, 99, 246; see also 

Chemotaxis 
Spirochaeta, 3528 

Aureobacterium, 24, 1284, 1351, 
1355, 1357-1358, 1365 

Aureobacterium barkeri, 1356, 1358 
Aureobacterium jlavescens, 1284, 

1294, 1356-1358 
Aureobacterium Iiquejaciens, 1356, 

1358 
Aureobacterium saperdae, 1358 

Aureobacterium terregens, 1283-
1284, 1294, 1356-1358 

Aureobacterium testaceum, 1358 
Aureomycin resistance/sensitivity, 

Ha1obacteriaceae, 790-797 
Austra1ian tomato big bud 

mycop1asma-1ike organism, 
4057 

Aut genes, 376-377 
Autochthonous microorganism, 77 
Autoc1aving, 152, 170, 172 
Autofluorescence 

Legionella, 3282, 3291 
methanogens, 745 

Autoimmune disease, 3564 
Autoinduction, bio1uminescence, 

627, 630 
Autolysis, Streptomyces, 227-228 
Autopsy specimen 

rickettsiae, 2424, 2426 
Salmonella, 2767 

Autospore, 3840 
Autotoxic activity, Alteromonas, 

3048-3049 
Autotroph, 156, 331-332, 336 

facu1tative, 156 
Autumn olive, nitrogen-fixing 

bacteria, 542 
Auxostat, 160 
Auxotroph, testing for auxotrophic 

growth,360 
Auxotyping, 142 

Campylobacter, 3498 
Neisseria, 2507, 2516-2517 

AV agar, see Arginine vitamins agar; 
Arginine-vinegar agar 

AvaI,2085 
AvaII,2085 
Avermectin, 977-978 
Aviru1ence gene 

phytopathogenic pseudomonads, 
3112-3114 

Xanthomonas, 3113 
Axenic cu1ture, 176 

ci1iates, 3869-3870 
Fusobacterium, 4120 

Axenic variant, Bdellovibrio, 3408 
5-Azacytidine, 1054 
8-Azaguanine resistance, Leptospira, 

3569,3577 
Azaserine, 1054-1055 
Aze1ate uti1ization 

Alcaligenes, 2549 
Comamonas, 2586 
Psychrobacter, 3243 
rhizobia, 2200 

Azobacter vinelandii, 2264 
Azolla caroliniana, 660 
Azolla-Anabaena symbiosis, 3830-

3835 
Azo locillin resistance/ sensi ti vi ty, 

Listeria, 1608 
Azomonas, 28, 2118-2119, 2135, 

2259, 2607, 3144-3165 
Azomonas agilis, 536,2115,2264, 

3144,3155-3159,3161,3165, 
3190 

Azomonas chroococcum, 2264 
Azomonas insignis, 536,2115,3144, 

3155-3159,3190 
Azomonas macrocytogenes, 536, 

2115,3155,3165 

"Azomonotrichon, .. 3159 
Azorhizobium, 27, 539,541-542, 

548, 2128-2130, 2133, 2200-
2201, 2366, 2377 

Azorhizobium caulinodans, 536, 
539-540, 545, 2199 

Azorhizophilus, 3154 
Azospirillum, 26, 37, 255, 346, 542-

543, 565, 2128-2133,2135, 
2236-2249, 2254, 2565, 2580, 
2587, 2607-2608, 3235 

Azospirillum amazonense, 536, 539, 
2130,2236-2242,2244-2248 

Azospirillum brasilense, 461, 536, 
545, 558, 568, 1329, 2130, 
2236-2242, 2244-2248 

Azospirillum halopraejerans, 536, 
539, 558, 2130, 2236-2238, 
2240, 2242-2246 

Azospirillum iakense, 536 
Azospirillum Iipojerum, 88, 364, 

536, 539, 545, 558, 2130, 2236-
2241, 2244-2248, 2366 

Azospirillum psychrophilum, 564 
Azospirillum trakense, 539 
Azotobacter, 28, 61, 68-70, 88, 90, 

212-213,346, 534, 538, 546-
549,2115,2118-2119,2135, 
2240, 2259, 2357, 2366, 2373, 
2377,2607,3144-3165,3190, 
3473 

Azotobacter acida, see Beijerinckia 
indica 

Azotobacter armeniacus, 536, 3147, 
3149-3150 

Azotobacter beijerinckii, 536,3147, 
3150-3151,3153-3154,3158, 
3165 

Azotobacter brasilense, 547, 550 
Azotobacter chroococcum, 536, 543-

545, 547, 2261, 3144-3154, 
3158-3164 

Azotobacter nigricans, 536, 3147, 
3149-3150,3154 

Azotobacter non-vinelandii, 3153 
Azotobacter paspali, 536, 538, 3144-

3145,3147,3153-3155,3159, 
3163 

Azotobacter variabilis, 544 
Azotobacter vinelandii, 53, 72, 212-

213,536,543-548,571,2119, 
2781, 3095, 3144, 3147, 3151-
3154, 3159-3165 

Azotobacteraceae, 536, 3144-3165 
Azotocyst, 68-70, 72 
''Azotomonas, .. see Derxia 
Azotomonas jluorescens, 2128 
Azureomycin, 1020 
Azurin, 569 

B 

B806 comp1ex, Roseobacter, 2157 
B toxin 

Clostridium botulinum, 1867-
1868 

Clostridium difficile, 1871 
BI symbiont, Euplotes, 3879, 3882 
B, symbiont, Euplotes, 3879, 3882 
Babes-Ernst body, Corynebacterium, 

medica1, 1172 
Bachonella spiralis, 3886 



Bacillaceae, 536, 1663-1664, 1770 
Bacillariophyceae symbiont, 3822, 

3838 
Bacillary dysentery, see also 

Shigellosis 
Shigella, 644, 647, 2754-2758 

Bacillomycin F, 1688 
Bacillus, 25, 33, 38, 68, 84, 87, 90, 

132, 210-212, 251, 432, 435-
436, 440, 453, 472, 537, 565, 
660,662,783,811,1301-1302, 
1396,1482,1655,1660,1800, 
2010,3640,4062,4114 

cellu101ytic, 487-489 
genera related to, 1769-1788 
insect pathogens, 1697-1732 
L-forms, 4068, 4070-4071 
medical,1746-1763 
non-medica1, 1663-1689 

Bacillus acidi-propionici, 839 
Bacillus acidocaldarius, 716, 1664-

1667, 1676, 3925 
Bacillus acillus jribourgensis, 1700 
"Bacillus agglomerans, " see 

Enterobacter agglomerans 
Bacillus alcalophilus, 87, 1664-

1667, 1669 
Bacillus alginolyticus, 1665-1666 
Bacillus alvei, 1664, 1667-1669, 

1675, 1708, 1746, 1755, 1762 
"Bacillus aminovorans, " 1668, 1769 
Bacillus amyloliquejaciens, 1666, 

1678-1680, 1685 
Bacillus amylolyticus, 1664, 1667 
"Bacillus aneurinolyticus, " 1669 
Bacillus anthracis, 53, 1663-1664, 

1666-1667, 1677-1679, 1716, 
1724,1727,1746-1751,1757, 
1759-1760, 1762-1763 

Bacillus asiaticus, see Hajnia alvei 
Bacillus azotofixans, 536, 539, 1666, 

1669, 2236 
Bacillus azotojormans, 562, 564, 

1664-1667, 1699, 1774 
Bacillus badius, 1664, 1667, 1670 
Bacillus benzoevorans, 571, 1665-

1666 
Bacillus brandenburgiensis, see 

Bacillus larvae 
Bacillus brevis, 479,487, 1664-

166~ 1675, 1687-1688, 173~ 
1746,1762 

Bacillus burri, see Bacillus larvae 
Bacillus caldotenax, 1666, 1669 
Bacillus cereus, 211, 479, 487, 562, 

1660, 1664-1669, 1675-1679, 
1688,1716,1724,1727,1746, 
1751-1766,3288 

Bacillus chrondrotinus, 1665-1666 
Bacillus circulans, 87, 1664, 1666-

1669, 1675-1676, 1688, 1746, 
1755, 1762, 2725 

Bacillus coagulans, 479, 1664, 
1666-1669, 1746, 1762, 1773 

Bacillus eulomarahae, 1700 
Bacillus extorquens, 2342 
Bacillus jastidiosus, 67, 156, 1664-

1667, 1670, 1675 
Bacillus firmus, 479, 487-488, 1664, 

1667-1670, 1762 
Bacillus j/exus, 1665 
Bacillus freundenreichii, 1669 

Bacillus jusiformis, 1665 
Bacillus globisporus, 1664, 1666-

1667, 1676, 1769, 1784 
Bacillus gordonae, 1665-1666 
"Bacillus halobius ruber," 769 
Bacillus halodenitri/tcans, 562, 568 
Bacillus hydrophilus, see Aeromonas 

hydrophila 
Bacillus ichthyosmius, see 

Aeromonas hydrophila 
Bacillus indica, 2237 
"Bacillus indicus, " see Serratia 

marcescens 
Bacillus insolitus, 1664, 1666-1667, 

1669 
Bacillus kaustophilus, 1665 
"Bacillus laebolacticus, " 1773 
Bacillus larvae, 1664, 1666-1669, 

169~ 1706-1711, 176~ 1774 
Bacillus laterosporus, 562, 1664, 

1667-1669, 1680, 1688, 1746, 
1762 

Bacillus lautus, 1664, 1667 
Bacillus lentimorbus, 1664, 1666-

1669, 1697-1708, 1762, 1774 
Bacillus lentus, 1664-1665, 1667, 

1669 
Bacillus licheniformis, 57, 479, 482, 

487, 562, 564, 1664-1666, 
1675-1676, 1684-1685, 1688, 
1746, 1755, 1762, 2298 

L-forms, 4075 
Bacillus macerans, 461, 536, 562, 

1329, 1664, 1666-1669, 1746, 
1762 

Bacillus macquariensis, 1664, 1666-
1670 

"Bacillus macroides, " 1675 
Bacillus marinus, 1664-1665, 1667 
Bacillus megaterium, 53, 488, 1663-

1669, 1673, 1675, 1677-1679, 
168~ 172~ 174~ 1755, 1762 

Bacillus mesentericus, 1688 
Bacillus methanicus, see 

Methanomonas methanica 
"Bacillus mucosus ozaenae, " see 

Klebsiella ozaenae 
Bacillus mycoides, 1664, 1667, 

1675, 1759-1760, 1763, 1775 
Bacillus nitritollens, 562 
Bacillus oedematis, see Clostridium 

septicum 
Bacillus pabuli, 1664, 1667 
Bacillus pantothenticus, 562, 1664-

1667, 1669, 1762 
Bacillus pantotrophus, 373 
Bacillus pasteurii, 87, 479, 562, 

1664-1667, 1670, 1676, 1762, 
1769,1778-1779,1782,1784 

Bacillus polymyxa, 479, 487-488, 
536, 546, 562, 1666-1669, 
1676,1688,1699,1707,1762, 
1800,3161 

Bacillus popilliae, 308, 1664-1669, 
1697-1708,1762,1774 

Bacillus psychrophilus, 1664, 1666-
1667, 1669, 1675 

Bacillus psychrosaccharolyticus, 
1665-1666 

Bacillus pulvifaciens, 562, 1665, 
1669,1774 
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Bacillus pumilus, 479, 487-488, 
1664, 1666-1669, 1675-1676, 
1680-1681, 1687-1688, 1746, 
1755-1756, 1762 

Bacillus punctatum, see Aeromonas 
caviae 

Bacillus pycnoticus, 356 
"Bacillus racemilacticus, " 1773 
Bacillus schlegelii, 1664-1667, 1675, 

3917,3920-3922,3924-3926 
Bacillus septicus, see Clostridium 

septicum 
Bacillus simplex, 1665 
Bacillus smithii, 1665, 1669, 1773 
Bacillus sphaericus, 211, 1664-1669, 

1675-1676, 1713, 1728-1732, 
1746,1753,1755,1762-1763, 
1769, 1784, 1787, 2097 

"Bacillus sphingidis, " see Serratia 
marcescens 

Bacillus stearothermophilus, 68, 
200,479, 562, 564, 1664-1669, 
1675-1678, 1686-1687, 1699, 
1762-1763, 1774, 2296, 2298, 
3746 

Bacillus subtilis, 181,249,469-470, 
482,487-489, 590, 1228, 1387, 
1400, 1402, 1472, 1509, 1560-
1562, 1663-1669, 1673-1689, 
1746, 1755-1756, 1760, 1762, 
1945, 2011, 2298, 2725, 3366, 
3776,4062 

L-forms, 4069, 4072, 4075-4076 
Bacillus thermocatenulatus, 3925 
Bacillus thermodenitri/tcans, 565, 

1666 
Bacillus thermoglucosidasius, 1664, 

1666-1667 
Bacillus thermoleovorans, 1665-

1666 
Bacillus thermoruber, 3925 
Bacillus thiaminolyticus, 1665, 

1669, 1688 
Bacillus thuringiensis, 132, 1472, 

1664-1669, 1672, 1677-1683, 
1702, 1711-1732, 1746, 1753, 
1759-1763,4043 

Bacillus tusciae, 3917, 3920-3922, 
3924,3926 

Bacillus validus, 1664, 1667 
Baci1ysin, 1688 
Baciphe1acin, 1688 
Bacitracin 

L-form induction, 4070 
production in Bacillus, 1688, 

1757 
Bacitracin resistance/sensitivity 

Bacillus, 1728 
Bi/tdobacterium, 829 
Butyrivibrio, 2028 
Clostridium, 1871 
Erythrobacter, 2488 
Gemella, 1645 
Haemophilus, 3315 
Ha10bacteriaceae,789-797 
methanogens,756-757 
Methylobacterium, 2346 
Morganella, 2849 
Proteus, 2849 
Providencia, 2849 
Pseudonocardiaceae, 10 I 0, 10 13 
Staphylococcus, 1370, 1382 
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Streptococcus. 1427. 1456 
Xanthobacter. 2375 

Bacon, Carnobacterium. 1574 
BACTEC system, culture of 

Mycobacterium. 1250, 1254-
1255 

Bacteremia, 648 
Actinomyces. 862 
Aeromonas. 3015-3016, 3020 
Bacillus. 1754 
Brucella. 2391 
Campylobacter. 3490 
Cedecea. 2925 
Corynebacterium. 1183 
Enterobacter. 2801-2802 
Enterobacteriaceae, 2680-2681 
Erwinia, 2914 
Escherichia coli. 2699, 2718-

2719,2745-2746 
Flavobacterium, 3622 
Fusobacterium, 4117 
Gardnerella. 918 
Lactobacillus, 1544 
Legionella, 3283-3284 
Morganella, 2858 
Mycobacterium, 1247, 1250 
Plesiomonas, 3031 
Proteus, 2851 
Providencia, 2854 
Pseudomonas, 3097 
Shigella, 2755 
Staphylococcus. 1374, 1379 
Stomatococcus, 1321 
Streptococcus, 1440, 1452-1453 
Succinivibrio, 3979 
Vibrio, 2997 

Bacteria, 12-13 
discovery, 149 

Bacteriaceae, 5 
Bacterial kidney disease (BKD), 

sa1monid fish, 1312-1316 
Bacterial necrosis, grapevine, 3133-

3135 
Bacterial neuston, 94 
Bacterial pathogenesis, 640 
Bacterial restriction endonuclease 

analysis (BRENDA), 
Leptospira, 3577 

Bacterial synergistic gangrene, 
anaerobic Gram-positive cocci, 
1880 

Bacteriochlorophyll, 60-61, 135, 
313, 316 

Chlorobiaceae, 3585-3587, 3589 
Chlorojlexus, 3754-3756, 3761-

3763, 3766-3770 
Chloronema, 3763 
Ectothiorhodospira, 3225-3226 
Erythrobacter, 2485-2488 
filamentous prototrophs, 3757 
Heliobacteriaceae, 1981-1982, 

1984, 1987, 1989-1990 
Heliothrix, 3763-3764 
Methylobacterium, 2347 
"Oscillochloris, " 3763 
purple nonsulfur bacteria, 2146-

2147 
Rhodocyclus, 2556 
Roseobacter, 2156-2159 
sulfur bacteria. purp1e, 3206, 

3211,3213 

Bacteriochlorophyll a, 135, 314, 
318, 322, 328 

Bacteriochlorophyll b, 135, 314, 
319,322 

Bacteriochlorophyll c, 135, 322 
Bacteriochlorophyll d, 135, 322 
Bacteriochlorophyll e, 106, 108, 135 
Bacteriochlorophyll g, 135, 314, 322 
Bacteriocin, 142 

Actinomyces, 887 
Bacillus, 1682 
Citrobacter, 2748 
Clostridium, 1822 
Cytophagales, 3656-3657 
Enterobacter. 2811 
Enterococcus, 1474 
Erwinia, 2904-2905 
Klebsiella, 2788 
Lactobacillus, 1538-1539, 1568-

1571 
Lactococcus, 1491 
Listeria, 1608-1609 
Morganella, 2849, 2858 
myxobacteria, 3451-3452 
Neisseria, 2498-2499 
Pediococcus, 1504 
phytopathogenic pseudomonads, 

3122 
Proteus, 2849-2851 
Providencia, 2849, 2853 
Pseudomonas, 3094 
rhizobia, 2209 
Salmonella, 2770 
Serratia, 2840-2841 
Streptococcus, 1437 
Yersinia pestis, 2894 

Bacteriocyte, 3893, 3897-3900 
Bacteriogloea, 94 
Bacteriohopanetetrol-ether, 

Zymomonas, 2291 
Bacteriolytic activity, myxobacteria, 

3466-3467 
"Bacterionema, " 853 
Bacteriophage, see Phage 
Bacteriopheophytin 

Chlorojlexus, 3768 
sulfur bacteria, purple, 3212-3213 

Bacteriorhodopsin, 313-314 
Halobacteriaceae, 788, 799 

Bacterioruberin, Halobacteriaceae, 
788 

Bacteriorubixanthin, Erythrobacter, 
2487 

Bacteriorubixanthinal, 
Erythrobacter, 2486-2487 

Bacteriovore 
Bdellovibrio, 3400-3401 
major genera, 3402 

Bacterium, 4114 
Bacterium bovista, see 

Thiobacterium bovista 
Bacterium enterocoliticum, see 

Yersinia enterocolitica 
Bacterium freundii, see Citrobacter 

freundii 
Bacterium globiforme, see 

Arthrobacter globiformis 
Bacterium halobium, see 

Halobacterium halobium 
Bacterium hydrophilum, see 

Aeromonas hydrophila 

"Bacterium kiliense, " see Serratia 
plymuthica 

Bacterium monocytogenes, see 
Listeria monocytogenes 

"Bacterium pediculatum, " 4091 
Bacterium punctatum, see 

Aeromonas caviae 
Bacterium purifaciens, see 

Actinobacillus lignieresii 
"Bacterium rubidaeum, " see 

Serratia rubidaea 
Bacterium salmonicida. see 

Aeromonas salmonicida 
Bacterium trapanicum, see 

Halobacterium trapanicum 
Bacterium tularense, see Francisella 

tularensis 
Bacteroid, 542, 550, 2197, 2203; see 

also Spore 
Bacteroidaceae, 136, 1996, 3512, 

361~ 3622, 3983, 4114 
Bacteroides, 30, 33-37, 88, 109, 

111, 141, 300-301,861, 863, 
910,1437,1915,1996-1997, 
2000, 2024, 2041, 2048, 2510, 
3287, 3515-3516, 3593-3605, 
3612,3631, 3659, 3983, 4114 

L-forms, 4068 
Bacteroides amylophilus, see 

Ruminobacter amylophilus 
Bacteroides asaccharolyticus, see 

Porphyromonas asaccharolytica 
Bacteroides bile esculin agar, 3599 
Bacteroides bivius, 3594, 3596-

3598, 3600, 3603 
Bacteroides buccae, 3594, 3596-

3597, 3600, 3603 
Bacteroides buccalis. 3593-3594, 

3596-3597, 3603-3604 
Bacteroides caccae, 3593, 3595-

3596, 3600-3601 
Bacteroides capillosus, 3594-3598, 

3602, 3604, 3614 
Bacteroides cellulosolvens, 471-472, 

479-484, 3596, 3598, 3603-
3605 

"Bacteroides clostridiiformis, " see 
Clostridium clostridiiforme 

Bacteroides coagulans, 3595-3596, 
3598, 3602, 3604-3605, 3614 

Bacteroides corporis, 3594, 3596-
3597, 3603 

Bacteroides corrodens, see Eikenella 
corrodens 

"Bacteroides denitrificans, " 554 
Bacteroides dentalis, 3608 
Bacteroides denticola. 3594, 3596-

3597, 3603-3605, 3612 
Bacteroides disiens, 3594, 3596-

3598, 3600, 3603 
Bacteroides distasonis, 3593, 3595-

3596, 3600-3601 
Bacteroides eggerthii, 3593, 3595-

3596, 3600-3601 
Bacteroides endodontalis, see 

Porphyromonas endodontalis 
Bacteroidesforsythus, 3514,3596, 

3598, 3603-3604 
Bacteroides fragilis, 36, 109, 304, 

1651,3514,3583,3593,3595-
3605 



Baeteroides fureosus, see 
Anaerorhabdus furcosus 

Bacteroides galacturonicus, 3596, 
3604 

Bacteroides gingivalis, see 
Porphyromonas gingivalis 

Bacteroides gracilis, 3489, 3512-
3513, 3517-3520, 3596, 3598, 
3601, 3604 

"Bacteroides halosmophilus, " 1893 
Bacteroides helcogenes, 3596, 3598, 

3603-3604 
Bacteroides heparinolyticus, 3594, 

3596-3597, 3603 
Bacteroides hypermegas, see 

Megamonas hypermegas 
Bacteroides intermedius, 3594, 

3596-3597, 3603-3604, 3612 
Bacteroides levii, 3596-3598, 3600, 

3612 
Bacteroides loescheii, 3593-3594, 

3596-3597, 3603, 3605 
Bacteroides maeaeae, 3596-3598, 

3600,3612 
Bacteroides melaninogenicus, 1880, 

3593-3605, 3608, 3612, 3614 
Bacteroides merdae, 3593, 3595-

3596, 3600-3601 
Bacteroides microfusus, see 

Rikenella microfusus 
Bacteroides multiacidus, see 

Mitsuokella multiacidus 
Bacteroides nodosus, 3596, 3598, 

3604-3605, 4117 
Bacteroides oehraceus, 3594, 3662 
Bacteroides oralis, 3593-3604 
Bacteroides oris, 3594, 3596-3597, 

3600, 3603 
Bacteroides oulorum, 3593-3594, 

3596-3597, 3603-3604 
Bacteroides ovatus, 3593, 3595-

3596, 3600-3601 
Bacteroides pectinophilus, 3596, 

3604-3605 
Bacteroides pentosaeeus, 3594, 3604 
Bacteroides pneumosintes, 3596, 

3598, 3604 
Bacteroides polypragmatus, 3596, 

3598, 3604 
Bacteroides praeacutus, see 

Tissierella praeacuta 
Bacteroides putredinis, 3596, 3598, 

3602, 3604-3605, 3614 
Bacteroides pyogenes, 3596, 3598, 

3603-3604 
Bacteroides ruminicola, 82, 110, 

834, 2024, 2026, 2725, 3594, 
3596-3598, 3603, 3605 

Bacteroides salivosus, 3596-3612 
Bacteroides splanchnicus, 3595-

3596, 3600-3603 
Bacteroides stercoris, 3593, 3595-

3596, 3600-3601 
Bacteroides succinogenes, see 

Fibrobacter succinogenes 
Bacteroides suis, 3596, 3598, 3603-

3604 
Bacteroides teetum, 3596, 3598, 

3603-3604 
Bacteroides termiditis, see 

Seba/della termitidis 

Bacteroides thetaiotamicron, 3593, 
3595-3596, 3600-3601 

"Bacteroides triehoides, " 1800 
Bacteroides uniformis, 3593, 3595-

3596, 3600-3601 
Baeteroides ureolyticus, 2668, 3489, 

3512-3513,3519, 3595-3599, 
3601-3602, 3604 

Bacteroides veroralis, 3593-3594, 
3596-3597, 3603-3604 

Bacteroides vulgatus, 3593-3596, 
3600-3601 

Bacteroides xylanolyticus, 479, 
3596, 3604 

Bacteroides zoogleoformans, 3596-
3597, 3601, 3603 

Bacto marine agar 2216, 
Sporosarcina, 1775-1776 

Bactobilin, 1835 
Baetoderma, 87 
Bactopterin, 569 
Badger, Mycobacterium, 1248 
Baeocyte, 66, 2059, 2071-2072 

cyanobacteria, 234-238, 324-326 
Pleuroeapsales, 69 

Bagasse 
cellulolytic bacteria, 489 
Pseudonocardiaceae, 1002, 1005 
Thermomonosporaceae, 1092 

Bagassosis, 934 
Baird-Parker agar, Staphylococcus, 

1378-1379 
Baiting technique 

actinoplanetes, 1031, 1040 
Cytophagales, 3638, 3640 
dimorphic prosthecate bacteria, 

2183-2184 
myxobacteria, 3423-3424 
Nocardia, 1195 
Rhodococcus, 1195 
Streptomycetaceae, 942 
Streptosporangiaceae, 1122-1124 

Bakterienplatten, 3941 
Banana-shaped bacteria, 

Sporomusa, 2014-2020 
BAOW agar, Cytophagales, 3645 
BAPA hydrolysis, 

Haloanaerobiaceae, 1897-1898 
Barbour-Stoenner-Kelly (BSK) 

medium, Borrelia, 3564-3565 
Barbulanympha symbionts, 3856 
Bare lava vent, 401 
Bark 

Cellulomonas, 1325 
Klebsiella, 2776 
myxobacteria, 3418, 3421-3423, 

3426 
Barley 

Azospirillum, 2248 
Azotobacteraceae, 3163-3164 
Pseudonocardiaceae, 1002 

Barnes agar, Carnobacterium, 1578 
Barophile, 163 
Barotolerance, 104, 163, 408 

Streptomycetaceae, 937 
sulfur bacteria, colorless, 2653 

Bartholomew group, see 
Edwardsiella 

BartoneIla, 3994, 3996 
L-forms, 4068 

BartoneIla bacilliformis, 3995-3999, 
4001-4002, 4005 
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BartoneIla receptor, 4000 
Bartonellaceae, 2403, 2405, 3994-

4005 
Bartonellosis, 3996-3998 
Basal body, 242-243 
Basal cell, Streptomycetaceae, 927 
Basal medium 

Deleya, 3192 
Halomonas, 3183 
hydrogen-oxidizing bacteria, 357 
Sporomusa, 2016 
syntrophic bacteria, 2050-2051 
thermoanaerobic saccharolytic 

bacteria, 1903 
Basal medium agar (BMA) 

Alteromonas, 3050-3051 
Marinomonas, 3050 

Basal medium broth, Gemella, 1647 
Basal mineral salts medium, 

Mycobacterium, 1219 
Basal prereduced peptone-yeast 

extract (PY) medium, anaerobic 
Gram-positive cocci, 1883 

Basic fuschin test 
Bacteroides, 3517 
Brueella, 2384, 2393-2395 
Campylobacter, 3517 
Wolinella, 3517 

Basic mineral medium, 
Xanthobacter, 2370-2371 

Basidiolichen, 3822-3824, 3827 
Basidiomycotina, 3823 
Bass, Aeromonas, 3020 
Bat, Rickettsia, 2413 
Batch culture, 158 
Batch enrichment, 179-180 
Bathymodicius symbionts, 399, 

2646, 3892, 3896, 3901-3903 
BATS defined medium, Bacillus, 

1728-1729 
Baumann's enrichment medium, 

Acinetobacter, 3138 
bel complex, Paracoccus 

denitri./icans, 2326-2328 
BCE, see Boiled cell extract 
Bdellocyst, 3402 
Bdellophage, 3402-3403 
Bdelloplast, 167, 3401, 3404, 3407-

3409 
Bdellovibrio, 29, 33,167-168,219-

222,256,270, 585, 2134, 2565, 
3352,3400-3410,3417,3468 

axenic variants, 3408 
intracellular, premature release, 

3408 
Bdellovibrio bacteriovorus, 219-221, 

2134,2613, 3400-3401, 3403, 
3409 

Bdellovibrio starrii, 2134, 3403 
Bdellovibrio stolpii, 2134, 3403, 

3409 
Bean 

Curtobacterium, 1363 
halo blight, 3119 
Leuconostoc, 1514 
nitrogen-fixing bacteria, 541 
pathogen, 667 
rhizobia, 2198 
Serratia, 2825 
wilt, 1363 

Bear 
Erysipelothrix, 1630 
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Neorickettsia, 2453 
Bedbug 

Coxiella, 2473 
Tsukamurella, 1193, 1195 

Bee 
acetic acid bacteria, 2273 
American fou1brood, 1706-1711 
Bacillus, 1706-1711 
Bi./idobacterium, 816, 820, 822, 

827-828 
denitrifying bacteria, 562, 564 
Erwinia, 2907 
Lactobacillus, 1544 
Serratia, 2826 
Spiroplasma, 1961-1963, 1965, 

1969-1970, 1973 
Zymomonas, 2287 

Beech, myxobacteria, 3422 
Beer 

acetic acid bacteria, 2271-2272 
Lactobacillus, 1549-1550, 1552, 

1556-1557,1567 
Micrococcus, 1301 
Obesumbacterium, 2929 
Zymomonas, 2287-2289 

Beer spoi1age, 2271-2272 
detection, 2001-2002 
Megasphgaera, 1993-2003 
Pectinatus, 1993-2003 
prevention, 2001-2002 

Beer wort, Frateuria, 3199 
Beer wort agar, acetic acid bacteria, 

2275 
Beer wort gelatin, Zymomonas, 

2288 
Beet 

Curtobacterium, 1363 
Lactobacillus, 1545 
pathogen, 661, 667 

Beet leafhopper-transmitted 
virescence mycop1asma-like 
organism, 4052, 4057-4060 

Beetle 
Bacillus, 1697-1732 
Spiroplasma, 1963-1965, 1968 

Beggiatoa, 28,97-98, 131, 152, 
334-335, 387-391, 395, 399-
402,407,539,589,2081,3171-
3178,3247,3528,3756,3934-
3935 

Beggiatoa alba, 335, 399, 536, 539, 
545, 562, 212~ 212~ 3171-
3178 

Beggiatoa arachnoidea, 4099 
Beggiatoa gigantea, 403 
Beggiatoa leptomitijormis, 2122 
Beggiatoaceae, 536 
Behavioral response, 241-256 

function, 254-256 
Beijerinck, Martinus Willern, 152-

153 
Beijerinckia, 26, 452, 538, 2128-

2130, 2133, 2240, 2254-2265, 
2373,2377, 2607, 2609, 3144, 
3159 

Beijerinckia acida, see Beijerinckia 
indica 

Beijerinckia congensis, see 
Beijerinckia indica 

Beijerinckia derxii, 536, 2258-2260, 
2263, 2372 

Beijerinckia jluminensis, 536, 2258-
2263 

Beijerinckia indica, 536, 2238, 
2256-2262, 2264-2265 

Beijerinckia mobilis, 536, 2258-
2263 

Beijerinckia venezuelae, see 
Beijerinckia derxii 

Bell's palsy, Borrelia, 3563 
Beneckea, 103, 453, 2943-2944 
Beneckea alginolytica, see Vibrio 

alginolyticus 
Beneckea campbellii, 2944 
Beneckea chitinovora, 2943 
Beneckea gazogenes, see Vibrio 

gazogenes 
Beneckea hyperoptica, 2120, 2943 
Beneckea indolthetica, 2943 
Beneckea labra, 2943 
Beneckea lipophaga, 2943 
Beneckea neptuna, 2944 
Beneckea nereida, see Vibrio nereis 
Beneckea nigrapulchituda, see 

Vibrio nigripulchritudo 
Beneckea parahaemolytica, see 

Vibrio parahaemolytica 
Beneckea pelagia, see Vibrio 

pelagius 
Beneckea ureasophora, 2943 
Beneckea vulni./ica, see Vibrio 

vulni./icus 
Bennett's agar 

actinoplanetes, 1038, 1045, 1049 
Chromobacterium, 2594 
Gordona, 1196 
Janthinobacterium, 2594, 2597 
Nocardia, 1196 
Nocardiaceae, 1199 
Pseudonocardiaceae, 1003 
Rhodococcus, 1197 
Streptosporangiaceae, 1123-1125 
Thermomonosporaceae, 1093-

1094 
Tsukamurella, 1196 

Bennett's saccharose agar 
Cellulomonas, 1326 
Oerskovia, 1326 
Promicromonospora, 1337 

Benzaldehyde utilization, Kurthia, 
1659 

Benzalkonium chloride, 
Enterobacter, 2801 

Benz(a)anthracene degradation, 
hydrocarbon-oxidizing bacteria, 
453 

Benzathrin, 1020 
Benzene degradation, hydrocarbon

oxidizing bacteria, 453 
Benzidine test 

Micrococcus, 1303 
Staphylococcus, 1303-1304, 1382 

Benzidinium hydrochloride test, 
manganese-oxidizing bacteria, 
2317 

Benzoic acid utilization 
Acinetobacter, 3139 
Alcaligenes, 2551 
anaerobes, 303 
Azotobacteraceae, 3149-3150 
Desulfotomaculum, 1795, 1798 
denitrifying bacteria, 565 
Enterobacter, 2807 

Klebsiella, 2786 
Nocardiopsis, 1152 
Pseudonocardiaceae, 1012-1013, 

1016 
Psychrobacter, 3243 
purple nonsulfur bacteria, 2142, 

2149-2150 
rhizobia, 2200 
Rhodocyclus, 2556-2558 
Serratia, 2838-2839 
sulfate-reducing bacteria, 3363, 

3369, 3371, 3375 
sulfidogenic bacteria, 610 
syntrophic bacteria, 2052, 2054-

2055 
syntrophic coculture, 279, 281-

282, 289-290 
Benzyl viologen assay, 

Campylobacter, 3491 
Benzylamine utilization, 

Pseudomonas, 3094 
(S)-a-Benzylmalic acid, 979 
Benzylpenicillin resistance/ 

sensitivity, Janthinobacterium, 
2596 

Bergey's Manual, 3 
Berkeley phage, Brucella, 2387 
Berkeley, M.J., 150 
Bermudagrass, stunting disease, 

4030 
Bestatin, 979 
Beta toxin, 1867 

Clostridium chauvoei, 1870 
Clostridium histolyticum, 1872 
Clostridium perfringens, 1874 
Clostridium septicum, 1875 
Staphylococcus, 1395 

ß-hemolysin, Staphylococcus, 1376 
ß-hemolysis 

Bacillus, 1760 
Bacteroides, 3604 
Fusobacterium, 4122 
Gardnerella, 919 
Gemella, 1646, 1648-1650 
Herpetosiphon, 3801 
Listeria, 1602-1603 
Lysobacter, 3265 
Pasteurella, 3331 
Propionibacterium, 843 
Renibacterium, 1314 
Streptococcus, 1421, 1430, 1435, 

1451-1457 
Vibrio, 2964 

Betacin, 1680 
Betaine, Halobacteriaceae, 799 
Betaine utilization 

Arthrobacter, 1285 
Eubacterium, 1918 
homoacetogens, 517, 1930, 1933 
methanogens, 719 
Methylobacterium, 2345,2347 
phytopathogenic pseudomonads, 

3107 
rhizobia, 220 I 
Serratia, 2837 
Sporomusa, 2015, 2018-2019 
syntrophic bacteria, 2052 

BG-11 agar, Herpetosiphon, 3792 
BglII, 2085 
BHI agar, Bacillus, 1758 
Bialaphos, 977-978 
Bicarbonate utilization 



Clostridium, 1804 
Pseudomonas, 2318 

Bidirectiona1 compound diffusion
linked chemostat, 159 

Bidistilled water, 170 
Bieb1 and Pfennig medium, sulfur 

bacteria, purpie, 3204 
Bifidobacterium, 24, 33, 816-829, 

852-853, 886, 910, 1538, 1553 
Bijidobacterium adolescentis, 816-

817, 820-821, 825-828, 1174 
B!fidobacterium angulatum, 817, 

820-821, 825-827 
Bifidobacterium animalis, 817, 819-

821, 825-828 
Bifidobacterium asteroides, 816-

817,820-822,824-828 
Bifidobacterium bifidum, 82,816-

829, 1542 
Bifidobacterium boum, 817, 819-

821, 825-827, 829 
Bijidobacterium breve, 816-817, 

819-821,825-829,1539 
Bifidobacterium catenulatum, 817, 

819-821, 825-828 
B!fidobacterium choerinum, 817, 

819-821, 825-828 
Bifidobacterium corynejorme, 816-

817,819-821,825-827,829 
Bifidobacterium cunicu/i, 817, 819-

822, 825-828 
Bifidobacterium dentium, 817,820-

822, 825-828 
Bifidobacterium ga//icum, 816 
Bifidobacterium ga//inarum, 816, 

819-822, 825-828 
Bifidobacterium globosum, 816-817, 

819-821,825-829 
Bifidobacterium indicum, 816-817, 

819-822, 825-828 
Bifidobacterium injantis, 816-817, 

819-822,825-828 
Bifidobacterium lactentis, 816, 819 
Bifidobacterium liberorum, 816, 819 
Bifidobacterium longum, 816-817, 

819-822, 825-829 
Bifidobacterium magnum, 817, 820-

822, 825-828 
Bifidobacterium medium, anaerobic 

Gram-positive cocci, 1882 
Bifidobacterium minimum, 817, 

819-822, 825-827, 829 
Bifidobacterium parvulorum, 816, 

819 
Bifidobacterium pseudocatenulatum, 

817,819-821,825-828 
Bifidobacterium pseudolongum, 

816-817,819-821,825-827, 
829 

Bifidobacterium pul/orum, 817, 
820-822, 825-827 

Bifidobacterium ruminale, see 
Bifidobacterium thermophilum 

Bifidobacterium subtile, 817, 819-
822, 825-829 

Bifidobacterium suis, 817, 819-822, 
825-828 

Bifidobacterium thermophilum, 
816-817, 820-821, 825-829 

Bifidus factors, 829 
Bi1e agar, Listeria, 1607 

Bile esculin test, Streptococcus, 
1456-1458 

Bi1e salts-brilliant green agar 
Aeromonas, 3023, 3025 
Plesiomonas, 3023 
Vibrionaceae, 2948 

Bile sensitivity, 142 
Bacteroides, 3599-3600, 3604 
Streptococcus, 1456-1457 

Bile tolerance 
Bacteroides, 3517 
Campylobacter, 3492-3493, 3517 
Wo/inel/a, 3517 

Bile-salt hydrolytie aetivity, 
Lactobacil/us, 1542 

Binary fission, 65 
Aetinomyeetes, 813 
aphid symbiont, 3907 
cyanobaeteria, 2058-2059, 2070-

2072 
Binary veetor, 2225-2227 
Biocatalysis, 20 I 

Mycobacterium, 1231 
Biocerin, 1688 
Biocoenosis, 76 
Bioconversion, 197 
Biocorrosion, see Corrosion 
Biodispersan, Acinetobacter, 3141 
Biofilm, 262-272 

formation, 265-267 
gradients in, 270 
methods of studying, 266-267 
Nitrobacter, 2306-2307 
thickness, 267 
zooplankton grazing, 270 

Biofouling, dimorphie prosthecate 
baeteria, 2191-2192 

Biogas fermenter 
Desu/fotomaculum, 1792 
methanogens, 739 

Biogeochemical cycles, 152 
Biological control agent 

aetinoplanetes, 1055 
aphid symbiont, 3911 
Arthrobacter, 1294 
Bacillus lentimorbus, 1697-1706 
Bacil/us popil/iae, 1697-1706 
cyanobaeteria, 2097 

Biological indicator 
Bacillus spores, 1687 
lichen, 3830 

Biologieal warf are, anthrax, 1747 
Bioluminescenee 

bioehemistry, 626-627 
funetions, 626 
regulation, 627-629 
test, 2971-2976 

Bioluminescent baeteria, 625-635, 
2968-2969 

Alteromonas, 3048, 3052, 3061, 
3063 

intestinal, 630 
parasitie, 625, 629-630 
Photobacterium, 3001-3005 
planktonic, 625, 629-630 
saprophytie, 625, 629-630 
Vibrio, 2998-3000 
Vibrionaceae, 2941, 2946 
Xenorhabdus, 2934 

Biomass produetion, purple 
nonsulfur bacteria, 2151-2152 

Biopol, 377, 3961 
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Bioreactor, methanogens, 736, 758-
759 

Biosensor, bioluminescent bacteria, 
635 

Biotechnological applications, see 
Applications 

Biotechnology, 197-203 
Biotin, 157 
Biotin production 

purple nonsulfur bacteria, 2152 
sulfur bacteria, purple, 3216 

Biotin requirement 
Arthrobacter, 1292 
Brochothrix, 1619 
Caryophanon, 1787 
Clostridium, 1806 
Corynebacterium, 1160, 1165-

1166 
Desu/fotomaculum, 1794 
Enterococcus, 1468 
Heliobacteriaceae, 1983-1984 
Leuconostoc, 1521 
Listeria, 1606 
purple nonsulfur bacteria, 2148 
Roseobacter, 2157 
Sporosarcina, 1776 
Staphylococcus, 1392 
sulfate-reducing bacteria, 3371 
sulfur-reducing bacteria, 3381 

Biotyping 
Campylobacter, 3498 
Haemophi/us, 3317-3318 
Klebsiella, 2787 
Pseudomonas, 3094 
Serratia, 2838-2840 
Yersinia, 2872-2874 

Biovar, 128 
Agrobacterium, 664-666 
Salmonella, 2770 

Biphenyl degradation, hydroearbon
oxidizing bacteria, 453 

Birds, see also Poultry 
Actinobacillus, 3343-3344 
Aegyptianella, 4007-4011 
Aeromonas, 3020 
anaerobic Gram-positive cocci, 

1888 
Anaplasmataceae, 3995 
Bordetella, 646, 2530-2531, 2546 
Borre/ia, 3561-3562, 3564 
botulism, 1868-1869 
Brevibacterium, 1352 
Campylobacter, 3490 
Chlamydia, 3691, 3698, 3702 
Coxiella, 2473 
Edwardsiella, 2738-2739 
Enterobacteriaceae, 2677-2678 
Enterococcus, 1465-1466, 1476 
Erysipelothrix, 1630-1631 
Escherichia, 2702 
Fusobacterium, 4116 
Haemophi/us, 3311-3312,3320-

3321 
Hajnia, 2816-2817 
Lactobacillus, 1539 
Mycobacterium, 1239, 1244, 1248 
Nocardia, 1194 
Pasteurella, 3332-3333 
Plesiomonas, 3034 
Providencia, 2856 
pseudotuberculosis, 2864 



1-20 Index Volumes I-IV 

Rickettsia, 2408, 2410-2411, 
2413-2414, 2422 

Salmonella, 2764-2766 
Serratia, 2827 
Staphylococcus, 1372-1373 
uIcerative enteritis, 1870 
Vibrio, 2960 
Yersinia, 2865-2866 

Bismuth sulfite sensitivity, 142 
Bison, Butyrivibrio, 500 
Bisucaberin, Alteromonas, 3064-

3065 
Bisulfite reductase 

Archaeoglobus, 709 
sulfidogenic bacteria, 593-594, 

596 
Bite wound infection 

Actinomyces, 860, 862 
Eikenella corrodens, 2671 
Fusobacterium, 4116 
Pasteurella, 3332 
Streptobacillus, 4023 
Veillonella, 2035 

Bivalve 
colorless sulfur bacteria, 403 
cyanobacteria symbiont, 3822 
spirochetes, large symbiotic, 3969 
Thiobacillus, 2649 
Vibrio, 2997, 3000 

BKD, see Bacterial kidney disease 
Black death, see Plague 
Black disease, sheep, 1873 
Black fly, Bacillus, 1728 
Black locust, myxobacteria, 3422 
Black quarter, cattle, 1870 
Black rot, Xanthomonas, 669-670 
Black Sea, 106-108 
Black smoker, 105,401, 3918 
Blackleg, 2911 

cattle, 1870 
sheep, 1871 

Blair fluorescence acid-fast stain, 
Mycobacterium, 1251 

Blake isolation medium, 
Treponema, 3548-3549 

Blast, phytopathogenic 
pseudomonads, 3119 

Blastobacter, 27, 38, 2127, 2129-
2130,2171-2175 

Blastobacter aggregatus, 2127, 2130, 
2172,2545 

Blastobacter denitrificans. 558, 
2123,2130,2172-2173 

Blastobacter henricii, 2171, 2173 
Blastobacter natatorius, 2173 
Blastobacter viscosus, 2359 
Blastococcus, 24, 1069-1071, 1076, 

1346 
Blastocrithidia symbionts, 3856-

3857, 3860 
bld genes, Streptomycetaceae, 956, 

958 
Bleb structure, mycoplasma, 1939 
Bleomycin resistance/sensitivity, 

N ocardiaceae, 1202 
Blight 

American hoIly, 667 
citrus, 4031 
Clavibacter, 1359 
corn, 1359 
Erwinia, 2677 

phytopathogenic pseudomonads, 
3104,3113,3118-3119 

soybean, 3113 
Blood 

Aegyptianella, 4010-4011 
Aeromonas, 3016 
Anaplasma, 4014-4016 
Anaplasmataceae, 4009 
Bacillus, 1754, 1757 
BartoneIla, 3998-3999 
Borrelia, 3565 
Brucella, 2392 
Cardiobacterium, 3340 
Comamonas, 2585 
Coxiella, 2472 
Enterobacter, 2803 
Erysipelothrix, 1629, 1637 
Escherichia, 2722 
Flavobacterium, 3622 
Grahamella, 4000, 4004 
Jonesia, 1338 
Kluyvera, 2927 
Leclercia, 2928 
Legionella, 3290 
Leptospira, 3575, 3578 
L-forms, 4078 
Mycobacterium, 1249-1250 
Neisseria, 2513 
Ochrobactrum, 2602 
Oerskovia, 1333 
Plesiomonas, 3031 
Porphyromonas, 3609 
Pseudomonas, 3086, 3095 
rickettsiae, 2423-2424 
Salmonella, 651, 2764, 2767, 

2771 
Staphylococcus. 1371, 1379-1380 
Streptococcus, 1459 
Succinivibrio, 3979, 3981 
Vibrio, 2963, 2990, 2992, 2996 
Xenorhabdus, 2933 
Yersinia, 2873, 2879 

Blood agar 
Actinobacillus, 3345-3347 
Aerococcus, 1505 
Aeromonas, 3022 
anaerobic Gram-positive cocci, 

1881 
Arcanobacterium, 870 
Bacillus, 1759 
Brochothrix, 1624 
Comamonas, 2585 
Corynebacterium, 1177 
Cytophagales, 3645-3646 
Dermatophilus, 1347 
Eikenella, 2669 
Erysipelothrix, 1637 
Flavobacterium, 3623 
Francisella, 3990 
Fusobacterium, 4120, 4122 
Gemella, 1646-1647 
Haemophilus, 3314-3315 
Klebsiella, 2782 
Listeria, 1599, 1602 
Neisseria, 2496, 2513 
Plesiomonas, 3034 
Porphyromonas, 3610 
Propionibacterium, 843 
Rochalimaea, 2443-2444 
Saprospira, 3680-3681 
Selenomonas, 2008 
Simonsiellaceae, 2663-2664 

Staphylococcus, 1380-1381 
Streptococcus, 1454 
Vibrio, 2964, 2994-2995 
Vibrionaceae, 2948 
Wolinella, 3515 

Blood agar plus ampicillin, 
Aeromonas, 3024 

Blood agar satellite plate, 
Actinobacillus, 3346 

Blood cells, autogenous, isolation of 
rickettsiae by cultivation of, 
2431 

Blood-free medium, Campylobacter, 
3501 

Bloom 
Chlorobiaceae, 3583-3584 
cyanobacteria, 2063 
sulfur bacteria, purple, 3201-3202 

BLTVA-mycoplasma-like organism, 
4061 

Blueberry, Nocardia, 1194 
Bluecomb, turkey, 1631 
Blue-green algae, 5 

as endosymbionts, 3860 
BM medium 

Porphyromonas, 3611 
Vibrio, 2967 

BM782 production, Saccharothrix, 
1066 

BMA medium, Vibrio, 2967-2969 
BMGG synthetic broth, 

Corynebacterium, 1160, 1162 
Bodo, 270 
Bog, 87 

Blastobacter, 2172 
myxobacteria, 3420-3421 
purple nonsulfur bacteria, 2141 
Saprospira, 3678 
Selenomonas, 2005, 2007 

Boil, see Furuncle 
Boiled cell extract (BCE), 

preparation, 727 
Bollweevil, Serratia, 2826 
Bone infection 

Bacillus, 1755 
Brucella, 2392 
Mycobacterium, 1249 
Salmonella, 2767 
Streptococcus, 1438, 1452 

B-one mutant, phytopathogenic 
pseudomonads, 3113 

Borate resistance, Pseudomonas, 
3089 

Bordetella, 27, 2123, 2125, 2385, 
2502,2530-2540, 2544, 3331, 
3340 

L-forms, 4068 
Bordetella avium, 646, 2125, 2530, 

2546 
Bordetella bronchiseptica, 646, 2125, 

2530, 2546, 2548, 3333 
Bordetella parapertussis. 2530 
Bordetella pertussis, 643, 645-646, 

1751,2125,2530,3287 
Bordet-Gengou agar, Bordetella, 

2532-2533 
Borelliosis, 3560-3566 
Borrelia, 29, 3560-3566 
Borrelia anserina, 3561, 3564-3565, 

4008 
Borrelia burgdorferi, 3560-3566 
Borrelia caucasica, 3561 



Borrelia coriaceae. 3561, 3564-3565 
Borrelia crocidurae. 3561, 3565 
Borrelia dipodilli. 3561 
Borrelia duttonii. 3561-3562, 3565-

3566 
Borrelia hermsii. 650, 3561, 3565-

3566 
Borrelia hispanica. 3561 
Borrelia latyschewii. 3561 
Borrelia mazzottii. 3561 
Borre/ia merionesi. 3561 
Borrelia microti. 3561 
Borrelia parkeri. 3561,3565 
Borrelia persica. 3561, 3965 
Borrelia recurrentis. 3561 
Borrelia theileri. 3561, 3564 
Borrelia turicatae. 3561, 3565 
Borrelia venezuelensis. 3561 
Bott1e p1ate, sulfate-reducing 

bacteria, 3365 
Bottromycin, 1055 
Botulism, 151, 644, 1868-1870 

infant, see Infant botulism 
Boutonneuse fever, 2408, 2413 
Bovine growth hormone, genetically-

engineered, 2724 
BPF, see Brazilian purpuric fever 
Brachyarcus. 4095-4097, 4099 
Brachyarcus thiophilus. 4091, 4095-

4097 
Brachyspira aalborgi. 3539, 3544 
Brackish environment 

Achromatium. 3937 
ammonia-oxidizing bacteria, 

2625-2626, 2632 
Ancalomicrobium. 2160 
Beggiatoa. 3171 
dimorphie prosthecate bacteria, 

2180 
homoacetogens, 1928 
Nevskia. 4089-4090 
Pelosigma. 4098 
Pirellula. 3717 
Prosthecomicrobium. 2160 
Stella. 2167 
sulfate-reducing bacteria, 3353, 

3362, 3364, 3369 
sulfur-reducing bacteria, 3382 
Vibrio. 2996 

Bradsot, sheep, 1873 
Bradyrhizobium. 27, 249, 539, 541-

542, 547-549, 554, 565, 661, 
2127-2130,2133,2200-2201, 
2214, 2243, 2366 

Bradyrhizobium japonicum. 346, 
364, 377, 536, 539, 559, 566, 
2198,2366,2608,3116 

Brain abscess 
Actinomyces. 860, 862 
anaerobic Gram-positive cocci, 

1880 
Bacillus. 1755-1756 
Citrobacter. 2746-2747 
Erwinia.2914 
Fusobacterium. 4116 
Gemella. 1646, 1651 
Haemophilus. 3309-3310, 3319 
Klebsiella. 2778 
Serratia. 2828 
Streptococcus. 1433, 1438 

Brain empyema, Staphylococcus. 
1375 

Brain heart infusion agar 
Acinetobacter. 3138 
Actinomyces. 880 
anaerobic Gram-positive cocci, 

1881 
Bacillus. 1713, 1728 
Carnobacterium. 1574 
Fusobacterium. 4118 
Haemophilus. 3313-3315 
Nocardia. 1196 
Selenomonas. 2008 
Thermomonosporaceae, 1093 
Veillonella. 2042 

Brain heart infusion broth 
actinomycetes, 870 
Alteromonas. 3050 
Bacillus. 1752 
Enterococcus. 1468 
Marinomonas. 3050 
Neisseria. 2513 
Propionibacterium. 845 
Streptococcus. 1423 

Brain heart infusion medium 
BartoneIla. 3998 
Brucella. 2392 
Corynebacterium. 1159 
Dermatophilus. 1347 
Eikenella corrodens. 2668 
Gordona. 1196 
Moraxella. 3277 
Rhodococcus. 1197 
Salmonella. 2767 
Stomatococcus. 1320 
Tsukamurella. 1196 
Wolinella. 3516 

Brain-liver-heart agar, Bacillus. 
1710 

Branching pattern, Xanthobacter. 
2372-2373 

Brandy, Lactobacillus. 1550 
Branhamella. 28, 2115, 2120-2121, 

2495; see also Moraxella 
(Branhamella) 

Branhamella catarrhalis. 2120, 
2495-2497, 2510-2515 

Branhamella caviae. 2120 
Branhamella cuniculi. 2120 
Branhamella ovis. 2120 
Brayrhizobium japonicum. 2199 
Brazi1ian purpuric fever (BPF), 3308 
Bread 

Leuconostoc. 1514-1515 
Serratia. 2822 

Breadmaking, 1546, 1552-1553 
Zymomonas. 2287 

Breast abscess 
Actinomyces. 862 
Corynebacterium. medical, 1182 
Mobiluncus. 913 

Brevibacterium. 24, 453, 1284-1285, 
1287, 1294, 1320, 1324, 1351-
1353, 1355-1356 

Brevibacterium ammoniagenes. see 
Corynebacterium 
ammoniagenes 

Brevibacterium casei, 1353 
Brevibacterium divaricatum, 1158 
Brevibacterium epidermidis. 1351, 

1353 
Brevibacterium ferment ans, 1330, 

1333 
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Brevibacterium flavum. 1158, 1161-
1163, 1165-1166 

Brevibacterium imperiale. see 
Microbacterium imperiale 

Brevibacterium iodinum, 1352-1353 
Brevibacterium lactofermentum, 

200,490, 1158, 1161 
Brevibacterium Iinens, 137, 1286, 

1351-1353,3639 
Brevibacterium lyticum, 1330 
Brevibacterium protophormiae, see 

Arthrobacter protophormiae 
Brevibacterium sulfureum. see 

Arthrobacter sulfureum 
Brilliant green agar 

Plesiomonas, 3034 
Salmonella, 2767 

Brilliant green bile broth, 
Escherichia, 2698 

Brilliant green-bile-tryptophan 
broth, Klebsiella, 2784 

Brill-Zinsser disease, 2407-2409 
Brinjal, Azotobacteraceae, 3164 
Broad bean, Spiroplasma, 1967 
Brochothrix, 25, 1355, 1596, 1601-

1602, 1617-1626 
Brochothrix campestris. 1617-1626 
Brochothrix thermosphacta, 1355, 

1371,1511,1551-1552,1573, 
1617-1626, 1660 

Brock's Sulfolobus medium, 
Thermococcales, 703 

Bromocresol purple lactose agar 
Klebsiella, 2782 
Salmonella, 2767 

Bromosuccinic acid utilization, 
Comamonas. 2584 

Bromothymol blue adsorption, 
Xenorhabdus, 2934 

Bromothymol blue agar, Klebsiella, 
2782 

Bromothymol blue-Iactose agar 
Enterobacter, 2805 
Klebsiella. 2784 

Bromoxynil degradation, Klebsiella, 
2782 

Bronchial asthma, Erwinia, 2914 
Bronchial washing, Mycobacterium, 

1249 
Bronchitis 

Chlamydia, 3694 
Haemophilus, 3306 

Bronchoalveolar lavage, Legionella, 
3287 

Brown rot, pears, 2272 
Brown spot disease, 

phytopathogenie 
pseudomonads, 3115 

Browning, Bordetella, 2531 
Brucella, 26, 38,178,2127-2128, 

2384-2396, 2545, 2548, 2601, 
3331, 3340, 3992 

L-forms, 4068 
Brucella abortus, 2384-2388, 2390-

2392, 2394-2396, 2879 
L-forms, 4075, 4077 

Brucella agar, 2393 
Campylobacter. 3497-3498 
Eikenella corrodens. 2668 
Porphyromonas, 3610-3611 
Veillonella, 2042 
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Brucella albimi broth, 
Campylobacter. 3497 

Brucella blood agar 
Bacteroides. 3599 
Fusobacterium. 4118 
Leptotrichia. 3984 

Brucella broth, 2392 
Brucella canis. 2384-2389,2391, 

2394-2396 
Brucella HK medium, anaerobic 

Gram-positive cocci, 1881, 
1883, 1889 

Brucella medium 
anaerobic Gram-positive cocci, 

1881-1883 
Streptococcus. 1453 

Brucella melitensis. 2384-2392, 
2394-2396 

L-forms, 4076 
Brucella neotomae. 2384, 2386-

2388, 2392, 2394-2396 
Brucella ovis. 2384-2388, 2392, 

2394, 2396 
Brucella suis. 2384-2388, 2390, 

2392, 2394-2396 
Brucellaceae, 2668, 3331 
Brucellar antigen, 2391-2392 
Brucellosis, 2384-2396 
BSK medium, see Barbour-

Stoenner-Kelly medium 
BSR medium, Spiroplasma. 1968, 

1971 
BSTSY agar, Simonsiellaceae, 2658-

2659, 2662-2666 
BTB agar, see Bromothymol blue 

agar 
BTB teepol agar, Vibrio. 2997-2998 
BTB-Lactose agar, Shigella. 2756 
Bubo, 2891 

Chlamydia. 3701 
Bubonic plague, 2888, 2891 
Budding, 65, 2131 

Caulobacter. 2177 
cyanobacteria, 2058, 2070 
Gemmata. 3723-3724 
hyphomicrobia,2177-2178 
Isosphaera. 3727 
phototrophs, 323-324 
Pi rellula. 3720-3 721 
Planctomyces. 3716 
Planctomycetales, 3710 
Rhodomicrobium. 228-231 

Budvicia. 2115, 2922-2925, 2932 
Budvicia aquatica. 2674, 2922-

2925, 2931 
Buffered azide glucose glycerol 

(BAGG) medium, Enterococcus. 
1466 

Buffered charcoal yeast extract 
(BYCE) agar, Legionella. 3289-
3292 

Building deterioration, see 
Monument deterioration 

Bulb 
Herpetosiphon. 3798 
Leucothrix. 3251 

Bulgarican, 1570 
Bulking sludge 

colorless sulfur bacteria, 404-405 
Herpetosiphon. 3788, 3803 
Pseudonocardiaceae, 100 I 

Bullanympha symbionts, 3856 

Bumble foot lesion, 1352 
Bunker C fue! oil in minimal salts 

medium, hydrocarbon-oxidizing 
bacteria, 451 

Buoyancy, 100 
cyanobacteria, 2061 

Burn infection 
Bacillus. 1753 
Enterobacter. 2801 
phytopathogenic pseudomonads, 

3118 
Proteus. 2851 
Providencia. 2854 
Pseudomonas. 3094 

1,3-Butadiene utilization, 
Xanthobacter. 2379 

1,4-Butanediamine utilization, 
Arthrobacter. 1285 

2,3-Butanediol production, 57, 82 
Klebsiella. 2785 
Neisseria. 2506 

2,3-Butanedio1 uti1ization 
Acinetobacter. 3139 
Clostridium. 1829 
homoacetogens, 517, 1930 
Klebsiella. 2782 
Nocardiaceae, 1204-1205 
Pelobacter. 3393, 3395-3398 
rhizobia, 2200 

Butanol dehydrogenase, 
Clostridium. 1822 

Butanol production, 82 
cellulolytic bacteria, 479-480 
Clostridium. 1820-1825, 1827, 

1832-1833, 1838, 1868, 1870, 
1874-1875, 1877 

Eubacterium. 1914, 1919-1920 
Treponema. 3553 

Butanol utilization 
Desulfotomaculum. 1795 
homoacetogens, 1933 
Kurthia. 1659 
methanogens, 731, 739 
Pelobacter. 3396-3397 
Psychrobacter. 3243 
Sporomusa. 2019 
sulfidogenic bacteria, 602 
Xanthobacter. 2372-2373, 2376 

Butanolide C, Streptomyces. 813 
Butanone utilization, sulfate

reducing bacteria, 3371 
Butene utilization, Xanthobacter. 

2378-2379 
Butirosin, 1688 
Butter 

geographical distribution of 
production, 1484 

Lactococcus. 1483, 1492-1493 
Leuconostoc. 1513 

Butterfly, Spiroplasma. 1966 
Buttermilk 

Lactococcus. 1483, 1486, 1493 
Leuconostoc. 1513 

Buttiauxella. 2114, 2925-2926 
Buttiauxella agrestris. 2674, 2923-

2926 
Butyivibrio. 25 
Butylamine utilization 

Alcaligenes. 2549 
Methylobacterium. 2347 

2,3-Butylene glycol utilization, 
Arthrobacter. 1293 

Butyraldehyde dehydrogenase, 
Clostridium. 1822 

Butyrate kinase 
anaerobes, 305 
Butyrivibrio. 2030 
Clostridium. 301, 1824 

Butyribacterium methylotrophicum. 
517-518,1816,1918 

Butyribacterium rettgeri. 1925 
Butyric acid esterase, Moraxella. 

3278 
Butyric acid production, 82 

anaerobic Gram-positive cocci, 
1884, 1886-1890 

Bacteroides. 3603-3604 
Butyrivibrio. 2022, 2028, 2030 
Clostridium. 1800, 1814, 1820-

1838, 1867-1868, 1870-1875, 
1877 

Eubacterium. 1914, 1918-1920, 
3985 

Fervidobacterium. 3814 
Fusobacterium. 3985,4114,4118, 

4120-4121 
Gemella. 1649 
Ha10anaerobiaceae, 1898 
Listeria. 1606 
Megasphaera. 2000-2002, 2043 
Porphyromonas. 3609,3612,3614 
Roseburia. 2022, 2024, 2029 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Treponema. 3551, 3553 

Butyric acid utilization 
Chlorojlexus. 3765 
Ectothiorhodospira. 3227 
Filibacter. 1784 
Heliobacteriaceae, 1983-1984 
Kurthia. 1657 
Psychrobacter. 3243 
purple nonsulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyclus. 2558 
Sporosarcina. 1776 
sulfidogenic bacteria, 584, 607-

608 
syntrophic bacteria, 2049, 2055 
syntrophic coculture, 279, 282, 

285-286 
Butyricin, 1825 
Butyrivibrio. 88, 910, 1819,2022-

2031 
Butyrivibrio alactacidigens. 2028 
Butyrivibrio crossatus. 2022, 2028 
Butyrivibrio fibrisolvens. 110,479, 

500, 2022-2031 
'Y-Butyrolactone, Streptomyces. 813 
Butyryl-CoA dehydrogenase, 

sulfidogenic bacteria, 608 
Butyryl-CoA:acetoacetate-CoA 

transferase, Clostridium. 1835 
Butzler's Campylobacter selective 

agar, Aeromonas. 3023 
Butzler's Medium Virion, 

Campylobacter. 3501 
bxn gene, Klebsiella. 2782 
BYCE agar, see Buffered charcoal 

yeast extract agar 
Byssinosis, 934, 2804 

c 
C factor, myxobacteria, 3450 
C form, Azospirillum. 2241 
C symbiont, Euplotes. 3879, 3882 



CI toxin, Clostridium botulinum, 
1868-1869 

C2 toxin, Clostridium botulinum, 
1868 

C-3 medium, Spiroplasma, 1968 
CA2agar 

Cytophagales, 3643, 3646 
Lysobacter, 3258 
myxobacteria, 3433 

CA 13 agar, Cytophagales, 3643, 
3646 

Cabbage 
Azotobacteraceae, 3164 
Listeria, 1598 
Spiroplasma, 1967 

Cabbage butterfly, Bacillus, 1717-
1718 

Cabbage chloranty mycoplasma-like 
organism, 4057 

CAC medium, myxobacteria, 3437 
Cactus 

myxobacteria, 3422 
Spiroplasma, 1967 

Cadaverine production, 
Lactobacillus, 1550 

Cadmium accumulation 
Citrobacter, 2750-2751 
Zoogloea, 3961-3962 

Caduceia symbionts, 3856 
Caedibacter, 3871-3872, 3874-3875 
Caedibacter caryophila, 3870-3871, 

3874-3875, 3877-3878 
Caedibacter chlorellopellens, see 

Pseudocaedibacter 
Caedibacter paraconjugatus, 3874, 

3878 
Caedibacter pseudomutans, 3874, 

3877 
Caedibacter taeniospiralis, 3865, 

3868-3869, 3871-3872, 3874, 
3877 

Caedibacter varicaedens, 3867-
3869, 3871, 3874, 3878 

Caenomorpha medusula, 3886 
Caenomorpha universalis, 3886 
Calfeate, 665 
Caiman, Erysipelothrix, 1630 
CAL agar, Yersinia, 2874-2875 
Calacarea symbiont, 3822 
Calathrix, 2093 
Calcium binding, Zoogloea, 3961 
Calcium carbonate inclusion 

Achromatium, 3937-3938 
Macromonas, 3939 

Calcium malate agar 
actinoplanetes, 1042, 1049 
Streptosporangiaceae, 1125 

Calcium requirement 
cellulolytic bacteria, 472-473, 475 
methanogens,742 

Caldariella, see Su/folobus 
Caldariellaquinone, 689, 694 
Calderobacterium hydrogenophilum, 

344, 3924, 3926-3929 
Caldocellum saccharolyticum, 479, 

481,484,491 
Caldolysin,3751 
Calduplex, 31 
Calf scours, 2678, 2855 
Calothrix, 26, 538, 549, 2074, 2076, 

2081, 2084, 2089-2090, 2096, 
3822, 3825-3826 

Calothrix crustacea, 3825 
Calothrix pulvinata, 3825 
Caloxanthin, Erythrobacter, 2487 
Calvin cycle, 58-59, 332 

ammonia-oxidizing bacteria, 2634 
colorless sulfur bacteria, 387, 389 

Calyptogena symbiont, 29, 403, 
2122, 3896-3898, 3902-3903 

Camel, Coxiella, 2473 
Camelina sativa pathogen, 660 
CAMP test 

Actinobacillus, 3346-3347 
Corynebacterium, 1178, 1180 
Haemophilus, 3320-3321 
Listeria, 1602-1603 
Streptococcus, 1456-1457 

Campy BAP medium, 
Campylobacter, 3501 

Campylobacter, 29, 33, 35-36, 168, 
399, 564, 910,2565-2566, 
2715, 3386-3387, 3488-3505, 
3512 

Campylobacter cinaedi, 3488, 3491-
3492, 3494, 3497-3498, 3501 

Campylobacter coli, 3488-3490, 
3492-3495, 3498-3499, 3501, 
3503-3504,3513 

Campylobacter concisus, 3488, 
3490-3491, 3493-3496, 3498, 
3503,3513, 3517-3520 

Campylobacter cryaerophila, 558, 
2565, 3488, 3491, 3494-3495, 
3502-3503 

Campylobacter fennelliae, 3488, 
3491-3492, 3494, 3497-3498, 
3501 

Campylobacter fetus, 3488-3492, 
3494, 3501, 3504-3505, 3513 

Campylobacter hyointestinalis, 
3488, 3490, 3493-3494, 3501-
3502,3513 

Campylobacter jejuni, 2566, 3488-
3490, 3492-3495, 3498, 3501, 
3503-3504, 3513 

Campylobacter laridis, 3488, 3490, 
3492-3493, 3495, 3498, 3504, 
3513 

Campylobacter mucosalis, 558, 
3488, 3490, 3493-3494, 3501-
3503 

Campylobacter mustelae, see 
Helicobacter mustelae 

Campylobacter nitrofigilis, 536, 539, 
2565, 3488, 3491, 3494-3496, 
3501-3502 

Campylobacter pylori, see 
Helicobacter pylori 

Campylobacter sputorum, 558, 
3488, 3491, 3493-3495, 3501, 
3513,3519-3520 

"Campylobacter upsaliensis, " 3488, 
3490, 3492-3494, 3498, 3501 

Canadian aster yellows 
mycoplasma-like organism, 
4056-4057, 4060 

Canadian clover phyllody 
mycoplasma-like organism, 
4056-4057, 4060 

Canaliculitis, lacrimal, see Lacrimal 
canaliculitis 

Candicidin, 977 
Candicin, 978 
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Candida, 2035 
Candida mycoderma, 2274 
Candida pulcherrima, 956 
Candiplanecin, 1054 
Candle jar, Campylobacter, 3503 
Cane gall, 2220, 2225 
Canine, Rickettsia, 2408 
Canker 

Erwinia, 668, 2907, 2910 
grapevine, 3133-3135 
phytopathogenic pseudomonads, 

3104 
poinsettia, 667 
poplar, 667, 2680 
tomato,667, 1359 
tulip, 667 

Canned food, 84 
Clostridium, 1837 

CAPD peritonitis, Corynebacterium, 
1182 

Capillary microscopy, 266 
Capillary-tube agglutination test, 

Coxiella, 2476 
Capnocytophaga, 919, 3340, 3594, 

3631, 3645-3654, 3657-3665, 
4120 

Capnocytophaga canimorsus, 3665 
Capnocytophaga cynodegmi, 3665 
Capnocytophaga gingivalis, 3664-

3665 
Capnocytophaga ochracea, 3658, 

3664 
Capnocytophaga sputigena, 3664-

3665 
Capnoid 

Cytophagales, 3654 
Lysobacter, 3264 

Capreomycin, 1054 
Capric acid utilization 

Alcaligenes, 2549 
Janthinobacterium, 2597 
Psychrobacter, 3243 
rhizobia, 2200 
Serratia, 2836 

Caprifig, Serratia, 2825 
Caproie acid production, 82 

anaerobic Gram-positive cocci, 
1886-1887 

Clostridium, 1814, 1825, 1828 
Eubacterium, 1914, 1918-1920 
Megasphaera, 2000-2001, 2043 

Caproie acid utilization 
Azotobacteraceae, 3149-3150, 

3153 
Psychrobacter, 3243 
purp1e nonsulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyclus, 2558 
sulfate-reducing bacteria, 3363 

Capronate utilization, 
Azotobacteraceae, 3150 

Caprylate utilization 
Azotobacteraceae, 3149-3150, 

3153 
Psychrobacter, 3243 
purple nonsulfur bacteria, 2149 
Rhodocyclus, 2558 
Serratia, 2836 
sulfate-reducing bacteria, 3363 

Capry1ate-thallous (CT) agar 
medium, Serratia, 2825, 2833-
2834, 2836 
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Capsular polysaccharide adhesin, 
Staphylococcus, 1398 

Capsule 
Acinetobacter, 454, 3139 
Actinobacillus, 3346 
Bacillus, 1675, 1682, 1750-1751, 

1757-1759 
Beijerinckia, 2259-2261, 2263 
Clostridium, 1829 
cyanobacteria, 2070 
Cytophagales, 3647, 3652 
Dermatophilus, 1070 
diversity, 53 
Enterobacter, 2810 
Erwinia, 2902 
Escherichia, 649, 2696 
Francisella, 3987, 3991-3992 
Frankia, 1070 
Fusobacterium, 4117 
Geodermatophilus, 1070 
Haemophilus, 649, 3306, 3312, 

3314,3316-3317 
hydrocarbon-oxidizing bacteria, 

454 
Klebsiella, 2777, 2779, 2784-

2785, 2787 
Legionella, 3291 
methanogens, 744 
myxobacteria, 3446, 3456, 3462 
Neisseria, 649, 2503-2505 
Pasteurella, 3333-3334 
Phenylobacterium, 2338 
Porphyromonas, 3615 
Propionibacterium, 837, 841 
purp1e nonsulfur bacteria, 2145 
Siderocapsaceae, 4106-4111 
Simonsiellaceae, 2658-2659, 2661 
Staphylococcus, 1382, 1397-1398 
Streptococcus, 1439, 1460 
virulence and, 649-650 
Zoogloea, 3079 

Carbamate kinase 
anaerobes, 305 
Lactobacillus, 1567 

Carbenicillin resistance/sensitivity 
Aeromonas, 3028 
Citrobacter, 2749-2750 
Edwardsiella, 2741 
Enterobacter, 2804 
Flavobacterium, 3627 
Hafnia, 2820 
Halobacteriaceae, 789-797 
Klebsiella, 2780, 2783 
Kluyvera, 2927 
Listeria, 1608 
Methylobacterium, 2346 
Pseudonocardiaceae, 1012 
Serratia, 2830 
Vibrio, 2978, 2984, 2992, 2995-

2997 
Yersinia, 2878 

Carbohydrase, Thermus, 3750 
Carbohydrate metabolism, diversity, 

55-57 
Carbon dioxide 

as e1ectron acceptor, 58 
geothermal habitat, 3918 
gradients in environment, 94 

Carbon dioxide fixation 
Archaeoglobus, 710 
Chloroflexus, 3764-3765 
Clostridium, 749 

Derxia, 2608 
diversity, 58-59 
homoacetogens, 517-529, 1925 
hydrogen-oxidizing bacteria, 

3926-3927 
methanogens, 719-720, 723, 729-

731, 733-735, 739, 742, 746-
749 

methanotrophs, 2355, 2357 
Methylococcus, 2351 
Mycobacterium, 1224 
Paracoccus, 2321, 2328 
prokaryote-invertebrate 

symbiosis, 3894 
sulfate-reducing bacteria, 3363 
Xanthobacter, 2376 

Carbon dioxide production, 82 
anaerobic Gram-positive cocci, 

1888 
Clostridium, 1833 
Fervidobacterium, 3814 
Lactobacillus, 1548 
Leuconostoc, 1520 
Neisseria, 2506 
Propionibacterium, 840 
Thermotoga, 3810 
Zymomonas, 2287, 2289-2290 

Carbon dioxide requirement 
Brucella, 2393-2394 
Cytophagales, 3657-3658 
Haemophilus, 3309, 3316, 3319 
Mycobacterium, 1218 
Neisseria, 2496-2497, 2505 
Rochalimaea, 2444 

Carbon dioxide utilization, see 
Carbon dioxide fixation 

Carbon isotope ratio, prokaryote
invertebrate symbiosis, 3894-
3895 

Carbon limitation, 203 
Carbon metabolism, prokaryote

invertebrate symbiosis, 3901-
3902 

Carbon monoxide dehydrogenase 
Clostridium, 1836 
homoacetogens, 517-529, 1925 
methanogens, 745-746, 748 
reaction, 59 
sulfate-reducing bacteria, 3369 
sulfidogenic bacteria, 603, 607-

608,613 
Carbon monoxide oxidase, Bacillus, 

3925 
Carbon monoxide pathway, 287 
Carbon monoxide utilization, 83 

Clostridium, 1831 
hydrogen-oxidizing bacteria, 345 
methanogens, 719 
Rhodocyclus, 2559 

Carbon monoxide:methylviologen 
oxidoreductase, Archaeoglobus, 
710 

Carbon requirement, 155-156 
Carbon source, colorless sulfur 

bacteria, 387-390 
Carbon tetrachloride degradation, 

methanogens, 759 
Carbonate-buffered mineral 

medium, homoacetogens, 1927-
1928 

Carbonate-buffered standard 
medium, Propionigenium, 3949 

Carbonic anhydrase 
cyanobacteria, 2095 
Neisseria, 2495, 2505 

Carbonyl sulfide uti1ization, sulfur 
bacteria, colorless, 2646 

Carboxylic acid reductase, 
Clostridium, 1836 

Carboxymethyl cellulose 
degradation 

Cellulomonas, 1328 
Lysobacter, 3266, 3268-3269 
Pseudonocardiaceae, 1015 
Thermomonosporaceae, 1101 

Carboxypeptidase, 
Thermomonosporaceae, 1106 

Carboxysome, 133,321 
ammonia-oxidizing bacteria, 

2628-2629, 2631-2632 
colorless sulfur bacteria, 396-398 
cyanobacteria, 2095, 3841 
hydrogen-oxidizing bacteria, 344 
manganese-oxidizing bacteria, 

2318 
Nitrobacter, 2305-2306 
Nitrococcus, 2307 
Prochlorales, 2108-2109 
Pseudomonas, 3930 
sulfur bacteria, colorless, 2639-

2640 
Carbuncle, Staphylococcus, 1374 
Carciaco Trench, 106-107 
Carcinogen detection, 

bioluminescent bacteria, 634 
Card test, Brucella, 2395 
Cardinal temperatures, 161 
Cardiobacterium, 28, 919, 2121, 

3339-3341 
Cardiobacterium hominis, 2115, 

3319-3320, 3339-3341 
Caries, see Dental caries 
Carminomycin, 1106, 1131 
Carnation, phytopathogenic 

pseudomonads, 3109 
Carnivore, 108 
Carnobacterium, 1521, 1535, 1537-

1559,1573-1578,1601-1602, 
1623-1624 

Carnobacterium divergens, 1511, 
1535, 1560, 1573-1578 

Carnobacterium gallinarum, 1573, 
1577 

Carnobacterium mobile, 1573, 1577 
Carnobacterium piscicola, 1535, 

1560-1561,1573-1574,1576-
1578 

Carococcus, symbiotic, 3856 
Carotenal, Erythrobacter, 2486-2487 
Carotene, 316, 2105 

Chlorobiaceae, 3587 
Erythrobacter, 2487 
Prochlorales, 2105 

Carotenoid, 90-91, 316, 320, 323 
actinoplanetes, 1045 
Agromyces, 1356 
Chlorobiaceae, 3584-3585, 3589 
Chloroflexus, 3762, 3766-3767 
Clavibacter, 1358 
cyanobacteria, 2061 
Cytophagales, 3634, 3656 
Ectothiorhodospira, 3225-3226 
Erythrobacter, 2486-2488 
Flavobacterium, 3627 



Halobacteriaceae, 788 
Heliobacteriaceae, 1981 
Herpetosiphon. 3799 
hydrogen-oxidizing bacteria, 3925 
Methylobacterium. 2346-2347 
Micrococcus. 1300 
myxobacteria, 3447, 3467 
Planococcus. 1781 
Prochlorales, 21 05 
Pseudomona~ 3091 
purple nonsulfur bacteria, 2146-

2148 
Rhodocyclus. 2557-2558 
Saprospira. 3684-3685 
Streptomycetaceae, 956-957 
sulfur bacteria, purple, 3208-

3209,3211-3212 
Thermomicrobium. 3777 

Carrageenase, Cytophagales, 3663 
Carrier (host) 

Anaplasma. 4014-4015 
Bordetella bronchiseptica. 2532 
Bordetella pertussis. 2531, 2538 
Chlamydia. 3701 
Citrobacter. 2746 
Corynebacterium diphtheriae. 

1175, 1180-1181 
Corynebacterium ulcerans. 1181 
Erysipelothrix. 1630 
Haemophilus, 3306, 3310 
Leptospira. 3575 
Neisseria. 2510, 2513 
Renibacterium. 1313 
Salmonella. 651, 2765-2766, 

2769,2771 
Shigella. 2758 
Staphylococcus. 1373 
Yersinia. 2879 

Carrion's disease, see Bartonellosis 
Carrot 

Clostridium. 1832 
Erwinia. 2901 
Lactobacillus. 1545 
Leuconostoc. 1514 
Listeria. 1608 
pathogen, 661 
phloem-inhabiting bacteria, 4031 

Carrot juice agar, Phyllobacterium. 
2602 

Cary-Blair medium, Campylobacter. 
3500 

Caryophanaceae, 1785 
Caryophanales, 1785, 2658 
Caryophanon. 1770, 1785-1788, 

2664 
Caryophanon latum. 1667, 1769, 

1784-1787 
Caryophanon tenue. 1785-1787 
CAS liquid medium 

Cytophagales, 3647-3648, 3650-
3651 

Herpetosiphon. 3794 
myxobacteria, 3436, 3441 

Casamino acids-peptone Czapek 
agar, 1006 

actinoplanetes, 1040, 1045, 1049 
Casein, 1483, 1492 
Casein decomposition test, 1763 
Casein hydrolysate-succinate-salts 

(CHSS) medium, Spirillum. 
2563-2564, 2566-2568 

Casein hydro lysis 

Archaeoglobus. 710 
Arthrobacter. 1293 
Bacillus. 1669, 1761-1762 
Brevibacterium. 1351 
Chromobacterium. 2593 
Clostridium. 1826, 1873 
Deinococcaceae, 3733 
Halobacteriaceae, 789-797 
Herpetosiphon. 3800, 3802 
hydrogen-oxidizing bacteria, 3925 
Lactobacillus, 1568 
Nocardiaceae, 1203 
Plesiomonas. 3036 
Promicromonospora. 1337 
Pseudomonas. 3092 
Pseudonocardiaceae, 1010 
Renibacterium. 1314 
Saccharothrix. 1064 
Saprospira. 3685 
Simonsiellaceae, 2666 
Sporosarcina. 1779 
Streptomycetaceae, 944 
Streptosporangiaceae, 1130-1131 
Thermomonosporaceae, 1102 

Casein peptone-glucose-yeast 
extract-NaCI broth, 
Stomatococcus. 1320 

Caseobacter. 137, 1157, 1214-1215, 
1227 

Caseobacter polymorphus. see 
Corynebacterium variabilis 

Caseous lymphadenitis, 
Corynebacterium. 1181 

Casitone agar, myxobacteria, 3418-
3419 

Casitone broth 
Alteromonas. 3050 
Marinomonas. 3050 
Zoogloea. 3957 

Casitone yeast extract agar, 
Gemmata. 3722-3723 

Cask beer, 2272 
Casman's blood agar, 

Cardiobacterium. 3340 
CASO-medium, Carnobacterium. 

1574, 1576 
Castenholz medium, Chlorojlexus. 

3760 
Castenholz salts, 3775 
Castor bean 

Azotobacteraceae, 3164 
pathogen, 664 

Casuarina. 550 
Cat 

Campylobacter. 3490 
Coxiella. 2473 
Ehr/ichia. 2446 
Fusobacterium. 4116-4117 
Mycobacterium. 1248 
Pasteurella. 3332 
Plesiomonas. 3034 
Rickeusia. 2410 
Simonsiellaceae, 2658-2660, 

2662,2665 
Staphylococcus. 1372-1373 
Streptobacillus. 4023 
Streptomycetaceae, 940 

cat gene 
Escherichia coli. 2298 
Staphylococcus. 1400 

Cat scratch disease, 862 
Catabolic diversity, 55 

Index Volumes I-IV 1-25 

Catabolite repression 
Bacillus. 1685-1686 
bioluminescent bacteria, 630, 633 

Catacandin A, 3268 
Catacandin B, 3268 
Catalase, 141, 308 

Acinetobacter. 3139 
Actinobacillus. 3340 
Actinomyces. 888 
Aeromonas. 3025 
Agrobacterium. 2214 
anaerobic Gram-positive cocci, 

1886-1887 
Aquaspirillum. 2571 
Arthrobacter. 1289, 1291 
Aureobacterium. 1357 
Azotobacteraceae, 3145 
Bacillus. 1669, 1671, 1699, 1703-

1704, 1707, 1710, 1762, 1774 
Bacteroides. 3603 
Bdellovibrio. 3409 
Beijerinckia. 2259 
Bordetella. 3340 
Brochothrix. 1618-1619, 1623 
Brucella. 2384, 3340 
Campylobacter. 3491-3497 
Capnocytophaga. 3340 
Cardiobacterium. 3340-3341 
Caryophanon. 1787 
Chromobacterium. 2592-2593 
Clavibacter. 1359, 1361 
Corynebacterium. 1158, 1172 
Curtobacterium. 1363 
Deinococcaceae, 3736 
Derxia.2607-2608 
dimorphic prosthecate bacteria, 

2178 
Eikenella. 2670, 3340 
Enterobacteriaceae, 2676, 2924 
Erwinia. 668, 2899 
Erysipelothrix. 1624, 1635, 1637 
Erythrobacter. 2486 
Filibacter. 1784 
Gardnerella. 919 
Gemmata. 3722 
Haemophilus. 3312, 3320, 3340 
Hajnia. 2683 
Halobacteriaceae, 788 
Halomonas. 3184 
Herbaspirillum. 2243 
Herpetosiphon. 3800, 3802 
Kingella. 3340 
Kurthia. 1624, 1658 
Lactobacillus. 1562, 1624 
Legionella. 3291 
Leptospira. 3571 
Listeria. 1601-1602, 1606-1607, 

1609, 1624 
Lysobacter. 3265 
Macromonas. 3940 
Marinococcus. 1783 
Methylobacterium. 2346 
Micrococcus. 1300, 1306 
Moraxella. 3276, 3278 
Mycobacterium. 1258-1261 
Neisseria. 2495-2497, 2505 
Oceanospirillum. 3232, 3234 
Ochrobactrum. 2602 
Pasteurella. 3331, 3340 
Phenylobacterium. 2338 
Photobacterium. 3001 
Phyllobacterium. 2602 
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Planococcus, 1782 
Plesiomonas, 3036 
Porphyromonas, 3609 
Promicromonospora, 1337 
Propionibacterium, 834, 839-840, 

845 
Pseudomonas, 3087 
Psychrobacter, 3243 
Renibacterium, 1314 
Rhodococcus, 1192 
Roseobacter, 2157 
Selenomonas, 2007 
Serratia, 2841 
Sporomusa, 2018 
Sporosarcina, 1779 
Staphylococcus, 1370, 1382, 1384, 

1386-1387, 1392 
Stomatococcus, 1321 
Streptobacillus, 3340, 4024 
Streptococcus, 1450 
Thermoleophilum, 3780, 3783-

3784 
Thermomicrobium, 3778 
Thermomonosporaceae, 110 1 
Tsukamurella, 1193 
Verrucomicrobium, 3808 
Xanthobacter, 2373 
Xenorhabdus, 2934 
xylem-inhabiting bacteria, 4041 
Yersinia pestis, 2894 
Zymomonas, 2290 

CATC agar, Carnobacterium, 1578 
Catecho1 utilization 

anaerobes, 303 
sulfate-reducing bacteria, 3371, 

3375 
Catechol-1,2-oxygenase, Alcaligenes, 

2551-2552 
Catellatospora, 1029-1055 
Catellatospora cetrea, 1046 
Catellatospora ferruginea, 1046 
Catellatospora matsumotoense, 1046 
Catellatospora tsunoense, 1046 
Catfish, Edwardsie/la, 2737, 2739-

2740 
Catheter infection 

Bacillus, 1754 
Corynebacterium, 1182 
Enterococcus, 1476 
Kluyvera, 2927 
Providencia, 2854-2855 
Pseudomonas, 3094 
Serratia, 2828 
Staphylococcus, 1375 

Cattle, see also Rumen 
Actinobacillus, 3342-3343, 3345 
Actinomyces, 851, 858, 864-866 
Aeromonas, 3020 
Anaplasma, 4011-4013, 4016-

4017 
anthrax, 1746-1749 
Bacteroides, 3598 
Bi./idobacterium, 816, 820, 822, 

826 
blackleg, 1870 
Borrelia, 3561-3562, 3564 
Brochothrix, 1621 
Brucella, 2384, 2388-2389, 2393, 

2395 
Butyrivibrio, 500 
Campylobacter, 3488-3491, 3504-

3505 

Chlamydia, 3702 
Clostridium, 1825, 1828, 1871, 

1875-1876 
Corynebacterium, 1181-1182 
Cowdria, 2445, 2451 
Coxiella, 2473 
Edwardsiella, 2738 
Ehrlichia, 2445, 2449-2450 
enteritis, 1239 
Enterobacteriaceae, 2678 
Enterococcus, 1476 
Eperythrozoon, 4005, 4007 
Erysipelothrix. 1630 
Escherichia, 644, 2702, 2720 
farcy, 814 
Fusobacterium, 4116-4117 
Haemophilus, 3305, 3320 
Klebsiella, 2777 
Lactobacillus, 1539, 1541 
Listeria, 1597 
mastitis, 1375-1376, 2777, 2827 
Micrococcus, 1300 
Moraxella, 3276-3277 
Morganella, 2857 
Mycobacterium, 1239, 1248 
mycoplasma, 1944 
Nocardia, 1194 
Pasteurella, 642-643, 3332-3334 
Plesiomonas, 3034 
Proteus, 2852 
Providencia, 2855-2856 
Pseudonocardiaceae, 1002 
Rickettsia, 2408 
Salmonella, 2765-2766 
Serratia, 2827 
Simonsiellaceae, 2660 
Staphylococcus, 1372-1376,4077 
streptotrichosis, 1346-1349 
tick-borne fever, 2449-2450 
tuberculosis, 1248 
Yersinia, 2866 

Cauliflower, Arthrobacter, 1286 
Caulobacter, 26, 33, 50-52, 65-67, 

87,91,94, 102,231,255,262, 
268,2131,2160,2164-2165, 
2176-2192,2493 

Caulobacter crescentus, 66, 214-216, 
242,2131,2189 

Caulobacter leidyi, 2189 
Caulobacter vibrioides, 2189 
Cau1obacteria1es, 89 
Caulococcus, 4093-4094 
Caulococcus manganifer, 4094 
Cave, Arthrobacter, 1285 
Cavy, Rickettsia, 2412 
CB medium, myxobacteria, 3438 
CC agar, see Cook's Cytophaga agar 
CC medium 

Actinomyces, 870-871 
Propionibacterium, 845 

CC-494 medium, Spiroplasma, 1968 
CDC enteric group I, 2722 
CDC group EF-4, 2122-2123, 2495 
CDC group EO-2, 3242, 3244 
CDC group 11 D, see 

Cardiobacterium 
CDC group IVc-2, 2545 
CDC group M-5, 2122, 2495 
CDC group Vd, 2545, 2548, 2601 
CDC medium 1494, Vibrio, 2963 
Cecropin, 1718 
Cecum, 108 

cellulo1ytic bacteria, 480, 486 
normal flora, 110-111 

Cedecea, 2114, 2923-2926 
Cedecea davisae, 2674, 2923-2926 
Cedecea lapagei, 2674, 2923-2926 
Cedecea neteri, 2674, 2923-2924, 

2926 
Cefamandole resistance/sensitivity, 

see Cepha10thin resistance/ 
sensitivity 

Enterobacter, 2804 
Klebsiella, 2780 

Cefazolin resistance/sensitivity, 
Campylobacter, 3501 

Cefoperazone resistance/sensitivity, 
Campylobacter, 3501 

Cefotaxime resistance/sensitivity 
Enterobacter, 2804 
Klebsiella, 2780 
Serratia, 2831 

Cefotoxin resistance/sensitivity, 
Clostridium, 1867-1868, 1871 

Cefoxitin resistance/sensitivity 
Citrobacter, 2750 
Proteus, 2852 

Ceftazidime resistance / sensi ti vity, 
Klebsiella, 2780 

Ceftizoxime resistance/sensitivity, 
Brucella, 2396 

Ceftriaxone resistance/sensitivity 
Borrelia, 3564 
Brucella, 2396 

Cefuroxime resistance/sensitivity 
Klebsiella, 2780 
Proteus, 2852 

cel gene, 499 
Cellulomonas, 2298 
Erwinia, 2298 
Xanthomonas, 2298 

CELI agar 
Cytophaga1es, 3642-3643 
Herpetosiphon, 3801 

CELI liquid medium, Cytophagales, 
3650 

CEL3 agar, myxobacteria, 3430, 
3432 

Celery, mycop1asma-1ike organism, 
4052 

Cell count, 174, 407 
Cell culture 

Chlamydia, 3691, 3697, 3702-
3704 

L-forms, 4077 
Cell death, 171 
Cell division strategies, 65 
Cell envelope 

archaebacterial, 138 
Chlamydia, 3692 
methanogens, 749-756 
Pseudomonadaceae, 3081 

Cell grouping, 51-52 
Cell mass preparation, Actinomyces, 

881 
Cell membrane 

Chlamydia, 3694-3696 
composition, 134-135 
methanogens, 750-754, 757 
photosynthesis, 316-319 

Cell plate, Brachyarcus, 4097 
Cell shape, 131 

coccal, 50 
diversity, 48-51 



myxobacteria, 3442 
rod, 51 
spiral, 51 

Cell size, 131 
Cell surface, diversity, 51-54 
Cell wall, see also Peptidoglycan 

Actinomadura. 1063 
Actinomyces. 852,878-879, 881-

883 
actinoplanetes, 1029, 1042-1044, 

1046-1048 
Agromyces, 1356-1357 
Amycolata. 1063 
Amycolatopsis, 1063 
Arcanobacterium, 882 
archaebacterial, 54 
Arthrobacter. 1284, 1287, 1289-

1294 
Aureobacterium, 1357-1358 
Bacillus. 1668, 1676, 1699, 1707, 

1730 
BartoneIla, 3999 
Beggiatoa, 3176 
Bifidobacterium. 826-827 
Borre/ia, 3560 
Brochothrix, 1618, 1620, 1623-

1624 
Butyrivibrio, 2022, 2027-2028 
Cardiobacterium, 3339-3340 
Caryophanon, 1785, 1787 
Cellulomonadaceae, 1324 
Clavibacter, 1359, 1361 
Clostridium, 1800-1801, 1813, 

1816-1818 
composition, 135-138 
Corynebacterium, 1157-1158, 

1160, 1173 
Curtobacterium, 1363-1364 
deficiency, see L-form 
Deinococcaceae, 3733-3734, 

3736, 3738-3740 
Dermatophilus, 1070, 1347 
Desu/fotomaculum, 1792 
diversity, 54 
Erysipelothrix, 1629-1630, 1634 
Eubacterium. 1919-1920 
Filibacter, 1784 
Frankia, 1070, 1077 
Fusobacterium, 4117 
Gemella, 1643, 1647-1648 
Gemmata. 3723-3724, 3726 
Geodermatophilus. 1070 
Gram stain, 54 
Halobacteriaceae, 778-779, 788 
Halomonas, 3185-3186 
halophilic cocci, 1780 
Heliobacteriaceae, 1982-1983, 

1990 
Herpetosiphon. 3788, 3798, 3801 
homoacetogens, 1932 
Isosphaera, 3725 
Kurthia. 1658 
Lactobacillus, 1559 
Legionella, 3292 
Leptospira. 3570 
Leuconostoc. 1521-1524 
Marinococcus. 1782 
methanogens, 720, 729, 739, 749-

757 
Methylobacterium, 2346 
Microbacterium. 1364-1365 
Micrococcus. 1300, 1303 

Mobiluncus, 911 
Mycobacterium. 1215, 1221, 1227 
myxobacteria, 3446 
Neisseria, 2495 
Nocardiaceae, 1188 
Nocardioides, 1063 
Nocardiopsis, 1063, 1140-1143, 

1146 
Oerskovia, 1333 
Pectinatus, 1996-1997 
phloem-inhabiting bacteria, 4042-

4043 
phototrophs, 323 
as phylogenetic measure, 7 
Planctomycetales, 3710 
Planococcus, 1781 
plant pathogenic coryneforms, 

666 
Prochlorales, 2105 
prokaryotic symbionts, 3857 
Promicromonospora, 1337 
Propionibacterium, 835-837, 839, 

841-842, 844-845 
Proteus, 2850 
Pseudonocardiaceae, 996, 998, 

1015 
Renibacterium, 1312, 1314 
Rothia, 882 
Saccharothrix, 1061, 1063, 1065-

1066 
Saprospira, 3682-3683 
Serratia, 2829 
Simonsiellaceae, 2666 
spirochetes, large symbiotic, 3969 
Sporolactobacillus, 1772 
Sporomusa, 2016-2017 
Sporosarcina, 1778 
Staphylococcus, 1303, 1370, 1382, 

1385, 1388 
Streptococcus, 1425, 1427, 1432-

1433 
Streptomycetaceae, 921-922 
Streptosporangiaceae, 1115-1116, 

1126 
structure, 135-138 
sulfidogenic bacteria, 585 
Sulfolobales, 689 
syntrophic bacteria, 2052 
Thermoleophilum, 3781 
Thermomicrobium, 3778 
Thermomonosporaceae, 1085-

1086, 1090, 1096 
Thiovulum, 3945 
Tsukamurella, 1193 
Verrucomicrobium, 3808 
Vibrio, 2953 
Wolinella, 3516-3518 
Xanthobacter, 2373-2374 
xylem-inhabiting bacteria, 4039-

4040 
Cellobiase 

Erwinia, 2913 
myxobacteria, 3467 

Cellobiohydrolase, cellulolytic 
bacteria, 468 

Cellobiose epimerase, assay, 465, 
467 

Cellobiose medium, Clostridium, 
1802 

Cellobiose phosphorylase 
assay, 465-467 
cellulolytic bacteria, 479-501 
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Cellulomonas, 1328 
Clostridium, 1837 

Cellobiose reaction, Escherichia, 
2722 

Cellobiose utilization 
Actinobaci/lus, 3347 
Actinomyces, 889 
Agrobacterium, 2214 
anaerobic Gram-positive cocci, 

1889-1890 
Arcanobacterium, 889 
Arthrobacter, 1285 
Bacteroides, 3603-3604 
Bifidobacterium, 821, 825 
Brochothrix, 1625 
Butyrivibrio, 2028 
Cardiobacterium, 3341 
Chromobacterium, 2593 
Clostridium, 1825, 1831, 1833, 

1836, 1870, 1874-1875 
Edwardsiella, 2741 
Enterobacter, 2806 
Enterobacteriaceae, 2923 
Escherichia, 2698, 2931 
Eubacterium, 1916 
Flavobacterium, 3624 
Hafnia, 2818-2819,2931 
Haloanaerobiaceae, 1899 
hydrogen-oxidizing bacteria, 364, 

366 
Klebsiella, 2785 
Lactobacillus, 1563-1565 
Leuconostoc, 1522 
Lysobacter, 3268 
Nocardiaceae, 1205 
Nocardiopsis, 1152 
Obesumbacterium, 2931 
Pectinatus, 1999 
Photobacterium, 634, 2981 
phytopathogenic pseudomonads, 

3105 
Planctomyces, 3716 
Plesiomonas, 3036 
Promicromonospora, 1337 
Pseudonocardiaceae, 1012-1013 
rhizobia, 2200 
Rothia, 889 
Saccharothrix, 1064 
Selenomonas, 2009-2010 
Shigella, 2755 
Spirochaeta, 3527 
Staphylococcus. 1384, 1386-1387 
Streptococcus, 1428, 1433 
thermoanaerobic saccharolytic 

bacteria, 190 I, 1908-1909 
Thermomonosporaceae, 1104-

1105 
Vibrio. 634, 2973, 2977-2978, 

2981, 2995 
Yersinia, 2688, 2874 

Cellobiosidase, cellulolytic bacteria, 
479-501 

Cellodextrin phosphorylase, assay, 
465,467 

Cellodextrinase 
assay, 465-466 
cellulolytic bacteria, 478-501 

Cell-surface antigen, myxobacteria, 
3449 

Cellular tropism, Chlamydia, 3698 
Cell ulase, 501-502 

aphid symbiont, 3911 
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assay, 462-464 
cellulolytic bacteria, 468-470 
Cellulomonas, 1328-1329,2298 
Clostridium, 1837 
Cytophagales, 3663 
Erwinia, 2298, 2913 
genetically-engineered, 2725 
Herpetosiphon, 3801 
prokaryote-invertebrate 

symbiosis, 3899-3900 
Pseudonocardiaceae, 1016-10 17 
recombinant DNA technology, 

469-470 
Streptomycetaceae, 932, 979 
Streptosporangiaceae, 1133-1134 
Thermomonosporaceae, 1103-

1107 
Cellulitis 

Bacillus, 1753-1754 
Chromobacterium, 2593 
Erysipelothrix, 1632 
Escherichia coli, 2718 
Haemophilus, 3304, 3306 
synergistic necrotizing, see 

Synergistic necrotizing cellulitis 
Yersinia, 2870 

Cellulodextrinase, Fibrobacter, 3605 
Cellulolytic bacteria, 460-502 

aerobic, 487-501 
aerobic and anaerobic, 460-461 
anaerobic, 479-487 
applications, 501-502 
with azospirilla, 2248 
individual species, 478-501 
invertebrate symbiosis, 3892, 

3898-3900 
screening for, 462-463 

Cellulolytic enzymes 
active sites, 468 
assay, 463-467 
biology, 467-470 
domain stroctures, 467, 469 
genetically-engineered, 488, 490-

491, 493, 495, 497-499 
mechanism,470-478 
stereochemical course of reaction, 

468-469 
Cellulomonadaceae, 24, 1323-1339 
Cellulomonas, 24, 470-471,489-

491, 1284, 1320, 1323-1329, 
1334, 1352, 2248 

Cellulomonas biazotea, 489, 1326-
1327, 1330 

Cellulomonas cariae, see 
Cellulomonas cellulans 

Cellulomonas cartae, 1330-1332 
Cellulomonas cellasea, 479, 489, 

1327 
Cellulomonas cellulans, 479, 489, 

1323, 1330 
Cellulomonas fermentans, 479, 489-

490, 1325, 1327-1328 
Cellulomonas fimi, 467-469, 479, 

485,489-491,1327-1329 
Cellulomonas fini, 2725 
Cellulomonas flavigena, 469, 479, 

489-491, 1325-1327, 1329 
Cellulomonas gelida, 461, 479, 489, 

1327 
Cellulomonas turbata, 479, 489 
Cellulomonas uda, 461, 469, 479, 

482,489-490, 1327-1328,2298 

Cellulose, adhesion to, 471 
Cellulose asparagine agar, 

actinoplanetes, 1038 
Cellulose degradation, 78, 93, 107-

108 
actinoplanetes, 1034-1035 
anaerobic Gram-positive cocci, 

1889-1890 
Bacteroides, 3605 
Brochothrix, 1625 
Butyrivibrio, 2023-2024, 2027-

2028 
cellulolytic bacteria, 460-502 
Cellulomonas, 1325-1329 
Clostridium, 1804, 1810-1811, 

1825, 1829-1831, 1834, 1836-
1837, 1876 

Cytophagales, 3634, 3638-3651, 
3657-3658, 3660, 3662-3663 

Eubacterium, 1916 
Frankia, 1074 
Herpetosiphon, 3800-3802 
Jonesia, 1338-1339 
myxobacteria, 3417, 3422, 3425-

3426, 3430, 3432, 3437, 3440, 
3467 

Oerskovia, 1332 
Pseudonocardiaceae, 1014, 1017-

1018 
romen, 110 
Sporosarcina, 1779 
Streptomycetaceae, 932, 934 
syntrophic coculture, 277 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Thermomonosporaceae, 1092, 

1103-1107 
Thermotoga, 3810 

Cellulose medium, 
Pseudonocardiaceae, 1004 

Cellulose production, acetic acid 
bacteria, 2280, 2282 

Cellulose synthase, acetic acid 
bacteria, 2280 

Cellulose-binding factor, 471 
Cellulosome,471-476 

Clostridium, 1821 
mechanism of cellulose 

hydrolysis, 475-478 
Cellvibrio, 491-493, 2115 
Cellvibrio flavescens, 479, 492 
Cellvibrio fulvus, 479, 492-493 
Cellvibrio gilvus, 479, 482, 492 
Cellvibrio mixtus, 479, 492, 560, 

2119 
Cellvibrio ochraeus, 479,491-492 
Cellvibrio viridus, 479, 492 
Cellvibrio vulgaris, 479, 492-493 
cen genes, 490-491 

Cellulomonas, 1328-1329 
Centipeda, 25, 910, 2008-2009 
Centipeda periodontii, 2005-2006, 

2009-2010 
Central nervous system infection, 

Escherichia coli, 2718 
Centunculo-Anthocerotetum

association, 3836 
Cephabacin, Lysobacter, 3267-3268 
Cepha10ridine resistance/sensitivity, 

Listeria, 1608 
Cephalosporin, L-form induction, 

4070 

Cephalosporin resistance/sensitivity 
Aeromonas, 3028 
Bacillus, 1756 
Brucella, 2396 
Citrobacter, 2747, 2749-2750 
Clostridium, 1871 
Eikene/la, 2671 
Erysipelothrix, 1633 
Fusobacterium, 4118 
Geme/la, 1645 
Halobacteriaceae, 791-797 
Leptotrichia, 3984 
methanogens, 757 
Mobiluncus, 911 
Plesiomonas, 3038 
Serratia, 2830-2831 
Yersinia, 2878, 2891 

Cephalosporinase, Enterobacter, 
2804 

Cephalothin, L-form induction, 
4073 

Cephalothin resistance/sensitivity 
Campylobacter, 3492-3496, 3499, 

3501 
Cedecea, 2925-2926 
Citrobacter, 2750 
Clostridium, 1868 
Edwardsiella, 2741 
Enterobacter, 2804 
Hafnia, 2820 
Klebsie/la, 2780 
Kluyvera, 2927 
methanogens, 724 
Methylobacterium, 2346 
Serratia, 2830, 2832 
Vibrio, 2984 
Yersinia, 2878 

Cephamycin, 978 
Ceramide, myxobacteria, 3447 
Cereal 

Agrobacterium, 2227-2228 
Azospiri//um, 2237, 2244, 2246-

2247, 2249 
Lactobacillus, 1546 

Cerebritis, Staphylococcus, 1374 
Cerebroside, myxobacteria, 3447 
Cerebrospina1 fluid 

Bacillus, 1755, 1757 
Borrelia, 3560, 3565 
Brucella, 2392 
Cardiobacterium, 3339-3340 
Enterobacter, 2803 
Flavobacterium, 3622 
Geme/la, 1646 
Leptospira, 3578 
Neisseria, 2513 
Oerskovia, 1333 
Plesiomonas, 3031 
Pseudomonas, 3095 
Salmonella, 2767 
Staphylococcus, 1380 
Streptococcus, 1459 
Vibrio, 2960 

Cerebrospinal fluid shunt infection, 
Staphylococcus, 1374 

Cereolysin, 1757 
Cerexin, 1688 
Cerophyl medium, Paramecium 

with symbiont, 3869 
Cervical lesion 

Haemophi/us, 3310 
Streptobacillus, 4023 



Cervicitis 
Brucella. 2391 
Chlamydia. 3694. 3698. 3701 
Staphylococcus. 1374 

Cervicofacial actinomycosis, 859-
860, 862 

Cervix 
Neisseria. 2509, 2511-2513 
Porphyromonas. 3609 

Cetacean, Erysipelothrix. 1630 
Cetocycline, 1020 
Cetrimide medium 

Eikenella corrodens. 2670 
phytopathogenic pseudomonads, 

3121 
Pseudomonas. 3090 

cex genes, 490-491 
Cellulomonas. 1329 

CF agar, myxobacteria, 3433 
CFA, see Colonization factor 

antigen 
cix genes, Xanthobacter. 2378 
CG agar, myxobacteria, 3433 
Chain formation, 51-52 
Chainia. 923, 925-926, 970, 974 
Chalarodora azurea, 3838 
Chalcopyrite oxidation, 405 
Chalk agar, homoacetogens, 1929 
Chamaesiphon, 26, 69, 324, 2070 
Chamaesiphonaceae, 2069 
Chamber culture, myxobacteria, 

3434-3435 
Chancroid, 3316 

Haemophilus, 3309-3310 
Chang and Morris medium, 

Paracoccus, 2323-2324 
Chaos carolinensis symbionts, 3859 
Chaperonin 

cyanobacteria, 2095 
Treponema, 3541 

Char, Renibacterium, 1312 
Characterization, 126-144 
Charcoal horse blood agar, 

Bordetella, 2532 
Charcoal yeast extract agar, 

Legionella, 3289-3291 
Che proteins, 247-249 
Cheese 

Aureobacterium, 1358 
Brevibacterium, 1351, 1353 
Brucella. 2389 
Clostridium, 1810, 1838 
Corynebacterium. 1158-1159 
geographical distribution of 

production, 1484 
Lactobacillus. 1539, 1547-1548, 

1555,1571-1572 
Lactococcus, 1483-1484, 1492-

1494 
Leuconostoc, 1513 
Listeria, 1598 
Microbacterium, 1364 
Pediococcus, 1503 
Propionibacterium, 834-846 

Chelating agent sensitivity, 
dimorphic prosthecate bacteria, 
2189 

Chemical resistance, Bacillus, 1686-
1687, 1747 

Chemical sterilization, 173 
Chemiprobe kit, mycoplasma, 1951 
Chemoautotrophy, Beggiatoa, 3177 

Chemocline, 95-97 
Chemodenitrification, 2302 
Chemoeffector, 247 
Chemoheterotrophy, cyanobacteria, 

2061 
Chemolithoautotroph, 81, 83 

Xanthobacter, 2375-2377 
Chemolithoheterotroph, colorless 

sulfur bacteria, 389, 393 
Chemolithotroph, 154, 156, 331-340 

carbon dioxide fixation, 58-59 
evolution, 339-340 
heterotrophy, 333-336 
novel reactions, 337-339 
obligate, 336-337 

Chemoorganoheterotroph, colorless 
sulfur bacteria, 389-390 

Chemoorganotroph, 154, 156, 313 
Chemoorganotrophic potential, 336-

337 
Chemostat, 158-159, 180-181 

coupled, 159-160 
Paracoccus, 2323-2325 

Chemosynthesis, 152, 331 
energy supply pathway, 106 

Chemotactic method, actinoplanetes 
isolation, 1040-1041 

Chemotaxis, 62, 99, 246-250, 254-
256 

Actinoplanaceae, 812 
actinoplanetes, 1031 
Agrobacterium, 2219 
Beggiatoa, 3178 
metabolism and, 249 
methanogens, 758 
plant pathogenic coryneforms, 

667 
receptor-dependent, 247 
receptor-independent, 249-250 
rhizobia, 2203 
Spirochaeta, 3527-3530 
Thiovulum, 3942-3944 
Xanthomonas, 670 

Chemotaxonomic marker, 130 
Chemotroph, 55, 154 
Chemotyping, 137 
Chemovar, 128 
Cherry 

Erwinia, 2908 
mycoplasma-like organism, 4050-

4051 
Spiroplasma, 1967 

chi genes, Serratia, 2832 
Chica beer, Zymomonas, 2287 
Chicken 

Bifidobacterium, 816, 822 
Carnobacterium, 1573 
Erysipelothrix, 1630 
Kurthia, 1654-1656 
Lactobacillus, 1539, 1541, 1543 
Mycobacterium, 1244 
mycoplasma, 1944 
Plesiomonas, 3032 
Rickettsia, 2410 
Serratia, 2827 
Simonsiellaceae, 2660 

Chicken egg, embryonated, isolation 
of rickettsiae in, 2429 

Chicken feed, Sporolactobacillus, 
1770 

Chigger 
Coxiella, 2473 

Index Volumes I-IV 1-29 

Rickettsia, 2422 
Chimpanzee 

Haemophilus, 3307 
Mycobacterium leprae, 1273 
Plesiomonas, 3034 

Chinaberry, dieback, 4031 
Chinese cabbage, Erwinia, 2907-

2909 
Chinese characters, 

Corynebacterium, 1177 
Chinese flower, Spiroplasma, 1964 
Chinese hamster ovary cell toxin, 

644 
Chipmunk 

Erysipelothrix, 1630 
Rickettsia, 2412, 2417 
Wolbachia, 2478 

Chiroptera, Grahamella, 4001 
Chitin agar, see also CT7 agar 

Lysobacter, 3260 
Nocardiaceae, 1197 
Streptomycetaceae, 945 

Chitin degradation, 93 
actinoplanetes, 1034-1035 
Clostridium, 1804, 1834 
Cytophagales, 3634, 3638, 3641, 

3659, 3663 
Haloanaerobiaceae, 1899 
Herpetosiphon, 3800-3801 
Lysobacter, 3260-3261, 3265 
myxobacteria, 3467 
Pseudonocardiaceae, 1019 
psychrophiles, 83 
Sporosarcina, 1779 
Streptomycetaceae, 927, 933, 942, 

944,966 
Streptosporangiaceae, 1133 
Vibrio, 2968, 2987 

Chitinase 
Alteromonas, 3055,3061,3063 
Arthrobacter, 1294 
Cytophagales, 3663 
Lysobacter, 3256, 3269 
Marinomonas, 3055, 3061, 3063 
Oerskovia, 1332 
Photobacterium, 3002 
Serratia, 2826,2831-2832 
Streptomycetaceae, 933, 979 

Chitinophaga, 3652, 3661 
Chitin-Vagar, Streptosporangiaceae, 

1123-1124 
Chitobiase 

Cytophagales, 3663 
Streptomycetaceae, 933 

Chitosanase, Lysobacter. 3269 
chi genes, 566 
Chlamydia, 30, 33, 35, 70-71, 222-

223, 647, 2402-2404, 3691-
3705, 3996 

Chlamydia pneumoniae, 2401, 
3691-3700, 3702-3704 

Chlamydia psittaci, 223, 2401, 
3691-3699, 3703-3704 

Chlamydia trachomatis, 647,2510, 
3691-3701, 3703-3705 

Chlamydiaceae, 3691 
Chlamydiae, 15 
Chlamydiales, 2401, 3691 
Chlamydomonas medium, ciliate, 

3869-3870 
Chloramphenicol acetyltransferase, 

Escherichia coli, 2298 
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Chloramphenicol production 
Streptomycetaceae, 926, 978 
Streptosporangiaceae, 1133 

Chloramphenicol resistance/ 
sensitivity 

Aeromonas, 3028 
aphid symbiont, 3907-3908 
Bacillus, 1728, 1756 
BartoneIla, 3999 
Bi/zdobacterium, 829 
Campylobacter, 3499 
Chlamydia, 3692, 3697 
Citrobacter, 2749 
Clostridium, 1867-1868, 1876 
Corynebacterium, 1183 
Cytophagales, 3659, 3665 
Edwardsiella, 2741 
Enterobacter, 2804 
Erysipelothrix, 1633 
Erythrobacter, 2488 
Francisella, 3989 
Gemella, 1645 
HaJnia, 2820 
Halobacteriaceae, 789-797 
Halomonas, 3185 
Leptotrichia, 3984 
Listeria, 1608 
Lysobacter, 3266, 3268 
methanogens, 756 
myxobacteria, 3451, 3467 
Propionibacterium, 841, 845 
Proteus, 2852 
Pseudomonas, 3096 
Pseudonocardiaceae, 10 I 0 
Rickettsia, 2412 
Rochalimaea, 2444 
Roseobacter, 2157 
Salmonella, 2770 
Serratia, 2830 
Staphylococcus, 1400-1402 
thermoanaerobic saccharolytic 

bacteria, 1904 
Vibrio, 2984 
Xanthobacter, 2375 
Yersinia, 2878, 2891 
Zymomonas, 2294 

Chloranty mycoplasma-like 
organism, 4060 

Chlorella, caulobacters associated 
with, 2181, 2192 

Chloridazon utilization, 
Phenylobacterium, 2335, 2337 

Chlorination, control of Legionella, 
3295 

2-Chloroacetaldehyde 
dehydrogenase, Xanthobacter, 
2378 

Chloroacetate dehalogenase, 
Xanthobacter, 2378 

Chlorobactene, 323 
Chlorobiaceae, 3587, 3589 

Chlorobenzoate degradation, 
Arthrobacter. 1286 

Chlorobiaceae, 59-60, 131, 133, 
135,312,317,321,323,537, 
540, 3200, 3202, 3583-3589, 
3754 

Chlorobium, 30, 33, 35, 55, 80, 102, 
276,546,1981,3201,3583-
3589 

Chlorobium chlorovibroides, 3587 

Chlorobium limicola, 35, 81, 320, 
537, 545, 3583-3584, 3587-
3589 

Chlorobium phaeobacteroides, 106, 
537, 3584-3585, 3587, 3589 

Chlorobium phaeovibrioides, 3584, 
3587-3588 

Chlorobium thiosulfatophilum, 537, 
545 

Chlorobium vibrioJorme, 537, 3585, 
3587, 3589, 3776, 4097 

Chlorocarcin, 977 
"Chlorochromatium, " 278, 294, 

323, 3583-3585 
Chlorochromatium aggregatum 

consortium, 294, 323, 3583-
3585 

Chlorochromatium glebulum 
consortium, 3583-3585 

Chlorococcidiopsis, 3822 
Chlorococcum, caulobacters 

associated with, 2181 
2-Chloroethanol dehydrogenase, 

Xanthobacter, 2378 
Chloroflexaceae, 135, 312, 321, 323, 

537, 540, 3754-3770 
Chloroflexirubin, 3638 
Chlorof/exus, 13,30, 33, 35, 80-81, 

99,317,586,1988,2080-2081, 
3754-377~ 3775, 378~ 378~ 
3791, 3795, 379~ 3801 

cyanobacteria contaminated with, 
3758 

green, 3757-3758, 3761-3762, 
3764 

Chlorof/exus aurantiacus, 81,84, 
537, 2081, 3745, 3754-3768, 
3776,3802 

Chlorof/exus-like organism, marine, 
3756 

Chloroform degradation, 
methanogens, 759 

Chlorogloeopsis, 26, 538, 2076 
Chlorogloeopsis fritschii, 2092 
Chloroherpeton, 30, 33, 35, 323, 

3756 
Chloroherpeton thalassium, 537, 

3585-3587 
Chloromycetin resistance/sensitivity 

Halobacteriaceae, 790-797 
Thermomicrobium, 3777 

Chloronema, 3754, 3756, 3763, 
3770 

Chloronema gigantea, 3756, 3763 
Chloronema spiroideum, 3763 
Chlorophenol degradation, 

Alcaligenes, 2551 
Chlorophenol hydroxylase, 

Alcaligenes, 2551 
Chlorophyll, 60-61 

cyanobacteria, 2058, 2060 
Prochlorales, 2105, 2108-2109 

Chlorophyll a, 314-316, 322 
Chlorophyll b, 316 
Chlorophytan, 316-317 
Chloroplast, 11,33,316,327-328 

evolution, 3855-3856 
ribosom al RNA, 26 

Chloropolysporin, 1021 
3-Chloro-I-propene utilization, 

Xanthobacter, 2379 

Chloropseudomonas ethylica, 102, 
323 

Chlororaphin, 956-957 
Pseudomonas, 3091 

Chlorosis, 659 
Chlorosome, 133,316-317,320 

Chlorobiaceae, 3586 
Chloroflexaceae, 3754 
Chlorof/exus, 3762, 3767-3770 
"Oscillochloris, " 3763 

Chloroxybacteria, 3822 
Chlortetracyciine resistance/ 

sensitivity 
Erythrobacter, 2488 
Listeria, 1608 

Chocolate agar 
Cardiobacterium, 3340 
Eikenella, 2668-2669 
Haemophilus, 3313-3315 
Neisseria, 2496, 2512 

Chocolatized blood agar, 
Corynebacterium, 1174 

Cholecystitis, Plesiomonas, 3031 
Choleglobin, 1551 
Cholera, 151,645,2938,2947, 

2952, 2956-2958, 2964, 2966, 
2970, 2987-2990 

Cholera toxin, 645, 2988-2990, 
3018-3019 

Cholera-Iike diarrhea, 2712 
Cholesterol, see also Sterol 

Streptobacillus, 4023 
Cholesterol degradation 

Mycobacterium, 1231 
Streptomycetaceae, 945 

Cholesterol requirement, 
Treponema, 3544 

Choline utilization 
Arthrobacter, 1286 
homoacetogens, 1930 
methanogens, 719 
sulfate-reducing bacteria, 3367, 

3371 
sulfidogenic bacteria, 587, 608, 

612 
Chondrococcus, see Corallococcus 
Chondrococcus columnaris. see 

Cytophaga columnaris 
Chondromyces. 29, 3267, 3420, 

3426, 3435, 3440-3442, 3452-
3455, 3458, 3468, 3471, 3473 

Chondromyces apiculatus, 227, 
3421-3422, 3434, 3456, 3458-
3459, 3462 

Chondromyces catenulatus, 3473 
Chondromyces crocatus, 3416-3417, 

3434, 3443, 3455, 3458, 3460-
3461, 3473 

Chondromyces lanuginosus. 3434, 
3460-3461, 3473 

Chondromyces pediculatus. 3421, 
3434, 3460-3461, 3473 

Chopped meat medium 
anaerobic Gram-positive cocci, 

1881 
Bi/zdobacterium. 823 
Propionibacterium, 837 

Chopped meat-glucose broth, 
Gemella. 1647 

Chorioamnionitis 
Corynebacterium. 1182 
Fusobacterium, 4116 



Lactobacillus, 1544 
Christensen's citrate agar, Shigella, 

2755-2756 
Christensen's urea agar 

Brucella, 2394 
Yersinia, 2877 

Christiansen medium, Treponema, 
3553 

Christispira pectinis, 3965-3977 
Chrococcidiopsis, 238 
Chromate reduction, Enterobacter, 

2805 
Chromateaceae, 321, 323 
Chromatiaceae, 28, 96, 131-132, 

135,312,320,537,540,2121-
2122, 3200-3216, 3226, 3583, 
3586 

Chromatic adaptation, 
cyanobacteria, 2060, 2093 

Chromatium, 28, 33, 101, 131,243, 
252,254, 318,402, 545-546, 
589,783,2081,2121,2152, 
2566, 2625, 2956, 3080, 3201-
3202, 3214, 3216, 3223 

Chromatium buderi, 96, 3207-3208 
Chromatium gracile, 537, 3206, 

3208,3214-3215 
Chromatium minus, 537,3201, 

3206, 3208, 3215 
Chromatium minutissimum, 537, 

3206, 3208 
Chromatium okenii, 78,81,96, 

3200-3203, 3207-3208, 3210, 
3212,3215 

Chromatium purpuratum, 3208, 
3214 

Chromatium salexigens, 3207-3208 
Chromatium tepidum, 1988, 3201, 

3208 
Chromatium vinosum, 78, 399, 537, 

545, 594, 2646, 3201, 3206, 
3208,3210,3213-3216,3776 

Chromatium violascens, 537, 3206, 
3208, 3215 

Chromatium warmingii, 96, 537, 
3207-3208,3212,3214-3215 

Chromatium weissei, 78, 96, 537, 
3207, 3209, 3215 

Chromobacter, 660 
Chromobacteriosis, 2592-2593 
Chromobacterium, 27, 2123, 2495, 

2591-2598, 2601, 3620 
"Chromobacterium" fluviatile, 

2594-2595 
Chromobacterium folium, 2129, 

2133 
Chromobacterium lividum, see 

Janthinobacterium lividum 
"Chromobacterium marismortui," 

3190-3191,3193 
Chromobacterium violaceum, 559, 

571, 956, 2123, 2591-2597, 
2605, 2932 

Chromohalobacter, 783 
Chromophore assay, Streptococcus, 

1424 
Chromosome mapping 

Haemophilus, 3324 
Staphylococcus, 1403-1404 
Streptomycetaceae, 979 

Chronic alveolar emphysema, 
Actinobacillus, 3343 

Chroococcaceae, 2069, 3837 
Chroococcacean cyanobacteria, 324 
Chroococca1es, 2058-2059, 2069-

2071, 3821-3822, 3825, 3827 
Chroococcidiopsis, 538,2062,2071-

2072, 3825, 3828 
Chroococcus, 2071, 3822-3823, 

3825, 3827 
Chroostipes, 3822 
Chrysanthemum 

Agrobacterium, 2215 
pathogen, 664 

Chrysophyta, 3838 
Chrysostephanosphaera symbionts, 

3856 
CHSS medium, see Casein 

hydrolysate-succinate-salts 
medium 

Chuangxinmycin, 1054 
chv genes, Agrobacterium, 2219 
Chymotrypsin, Gemella, 1645 
Cider 

acetic acid bacteria, 2269, 2275 
Lactobacillus, 1549, 1556, 1567 
Leuconostoc, 1509-1510 
Zymomonas, 2287, 2289 

Cider sickness, 2269, 2287 
Cilia, Bordetella, 2531 
Ci1iate, 12 

anaerobic, 80, 3883-3886 
Legionella, 3296 
marine, 3884-3885 
methanogens-associated with, 738 
prokaryotic symbiont, 3865-3886 
rumen, 3883-3886 
sand-dwelling, 3883-3886 
sapropelic, 3884-3886 

Cillobacterium cellulosolvens, see 
Eubacterium cellulosolvens 

CIN medium 
Aeromonas, 3023 
Yersinia, 2875-2876 

Cinnamate uti1ization, Kurthia, 
1659 

Ciprofloxacin resistance/sensitivity 
Bacillus, 1756 
Chromobacterium, 2593 
Citrobacter, 2749 
Legionella, 3286 
Rickettsia, 2410 

Circulin, 1688 
Cirrhosis, Escherichia coli, 2718 
Cistron simi1arities, ribosom al 

RNA,2111-2135 
Citraconate uti1ization 

Methylobacterium, 2347 
Nocardiaceae, 1204 
rhizobia, 2200 

Citrama1ate dehydratase, 
Clostridium, 301-302 

Citramalate hydrolase, Clostridium, 
1835 

Citramalate lyase, Clostridium, 301-
302, 1835 

Ci trate agar 
Christensen's, see Christensen's 

citrate agar 
Simmons', see Simmons' citrate 

agar 
Citrate lyase 

Chlorobiaceae, 3589 
Clostridium, 1833-1834 
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Leuconostoc, 1518 
Rhodocyclus, 2559 

Citrate synthase 
Chloroflexus, 3765 
Clostridium, 1822, 1839 
Corynebacterium, 1163 
Methylobacterium, 2346 
Phenylobacterium, 2340 
purple nonsulfur bacteria, 2150 
Staphylococcus, 1389 
Sulfoloba1es, 693 
Thermoleophilum, 3784 
Thermoplasma, 717 
Xanthobacter, 2374 

Citrate utilization, 141 
Aeromonas, 3026 
Alteromonas, 3061 
Arthrobacter, 1285 
Azotobacteraceae, 3150 
Bacillus, 1761 
Beijerinckia, 2258 
Bordetella, 2531 
Chloroflexus, 3765 
Chromobacterium, 2595 
Citrobacter, 2744, 2748 
Clostridium, 1811, 1829, 1833-

1834, 1839 
Edwardsiella, 2741 
Enterobacter, 2806-2807 
Escherichia, 2697-2699 
Hafnia, 2817-2818 
Ha1obacteriaceae, 789-797 
Janthinobacterium, 2596 
Klebsiella, 2783, 2785, 2787 
Kluyvera, 2927 
Kurthia, 1659 
Lactobacillus, 1549 
Lactococcus, 1486-1487, 1489, 

1492 
Leuconostoc, 1486-1488, 1520 
Lysobacter, 3268 
Marinomonas, 3061 
Methylobacterium, 2345, 2347 
Mycobacterium, 1258 
Nocardiaceae, 1204 
Plesiomonas, 3036 
Pseudonocardiaceae, 1012-10 13 
purple non sulfur bacteria, 2149-

2150 
rhizobia, 2200 
Rhodocyclus, 2556-2559 
Saccharothrix, 1065 
Serratia, 2836 
Spirillum, 2567 
Sporomusa, 2018 
Sporosarcina, 1779 
Vibrio, 2973, 2977, 3027 
Xanthobacter, 2376 
xy1em-inhabiting bacteria, 4041 
Xylophilus, 3135 
Yersinia, 2688, 2865 

Citrate utilization medium, 1763 
Citrate-ammonium salts medium 

Chromobacterium, 2594 
Janthinobacterium, 2596-2597 

Citrobacter, 537, 590, 2115, 2271, 
2678, 2680-2681, 2744-2751, 
2763,2817,2819,3027 

Citrobacter amalonaticus, 2674, 
2680, 2744-2751 

Citrobacter diversus, 2674, 2680, 
2682, 2744-2751 
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Citrobacter Jreundii, 536, 2674, 
2678,2680, 2744-2751, 2768, 
2820 

Citrobacter intermedius, 536 
Citrobacter koseri, see Citrobacter 

diversus 
Citronobacter, 2696 
Citrulline ureidase, Francisella, 

3990 
Citrulline utilization 

Brucella, 2386 
Ochrobactrum, 2603 
Phyllobacterium, 2603 
Vibrio, 2977 

Citrus 
blight, 4031 
greening disease, 4035, 4042-4043 
phloem-inhabiting bacteria, 4031 
Spiroplasma, 1960-1962, 1967, 

1971 
stubborn disease, 1960-1962, 

4042 
CK1 medium, myxobacteria, 3437 
CK6 medium, myxobacteria, 3432-

3433, 3437 
CL medium, Bordetella pertussis, 

2533 
Cladophora, myxobacteria, 3422 
Clam 

Planococcus, 1781 
spirochetes, large symbiotic, 3965 
symbionts, 3891-3903 
Vibrio, 2960, 3000 

Clark's transport and enrichment 
medium, Campylobacter, 3500 

Class (taxonomie), 35, 128 
Classification, 3-16, 126 

alternative systems, 38-39 
early attempts, 4-5 

Clathrochloris, 30, 35 
Clavibacter, 662, 666-667, 1157, 

1352, 1355-1363, 4030, 4032 
Clavibacter agropyri, 667 
Clavibacter humi/erum, 667 
Clavibacter humuli, 667 
Clavibacter hypertrophicans, 667 
Clavibacter insidiosum, 667 
Clavibacter iranicus, 667, 1356, 

1359,1361-1362 
Clavibacter michiganensis, 666-667, 

1356,1358-1363 
Clavibacter nebraskense, 667 
Clavibacter rathayi, 667, 1356, 

1359,1361-1362 
Clavibacter sepedonicum, 667 
Clavibacter tritici, 667, 1356, 1359, 

1361-1362 
Clavibacter xyli, 668, 1356, 1359-

1362,4037-4038,4044 
Clavulanic acid production, 

Streptomycetaceae, 978 
Clay particle, 92 
Clenched-fist injury, Eikenella 

corrodens, 2671 
Clevelandina, 3965-3977 
Clevelandina reticulitermitidis, 

3965-3977 
Clindamycin resistancejsensitivity 

Aeromonas, 3028 
anaerobic Gram-positive cocci, 

1890 
Bacillus, 1756 

Bacteroides, 3519 
B(fidobacterium, 829 
Campylobacter, 3519 
Clostridium, 1867-1868, 1876 
Corynebacterium, 1182-1183 
Eikenella, 2668-2669, 2671, 3519 
Erysipelothrix, 1633 
Haemophilus, 3315 
Leptotrichia, 3984 
methanogens, 724 
Moraxella, 3279 
Propionibacterium, 845 
Spirillum, 2567 
Wolinella, 3519 

Clinical specimen, sampling and 
handling, 178 

"Cloaca, " 2797 
Cloning 

Bacteroides, 3604-3605 
Chlamydia, 3698 
Corynebacterium, 1161-1162 
cyanobacteria, 2084, 2088-2089 
Erwinia, 668 
Escherichia coli, 2723-2725 
Haemophilus, 3324 
Lactococcus, 1491-1493 
methylotrophs, 441 
Micrococcus, 1307 
Paracoccus, 2329-2330 
phytopathogenic pseudomonads, 

3109-3111 
Streptomycetaceae, 971 
Thermomonosporaceae, 1105 
virulence-associated factors, 641 
Wolinella, 3521 
Xanthomonas, 670 
Zymomonas, 2294-2295 

Clonothrix, 2612, 2615 
Closed growth system, 158 
Clostricium innocuum, 1630 
Clostridium, 25, 33, 37, 55, 59, 68, 

90, 141, 210, 300, 470, 535, 
758, 1482, 1663, 1758, 1925-
1926,1931,2010,2014,2052, 
2054 

cellu1olytic, 484-485 
L-forms, 4068, 4077 
medica1, 1867-1877 
non-medical, 1800-1839 
proteolytic, 1804-1805, 1814 
proteolytic and saccharolytic, 

1804-1805 
saccharolytic, 1804-1805, 1809, 

1814 
specialists, 1804-1805, 1814 

Clostridium absonum, 1805, 1821 
Clostridium aceticum, 82, 518, 536, 

1805,1815,1818,1821,1827, 
1925, 3394 

Clostridium acetobutylicum, 82, 88, 
181,469-470,479,484,536, 
1472, 1801-1802, 1805-1806, 
1815, 1818-1822 

Clostridium acidiurici, 303, 1804-
1806, 1812-1815, 1822-1823 

Clostridium aerotolerans, 1801, 
1805,1814-1815,1823 

"Clostridium aminobutyricum, " 
1812, 1823 

Clostridium aminovalericum, 1801, 
1805,1812,1815,1823,1945 

"Clostridium amylolyticum, " see 
Clostridium beijerinckii 

Clostridium arcticum, 536, 1805, 
1814,1823 

Clostridium argentinense, 1805, 
1815, 1821, 1829; see also 
Clostridium botulinum 

Clostridium aurantibutyricum, 
1805,1815,1823 

Clostridium autotrophicum, 461 
Clostridium baratii, 1805, 1815-

1816, 1821, 1823, 1839 
Clostridium barkeri, 1801, 1815-

1816,1823,1915,1918,1932, 
1945 

Clostridium beijerinckii, 532, 535-
536, 1805, 1815-1816, 1818, 
1820-1821, 1823-1824 

Clostridium bifermentans, 1801-
1802, 1805-180~ 1815, 1818-
1819,1821,1824,1834,1839 

Clostridium botulinum, 132, 644, 
1801, 1804-1805, 1812, 1814-
1815,1834,1867-1869 

type G, see Clostridium 
argentinense 

Clostridium bryantii, 279-282, 285, 
288, 1805-1806, 1814, 1816, 
1824; see also Syntrophospora 
bryantii 

Clostridium bubalorum, see 
Clostridium novyi 

"Clostridium butylicum, " see 
Clostridium beijerinckii 

Clostridium butyricum, 67, 82, 277, 
461, 536, 1801-1810, 1815-
1821,1824-1825,1868 

Clostridium cadaveris, 1801-1802, 
1805,1815,1825 

Clostridium camis, 1801, 1805, 
1814-1815, 1818, 1869-1870 

Clostridium celatum, 1805, 1825 
Clostridium celerecrescens, 1805, 

1815, 1825 
Clostridium cellobioparum. 471-

472,479,484, 536, 1801, 1804-
1806,1810,1815,1825 

Clostridium cellulolyticum, 469, 
479, 1805, 1815, 1825 

Clostridium cellulovorans, 471, 479, 
1805, 1815, 1825 

"Clostridium chartatabidum, " 1805, 
1815,1825 

Clostridium chauvoei, 1805, 1815, 
1870 

Clostridium clostridiiforme, 1800-
1801,1805,1807,1815,1825-
1826 

Clostridium coccoides, 1800, 1802, 
1805,1815,1826 

Clostridium cochlearium. 1804-
1805, 1812, 1815-1816, 1820-
1821, 1826, 1835 

Clostridium cocleatum, 1802, 1805, 
1815, 1826, 1833 

Clostridium colinum, 1805, 1870-
1871 

Clostridium collagenovorans, 1805-
1806,1815,1826 

Clostridium cylindrosporum, 1805, 
1812-1816 



Clostridium dijficile. 1805, 1815, 
1834, 1867, 1871,2929 

Clostridium disporicum. 1805, 1815, 
1826-1827 

Clostridium durum. 1801, 1805, 
1814-1815, 1827 

Clostridium jallax. 1805, 1815, 
1818, 1824, 1871 

Clostridium jeldinium. 536 
Clostridium jelsineum. 1804-1805, 

1815, 1827 
Clostridium jervidum. 1805, 1815, 

1827 
Clostridium jormicoaceticum. 517-

518, 523-525, 529, 536, 1805-
1806, 1815, 1818, 1820, 1827, 
1925, 1933 

Clostridium ghoni. 1805, 1815 
Clostridium gigas. see Clostridium 

novyi 
Clostridium glycolicum. 1805-1806, 

1815, 1827 
Clostridium haemolyticum. 1801, 

1805, 1814-1815, 1867, 1871-
1872 

Clostridium hastiforme. 1805 
Clostridium histolyticum. 1801, 

1805, 1814, 1829, 1867, 1872 
Clostridium indolis. 1802, 1805, 

1815-1816, 1827, 1839 
Clostridium innocuum. 1805, 1815, 

1819,1827-1828,1839,1944-
1945, 1962 

Clostridium intestinale. 1805, 1814-
1815, 1827-1828 

Clostridium irregularis. 1805, 1828 
Clostridium josui. 479, 481, 484, 

1805, 1815, 1828 
Clostridium kluyveri. 82, 303, 535-

536,1801,1804-1806,1814-
1815,1821,1828,1914 

"Clostridium lactoacetophilum." see 
Clostridium beijerinckii 

Clostridium lentocellum. 1805, 
1815, 1828-1829 

Clostridium lentoputrescens. see 
Clostridium cochlearium 

Clostridium leptum. 1805, 1807, 
1815,1829,1839 

Clostridium limosum. 1805, 1815, 
1829,1872-1873 

Clostridium Iituseburense. 1805, 
1815,1829,1915,1918 

Clostridium lochheadii. 110 
Clostridium lortetii. see 

Sporohalobacter lortetii 
Clostridium madisonii. 535 
Clostridium magnum. 518, 1805-

1806,1815,1818,1829,1925 
Clostridium malenominatum. 1805, 

1812,1815,1829 
Clostridium mangenotii. 1805, 

1829, 1834 
Clostridium methylpentosum. 1805-

1806, 1815, 1829 
"Clostridium multifermentans . .. see 

Clostridium beijerinckii 
Clostridium nexile. 1805, 1807, 

1815, 1829 
Clostridium nigrijicans. see 

Desulfotomaculum nigrijicans 

Clostridium novyi. 1801, 1805, 
1814-1815,1834,1871-1873 

Clostridium oceanicum, 1804-1805, 
1815, 1829 

Clostridium oedematiens, see 
Clostridium novyi 

"Clostridium oncolyticum." see 
Clostridium sporogenes 

Clostridium oroticum, 82, 1802, 
1805, 1815, 1829-1830 

Clostridium oxalicum, 1805-1806, 
1814-1815, 1830 

Clostridium papyrosolvens, 474, 
479,484,536-537,1805,1815, 
1830 

Clostridium paraperjringens, see 
Clostridium barati 

Clostridium paraputrificum, 1805, 
1810, 1815, 1830 

Clostridium pasteurianum. 153, 
535-536, 543-547, 590, 1801, 
1805-1810,1815,1818-1821, 
1830-1831,1945,2011,3148, 
3161 

Clostridium pectinovorum. 535 
Clostridium perenne. see 

Clostridium barati 
Clostridium perjringens, 88, 302, 

644, 1801, 1804-1807, 1810, 
1815,1818-1821,1831,1839, 
1873-1875,2011 

Clostridium pjennigii, 517-518, 
1805,1814-1815,1831,1925 

"Clostridium plagarum," see 
Clostridium perfringens 

Clostridium polysaccharolyticum. 
1805, 1815, 1831 

Clostridium populeti, 1805, 1815, 
1831-1832 

Clostridium propionicum, 301, 834, 
1801, 1804-1805, 1812, 1814, 
1831-1832 

Clostridium proteolyticum. 1805-
1806,1815,1832 

"Clostridium pseudotetanicum, .. see 
Clostridium butyricum 

Clostridium puniceum, 1805, 1815, 
1832 

Clostridium purinolyticum. 1804-
1806, 1812-1816, 1832 

Clostridium putrejaciens. 1805, 
1807, 1818, 1832 

Clostridium putrijicum. 1805-1806, 
1815 

Clostridium quercicolum. 1805, 
1814-1815, 1832 

Clostridium ramosum, 1800-1802, 
1805,1807,1815,1819,1826, 
1832-1833, 1944-1945, 1962 

Clostridium rectum. 1805, 1815, 
1821 

Clostridium roseum, 1805, 1832-
1833 

"Clostridium rubrum . .. see 
Clostridium beijerinckii 

Clostridium saccharolyticum. 1805, 
1815, 1820, 1833 

Clostridium sardiniensi. 1805 
Clostridium sartagojorme, 1805, 

1815, 1833 
Clostridium scatologenes. 1805, 

1814-1815,1833 
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Clostridium scindens, 1805, 1815, 
1833, 1839 

Clostridium septicum, 1805, 1815, 
1875-1876 

Clostridium sordellii, 1804-1805, 
1815, 1834, 1867, 1871, 1876 

Clostridium sphenoides, 1805, 
1810-1812, 1816, 1821, 1833 

Clostridium spirojorme, 1805, 1815, 
1826, 1829, 1833-1834, 1876 

Clostridium sporogenes. 88, 290, 
1801-1802, 1804-1806, 1812, 
1815, 1818, 1821, 1825, 1833-
1834 

Clostridium sporosphaeroides. 1805, 
1815, 1834 

Clostridium stercorarium, 479, 481, 
48~ 1805, 1815, 1834 

Clostridium sticklandii, 82, 1801, 
1805, 1815, 1834-1835 

Clostridium subterminale. 1805, 
1812,1815,1829,1835 

Clostridium symbiosum, 306, 1805, 
1815,1835 

"Clostridium tartarivorum . .. see 
Clostridium 
thermosaccharolyticum 

Clostridium tertium. 1801, 1805-
1806,1814-1815,1839 

Clostridium tetani, 88, 132, 1804-
1805, 1815, 1876-1877 

Clostridium tetanomorphum. 82, 
301-302, 1801-1802, 1805, 
1810, 1812, 1815, 1826, 1835-
1836 

Clostridium thermoaceticum, 307, 
517-518,521-529,749,1801, 
1805-1806, 1815-1820, 1827, 
1836, 1925, 1927, 1933 

Clostridium thermoautotrophicum, 
517-518,1805,1815-1816, 
1818-1820, 1836 

Clostridium thermobutyricum. 1805, 
1815,1836 

Clostridium thermocellum. 78, 103, 
166-167, 461, 466-481, 484-
485,489,491,493, 1802, 1805-
1806,1810,1815,1818-1821, 
1836-1837,1901-1911 

Clostridium thermocopriae. 479, 
481, 1805, 1815, 1837 

Clostridium thermohydrosulfuricum. 
461,1805,1815,1818-1820, 
1837,1901-1911 

Clostridium thermolacticum, 1805, 
1815,1818,1837 

Clostridium thermosaccharolyticum, 
461, 536, 1805, 1807, 1818-
1821, 1837-1838 

Clostridium thermosulfurogenes. 
1805,1818-1821,1838,1901-
1911 

Clostridium tyrobutyricum. 535, 
1805,1810,1819,1821,1838 

Clostridium villosum. 1805 
Clostridium welchii, see Clostridium 

perjringens 
C1ove, Sumatra disease, 4031, 4034, 

4037,4041 
C10ver 

club leaf disease, 4035, 4043 
nitrogen-fixing bacteria, 541 
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pathogen, 661 
phloem-inhabiting bacteria, 4031 
rhizobia, 2198 

Clover phyllody mycoplasma-like 
organism, 4056, 4059 

Clover yellow edge mycoplasma-like 
organism, 4057 

Cloxacillin resistancejsensitivity 
Citrobacter, 2750 
Spirillum, 2567 

Club leaf disease, c1over, 4035, 4043 
Clumping factor 

Neisseria, 2500 
Staphylococcus, 1384-1387, 1393 

Cluster analysis, 131 
CMB medium, Leuconostoc, 1516 
CMC medium, Clostridium, 1801-

1802 
CNA agar, see Colistin nalidixic 

acid agar 
CNF, see Cytotoxic necrotizing 

factor 
CNS medium 

Clavibacter, 1360-1362 
Curtobacterium, 1363 

Coagglutination test 
Neisseria, 2515-2516 
Streptococcus, 1455-1456 

Coaggregation 
oral bacteria, 2038-2040 
Streptococcus and Actinomyces, 

856-857 
Coagulase, 141 

anaerobic Gram-positive cocci, 
1886-1888 

Staphylococcus, 1376-1378, 1383, 
1386-1387,1393 

Yersinia, 2894, 2896 
Coal desulfurization 

colorless sulfur bacteria, 392, 
405-406 

sulfur bacteria, colorless, 2639 
Coal refuse pile, 86 

Thermoplasma, 712, 717 
Cobalt binding, Zoogloea, 3961 
Cobalt resistance, Alcaligenes, 2551 
Cobamide production, Eubacterium, 

1921 
Coccoid body 

Aquaspirillum, 2566, 2570-2571, 
2580 

Oceanospiri/lum, 3230, 3232, 
3234 

Cockchafer 
Bacillus, 1700 
Rickettsiella, 2480 

Cockroach, 2678 
cellulolytic bacteria, 460 
Escherichia, 2697, 2721 
Fusobacterium, 4115 
homoacetogens, 1927 
spirochetes, large symbiotic, 

3965-3977 
Cocoa bean, Zymomonas, 2287 
Cocoa wine, acetic acid bacteria, 

2269 
Coconut 

mycoplasma-like organism, 4051 
phloem-inhabiting bacteria, 4031 
Serratia, 2825 
Spiroplasma, 1963 

Coconut lethai yellows mycoplasma
like organism, 4060 

Codakia orbicularis symbionts, 
3902-3903 

Codon usage 
anaerobes, 301 
cyanobacteria, 2090-2091 
methylotrophs, 441 
mycoplasma, 1940-1941 
Zymomonas, 2296 

Coenzyme, methanogens, 745 
Coenzyme A transferase, 

Clostridium, 1822, 1828 
Coenzyme A-acylating 2-oxo

acid:ferredoxin oxidoreductase, 
Sulfolobales, 694-695 

Coenzyme F 420' methanogens, 721, 
745-747 

Coenzyme F430, methanogens, 745-
748 

Coenzyme M, methanogens, 157, 
307, 721, 733, 745-748 

Cohn, Ferdinand, 152 
Coiling phagocytosis, 3284-3285 
Cold enrichment 

Listeria, 1599 
Mobiluncus, 907 
Yersinia, 2877 

Cold seep, 100 
Cold tolerance 

Bacillus, 1747 
Listeria, 1607 

Cold water disease, 3634 
Cold-catalyst anaerobic jar, 1808 
Cold-water vibriosis, 3000 
Colibacillosis, 2678 

poultry, 2720 
swine, 2719-2720 

Colicin typing, Klebsiella, 2788 
Coliform count, 2702-2703, 3022, 

3025 
Colistimethate resistancejsensitivity, 

Serratia, 2832 
Colistin nalidixic acid (CNA) agar, 

Streptobacillus, 4023 
Colistin production, Bacillus, 1688 
Colistin resistancejsensitivity 

Bacteroides, 3599 
Brochothrix, 1625 
Campylobacter, 3501 
Cedecea, 2925-2926 
Corynebacterium, 1174 
Edwardsiella, 2740-2741 
Fusobacterium, 4120 
Gemella, 1645 
Klebsiella, 2780 
Methylobacterium, 2346 
Mobiluncus, 911 
Moraxella, 3279 
Neisseria, 2514-2515 
Propionibacterium, 845 
Rochalimaea, 2444 
Serratia, 2830 
Streptobacillus, 4023 
Vibrio, 2978, 2984, 2992, 2995-

2997 
Yersinia, 2878 

Colitis 
Escherichia coli, 2720 
hemorrhagic, see Hemorrhagic 

colitis 
ulcerative, see Ulcerative colitis 

Collagen degradation, Clostridium, 
1826, 1832, 1874 

Collagenase 
Bacillus, 1757 
Clostridium, 1873 
Streptococcus, 1439 
Thermomonosporaceae, 1092 

Colloidal chitin agar, actinoplanetes, 
1038, 1040, 1049-1050 

Colombia agar, anaerobic Gram-
positive cocci, 1881 

Colon, see Intestine 
Colon cancer, 1452-1453 
Colonial morphology, 132-133, 143 
Colonization, 255-256, 264-265 
Colonization factor, Aeromonas, 

3018 
Colonization factor antigen (CFA), 

Escherichia coli, 2713-2714 
Colony count, Streptomycetaceae, 

929 
Colony hybridization, 140 
Color, see Pigment 
Colorado potato beetle, 

Spiroplasma, 1964-1965, 1968, 
1971 

Colorless sulfur bacteria, 97, 385-
409, 2638-2654, 3934-3945 

activity measurement in nature, 
407-408 

applications, 403-406 
chemolithoheterotroph, 389, 393 
chemoorganoheterotroph, 389-

390 
facultative chemolithotroph, 389 
field evaluation, 407 
habitat, 400-403 
obligate chemolithotroph, 389, 

393 
physiology, 386-395 
sulfur cycle, 406-408 
taxonomy, 395-400 

Columbia agar 
Gemella, 1647 
Haemophilus, 3314-3315 

Columbia blood agar, Cytophagales, 
3646 

Columbia broth, Neisseria, 2513 
Columbia colistin-nalidixic acid 

(CNA) agar 
Staphylococcus, 1381 
Streptococcus. 1453 

Columnaris disease, 3634 
Colwellia. 2114, 2116 
Comamonas, 27, 37, 2123-2124, 

2279, 2545, 2549, 2583-2589 
Comamonas acidovorans, 2123-

2124, 2379, 2545-2548, 2583-
2588, 2605, 3075-3080, 3088, 
3108-3109 

Comamonas percolans, see 
Comamonas terrigena 

Comamonas terrigena, 2123, 2125, 
2546, 2583-2584, 2586-2589 

Comamonas testosteroni, 2123-
2124, 2360, 2583-2584, 2586-
2588, 3075-3080, 3088, 3903 

Comet, Isosphaera, 3728 
Commensalism, 100-10 I, 164-165, 

276-278 
Common reed, hydrogen-oxidizing 

bacteria, 350-351 



Common source epidemie, 2828 
Community, 76 
Community structure, 164-168 
Compatib1e solute, 163 
Competenee, Bacillus, 1677 
Competition, 78-79, 164-165 
Competitive exc1usion prineip1e, 

164 
Comphonema, caulobacters 

assoeiated with, 2192 
Complement fixation test 

Brucella, 2395-2396 
Coxiella, 2476 
riekettsiae, 2436 

Complement receptor Mac-I, 653 
Complement system, 648-649 
Complementation, eyanobacteria, 

2088-2089 
Complex life eyc1e, 209, 224-231 
Composting, 84 

cellulolytie bacteria, 460, 484, 
498, 501 

Cellulomonas, 1329 
Clostridium, 1825, 1828, 1834, 

1837 
Cytophagales, 3663 
denitrifying bacteria, 562 
Herpetosiphon, 3788 
hydrogen-oxidizing bacteria, 350, 

3920 
Klebsiella. 2776 
Oerskovia, 1331 
Phenylobacterium. 2336 
Promicromonospora. 1334 
Pseudonoeardiaceae, 1000-1001, 

1004, 1020 
Stella. 2167 
Streptomyeetaeeae, 933-934, 943, 

946-947 
Thermomonosporaceae, 1092-

1093 
Compound 32656, 1055 
Computer identification 

Vibrio. 2971 
Vibrionaceae, 2948-2949 

Concrete corrosion, 406 
Caryophanon. 1788 

Conduetion, Bacillus. 1679 
C onglomeromonas largomobilis. 

2130 
Congo red stain, myxobaeteria, 

3453 
Conidia, aetinoplanetes, 1042 
Conidiospore, 132 

Streptomyces. 68 
Coniferin uti1ization, Streptococcus. 

1431 
Conifery1 alcoho1, 664-665 
Conjugation 

Acinetobacter.3140-3141 
Bacillus. 1678-1679, 1725, 1731 
Bdellovibrio. 3408-3409 
cyanobacteria, 2088 
Enterococcus.1471-1474 
Laclobacillus. 1571 
Lactococcus. 1490-1491 
Paracoccus. 2330 
phytopathogenic pseudomonads, 

3110 
Slaphylococcus. 1399 

Conjugative transposon, 1471-1472 
Conjunctivitis 

Bacillus. 1753 
Chlamydia. 3692, 3694, 3698, 

3701-3702 
Haemophilus. 3307-3308 
Moraxella. 3276-3277 
mycoplasma, 1944 
Neisseria, 2511 
Nocardiopsis. 1143 
Yersinia, 2870 

Consecrated wafer, Serratia. 2822 
Consensus sequenee, Zymomonas. 

2297 
Conservation, eu1ture, 181-183 
Consortia, 276-278, 303, 323, 

3583-3585 
endocytobiotic, 3835 
methanogenie, 758 

Contact reactor, anaerobic, 758 
Contagious equine metritis, 3305 
Containment facility, rickettsiae, 

2422 
Continuous cu1ture 

Leptothrix, 2618-2619 
manganese-oxidizing bacteria, 

2314-2316 
Continuous-f1ow enriehment, 179 
Contractile system, 246 
Cook's Cytophaga (CC) agar, 

Lysobacter. 3262, 3264 
Cooked meat medium 

Actinomyces. 870 
Clostridium. 1808, 1867 
Shigella, 2757 

Cooling tower, Legionella. 3294-
3296 

Copiotroph, 163,267 
Copper accumu1ation, 566-567 

Citrobacter. 2750-2751 
Copper binding, Zoogloea. 3961-

3962 
Copper leaching, co1orless sulfur 

bacteria, 405-406, 2640 
Copper toxicity, 566 

eyanobacteria, 2064, 2066 
Copper-oxidizing baeteria, 332-334, 

339 
Coprococci, 1879-1890 
Coprococcus. 1883-1884, 1888-1889 
Coprococcus calus. 1889 
Coprococcus comes, 1889 
Coprococcus eutactus. 1885, 1889 
Coproporphyrin, Staphylococcus. 

1392 
Corallococcus. 3426, 3431-3432, 

3440, 3447-3448, 3453-3454, 
3456, 3458, 3468, 3471 

Corallococcus coralloides. 3418-
3419,3421-3422,3456-3457, 
3465-3466, 3469, 3476 

Corallococcus exiguus. 3469 
Corallococcus macrosporus. 3440, 

3469 
Corn 

Azospirillum. 2237, 2244, 2248 
Azotobacteraceae, 3163-3164 
Clavibacter. 1359 
Clostridium. 1823, 1833 
Enterobacter. 2802 
Erwinia. 2901, 2904, 2909-2910 
Herbaspirillum, 2238 
pathogen, 667 
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Spiroplasma. 1960, 1962-1963, 
1966, 1973 

Stewart's disease, 2910 
stunt, 1960, 1962, 1966, 1973 

Cornea1 ulcer, Klebsiella. 2778 
Coronatine, phytopathogenie 

pseudomonads, 3111, 3114 
Corre1ative simi1arity coefficient, 

131 
Corrinoid 

Clostridium. 1835 
homoacetogens, 523, 525-526 
methanogens, 745 
Sporomusa. 2018 

Corrinoid/Fe-S protein, Clostridium. 
1836 

Corrosion 
colorless sulfur bacteria, 406 
methanogens, 759 
sulfur bacteria, eo1orless, 2639 

Cortisol desmolase, Eubacterium, 
1921 

Corynebacteria, CDC groups, 1173-
1174,1177,1179,1183 

Corynebaeteriaeeae, 1227, 1283, 
1595-1596 

Corynebacterium. 24, 37, 90, 136-
137, 452-453, 660, 814, 823, 
842, 886, 1070, 1117, 1149, 
1188,1190,1200-1202,1214-
1215,1227, 1256, 1283, 1351-
1352,1758,2330,2373,3310, 
4114 

L-forms, 4068, 4070, 4072, 4074 
medical, 1172-1183 
nonmediea1, 1157-1167 

Corynebacterium acnes. 834 
"Corynebacterium agropyri . .. 1356, 

1359 
Corynebacterium ammoniagenes. 

1157,1159,1166-1167 
Corynebacterium amycolatum. 

1157-1159,1161 
Corynebacterium aquaticum. 1174 
"Corynebacterium autotrophicum." 

see Xanthobacter autotrophicus 
Corynebacterium barkeri. see 

Aureobacterium barkeri 
Corynebacterium bovis, 1172-1173, 

1177,1179,1183,1200-1201 
Corynebacterium callunae. 1157, 

1159, 1161 
Corynebacterium cartalyticum. 1333 
Corynebaeterium cystitidis. 1174, 

1182, 1192 
Corynebaeterium diphtheriae. 131-

133,645, 1173-1182, 1225 
Corynebaeterium faseians. see 

Rhodoeoeeus fascians 
Corynebaeterium flaceumfaciens. see 

Curtobacterium flaeeumfaciens 
C orynebaet eri um flavescens, 1157, 

1159 
Corynebacterium genitalium. 1174, 

1183 
Corynebaeterium glutamieum. 199-

200,1157-1166,1192 
Corynebaeterium haemolytieum. see 

Areanobaeterium haemolytieum 
Corynebacterium ilicis, see 

Arthrobacter ilicis 
Corynebaeterium insidiosum. 956 
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Corynebacterium jeikeium. 1172-
1174, 1176-1183 

Corynebacterium kutscheri. 1172-
1173,1177-1179,1182 

Corynebacterium laevaniformans. 
see Microbacterium 
laevaniformans 

Corynebacterium lilium. 1158, 1161 
"Corynebacterium manihot." 1330, 

1333 
Corynebacterium matruchotii. 853, 

861, 864, 874, 877, 880-883, 
888-889, 1172-1173, 1177-
1179, 1183, 3601, 3983-3985, 
4120 

Corynebacterium medium, 1159, 
1162 

Corynebacterium michiganense. 
479, 500 

Corynebacterium minutissimum. 
1173-1174,1177,1179,1182 

Corynebacterium nephridii. 562, 571 
Corynebacterium ovis. see 

Corynebacterium 
pseudotuberculosis 

Corynebacterium parvum. see 
Propionibacterium acnes 

Corynebacterium paurometabolum. 
see Tsukamurella 
paurometabolum 

Corynebacterium pilosum. 1174, 
1182 

Corynebacterium poinsettiae. 90 
Corynebacterium 

pseudodiphtheriticum. 1173, 
1177,1179,1182 

Corynebacterium pseudogenitalium. 
1174, 1183 

Corynebacterium 
pseudotuberculosis. 1173, 1176-
1182 

Corynebacterium pyogenes. see 
Actinomyces pyogenes 

Corynebacterium renale. 1173-1174, 
1177-1179, 1182, 1192 

Corynebacterium striatum. 1173, 
1177,1179,1182 

Corynebacterium ulcerans. 1172-
1173, 1176-1182 

Corynebacterium vaginale. see 
Gardnerella vaginalis 

Corynebacterium variabilis. 1157, 
1159 

Corynebacterium vitarumen. 1157, 
1159 

Corynebacterium xerosis. 842, 
1173-1174,1177-1179,1182 

Coryneform, 1301 
plant pathogenic, 662, 666-668 

Coryneform agar, Aureobacterium. 
1358 

Corynemycolic acid, 1158 
Coryza, Haemophilus. 3311-3312 
Cosmetics, Pseudomonas. 3089 
Cosmid, Escherichia coli. 2723 
Costia pyriformis symbionts, 3856 
Costilow body, 1703 
cot genes, Bacillus. 1672, 1674 
Cottage cheese, Lactococcus. 1483-

1486, 1492 
Cotton 

cellulolytic bacteria, 484 

Enterobacter. 2802, 2804 
Nocardiopsis. 1143 
Streptomycetaceae, 933 

Couch grass, nitrogen-fixing 
bacteria, 538, 543 

Cough reflex, 643 
Coumarate utilization 

Enterobacter. 2807 
Klebsiella. 2785-2786 

Coumaryl alcoho1, 664-665 
Counterimmunoe1ectrophoresis test, 

Streptococcus. 1459 
Counting chamber, 174 
Coupled chemostat, 159-160 
Cow, see Cattle 
Cow dung agar, Caryophanon. 1786 
Cowdria. 2403-2404, 2445 
Cowdria ruminantium. 2404, 2428, 

2445, 2451-2453 
Cowpea 

nitrogen-fixing bacteria, 541 
rhizobia, 2197-2198, 2202, 2206 

Coxiella. 2404, 2424-2425, 2435, 
2471-2477, 2479 

Coxiella burnetii. 2402-2405, 2428-
2429, 2435-2436, 2471-2477 

Coyote, Neorickettsia. 2445, 2453 
CP agar, Lysobacter. 3261 
cpc genes, cyanobacteria, 2089-

2090, 2096 
CPC method, digestion

decontamination, 1252-1253 
cpe genes, cyanobacteria, 2089-2090 
CPS medium, dimorphic 

prosthecate bacteria, 2189 
Crab 

Erysipelothrix. 1631 
Saprospira. 3678 
Vibrio. 2960, 2996, 2999 

Crateriform structure 
Gemmata. 3722-3724,3726 
Isosphaera. 3728 
Pirellula. 3720 
Planctomyceta1es,3710-3711 

Creatine uti1ization 
Arthrobacter. 1285 
Pseudomona~ 3094 

Creeping bentgrass, wilt, 4031, 4037 
Crenarchaeota. 13, 702 
Crenothrix. 2612, 2615 
Crenothrix polyspora. 91, 2613-

2614 
Crenulation, spirochetes, large 

symbiotic, 3967-3969, 3972 
Cresol production, Clostridium. 

1833 
Cresol red thallium acetate sucrose 

(CTAS) agar, Carnobacterium. 
1575-1576 

Cresol utilization 
Acinetobacter. 3141 
Comamonas. 2584 
denitrifying bacteria, 565 
sulfate-reducing bacteria, 3371 
su1fidogenic bacteria, 610-611 
syntrophic coculture, 277 

p-Cresolylcobamide, Sporomusa. 
2018 

Cricket 
Rickettsiella. 2480 
Serratia. 2826 

Crinolium. 2658 

Cristispira. 3676, 3965-3977 
Crithidia symbionts, 3857, 3860 
Crocodile, Erysipelothrix. 1630 
Crohn's disease, 1247, 2679 
Crop (bird), Lactobacillus. 1539 
Cross-feeding, 165 
Cross-protection test, rickettsiae, 

2433-2434 
Crotonase, Clostridium. 1822 
Crotonate utilization 

Clostridium. 1828 
Kurthia. 1659 
rhizobia, 2200 
syntrophic bacteria, 2052-2054 

Crown gall, 664, 2214-2228 
biological control, 2223 
phytopathogenic pseudomonads, 

3115 
Crude oil 

Acinetobacter. 3141 
Comamonas. 2584, 2588 

Crude oi1-degrading bacteria, 
enrichment procedure, 451 

Crustacean 
bioluminescent bacteria, 629 
Erysipelothrix. 1630 
Leucothrix. 3247, 3251 
Listeria. 1597 

Cryptoendolith, 327 
cyanobacteria, 2062 

Cryptomonas. caulobacters 
associated with, 2181 

Cryptotermes symbionts, 3857 
ß-Cryptoxanthine, Erythrobacter. 

2487 
crys gene, Bacillus. 1686 
Crystal toxin, Bacillus. 1678, 1682, 

1712-1728 
Crystal violet Bulmer pectate 

medium, Erwinia. 2905 
Crystal violet erythromycin (CVE) 

agar 
Fusobacterium. 4119 
Leptotrichia. 3984 

Crystal violet test 
Bacteroides. 3517 
Campylobacter. 3517 
Wolinella. 3517 

Crystalline body, Rickettsiella. 2480 
Crystalline style, mollusk, 

spirochetes, large symbiotic, 
3968, 3975-3976 

CS medium, Ha1oanaerobiaceae, 
1894-1895 

csg genes, myxobacteria, 3450 
CT agar 

Herpetosiphon. 3801 
myxobacteria, 3433 

CT6 agar 
Cytophaga1es, 3641 
Lysobacter. 3260-3261 

CT7 agar 
Cytophaga1es, 3641 
Herpetosiphon. 3801 
Lysobacter. 3261 
myxobacteria, 3430, 3432 

CT8 agar, Cytophaga1es, 3641 
CT9 agar, Cytophaga1es, 3641 
CT liquid medium, myxobacteria, 

3436 
CT A, see Cysteine trypticase agar; 

Cystine trypticase agar 



CTAS agar, see Cresol red thallium 
acetate sucrose agar 

CTT agar, myxobacteria, 3433 
Cucumber 

Erwinia, 2911 
Lactobacillus, 1548 
Leuconostoc, 1514, 1527 
Pediococcus, 1503 

Cucumber beetle, Spiroplasma, 
1964-1965 

Cucumopine, 2217 
Cultivar, 128 
Cultivation, 168-181 
Culture collection, 128, 183 
Culture conservation, 181-183 
Culture medium, see specijic 

medium 
Cuprimyxin, Lysobacter, 3268 
Curdlan production, Alcaligenes, 

2550 
Curing brine, 86 
Curtobacterium, 24, 662, 1157, 

1284, 1351-1352, 1355-1356, 
1361-1364, 4032 

Curtobacterium albidum, 1356, 
1363 

Curtobacterium betae, 667 
Curtobacterium beticola, 667 
Curtobacterium citreum, 1356, 1363 
Curtobacterium flaccumfaciens, 

666-667, 1356, 1363 
Curtobacterium luteum, 1356, 1363 
Curtobacterium oortii, 667 
Curtobacterium plantarum, 1356, 

1363 
Curtobacterium poinsettiae, 667 
Curtobacterium pusillum, 1356, 

1363 
CVE agar, see Crystal violet 

erythromycin agar 
CVP medium, phytopathogenic 

pseudomonads, 3122 
CYagar 

Cytophagales, 3640-3641, 3643, 
3646-3647, 3649 

Herpetosiphon, 3786-3790, 3793, 
3795 

Lysobacter, 3257-3258 
myxobacteria, 3418-3419, 3426-

3432, 3441-3442, 3453 
CY broth, see Casitone-yeast broth 
Cyanelle, 3820-3822, 3837-3844 
Cyanide production, 

Chromobacterium, 2593, 2595-
2596 

Cyanide resistance 
Enterobacteriaceae, 2923 
Escherichia, 2931 
Hafnia, 2931 
Obesumbacterium, 2931 

Cyanidiophyceae, cyanobacteria 
symbiont, 3822, 3838 

Cyanidioschyzon merolae, 3838 
Cyanidium caldarium, 716, 3837-

3838 
Cyanobacteria, 11-12, 15, 33, 35-

36, 55, 60, 68-69, 323-328, 
2310 

anaerobic metabolism, 2082-2083 
applications, 2096-2097 
associated with hydrogen-

oxidizing bacteria, 350 

chromatic adaptation, 2093 
contaminated with Chloroflexus, 

3758 
differentiation, 2093-2094 
DNA, 2083-2086 
filamentous, 232-234 
gene expression, 2091-2093 
gene transfer, 2086-2088 
genetics, 2088-2091 
identification, 2069-2076 
isolation and purification, 2063-

2064 
Legionella and, 3296 
life cycle, 231-238 
maintenance of cultures, 2068-

2069 
major groups, 2058-2059 
mats, 84,166,401,519,2080-

2081 
media and growth conditions, 

2064-2068 
metabolism, 2093-2096 
nitrogen-fixing, 61-62, 540, 546, 

549 
nostocean, 325-327 
oscillatorian, 324-326 
photoresponse, 252-253 
photosynthesis, 313-323, 2094 
phylogeny, 2059-2060 
physiological properties relating 

to habitat diversity, 2060-2063 
pleurocapsalean, 234-238, 324-

326 
rivularian, 326-327 
stigonematalean, 326, 328 
symbiosis, 542, 3819-3844 
taxonomy,312 

Cyanobacterial bloom, 88 
Cyanobacterium-Iysing bacteria, 

Lysobacter, 3256-3272 
Cyanobiont, 3820 
Cyanocobalamin, see Vitamin BI2 

Cyanolichen, 3823 
Cyanome, 3820, 3837 
Cyanophora, 2091 
Cyanophora paradoxa, 2087, 2089-

2090, 2093, 3837-3839, 3841-
3844 

Cyanophora tetracyanea, 3838 
Cyanophoraceae, 3838 
Cyanophorales, 3838 
Cyanophyceae, 5, 312 
Cyanoplast, 3820, 3822, 3837, 3839, 

3841-3842 
Cyanoptyche, 3841 
Cyanoptyche dispersa, 3837 
Cyanoptyche gloeocystis, 3838 
Cyanospira, 538 
Cyanothece, 538,2070-2071 
Cycadatae, cyanobacteria symbiont, 

3822 
Cyclic AMP-binding protein, 

myxobacteria, 3449 
Cyclic GMp, 249 
Cyclic GMP-binding protein, 

myxobacteria, 3449 
Cyclic photophosphorylation, 3212-

3213 
Cyclocephala parallela, Bacillus, 

1700 
CycJodextrin agar, Bordetella, 2532 
Cyclohexane utilization 
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Acinetobacter, 3141 
Rhodocyclus, 2558 

Cyclohexanecarboxylate utilization, 
sulfate-reducing bacteria, 3363 

Cyclohexanol utilization 
Acinetobacter, 3139 
deni trifying bacteria, 565 

Cycloheximide resistancej 
sensitivity, methanogens, 757 

Cyclomethylprodiginine, 956 
Cyclononylprodiginine, 956, 1089 
Cyclopentanol utilization, 

methanogens, 719 
Cycloserine, L-form induction, 

4070, 4073 
Cycloserine resistance/sensitivity 

Clostridium, 1871 
Halobacteriaceae, 789-797 
methanogens, 724, 757 
Mobiluncus, 911 
thermoanaerobic saccharolytic 

bacteria, 1904 
Cyclotella, caulobacters associated 

with, 2192 
CYCX agar, Cytophagales, 3640 
CYG2 agar 

Cytophagales, 3640, 3646 
myxobacteria, 3432 

Cylindrogloea bacterifera 
consortium, 3583-3584 

Cylindrospermum, 49, 327, 538, 
2074 

Cyst, 85-86, 90 
Azotobacter, 69-70, 72, 212-213 
Bdellovibrio, 3402 
Beijerinckia, 2259 
methanotrophs, 2355-2357 
purple non sulfur bacteria, 2147 

Cystathione ')'-Iyase, 
Streptosporangiaceae, 1133 

Cysteine arylamidase, Nocardiaceae, 
1204-1205 

Cysteine blood agar, Renibacterium, 
1314 

Cysteine heart agar, Francisella, 
3990 

Cysteine oxidase, Neisseria, 2507 
Cysteine proteinase, 

Porphyromonas, 3615-3616 
Cysteine requirement 

Brochothrix, 1619 
Legionella, 3291-3292 
Streptococcus, 1433 

Cysteine trypticase agar (CTA), 
Streptobacillus, 4024 

Cysteine utilization 
Rhodocyclus, 2557 
sulfate-reducing bacteria, 3371 

Cystic fibrosis 
Pseudomonas, 3095 
Sporosarcina, 1774 

Cystine tellurite blood agar, 
Corynebacterium, 1175-1177 

Cystine trypticase agar (CTA), 
Neisseria, 2514 

Cystitis 
Corynebacterium, 1182 
Escherichia coli, 2708 
Moraxella, 3276 
Staphylococcus, 1374-1375 

Cystobacter, 29, 3421, 3425, 3432, 
3436, 3440, 3442, 3448, 3452-
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3453, 3455-3456, 3458-3459, 
3468, 3471-3472 

Cystobacter ferrugineus. 3416, 3421, 
3438, 3446, 3456-3457, 3467, 
3471 

Cystobacter fuscus. 2134, 3421-
3422, 3426-3427. 3436, 3438, 
3447, 3455, 3464, 3467, 3471 

Cystobacter minor. 3457-3458, 3472 
Cystobacter velatus. 3416, 3421, 

3456-3457, 3460, 3472 
Cystobacter violaceus. 3418-3419, 

3421,3438, 3448, 3453, 3471-
3472 

Cystobacteraceae, 3471 
Cystobacterineae, 3416, 3418-3419, 

3425, 3436, 3442, 3446-3447, 
3450, 3452-3454, 3456, 3468-
3469,3471 

CYT agar, 3639-3640 
Cytophagales, 3649 

Cytochrome, 135 
Acinetobacter. 3140 
Agromyces. 1356 
amino acid sequence, 2111-2112 
ammonia-oxidizing bacteria, 416, 

418-419 
Arthrobacter. 1291 
Bdellovibrio. 3403 
Beijerinckia. 2264 
Brochothrix. 1618-1619, 1624 
Chlorobiaceae, 3588-3589 
Chloroflexus. 3769 
Clostridium. 1801, 1817-1818, 

1836 
cyanobacteria, 2082 
Desulfotomaculum. 1798 
dimorphic prosthecate bacteria, 

2178 
Escherichia. 2700 
Eubacterium. 1915 
Gemella. 1649 
Heliobacteriaceae, 1982 
Hydrogenobacter. 3927, 3929 
Listeria. 1605-1607 
methanogens, 746 
methy1otrophs, 435 
Micrococcus. 1306 
myxobacteria, 3465 
Neisseria. 2506 
nitrite-oxidizing bacteria, 420-424 
Oerskovia. 1333 
Paracoccus. 2322, 2324-2327 
Pelobacter. 3395 
Photobacterium. 3005 
Porphyromonas. 3609 
Pseudomonas. 3930 
Psychrobacter. 3244 
Rhodocyclus. 2556 
Roseobacter. 2156-2158 
Selenomonas. 2011 
Sporomusa. 2018 
Staphylococcus. 1370, 1382, 1385, 

1389-1392 
sulfidogenic bacteria, 594, 596-

597, 601 
Sulfolobales, 694 
sulfur bacteria, purple, 3213-3215 
Thermodesu(fobacterium. 3391 
Thermoplasma. 716 
Thermus. 3748 
Wolinella. 3521 

Cytochrome c oxidase 
Erythrobacter. 2487-2488 
Neisseria. 2506 
nitrite-oxidizing bacteria, 421-422 
Paracoccus. 2326, 2329 

Cytochrome cd" 568; see also 
Nitrite reductase 

Cytochrome oxidase, 88 
Campylobacter, 3497 
colorless sulfur bacteria, 388 
Thermus, 3749 
Verrucomicrobium, 3808 

Cytokinin, 662, 668 
Azospirillum-associated, 2248 
phytopathogenic pseudomonads, 

3115 
Cytolysin, Aeromonas, 3016,3018 
Cytophaga, 30, 35-36, 50, 93, 453, 

495-497, 2373, 3256, 3264, 
3267, 3424, 3468, 3620-3622, 
3631, 3638, 3651, 3656, 3660-
3664 

Cytophaga allerginae, 3634, 3664 
Cytophaga aprica, 479 
Cytophaga aquatilis, 479, 3621-

3622, 3626-3627, 3631, 3634 
Cytophaga aurantiaca, 479, 3632-

3633, 3653 
Cytophaga columnaris, 3473, 3634-

3638, 3645-3646, 3648, 3650, 
3652-3653, 3656-3658, 3661-
3662, 3665 

Cytophaga diffluens, 3655, 3658 
Cytophaga fermentans, 3657-3658 
Cytophaga flevensis, 3634, 3636-

3637, 3640 
Cytophaga heparina, 3631,3660, 

3662 
Cytophaga hutchinsonii, 480, 3653-

3655,3658 
Cytophaga johnsonae, 480, 562, 

3256,3621, 3631, 3634, 3644, 
3651, 3653-3658, 3660, 3663-
3665 

Cytophaga krzemieniewskae, 480, 
496, 3655 

Cytophaga lytica, 36, 3631-3633, 
3655 

Cytophaga maritima, 3661-3662, 
3665 

Cytophaga pectinovora, 480 
Cytophaga psychrophila, 3634, 

3637, 3645, 3650, 3658, 3661-
3662, 3665 

Cytophaga rubra, 480 
Cytophaga saccharophila, 3640 
Cytophaga salmonicolor, 3657-3658 
Cytophaga succinicans, 3632-3633, 

3646, 3656-3658 
Cytophaga tenuissima, 480 
Cytophaga uliginosa, 3655, 3657, 

3665 
Cytophaga winogradskii, 480 
Cytophagaceae, 3332, 3622 
Cytophagales, 2658, 3631-3666 

identification key, 3660 
Cytoplasm, protozoa-prokaryote 

symbiosis, 3857 
Cytoplasmic fibril, Treponema, 3541 
Cytoplasmic membrane 

L-forms, 4069 
Micrococcus, 1306 

Cytoplasmic tubule, spirochetes, 
large symbiotic, 3972-3975 

Cytotoxic necrotizing factor (CNF), 
Escherichia coli, 2720 

Cytotoxin, 644 
Aeromonas, 3019 
Legionella, 3286 
Leptospira, 3574 
Salmonella, 2762 
tracheal, see Tracheal cytotoxin 

Czapek sucrose agar, actinoplanetes, 
1038, 1040, 1042, 1045, 1050 

Czapek's agar 
Nocardia, 1196 
Nocardiaceae, 1198 
Rhodococcus, 1197 
Streptomycetaceae, 949 
Streptosporangiaceae, 1124-1125 

Czapek's peptone agar, 
Thermomonosporaceae, 1094 

Czapek's solution agar, 
Saccharothrix, 1065 

Czapek-Dox agar, Nocardiaceae, 
1197 

Czapek-Dox, yeast extract, 

D 

casamino acids medium, 
Pseudonocardiaceae, 1006-1007 

364-D agent, 2408, 2417-2418 
2,4-D degradation 

Alcaligenes, 377, 2551 
Xanthobacter, 2379 

D medium (Castenholz) 
Chloroflexus, 3757-3761 
cyanobacteria, 3758 

D symbiont, Euplotes, 3879, 3882 
D toxin, Clostridium botulinum, 

1868-1869 
D value, 171-172 
Dacryocystitis, Bacillus, 1753 
Dactimicin, 1054 
Dactylaria gallopava, 716 
Dactylis glomerata pathogen, 667 
Dactylococcopsis salina, 2083 
Dactylosporangium, 24, 1029-1055, 

1070, 1117 
Dactylosporangium aurantiacum, 

1047 
Dactylosporangium fulvum, 1047 
Dactylosporangium matsuzakiense, 

1047, 1054 
Dactylosporangium roseum, 1047, 

1054 
"Dactylosporangium salmoneum, " 

1047, 1054 
Dactylosporangium thailandense, 

1047 
"Dactylosporangium variesporium, " 

1047, 1054 
Dactylosporangium vinaceum, 1042, 

1047, 1054 
Dadih, 1513 
Dahlia, Erwinia, 2910 
Dairy products 

Aureobacterium, 1358 
citrate-fermenting bacteria, 1486 
Corynebacterium, 1158-1159 
Cytophagales, 3634 
denitrifying bacteria, 563 
Lactobacillus, 1551, 1555, 1568 



Lactococcus. 1482-1489, 1493 
Leuconostoc. 1513, 1517-1518, 

1524, 1526-1527 
Microbacterium. 1364-1365 
Staphylococcus. 1373 

dam gene, Halobacteriaceae, 776 
Daptobacter. 3402 
Daptomycin resistance/sensitivity, 

Bacillus. 1756 
Dark mutant, Photobacterium. 3005 
Darland's medium, Thermoplasma. 

713-714 
Datura witches' broom 

mycoplasma-like organism, 
4057 

Daunorubicin, 978 
DCLS agar, see Deoxycholate-

citrate-lactose-sucrose agar 
DDT degradation, 167 
Deacetoxycephalosporin C, 3665 
Dead Sea, 558 
Deaminase, Thermomonosporaceae, 

1101 
4-Deamino-4-hydroxyapramycin, 

1020 
Death rate, 171 
Decarboxylation, Propionigenium. 

3950 
Dechlorination 

Clostridium. 1821 
Nocardiaceae, 1205 

Dec1ine mycoplasma-like organism, 
4052-4053, 4059, 4061-4062 

Decomposition, 80, 94-102, 166 
Decontamination procedure, 

Mycobacterium. 1217 
Decoynine, 1674 
Decubitus ulcer, Bacteroides, 3598 
Deep agar dilution series, sulfur 

bacteria, purpie, 3206-3207 
Deep-sea region, 103-104 

Spirochaeta, 3527 
Deep-sea vent, 2401-2402; see also 

Hydrothermal vent 
Beggiatoa, 3171, 3178 
Hyphomonas. 2179 
origin, 3918 
prokaryote-invertebrate 

symbiosis, 3891-3903 
Deer 

Actinomyces. 865 
Ehrlichia, 2449 
Rickettsia, 2408 

Deerfly, Spiroplasma, 1964-1965 
Deerfly fever, see Tularemia 
Deformation test, Spiroplasma, 

1974 
Degranulation, 651-653 
Dehalogenase, Xanthobacter. 2378 
Dehalogenation 

anaerobes, 304 
methanogens, 759 
sulfate-reducing bacteria, 3369 

Dehydrated cerealleaves medium, 
Paramecium with symbiont, 
3869 

Dehydration-rehydration technique, 
actinoplanetes isolation, 1040 

7-Dehydroxylase, Eubacterium, 
1921 

Deinobacter, 3733, 3736-3738, 3740 

Deinobacter grandis, 3733, 3735, 
3738-3742 

Deinococcaceae, 3732-3742 
Deinococcus, 12, 15,30,33,3733, 

3736-3738, 3740, 3745, 3747 
Deinococcus erythromyxa, 3732 
Deinococcus proteolyticus, 3732, 

3735-3736, 3740-3742 
Deinococcus radiodurans, 2347, 

3732-3742, 3776 
Deinococcus radiophilus. 3732, 

3736, 3739-3742 
Deinococcus radiopugnans, 3732, 

3739-3742 
Delayed hypersensitivity reaction, 

1238 
to Chlamydia, 3700 

De1ayed-type hypersensitivity factor, 
Listeria, 1609 

Deleya, 28, 783, 2115, 2119, 2545, 
254~ 3181, 3189-3195 

Deleya aesta, 2119, 2545, 3046, 
3181-3182, 3189-3191, 3193, 
3195 

Deleya aquamarina, 2545, 2548, 
3190-3195 

Deleya cupida, 2119, 2545, 3046, 
3189-3191,3193,3195 

Deleya halophila, 2119, 3189-3195 
Deleya marina, 2119, 3046, 3189-

3195 
Deleya pacifica, 2119, 2545, 3046, 

3189-3195 
Deleya venusta, 2119, 2545, 3046, 

3189-3190, 319~ 3195 
Delta symbiont, see Tectibacter 

vulgaris 
Delta toxin 

Bacillus, see Crystal toxin 
Clostridium chauvoei, 1870 
Clostridium histolyticum, 1872 
Clostridium novyi, 1873 
Clostridium per/ringens, 1874 
Clostridium septicum, 1875 
Staphylococcus, 1395 

8-hemolysin, Staphylococcus, 1376 
DeMan-Rogosa-Sharpe lactobacilli 

medium, Pectinatus, 1994 
Demethylation, homoacetogens, 

1933 
Demethylmetaquinone, 135 
Demethylvancomycin, 1020 
Dendrogram, 131 
Dendroid form, Thiobacterium, 

3940 
Denitrification, 414-415, 420-425 

Alteromonas, 3056 
Aquaspirillum, 2571 
Azospirillum, 2246 
colorless sulfur bacteria, 390, 404 
dimorphie prosthecate bacteria, 

2191 
hydrogen-oxidizing bacteria, 355, 

364-365 
Marinomonas, 3056 
methylotrophs, 441 
Oceanospirillum, 3234 
Paracoccus, 2322-2324, 2330-

2331 
Pseudomonadaceae, 3072 
Pseudomonas, 3092-3095 
purple nonsulfur bacteria, 2147 
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rhizobia, 2200 
Seliberia, 2493 

Denitrification enrichment, 
Pseudomonas, 3075 

Denitrifying bacteria, 57-58, 81, 
554-572 

aerobic, 556 
biochemistry, 566-572 
denitrification assay, 565-566 
distribution, 556-566 

Dental abscess 
Gemella, 1651 
Streptococcus, 1434, 1438 

Dental caries 
Actinomyces, 850-851, 853, 856, 

863-864, 866, 891 
Bifidobacterium, 820, 822 
Lactobacillus, 1536-1538 
methanogens, 721 
Streptococcus, 1421, 1425, 1433-

1437 
vaccine, 1437 
Veillonella, 2035, 2037-2038 

Dental plaque, see also Oral cavity 
Actinomyces, 857-858, 863-864, 

872, 891 
actinomycetes, 853-854 
Bacteroides, 3598 
Cytophagales, 3645-3646, 3664 
Gemella. 1644-1647 
Haemophilus, 3309-3310 
Lactobacillus, 1537-1538 
Leptotrichia, 3983-3985 
methanogens, 721 
Rothia, 855 
sampling, 1422 
Stomatococcus, 1320 
Streptococcus, 1421-1422 
Veillonella, 2034-2043 

Denticulata vanheurcki, 3838-3839 
deo C gene, mycoplasma, 1942-

1943 
3-Deoxy-D-arabinoheptulose-7-

phosphate synthetase 
Enterobacteriaceae, 2942 
Lysobacter, 3265 
Sporosarcina, 1779 
Vibrionaceae, 2942 

Deoxycephalomycin B, 1131 
Deoxycholate agar 

Plesiomonas, 3034 
Yersinia, 2874 

Deoxycholate citrate agar 
Edwardsiella, 2739 
Shigella, 2756 

Deoxycholate tolerance, see Bile 
tolerance 

Deoxycholate-citrate-Iactose-sucrose 
(DCLS) agar, Ha/nia, 2817 

Deoxyflexixanthin, Cytophagales, 
3655 

Deoxyribonuc1ease, Fusobacterium, 
4118 

Deoxyribonuc1ease-toluidine blue
cephalothin (DTC) agar, 
Serratia. 2832-2833 

Depth filter, 173 
Dermacentor parumapertus agent, 

2418 
Dermatitis 

Dermatophilus. 1346 
Fusobacterium, 4117 
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interdigital, 4117 
Neisseria, 2509 
Staphylococcus, 1374 

Dermatophilaceae, 1069, 1346-1349 
Dermatophilosis, see 

Streptotrichosis 
Dermatophilus, 24, 814, 1069-1070, 

1126, 1320, 1323-l324 
Dermatophilus congolensis, 1076, 

1346-1349 
Dermocarpa, 26, 66, 234-236, 238, 

324-325, 538, 2071-2072, 2081 
Dermocarpella, 235-238, 2071-2072 
Dermonecrotic toxin, 644 

Bordetella, 645, 2531, 2534-2535 
Derskovia, 24 
Derx's medium, Azotobacteraceae, 

3152-3153 
Derxia, 27, 538, 2123-2124, 2240, 

2259, 2366, 2372, 2377, 2605-
2611,3144 

Derxia gummosa, 346, 364, 536, 
539, 2605-2611 

Desert 
actinoplanetes, 1032 
cyanobacteria, 2062-2063, 2079 

Desert soil, 88-89 
Desert varnish, manganese

oxidizing bacteria, 2312 
Desiccation resistance, 85-86, 90 

Actinomycetes, 812 
actinoplanetes, 1030, 1032, 1040 
Bacillus, 1686, 1747 
Campylobacter, 3504 
Cytophagales, 3639, 3651 
Deinococcaceae, 3732, 3734, 

3736, 3738 
Heliobacteriaceae, 1985-1986 
Herpetosiphon, 3791 
myxobacteria, 3417, 3458 
Streptomycetaceae, 926 
Streptosporangiaceae, 1123 

Desmolase, Clostridium, 1833 
Desmospongiae, cyanobacteria 

symbiont, 3822 
Desorption, hydrocarbon-oxidizing 

bacteria, 454-455 
Desulfoarculus, 585, 587 
Desulfoarculus baarsii, 292, 585, 

609, 2055, 3363, 3366, 3369-
3370, 3372-3373 

Desulfobacter, 29, 535, 585, 587, 
593, 597-598, 601-603, 605-
606,609,613,2133, 3353, 
3363, 3367, 3369, 3375 

Desulfobacter curvatus, 338, 535-
536, 595, 3366, 3368-3370 

Desulfobacter hydrogenophilus, 339, 
535-536, 603, 612, 3363, 3366, 
3368-3370 

Desulfobacter latus, 535-536, 3363, 
3366, 3368-3370 

Desulfobacter postgatei, 277, 535-
536, 602-603, 605, 3366, 3368-
3370 

Desulfobacteriaceae, 3366-3373 
Desulfobacterium, 587, 589, 598, 

609-610, 612, 3353, 3367, 3369 
Desulfobacterium anilini, 608, 611, 

3363, 3369-3370 
Desulfobacterium autotrophicum, 

339, 603-604, 608, 612-613, 
3363, 3366, 3368-3370 

Desulfobacterium baculatum, 612 
Desulfobacterium catecholicum, 595, 

608, 3369-3370 
Desulfobacterium indolicum, 3363, 

3369-3370 
Desulfobacterium macestii, 3369-

3370 
Desulfobacterium niacini, 611, 3363, 

3366, 3368-3370 
Desulfobacterium oleovorans, 3373, 

3375 
Desulfobacterium phenolicum, 3363, 

3369-3370 
Desulfobacterium vacuolatum, 307-

308, 3363, 3366, 3368-3370 
Desulfobotulus, 585, 587, 3373 
Desulfobotulus sapovorans, 589, 609, 

3363, 3366, 3369-3370, 3372-
3375 

Desulfobulbus, 29, 587, 591, 598, 
607,612-613,2133,3352, 
3363, 3367-3368, 3375 

Desulfobulbus elongatus, 596, 607, 
3369-3370 

Desulfobulbus marinus, 3366-3370 
Desulfobulbus propionicus, 286, 591, 

595, 607-608, 3362, 3366, 
3368-3370, 3374 

Desulfococcus, 29, 587, 593,2133, 
3369 

Desulfococcus biacutus, 608-609, 
3363, 3369-3370 

Desulfococcus multivorans, 288, 591, 
607-609,611,3353,3363, 
3366-3367, 3369-3370, 3372 

Desulfofuscidin, 593, 3391 
Desulfomaculum, 598, 3367 
Desulfomicrobium, 585, 587-588, 

597, 3353, 3363, 3366, 3368, 
3379-3381, 3386, 3388 

Desulfomicrobium apsheronum, 613, 
3369-3370, 3374 

Desulfomicrobium baculatum, 536, 
585, 589, 598-599, 609, 3367, 
3369-3370 

Desulfomonas, 3365 
Desulfomonas pigra, see 

Desulfovibrio piger 
Desulfomonile, 587, 3369-3373 
Desulfomonile tiedjei, 3363, 3369-

3370 
Desulfonema, 29, 587, 609,2134, 

3353, 3361, 3367, 3369, 3373 
Desulfonema limicola, 612, 3363, 

3365, 3367, 3369-3370, 3372, 
3385 

Desulfonema magnum, 589, 3361, 
3363, 3365, 3367, 3369-3370, 
3372-3374 

Desulforubidin, 593, 3367, 3369, 
3387 

Desulfosarcina, 29, 587, 593, 598, 
2134, 3353, 3365, 3367, 3369, 
3373 

Desulfosarcina variabilis, 612, 3363, 
3369-3370, 3372, 3385-3386 

Desulfotomaculum, 25, 58, 210, 300, 
535, 584-587, 591, 593, 595, 
609,612-613,1663,1792-1798, 
1817,2014,2133,3356,3366 

Desulfotomaculum acetoxidans, 589, 
601,603-604,606, 1793-1797 

Desulfotomaculum antarcticum, 
1793-1795 

Desulfotomaculum geothermicum, 
1792-1795 

Desulfotomaculum guttoideum, 
1793-1795 

Desulfotomaculum kuznetsovii, 
1792-1795 

Desulfotomaculum nigrijicans, 461, 
536, 584, 612, 1792-1797 

Desulfotomaculum orientis, 536, 
591,598,600,608,612-613, 
1792-1798 

Desulfotomaculum ruminis, 110, 
536, 610, 1793-1796, 1798, 
3366 

Desulfotomaculum sapomandens, 
1792-1795 

Desulfotomaculum 
thermoacetoxidans, 1792-1795 

Desulfovibrio, 29, 33, 58, 166, 281-
282, 293, 301, 304, 339, 461, 
535, 548, 584-601, 608-613, 
1793,2048,2051,2054,2133-
2134,3163,3352-3353, 3356, 
3358,3361, 3365, 3367, 3386, 
3388, 3417 

Desulfovibrio aestuarii, 2985 
Desulfovibrio africanus, 535-536, 

3369-3370 
Desulfovibrio baarsii, see 

Desulfoarculus baarsii 
Desulfovibrio baculatus, see 

Desulfomicrobium baculatum 
Desulfovibrio carbinolicus, 608, 

3370 
Desulfovibrio desulfuricans, 152, 

536, 585, 591, 595, 597-599, 
609, 612-613, 3353, 3366, 
3368-3370, 3373, 3589 

Desulfovibrio dismutans, 595 
Desulfovibrio fructosovorans, 612, 

3369-3370 
Desulfovibrio furfuralis, 610, 3369-

3370 
Desulfovibrio giganteus, 3369-3370 
Desulfovibrio gigas, 535-536, 545, 

588-589, 596-599,601,608, 
613, 3366, 3368-3370, 3379-
3381 

Desulfovibrio multispirans, 589, 
3379 

Desulfovibrio piger, 3366-3370 
Desulfovibrio salexigens, 535-536, 

613, 3366, 3368-3370 
Desulfovibrio saprovorans, 585 
Desulfovibrio simplex, 3369-3370 
Desulfovibrio sulfodismutans, 338, 

385, 3363, 3369-3370 
Desulfovibrio thermophilus, see 

Thermodesulfobacterium mobile 
Desulfovibrio vulgaris, 81, 101,279-

281, 536, 593, 596-599, 601, 
605, 609, 613, 1329,3366, 
3369-3370 

Desulfovibrionaceae, 3366-3367, 
3369-3370 

Desulfoviridin, 585, 587, 593, 3367, 
3369, 3373, 3388 

Desulfurella, 588, 597-598, 602, 
605, 3383-3384, 3387 



Desulfurella acetivorans, 586, 602-
603, 3379-3382, 3385-3386 

Desulfurococcaceae, 677-682 
Desulfurococcus, 31, 677-678, 703-

704 
Desulfurococcus mobilis, 14, 678, 

680 
Desulfurococcus mucosus, 678 
"Desulfurococcus saccharovorans, " 

678, 680-681 
Desulfurolobus, 31, 338, 685-686 
Desulfurolobus ambivalens, 588-

589, 684-687, 691-694, 696 
Desulfuromonas, 29, 585, 588, 594, 

597-598, 602, 605, 608, 2133-
2134, 3352, 3379-3389 

Desulfuromonas acetexigens, 2134, 
3380-3381, 3386, 3393 

Desulfuromonas acetoxidans, 75,81, 
102, 276, 294, 586, 602-607, 
2134, 3369, 3379-3381, 3387-
3388, 3393 

Desulfuromonas succinoxidans, 595, 
610,2134,3380-3381,3384, 
3393 

Desulfuromonas thiophila, 3380-
3381, 3385-3386, 3388 

Detachment, 264, 472 
Detergent degradation, 

Nocardiaceae, 1203 
Detergent sensitivity, Leptospira, 

3573 
Determinative classification, 3, 6 
Detritus feeder, 270 
Detritus particle, 92 
Deuteromycotina, 3823 
Development 

Chlamydia, 3694 
diversity, 65-71 

Devescovina symbionts, 3856 
Dextran degradation, Sporosarcina, 

1779 
Dextran production 

acetic acid bacteria, 2280 
Lactobacillus, 1551, 1567 
Leuconostoc, 1515, 1519-1523, 

1527 
Streptococcus, 1429, 1432, 1458 

Dextranase, Oerskovia, 1332 
Dextrin uti1ization 

Aeromonas, 3027 
Clostridium, 1868 
Gardnerella, 918 
Pediococcus, 1505 
Pseudonocardiaceae, 1013 
Roseburia, 2029 
Saccharothrix, 1064 
Streptococcus, 1427, 1433 
Succinimonas, 3980 
Succinivibrio, 3980 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Dextrin-fuchsin-sulfite medium 

Aeromonas, 3023-3024 
Vibrionaceae, 2948 

DG medium, Chloroflexus, 3760-
3761 

DGI, see Disseminated gonococcal 
infection 

DGN medium, Chloroflexus, 3760-
3761 

dha regulon, Klebsiella, 2782 

Diabetes mellitus, 2035 
Diacetyl production 

Lactobacillus, 1547, 1549-1550, 
1566 

Lactococcus, 1489, 1492 
Leuconostoc, 1510, 1513-1514, 

1520 
Diacylinositol, 134 
Diagnostic sensitivity test (DST) 

agar, Nocardiaceae, 1195, 1197 
Diagnostic table, 142-143 
Dialysis microculture, 267 
Diamino acid, cell wall, 1352 
3,5-Diaminohexanoate 

dehydrogenase, Clostridium, 
1835 

Diaminopimelate dehydrogenase, 
Corynebacterium, 1164 

Diaminopimelic acid 
assay, 881 
Streptomycetaceae, 952 
thin layer chromatography, 843 

Diamond skin disease, 1631 
1,2-Di-O-anteisoheptadecyl-sn

glycerol, 3392 
Diaphorase, Clostridium, 1828 
Diarrhea 

Aeromonas, 3012, 3015-3020 
Bacillus, 1751-1752 
Campylobacter, 3490 
caule, 3490 
cholera-like, 2712 
Citrobacter, 2745 
Clostridium, 1871 
Edwardsiella, 2737-2739 
Enterobacteriaceae, 2677-2678 
Escherichia coli, 643-644, 2678, 

2696, 2702-2703, 2710, 2712-
2720 

infant, 2710 
Kluyvera, 2927 
Kurthia, 1656 
Moellerella, 2929 
Morganella, 2856-2858 
Plesiomonas, 3031-3034 
Providencia, 2853-2854 
Salmonella, 2763 
Salmonellae, 2677 
travelers', 2712-2714 
Vibrio, 2956-2958, 2962, 2964, 

2970, 2987-2993 
Yersinia, 2687, 2689, 2869-2870, 

2879 
Diatom 

cyanobacteria, 2081, 3839-3841 
dimorphic prosthecate bacteria 

associated with, 2181-2182 
Diauxic growth, 160 
Diazinon degradation, Arthrobacter, 

1286 
Diazotroph, 431, 534 

aerobes, 538-539, 549-550 
archaebacteria, 540 
artifactual, 541 
cyanobacteria, 540, 549 
facultative anaerobes, 537-538 
free-li ving, 535 
obligate anaerobes, 535-537 
phototrophic, 540 
symbiotic, 539-540 

1,2-Dich10roethane utilization 
methanogens, 759 
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Xanthobacter, 2378-2379 
Dichothrix, 3822, 3826 
Dichothrix orsiniana, 3826 
Dichotomicrobium, 2131 
Dichotomous key, 142-143 
Dicotyledon, transfer of Ac element 

tO,2228 
Didasculus thorntoni symbionts, 

3859 
Didemnid, Prochlorales, 2106 
Dieback, Chinaberry, 4031 
Dienes staining 

L-forms, 4073 
Proteus, 2850 

Dietary adjunct, Lactobacillus, 1553 
Diether lipid, 135 

Halobacteriaceae, 777-780, 788-
797 

methanogens, 750, 756 
Differential agar, Plesiomonas, 3035 
Differential reinforced clostridial 

medium, 1808 
Differentiating medium, 178 
Differentiation, 209, 231-238 

cyanobacteria, 2093-2094 
Siderocapsaceae, 4110-4112 
Streptomycetaceae, 958 

Difficidin, 1688 
Diffusion, 293 
Digestion-decontamination, 

specimens containing 
Mycobacterium, 1252-1253 

Digesti ve tract, see also specijic 
organs 

Actinobacillus, 3342-3343 
anaerobic Gram-positive cocci, 

1879 
Pasteurella, 3331-3332 
Veillonella, 2034 

Diglutamate utilization, 
Xanthobacter, 2373 

Diglycosyl diglyceride, 134 
Digoxin inactivation, Eubacterium, 

1915,1921 
Dihydrolipoamide dehydrogenase, 

Clostridium, 1826, 1834 
1,2-Dihydrolycopene, purple 

nonsulfur bacteria, 2148 
1,2-Dihydroneurosporene, purple 

nonsulfur bacteria, 2148 
Dihydroorotase, Clostridium, 1830 
Dihydroorotate dehydrogenase, 

Clostridium, 1830 
Dihydroshikimate production, 

Lactobacillus, 1549 
Dihydroxyacetone, commercial 

production, 2282 
Dihydroxyacetone kinase, Klebsiella, 

2782 
Dihydroxybenzene utilization, 

syntrophic bacteria, 2052, 2054 
Dihydroxybenzoic acid utilization, 

syntrophic bacteria, 2052, 2054 
3,6-Dihydroxyindoxazene, 

Chromobacterium, 2595 
3,3'-Dihydroxy-isorenieratene, 3639 
Dihydroxyphenazine-1-carboxylic 

acid, Pseudomonas, 3093 
3,4-Dihydroxyphenylacetic acid 2,3-

dioxygenase, Serratia, 2831 
3,4-Dihydroxyphenylalanine 

(DOPA) utilization, 
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Mycobacterium leprae, 1271, 
1277 

2,5-Diketogluconic acid production 
acetie acid bacteria, 2279 
Janthinobacterium, 2597-2598 
Serratia, 2832, 2837 

Dilute peptone agar (DPA) 
Ancalomicrobium, 2161-2162 
Prosthecomicrobium, 2161-2162 

Dilute peptone enrichment 
procedure, Planctomyces, 3713-
3714 

Dilution and serial transfer, 
Gallionella isolation, 4084 

Dilution medium, myxobacteria, 
3428 

Dilution rate, chemostat, 159 
Dilution-shake culture, 174-175 
Dirn variant, bioluminescent 

bacteria, 628-629, 633 
2,3-Dimano-2,3-dideoxyglucose, 

Phenylobacterium, 2340 
Dimethyl disulfide production 

Alcaligenes, 2547 
Comamonas, 2588 

Dimethyl disulfide utilization, 336 
eolorless sulfur baeteria, 405, 

2646 
methylotrophs, 437-438 

15,16-Dimethyl-30 
glyceryloxytriacontanoie acid, 
Thermatoga, 3811 

Dimethyl sulfide production, 
methanogens, 719 

Dimethyl sulfide utilization, 336 
eolorless sulfur bacteria, 405 
methanogens, 719-721 
methylotrophs, 437-438 
sulfur bacteria, eolorless, 2646 

Dimethyl sulfoxide utilization, 336 
methylotrophs, 437-438 
sulfidogenic bacteria, 590 
sulfur-reducing bacteria, 3388 

Dimethylamine monooxygenase, 
methylotrophs, 437 

Dimethylamine utilization 
methanogens, 720 
methylotrophs, 436 

Dimethylglycine utilization 
Methylobacterium, 2347 
Sporomusa, 2019 

6,7-Dimethyl-8-ribitylumazine, 
biolumineseent bacteria, 626 

Dinger disk, 3576 
Dinoflagellate symbionts, 3860 
Dinophysidaeea, cyanobacteria 

symbiont, 3822 
1,2-Diol, Thermomicrobium, 3776-

3778 
Diol dehydratase 

Clostridium, 1827 
homoacetogens, 1933 

Dioxygenase, hydrocarbon-oxidizing 
baeteria, 453 

Diphenol oxidase, Lysobacter, 3264 
Diphtheria, 151, 645, 814, 1181 

calf,4117 
Diphtheria toxin, 645, 1180-1181 
Diphtheria toxin sensitivity, 

methanogens, 756 
Diphtheroid stomatitis, 2562, 2565 
Diplocalyx, 3965-3977 

Diplocalyx calotermitidis, 3965-
3977 

Diplococcus morbillorum, see 
Gemella morbillorum 

Diplococcus rubeolae, see Gemella 
morbillorum 

Diplopterol, Zymomonas, 2291 
Dipiotaxis virescence mycoplasma

like organism, 4060 
Diptera, eyanobacteria symbiont, 

3822 
Direet fluorescent antibody (DFA) 

test 
Bordetella, 2532 
Erysipelothrix, 1638 
Legionella, 3287-3288 
Renibacterium, 1314 
Treponema pallidum, 3543 

Direet immunofluorescence assay 
Actinomyces, 890 
Legionella, 3292 

Disease, see also specijtc diseases 
infeetion vs" 642-643 
systemic, 646-653 

Disinfectant, 171 
against Megasphaera, 2002 
against Pectinatus, 2002 
resistance in Listeria, 1608 

Disk diffusion method, sensitivity 
testing, 3499 

Dismutation, sulfur eompounds, 
595 

Dispersion, 254-255 
Disseminated gonococcal infection 

(DGI), 2509, 2512-2513 
Distillery, Sporomusa, 2014 
Disulfide reduetase, homoacetogens, 

526 
Dithionite utilization 

Desu/fotomaculum, 1793 
sulfidogenic baeteria, 589 

Dithiosemicarbazone resistance/ 
sensitivity 

Aegyptianella, 4010 
Anaplasmataeeae, 3995 
Bartonellaceae, 3995 

Ditrisarubiein, 978 
Diuron resistanee, eyanobaeteria, 

2096 
Diversity 

capsule, 53 
cell division strategies, 65 
eell grouping, 51-52 
eell shape, 48-51 
cell surface, 51-54 
life eycle, 65-71 
metabolie, 54-61 
motility, 62-65 
nitrogen fixation, 61-62 

Division (taxonomie), 35, 128 
DLVO theory, 263 
DMDS uti1ization, see 

Dimethyldisu1fide utilization 
D-MRS agar, Carnobacterium, 

1575-1576 
Dms STAPH Trac Kit, 1384 
DMS utilization, see 

Dimethylsulfide utilization 
DMSO utilization, see 

Dimethylsulfoxide utilization 
DNA 

L-forms, 4069 

mycoplasma-like organism, 4058-
4061 

supercoiled, 2705 
xenosome, 3883 

DNA adenine methylase, 2085 
DNA composition, see also Ge 

content; Restriction fragment 
length polymorphism 

Acidaminococcus, 2042 
Actinobacillus, 3347 
Actinomadura, 1063 
Aetinomyeetes, 811 
Amycolata, 1063 
Amycolatopsis, 1063 
anaerobic Gram-positive cocci, 

1883-1884, 1888-1890 
Anaplasma, 4016 
Ancalomicrobium, 2164 
Androcidium, 2922 
Asticcacaulis, 2165 
Bacteroides, 3519 
Bordetella, 2530-2531,2539 
Brevibacterium, 1351, 1353 
Brucella, 2385 
Budvicia, 2925 
Caedibacter, 3874 
Campylobacter, 3488, 3519 
Cardiobacterium, 3340 
Caulobacter, 2165 
Chlamydia, 2401, 3692, 3696 
Clostridium, 1868-1869, 1871-

1876,1926 
Corynebacterium, 1172-1173 
Dermatophilus, 1347 
Eikenella, 2668, 3519 
Enterobacteriaceae, 2676, 2924-

2935 
Eubacterium, 1926 
Francisella, 3992 
Gemella, 1643 
homoacetogens, 1926 
Leptotrichia, 3983 
Lyticum, 3875 
Megasphaera, 1997-1998, 2042 
methanotrophs, 2355-2359, 2361 
Methylobacterium, 2343, 2347 
methylotrophs, 431-433 
Micrococcus, 1300, 1303, 1306 
Mobiluncus, 910 
Morganella, 2856-2857 
Mycobacterium, 1271, 1277 
Nocardioides, 1063 
Nocardiopsis, 1063 
Paracoccus, 2322 
Paramecium symbiont, 3871, 

3873 
Pasteurella, 3331 
Pectinatus, 1996-1997,2002 
Peptostreptococcus, 1926 
Polynucleobacter, 3880 
Prosthecobacter, 2165 
Prosthecomicrobium, 2164 
Proteus, 2849, 2852 
Providencia, 2853-2854, 2856 
Pseudocaedibacter, 3875 
Pseudomonadaeeae, 3081 
Pseudomonas, 3076 
Saccharothrix, 1063, 1066 
Salmonella, 2763-2764 
Selenomonas, 2002, 2010-2011 
Shigella, 2754 
Spirillum, 2562, 2565 



Spirochaeta, 3526-3527, 3534 
Sporomusa, 1926 
Staphylococcus, 1303 
Streptobacillus, 4023 
Syntrophococcus, 1926 
Veillonella, 2042 
Wolinella, 3512, 3519, 3521 
Yersinia, 2895 
Zymophilus, 2002 

DNA gyrase 
Citrobacter, 2749 
Escherichia coli, 2705 

DNA methylase, mycop1asma, 1952 
DNA polymerase 

Archaeoglobus, 709 
methanogens, 752-753 
mycoplasma, 1940-1941 
Sulfolobales, 695 
Thermus, 3750 
Zoogloea, 3960-3961 

DNA probe, see also Nucleic acid 
probe 

Anaplasma, 4015-4016 
Bordetella, 2532 
Campylobacter, 3499, 3504 
Chlamydia, 3691, 3705 
Mobiluncus, 908 
Shigella, 2758 
Wolinella, 3516, 3519-3520 
Yersinia, 2892 

DNA repair, Escherichia coli, 2706 
DNA synthesis, Chlamydia, 3697 
DNA-binding protein 

Chlamydia, 3696 
myxobacteria, 3449 

DNA-containing body, 3858 
DNA-DNA homology, 19-20, 32, 

2111-2112 
Actinomyces, 851-852, 888 
Aeromonas, 3014 
ammonia-oxidizing bacteria, 2630 
Arthrobacter, 1284-1285, 1291 
Azospirillum, 2236, 2238, 2241 
Bacillus, 1664, 1716, 1729, 1763, 

3926 
Bacteroides, 3593 
Bdellovibrio, 3403 
Bifidobacterium, 819 
bioluminescent bacteria, 626 
Borrelia, 3565 
Butyrivibrio, 2022 
Campylobacter, 3498 
Caryophanon, 1787 
Cellulomonadaceae, 1323 
Cellulomonas, 1327 
Chlamydia, 3694 
Citrobacter, 2744 
Clavibacter, 1356 
Clostridium, 1813-1814, 1821 
Comamonas, 2586 
Cytophagales, 3660-3662 
Deinococcaceae, 3740 
Deleya, 3191 
dimorphie prosthecate bacteria, 

2178 
Enterobacter, 2798-2800 
Erwinia, 2900-2901 
Erysipelothrix, 1629 
Escherichia, 2696 
Flavobacterium, 3620-3621, 

3624-3626 
Frankia, 1078 

Gardnerella, 918 
Haemophilus, 3308, 3310, 3312, 

3319 
Halobacteriaceae, 775 
Herbaspirillum, 2238 
Holospora, 3877 
Hydrogenobacter, 3927-3928 
invertebrate symbionts, 3903 
Klebsiella, 2775 
Kurthia, 1660 
Lactobacillus, 1560 
Legionella, 3294 
Leptospira, 3568,3571-3572 
Leuconostoc, 1524-1525 
Listeria, 1596 
Methylobacterium, 2343, 2347 
Mycobacterium, 1224, 1228, 1244, 

1271, 1278 
mycoplasma, 1949 
Nocardiopsis, 1143, 1153 
Oceanospirillum, 3230, 3235 
Oerskovia, 1330 
Pasteurella, 3331 
Pediococcus, 1502 
Pelobacter, 3393 
Phenylobacterium, 2339 
Photobacterium, 3001 
phytopathogenic pseudomonads, 

3106,3108-3109 
Plesiomonas, 3029 
Porphyromonas, 3610 
Prochlorales, 2106 
Promicromonospora, 1334 
Propionibacterium, 836, 839, 842, 

845 
Pseudomonas, 3088 
purpie nonsulfur bacteria, 2147 
rhizobia, 2201-2202, 2209-2210 
rickettsiae, 2435 
Rochalimaea, 2444 
Sporolactobacillus, 1773 
Sporosarcina, 1778 
Staphylococcus, 1370, 1372, 

1382-1384 
Streptococcus, 1425, 1427, 1429, 

1431-1433 
Streptomycetaceae, 921, 972 
sulfate-reducing bacteria, 3366 
sulfidogenic bacteria, 585 
Sulfolobales, 691 
sulfur bacteria, co1orless, 2645-

2646 
thermoanaerobic saccharolytic 

bacteria, 1904, 1910 
Thermoleophilum, 3782 
Thermoplasma, 716 
Thermotoga, 3810, 3812 
Thermus, 3750 
Treponema, 3537 
Vibrio, 2956, 2998, 3000 
Vibrionaceae, 2940-2941 
xylem-inhabiting bacteria, 4041 
Zymomonas, 2290 

DNase 
Aeromonas, 3027 
Arthrobacter, 1289 
Aquaspirillum, 2572 
Brochothrix, 1625 
Clostridium, 1874-1876 
Curtobacterium, 1363 
Cytophagales, 3658-3659 
Edwardsiella, 2741 
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Enterobacteriaceae, 2924 
Escherichia, 2698 
Flavobacterium, 3625 
Gemella, 1650 
Hafnia, 2818 
halophilic cocci, 1780 
Kurthia, 1660 
Moraxella, 3278 
Neisseria, 2496-2497 
Oceanospirillum, 3234 
Planococcus, 1782 
Plesiomonas, 3036 
Renibacterium, 1314 
Serratia, 2832, 2835-2836 
Sporosarcina, 1779 
Streptococcus, 1439, 1459 
Streptomycetaceae, 966 
Streptosporangiaceae, 1130-1131 
Thermomonosporaceae, 1102-

1103 
Vibrio, 2974 

DNase agar 
Serratia, 2833 
Vibrionaceae, 2948 

DNase agar plus ampicillin and 
toluidine b1ue, Aeromonas, 
3024-3025 

Dodder, 4031 
mycoplasma-1ike organism, 4051 

Doepel's medium, Clavibacter, 1360 
Dog 

Actinobacillus, 3343 
Actinomyces, 851, 858, 865-866 
anthrax, 1748 
Campylobacter, 3490 
Coxiella, 2473 
Ehrlichia, 2445-2447, 2450 
Enterococcus, 1476-1477 
Haemophilus, 3305, 3313 
Micrococcus, 1300 
Morganella, 2857 
Mycobacterium, 1248 
Neorickettsia, 2445, 2453 
Nocardia, 1194 
Pasteurella, 3332 
Plesiomonas, 3034 
Rickettsia, 2408-2413,2416-

2417,2421 
Simonsiellaceae, 2658-2660, 

2662, 2665-2666 
Staphylococcus, 1372-1374 
Streptobacillus, 4023 
Weeksella, 3622 
Yersinia, 2879 

Do1phin 
Aeromonas, 3020 
denitrifying bacteria, 560 
Staphylococcus, 1374 
Streptomycetaceae, 940 

Domestic anima1s, see also Rumen; 
specific anima1s; specific 
diseases 

botulism, 1870 
Brucella, 2384, 2388-2389, 2391, 

2395 
Clostridium, 1875 
Eperythrozoon, 4007 
Haemobartonella, 4005, 4007, 

4009 
Salmonella, 2764 
streptotrichosis, 1346 

Donation, Bacillus, 1679 
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Dondero medium, Sphaerotilus, 
2615 

Donkey 
Coxiella, 2473 
denitrifying bacteria, 561 
Simonsiellaceae, 2660 

Donor blood, Yersinia, 2879 
DOPA utilization, see 3,4-

Dihydroxyphenylalanine 
utilization 

DOPA-oxidase, Mycobacterium 
leprae, 1277 

Dopsisamine production, 
Saccharothrix, 1063, 1066 

Dormancy breaking disease 
mycoplasma-like organism, 
4059 

Dorset egg agar, Shigella, 2757 
Dot blot 

mycoplasma, 1952 
rickettsiae, 2436-2437 

Dothideales, 3824 
Double-diffusion 

immunoelectrophoresis, 
Klebsiella, 2788 

Double-Iayer agar plate, 
Promicromonospora, 1335 

Double-strength Salmonella-Shigella 
broth, Edwardsiella, 2740 

Doubling time, 157 
Douglas-fir tussock moth, Bacillus, 

1712 
Doxorubicin, 978 
Doxycycline resistancejsensitivity 

Borrelia, 3564 
Brucella, 2396 
Chlamydia, 3702 
Coxiella, 2474 
Phyllobacterium, 2603 

Doyle and Roman enrichment 
broth, Campylobacter, 3502 

DPA, see Dilute peptone agar 
DPM medium, Frankia, 1072 
dra genes, 545 
Draeger tube, 3921 
Dragonfly, Spiroplasma, 1965 
Drainage system, Gallionella, 4082 
Drainage tube, 98 
Dried food, Enterococcus, 1477 
Drigalski agar 

Enterobacter, 2805 
Klebsiella, 2782 
Salmonella, 2767 

Drinking water, see also Freshwater 
Aeromonas, 3017, 3021-3022 
Enterococcus, 1477 
Klebsiella, 2776 
Plesiomonas, 3032, 3034 
Streptomycetaceae, 928, 936 

Drop count, 175 
Drosophila, sex-ratio organism, 

1960-1963, 1966, 1971-1972 
Drug abuser 

Actinobacillus, 3344 
Bacillus, 1753, 1755 
Stomatococcus, 1321 

Dry heat sterilization, 172 
Dry heat technique, actinoplanetes 

isolation, 1039 
Dry necrosis, Erwinia, 2900 
dsp genes, Erwinia, 2914 

DST agar, see Diagnostic sensitivity 
test agar 

DTA medium, Beggiatoa, 3174 
DTB medium, Leuconostoc, 1516 
DTC agar, see Deoxyribonuclease-

toluidine blue-cephalothin agar 
Dual culture, Chloroflexus and 

Synechococcus, 3761 
Dubos medium, Mycobacterium, 

1277 
Dubos mineral medium, 

Cytophagales, 3641-3642 
Dubos oleic acid-albumin medium, 

Mycobacterium, 1254 
Dubos Tween albumin broth, 

Mycobacterium, 1249 
Duck weed, Clostridium, 1837 
Dulcitol utilization 

Actinobacillus, 3347 
Agrobacterium, 2221 
Brochothrix, 1625 
Budvicia, 2932 
Cardiobacterium, 3341 
Citrobacter, 2748 
Edwardsiella, 2741 
Enterobacter, 2807, 2809-2810 
Enterobacteriaceae, 2923 
Escherichia, 2698 
Hajnia, 2818 
Klebsiella, 2786-2787 
Kluyvera, 2928 
Leminorella, 2932 
Pectinatus, 1999 
Photobacterium, 2980 
Plesiomonas, 3036 
Pragia, 2932 
rhizobia, 2210 
Salmonella, 2768 
Serratia, 2837 
Shigella, 2755 
Streptobacillus, 4024 
Vibrio, 2973, 2980 

Dump leaching, 405-406 
Dung 

Cytophagales, 3632 
Herpetosiphon, 3788, 3791 
Lactobacillus, 1545 
myxobacteria, 3418, 3421-3423, 

3426,3465 
Rhodococcus, 1195-1196 
Sporomusa, 2014 
Streptosporangiaceae, 1121 

Dust 
Aerococcus, 1504 
Deinococcaceae, 3732, 3734, 3738 
Methylobacterium, 2343-2344 
Micrococcus, 1301 
Mycobacterium, 1216 
Staphylococcus, 1373 

Dwarf disease, alfalfa, 4030, 4034 
Dye sensitivity test, see specific dyes 
DYS agar, Yersinia, 2875 
Dysentery 

E 

bacillary, see Bacillary dysentery 
Escherichia coli, 2716-2717 
Providencia, 2853 
swine, see Swine, dysentery 

E toxin, Clostridium botulinum, 
1868-1869 

Eagle minimal essential medium, 
Rochalimaea, 2444 

Ear 
Porphyromonas, 3609 
Staphylococcus, 1373 

Ear infection 
Ochrobactrum, 2602 
Streptococcus, 1452 
Vibrio, 2958, 2960, 2990, 2995-

2996 
Earthworm 

Methylobacterium, 2342 
Oerskovia, 1331 
Streptomycetaceae in cast, 931 

East Side agent, 2408, 2417-2418 
Eastern aster yellows mycoplasma

like organism, 4055, 4057-4062 
Eastern X-disease mycoplasma-like 

organism, 4056-4060 
EBM medium, Spirochaeta, 3531 
EBS medium, myxobacteria, 3429 
EC broth, 2697 
EC medium, see Enriched 

Cytophaga medium 
Echiurinea, cyanobacteria symbiont, 

3822 
ECM agar, myxobacteria, 3428 
Ecological characteristics 

in identification, 141-142 
metabolism, 79-82 

Ecological niche, see Niche 
Ecology,76 

molecular, 111 
EcoRI,2723 
Ecosystem, 76-77 
Ectocyanosis, 3820-3823 
Ectoine, Halomonas, 3185 
Ectosymbiosis, 660-661, 3819, 

3822-3835 
Ectothiorhodaceae, 3213 
Ectothiorhodospira, 28, 87, 318, 

545, 783, 2080-2081, 2121, 
2152, 2625, 3222-3228, 3755 

Ectothiorhodospira abdelmalekii, 
3222-3227 

Ectothiorhodospira agglomerans, 
545,547 

Ectothiorhodospira ha loch loris, 
2081,3222-3228 

Ectothiorhodospira halophila, 3222-
3227 

Ectothiorhodospira marismortui, 
3222-3225, 3227 

Ectothiorhodospira mobilis, 319, 
3222-3228 

Ectothiorhodospira shaposhnikovii, 
537, 3223-3225, 3227-3228 

Ectothiorhodospira vacuolata, 537, 
3224-3225, 3227 

Ectothiorhodospiraceae, 28, 135, 
312, 320-321, 323, 537, 540, 
2121-2122,3211, 3222-3228, 
3586 

Ectothiospira, 2566 
Edema disease, swine, 2719 
Edema factor, anthrax, 1750-1751 
Edwardsiella, 2114, 2680, 2737-

2742, 2983 
Edwardsiella hoshinae, 2674, 2680, 

2737-2742 
Edwardsiella ictaluri, 2674, 2677, 

2680, 2737-2742 
Edwardsiella tarda, 2674, 2677-

2678, 2737-2742 



Eel 
Edwardsiella, 2737, 2739 
Renibaeterium, 1313 

Eelgrass, prokaryote-invertebrate 
symbiosis, 3892 

EF, see Elongation factor 
Effective publication, 127 
Egg albumin medium 

Streptomycetaceae, 949 
Thermomonosporaceae, 1093 

Egg yolk tellurite enrichment, 
Staphyloeoeeus, 1378 

Egg yolk turbidity factor, Bacillus, 
1760 

Eggerth-Gagnon agar, Clostridium, 
1828 

Eggplant little leaf mycoplasma-like 
organism, 4057 

Eggs 
Acinetobaeter, 3138 
Arthrobaeter, 1286 

Egg-yolk reaction 
Bacillus, 1760 
Pseudomona~ 3093-3094 
Streptomycetaceae, 927, 966, 969 

egl gene, 495, 2298 
EHEC, see Eseheriehia eoli, 

enterohemorrhagic 
Ehrliehia, 2401, 2403-2404, 2445-

2446 
granuloeytic, 2448-2451 
monocytic, 2445-2449 

Ehrliehia eanis, 2404, 2445-2448, 
2453 

Ehrliehia equi, 2404, 2445, 2449-
2451, 2453 

Ehrliehia phagoeytophila, 2404, 
2445, 2449-2450, 2453 

Ehrliehia platys, 2404, 2445 
Ehrliehia risticii, 2402-2404, 2427, 

2432, 2445-2448, 2453 
Ehrliehia sennetsu, 2403-2404, 

2432, 2445-2448, 2453 
Ehrlichiae, 2424-2425 
Ehrlichiosis, 2445-2447, 2450-2451 
EIA, see Enzyme-immunoassay 
Eichler and Pfennig medium, sulfur 

bacteria, purple, 3203 
Eicosenoic acid, Cyanophora, 3844 
EIEC, see Eseheriehia eoli, 

enteroinvasive 
Eikenella, 27, 564, 2122, 2495 
Eikenella eorrodens, 559, 861, 866, 

2011,2122,2668-2671,3319-
3320, 3340, 3513-3514, 3518-
3519 

Eilshemius, Fanny, 152 
Elaidate utilization, syntrophic 

bacteria, 2052 
Elastase 

Aeromonas, 3016, 3026 
Lysobaeter, 3269 

Elasticotaxis, myxobaeteria, 3444, 
3454, 3456 

Elastin degradation 
Nocardiaceae, 1203 
Streptomycetaceae, 927 
Streptosporangiaceae, 1130-1131 
Thermomonosporaceae, 1102-

1103 
Eider, myxobaeteria, 3422 
Elective enrichment, 79 

Electromorph, 139 
Electron acceptor 

colorless sulfur bacteria, 390-391 
external, 302 

Electron donor, 154 
colorless sulfur bacteria, 387-390 
inorganic, 81, 83 
sulfate-redueing baeteria, 3352, 

3363, 3370 
Eleetron microscopy 

manganese-oxidizing baeteria, 
2315, 2317 

mycoplasma-like organism, 4055 
Phenylobaeterium, 2338 
sessile prokaryotes, 266 
Streptomyeetaeeae, 960 

Eleetron probe microanalysis, 
Siderocapsaceae, 4106 

Eleetron transfer 
interspeeies, 722-723 
photosynthesis,314-318 

Electron transparent zone, 
Myeobaeterium, 1273 

Eleetron transport 
Chlorojlexus, 3769 
Neisseria, 2506-2507 
Paraeoeeus, 2324-2328 
Roseobaeter, 2158 

Eleetroporation 
Bacillus, 1725, 1731 
Clostridium, 1820, 1831 
Corynebaeterium, 1161 
Enteroeoeeus, 1476 
Laetobacillus, 1571 
Laetoeoeeus, 1492 
Leueonostoe, 1526 
plant pathogenie eoryneforms, 

667 
plant pathogens, 668, 670 

Elek agar, Corynebaeterium, 1180 
Elementary body 

Chlamydia, 70-71, 222-223, 
3691-3697, 3699 

Cowdria, 2452 
ELISA, see Enzyme-linked 

immunosorbent assay 
Elliker agar, Laetoeoeeus, 1486 
Elm 

Enterobaeter, 2802 
leaf scorch disease, 4038, 4040 
wetwood, 2802 

Elm yellows mycoplasma-like 
organism, 4052, 4057-4058, 
4060 

Elokomin fluke fever, 2445, 2453-
2454 

Elongation faetor EF-2, 
methanogens, 756 

Elongation faetor EF-Tu 
Calderobaeterium, 3929 
mycoplasma, 1940 
toxins aeting on, 645 

Elytrosporangium, 923-926, 970, 
974 

EMB agar, see Eosin-methylene blue 
agar 

Embden-Meyerhof pathway, 55-56 
Arthrobaeter, 1291 
Bacillus, 1704, 1710 
Broehothrix, 1618 
Butyrivibrio, 2030 
Cellulomonas, 1327 
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Chlorojlexus, 3765 
Corynebaeterium, 1163 
Cytophagales, 3658 
Erysipelothrix, 1635 
homoacetogens, 522 
Listeria, 1606 
Oerskovia, 1332 
purple nonsulfur bacteria, 2150 
Spiroehaeta, 3529 
Staphyloeoeeus, 1388-1389 
thermoanaerobic saccharolytic 

baeteria, 1 905 
Thermus, 3748 

Embryonated egg eulture, 
Chlamydia, 3702-3703 

Emerson's yeast extraet-starch agar, 
aetinoplanetes, 1050 

Emetie syndrome, 1751 
EMJH medium, Leptospira, 3576 
Empedobaeter, 562 
Emphysema, chronie alveolar, see 

Chronie alveolar emphysema 
Empyema 

Corynebaeterium, 1182 
Porphyromonas, 3609 
Pseudomonas, 3095 
subdural, see Subdural empyema 

Emulsan produetion, Acinetobaeter, 
454, 3141 

Emulsifieation, hydroearbon-
oxidizing baeteria, 454-455 

Encephalitis, Listeria, 1597 
Eneystment, Azotobaeter, 212-213 
Endemie syphilis, 3537-3538 
Endemie typhus, see Murine typhus 
Endo agar, Yersinia, 2874 
Endo-N-aeetylglueosaminidase 

myxobaeteria, 3466 
Neisseria, 2503 

Endoamylase, Lysobaeter, 3270 
Endoearditis 

Aetinobacillus, 3343-3344 
Aetinomyees, 850 
Aeroeoeeus, 1504-1505 
Bacillus, 1754-1756 
Brueella, 2390-2392, 2396 
Cardiobaeterium, 3339 
Corynebaeterium, 1181-1183 
Coxiella, 2475-2477 
Edwardsiella, 2738 
Eikenella, 2671 
Enterobaeter, 2801 
Enteroeoeeus, 1470, 1476-1477 
Erysipelothrix, 1631-1634 
Eseheriehia eoli, 2718 
Gemella, 1645, 1651-1652 
Haemophilus, 3309-3310,3319 
Laetobaeillus, 1544 
Legionella, 3283 
Myeobaeterium, 1247 
Oerskovia, 1333 
Propionibaeterium, 844 
Pseudomonas, 3089 
Rothia, 862 
Staphyloeoeeus, 1374-1375 
Stomatoeoeeus, 1321 
Streptobacillus, 4024 
Streptoeoeeus, 1421, 1425-1426, 

1429, 1432-1434, 1439, 1452-
1453 

Veillonella, 2035 
Yersinia, 2870 
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Endocellulase, assay, 463-464 
Endocyanosis, 3820-3822, 3835-

3844 
Endocytobiosis, 3819, 3835-3837 
Endocytosis 

of Chlamydia. 3699 
receptor-mediated,647 

Endodontic infection 
Porphyromonas. 3608-3609 
Veillonella. 2035 
Wolinella. 3513 

Endo-ß-galactosidase, 
Flavobacterium. 3627 

Endogenous respiration, nitrite
oxidizing bacteria, 424 

Endoglucanase 
assay, 462 
Bacillus. 2298 
cellulolytic bacteria, 467-470, 

474-475, 479-501 
Clostridium. 1820, 1828, 1834, 

1837 
Cytophagales, 3663-3664 
Erwinia. 2913 
Oerskovia. 1333 
Pseudomona~ 2298 
Streptomycetaceae, 932 
Streptosporangiaceae, 1134 
Thermomonosporaceae, 1092, 

1104 
Endogonaceae, cyanobacteria 

symbiont, 3822 
Endolith, 320 
Endometritis 

Chlamydia.3701 
Mobiluncus. 906 
Neisseria. 2510 
Porphyromonas. 3609 
postpartum, 906 
Pseudomonas. 3093 
Staphylococcus. 1374 
Vibrio. 2994 

Endonuc1ease 
Lysobacter. 3269 
Streptomycetaceae, 978-979 

Endopectate lyase 
Clostridium. 1827 
Streptomycetaceae, 933 

Endopeptidase 
Cytophagales, 3664 
myxobacteria, 3466 
Staphylococcus. 1393 

Endophthalmitis 
Bacillus. 1753 
Oerskovia. 1333 
Plesiomonas. 3031 

Endophyte, 660-662 
Endoplasmic reticulum, protozoa

prokaryote symbiosis, 3859 
Endopolygalacturonase, Clostridium. 

1827 
Endoproteinase Lys-C, Lysobacter. 

3272 
Endosomabiosis, 3819, 3823-3835 
Endospore, 85-86, 90, 132, 152, 

171, 300; see also Spore 
Bacillus. 210-212 

Endosymbiont, 100,660-662,3819 
methanogens, 723 
Rickettsiales, 2401-2405 

Endosymbiont theory, 2090, 3855-
3856 

Endothelial cells, Cowdria. 2445 
Endotoxin, 137, 1759 

Bacillus thuringiensis. 4043 
Brucella. 2390-2391 
Chromobacterium. 2593 
Cytophagales, 3653, 3664-3665 
Klebsiella. 2780 
Leptotrichia. 3983 
Salmonella. 2765 
Yersinia pestis. 2891 

Endoxylanase 
Clostridium. 1837 
Streptosporangiaceae, 1134 
Thermomonosporaceae, 1105 

Enduracidin resistance/sensitivity, 
methanogens, 757 

Energy limitation, 203 
Energy metabolism, 79-80, 140 

Chlamydia. 3697 
myxobacteria, 3465-3466 
Paracoccus. 2324-2328 

Energy source, 154 
Energy transduction, 154-155 
Enhydrobacter. 29, 2943-2945 
Enoate reductase, Clostridium. 

1821, 1828, 1834, 1838-1839 
Enoxacin resistance/sensitivity, 

Shigella. 2758 
Enoyl-CoA hydratase, sulfidogenic 

bacteria, 608 
Enriched Cytophaga (EC) medium, 

Herpetosiphon. 3793-3794 
Enrichment medium 

Acetogenium kivui. 1928 
Beggiatoa. 3171-3172 
Campylobacter. 3502 
Prosthecobacter. 2164 
Pseudomonas. 3074-3075 

Enrichment procedure, 75, 79, 152-
153, 179-180, 198; see also 
specijic enrichment techniques 

Acinetobacter. 3138 
Alteromonas. 3051-3052 
ammonia-oxidizing bacteria, 

2626-2628 
Aquaspirillum. 2573-2578 
Azotobacteraceae, 3146-3147, 

3155-3158 
Bdellovibrio. 3405-3406 
Beijerinckia. 2255-2258 
bioluminescent bacteria, 2969 
Blastobacter. 2171-2173 
Caryophanon. 1785-1786 
Cellulomonas. 1325 
Chlorobiaceae, 3585-3586 
Chlorojlexus. 3757-3758 
Clostridium. 1808-1813 
cyanobacteria contaminated with 

Chlorojlexus. 3758 
Desu/fotomaculum. 1796-1798 
dimorphic prosthecate bacteria, 

2182-2185 
Ectothiorhodospira. 3222-3223 
Edwardsiella. 2739 
Erwinia. 2906 
Halobacteriaceae, 787 
Heliobacteriaceae, 1987-1988 
homoacetogens, 520-521 
hydrocarbon-oxidizing bacteria, 

450-452 
hydrogen-oxidizing bacteria, 352-

353, 3921-3923 

Isosphaera. 3725 
Lactococcus. 1484-1487 
Leptothrix. 2618-2619 
Leucothrix. 3254 
Listeria. 1598-1601 
Lysobacter. 3260 
Marinomonas. 3051-3052 
methanogens, 725-727 
myxobacteria, 3427-3428 
Nevskia.4090-4091 
Nitrobacter. 2303 
Pelobacter. 3394-3395 
Pelosigma. 4099 
Phenylobacterium. 2335-2336 
purple nonsulfur bacteria, 2142-

2143 
Rhodocyclus. 2556 
Seliberia. 2491 
Siderocapsaceae, 4108 
Sphaerotilus. 2615-2616 
Sporomusa. 2014-2015 
Staphylococcus. 1377-1378 
Stella. 2167-2168 
Streptomycetaceae, 942 
sulfate-reducing bacteria, 3362-

3364 
Sulfolobales, 686 
sulfur bacteria, colorless, 2641-

2644, 3935-3936 
sulfur bacteria, purple, 3205-3207 
sulfur-reducing bacteria, 3384-

3385 
Thermococca1es, 703 
Thermodesu/fobacterium. 3391 
Thermoleophilum. 3781 
Thermomicrobium. 3775 
Thermoplasma. 713 
Thermotogales, 3809 
Thiospira. 3941-3942 
Thiovulum. 3943-3944 
Verrucomicrobium. 3806-3807 
Vibrio. 2966-2969 
Xanthobacter. 2368-2370 
Zoogloea. 3956-3957 

Ensifer. 3402 
Ensilage enrichment, 1516 
ent genes, Staphylococcus. 1395-

1396 
Entamoeba histolytica. 1835, 2738 
Entamoeba symbionts, 3855 
Enteric bacteria, 3080 
Enteric fever 

Salmonella. 651-652 
Yersinia. 652 

Enteritis 
Actinobacillus. 3343 
Bacillus. 1749 
Campylobacter. 3490-3491 
cattle, 3491 
Enterococcus. 1477 
Haemophilus. 3313 
juvenile, see Juvenile enteritis 
Listeria. 1609 
Mycobacterium. 1239 
necrotic, see Necrotic enteritis 
neonatal, see Neonatal enteritis 
Pseudomonas. 3093 
Rhodococcus. 1195 
Yersinia. 2678, 2689, 2871 

Enteritis necroticans, see Necrotic 
enteritis 



Enterobacter, 28, 56-57, 181, 537, 
2114,2271,2673,2677,2680-
2682, 2696, 2722, 2778, 2797-
2811, 2817, 281~ 2901, 3027 

Enterobacter aerogenes, 82, 141, 
536,2115,2674,2682-2684, 
2745, 2775-2776, 2780, 2782, 
2784-2787, 2797-2798, 2801-
2811,2818-2819,2833,2836 

Enterobacter agglomerans, 536, 
2674, 2680, 2682, 2697, 2784, 
2798-2811,2837,2900-2901, 
2928, 2931 

Enterobacter alvei, see Hafnia alvei 
Enterobacter amnigenus, 2674, 

2798, 2802-2803, 2805, 2807-
2808 

Enterobacter asburiae, 2674, 2680, 
2798, 2800, 2803-2804 

Enterobacter cancerogenus, 2674, 
2680-2681, 2798, 2803-2804, 
2807-2808 

Enterobacter cloacae, 167,461, 536, 
660, 2674, 2678-2682, 2745, 
2750,2784,2797-2811,2818-
2820, 2833, 2836, 2928 

Enterobacter dissolvens, 2674, 2680, 
2798, 2800, 2802, 2900-2901 

Enterobacter gergoviae, 2674, 2778, 
2798,2803-2808,2818-2819 

Enterobacter hafniae, see Hafnia 
alvei 

Enterobacter hormaechei, 2674, 
2680, 2798, 2800, 2803-2804, 
2809 

Enterobacter intermedium, 2674, 
2680, 2798, 2802-2805, 2807-
2808 

Enterobacter liquefaciens, see 
Serratia liquefaciens 

Enterobacter nimipressuralis, 2674, 
2680, 2798, 2802, 2805, 2807-
2808 

Enterobacter sakazakii, 2674, 2679, 
2798-2799, 2802-2808 

Enterobacter taylorae, see 
Enterobacter cancerogenus 

Enterobacter vulneris, see 
Escherichia vulneris 

Enterobacteriaceae, 28, 137, 142, 
536-537,662,2114-2116,2135, 
2585-2587, 2673-2689, 2696, 
2737, 2744, 2754, 2775, 2820, 
2822, 2849, 2864, 2899, 2922-
2935, 2938, 2940-2942, 3030, 
3910 

plant pathogenic, 668 
Enterobacterial common antigen, 

136, 2676, 2683, 2924 
Budvicia, 2925 
Cedecea, 2926 
Ewingella, 2927 
Leminorella, 2929 
Obesumbacterium, 2930 
Plesiomonas, 2942, 3030-3031 
Pragia, 2931 
Rahnella, 2932 
Xenorhabdus, 2933 
Yokenella, 2935 

Enterochelin 
Enterobacter, 2803 
Klebsiella, 2779 

Enterococcus, 25, 37, 1402, 1421, 
1450-1451, 1456, 1465-1477, 
1482, 1521, 1526,2007,2010 

Enterococcus avium, 1465-1471, 
1476 

Enterococcus casselif/avus, 1465-
1468, 1470-1471, 1476 

Enterococcus cecorum, 1465-1468 
Enterococcus durans, 1465, 1467-

1468, 1470-1471, 1476-1477 
Enterococcusfaecalis, 277, 1387, 

1401, 1438, 1465-1477, 1515, 
1546, 1553, 1560, 1562, 1578, 
1726, 1731,2011 

L-forms, 4069, 4075-4077 
Enterococcus faecium, 1465-1466, 

1468-1471, 1475-1477, 1553, 
1578, 3031 

L-forms, 4069, 4073,4076 
Enterococcus gallinarum, 1465-

1468, 1470-1471, 1476 
Enterococcus hirae, 1465, 1467-

1468, 1477 
Enterococcus malodoratus, 1465, 

1467-1468, 1470-1471 
Enterococcus mundtii, 1465-1468, 

1477 
Enterococcus pseudoavium, 1465, 

1467-1468 
Enterococcus raffinosus, 1465, 1467-

1468, 1476 
Enterococcus solitarius, 1465, 1468 
Enterocolitis 

Eschen"chia coli, 2717 
Salmonella, 651 
Staphylococcus, 1374, 1381 
u1cerative, see U1cerative 

enterocolitis 
Yersinia, 2677, 2866, 2870 

Enterotoxin 
Aeromonas, 3018-3019 
Bacillus, 1752 
Clostridium, 1867, 1875-1876 
Edwardsiella, 2738 
Escherichia coli, 640, 2712, 3033 
Plesiomonas, 3033 
Salmonella, 2762 
staphylococcal, 644 
Staphylococcus, 1374, 1376-1377, 

1395-1396 
Vibrio, 645, 2990-2991, 2993 
Yersinia, 2869-2870 

Entner-Doudoroff pathway, 55-56 
acetic acid bacteria, 2279 
Acinetobacter, 3140 
Alteromonas, 3063 
Arthrobacter, 1293 
Bacillus, 1710 
Cellulomonas, 1327 
Deleya, 3194 
Marinomonas, 3063 
Neisseria, 2506 
purple nonsulfur bacteria, 2150 
Sulfolobales, 693 
Thermoplasma, 717 
Xanthobacter, 2376 
Zymomonas, 2287, 2289-2292 

Enumeration, 168-181 
Bdellovibrio, 3407 

Envelope antigen, see Surface 
antigen 

Environment 
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extreme, 65, 82-91 
interactions of prokaryotes with, 

160-168 
Environmental indicator, 

Methylobacterium, 2347 
Environmental sensing system, 248-

249 
Enzyme 

experimental evolution, 201-202 
extracellular, see Extracellular 

enzyme 
Enzyme inhibitor, 

Streptomycetaceae, 978-979 
Enzyme profile, 138-139, 141 

Cytophagales, 3662 
Klebsiella, 2788 
Leuconostoc, 1523-1524 
rhizobia, 2202 
rickettsiae, 2434-2435 
Streptomycetaceae, 971-972 

Enzyme-immunoassay (EIA) 
Chlamydia, 3704-3705 
Streptococcus, 1459 

Enzyme-linked immunosorbent 
assay (ELISA) 

A naplasma, 4016-4017 
Bordetella, 2532 
Brucella, 2395-2396 
Coxiella, 2476 
Erwinia, 2906 
Legionella, 3288-3289 
Leptospira, 3577-3579 
mycoplasma, 1949 
phytopathogenic pseudomonads, 

3123 
Renibacterium, 1314 
rhizobia, 2207-2208 
riekettsiae, 2427, 2436-2437 
Shigella, 2758 
Spiroplasma, 1975 
Wolinella, 3518 
xylem-inhabiting bacteria, 4041 
Yersinia, 2879, 2892 

Eosin-methylene blue (EMB) agar, 
2699 

Aquaspirillum, 2572 
Enterobacter, 2805 
Erwinia, 2905 
Flavobacterium, 3623 
Hafnia, 2817 
Klebsiella, 2782 
Moellerella, 2929 
Salmonella, 2767 
Shigella, 2756 
Yersinia, 2874 

EPEC, see Escherichia coli, 
enteropathogenie 

EPEC-adherenee faetor, 2711 
Eperythrozoon, 3994-3995, 3999 
Eperythrozoon coccoides, 4005, 4008 
Eperythrozoon dispar, 4008 
Eperythrozoon ovis, 4005-4007 
Eperythrozoon parvum, 4005 
Eperythrozoon suis, 4005-4007 
Eperythrozoon wenyoni, 4005, 4007 
Epibiont, dimorphic prostheeate 

baeteria and algae, 2181-2182 
Epidemie typhus, 2407-2409, 2427, 

2440 
Epidermin, Staphylococcus, 1396-

1397 
Epididymitis 
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Actinobacillus, 3344 
Brucella, 2391 
Chlamydia, 3701 
Haemophilus, 3306 

Epididymo-orchitis 
Actinobacillus, 3343 
sheep,3343 

Epidural abscess 
Actinobacillus. 3343 
Actinomyces. 860 

Epifluorescence microscopy, 266 
Epiglottitis, Haemophilus. 3304, 

3306 
Epilimnion, 95-97 
Epiphyte, 660, 662 

Azotobacteraceae, 3144 
Erwinia. 2900-2901, 2908-2909 
Leucothrix. 3247,3251, 3253-

3254 
pseudomonads, 3118 
Siderocapsaceae, 4102 

Episymbiosis, 3822 
Epithelial cell, pathogens replicating 

in, 647-648 
Epithemia. 3841 
Epithemia adnata. 3838-3839 
Epithemia sorex. 3838-3839 
Epithemia turgida. 3838 
Epithemia zebra. 3838-3839 
Epoxide formation, Xanthobacter. 

2378-2379 
Epsilon symbiont, 3877 

Euplotes. 3879, 3881 
Epsilon toxin 

Clostridium histolyticum. 1872 
Clostridium novyi. 1873 
Clostridium perfringens. 1874-

1875 
Epsilon-like symbiont, 3879 
Equi factor, 1601 
Equid, Pseudomonas mallei. 3076 
Equine monocytic ehrlichiosis, 

2445, 2447, 2450-2451 
Equipment 

handling, 168-169 
steri1ization, 171-173 

Erioderma, cyanobacteria symbiont, 
3822 

erm gene, Staphylococcus. 1402 
Eroded mouth disease, 3645 
Erwinia. 56-57, 77, 453, 537, 660, 

662,668,2114,2117,2673, 
2676-2677, 2682-2683, 2798, 
2899-2914, 4032 

cellulolytic, 485-486 
L-forms, 4069 

Erwinia amylovora. 668, 2674, 
2802,2900,2902,2904-2911, 
2914,3112 

Erwinia ananas. 2674, 2682, 2798-
2799, 2810, 2899-2901, 2910 

Erwinia aroideae. 2115, 2900 
Erwinia cancerogena, 2900-2901 
Erwinia carnegieana. 2674, 2682-

2683, 2900-2901 
Erwinia carotovora, 479, 668, 1544, 

2674, 2799, 2899-2913 
Erwinia cassavae. 2900 
Erwinia chrysanthemi. 469-470, 

481,485,668,2298,2674, 
2676, 2682-2683, 2899-2914 

Erwinia citrimaculans. 2900 

Erwinia cypripedii. 2674, 2899-
2901, 2910 

Erwinia dissolvens. see Enterobacter 
dissolvens 

Erwinia gypsophila. 2901 
Erwinia herbicola. 536-537, 660, 

668,2116,2682,2799,2802, 
2833, 2900-2901, 2904-2905, 
2908-2909,2914,2931,3116, 
see Enterobacter agglomerans 

Erwinia lathyri. see Enterobacter 
agglomerans 

Erwinia mallotivora. 2674, 2682, 
2900 

Erwinia mangiferae. 2900 
Erwinia milletiae. see Enterobacter 

agglomerans 
Erwinia minipressuralis. 2900-2901 
Erwinia nigrijluens, 2674, 2900, 

2902, 2904-2905, 2910 
Erwinia nimipressuralis. see 

Enterobacter nimipressuralis 
Erwinia persicinus. 2674, 2682, 

2800 
Erwinia psidii. 2674, 2682 
Erwinia quercina. 2674, 2900 
Erwinia rhapontici, 2674, 2800, 

2831, 2899-2901, 2910 
Erwinia rubrifaciens. 668, 2674, 

2899-2900, 2904-2905, 2910 
Erwinia salicis. 2674, 2899-2900, 

2905, 2908 
Erwinia salmonis. 2900 
Erwinia sinocalami, 2900 
Erwinia stewartii. 668, 2674, 2682, 

2900-2901,2905,2910-2911, 
2914 

Erwinia tracheiphila. 668, 2674, 
2900, 2914 

Erwinia uredovora. 2674, 2682, 
2798-2799, 2802, 2900-2901, 
2904,2910 

Erwinia vitivora. 2900, 3133 
Erysipelas, 1629-1638 
Erysipeloid, 1629, 1631-1633, 1636 
Erysipelothrix. 25, 886, 1178, 1601, 

1623-1624, 1629-1638, 1758 
L-forms, 4068 

Erysipelothrix erysipeloides. see 
Erysipelothrix rhusiopathiae 

Erysipelothrix insidiosa. see 
Erysipelothrix rhusiopathiae 

Erysipelothrix muriseptica, see 
Erysipelothrix rhusiopathiae 

Erysipelothrix rhusiopathiae. 1629-
1638 

Erythema chronicum migrans, 
Borrelia. 3563, 3565 

Erythema nodosum, Yersinia. 2870, 
2872,2879 

Erythema nodosum leprosum, 1272 
Erythrasma, 1182 
Erythritol utilization 

Agrobacterium. 666, 2221 
Brucella. 2386, 2395 
Cardiobacterium. 3341 
Enterobacter. 2807, 2810 
Enterobacteriaceae, 2923 
Escherichia. 2698 
Klebsiella, 2786 
Nocardiaceae, 1203 
Ochrobactrum. 2603 

Pectinatus, 1999 
Photobacterium. 2981 
Phyllobacterium. 2603 
phytopathogenic pseudomonads, 

3107 
Plesiomonas. 3036 
Pseudonocardiaceae, 1012-10 13, 

1016 
rhizobia, 2200 
Saccharothrix. 1064 
Serratia. 2833, 2837-2839 
Vibrio. 2973, 2981 

"Erythrobacillus pyosepticus. " see 
Serratia marcescens 

Erythrobacter. 27, 135,313, 318, 
321, 328, 556, 558, 568, 2360, 
2485-2488 

Erythrobacter longus. 2132, 2360, 
2485-2488 

Erythrobacter sibiricus, 2485. 2488 
Erythrocytes, see Red blood cells 
Erythrogenic toxin, Streptococcus. 

1460 
Erythromycin production 

actinoplanetes, 1055 
Pseudonocardiaceae, 996, 1018, 

1020 
Erythromycin resistance/sensitivity 

Aeromonas. 3028 
aphid symbiont, 3908 
Bacillus, 1682, 1749, 1756 
Bartonella. 3999 
Bifidobacterium. 829 
Bordetella. 2532 
Carnobacterium. 1577 
Chlamydia. 3692, 3702 
Citrobacter. 2749 
Clostridium. 1867-1868, 1876 
Corynebacterium. 1181, 1183 
Cytophagales, 3665 
Enterococcus. 1474 
Erwinia, 2906 
Erysipelothrix. 1633 
Erythrobacter, 2488 
Flavobacterium. 3627 
Fusobacterium. 4118 
Gemella. 1645 
Halobacteriaceae, 789-797 
Legionella. 3286 
Leptotrichia, 3984 
L-forms, 4077 
Listeria. 1608 
Lysobacter, 3266 
methanogens, 724, 757 
Mobiluncus. 911 
myxobacteria, 3467 
Propionibacterium. 841, 845 
Renibacterium, 1314 
Staphylococcus, 1370, 1382, 

1401-1402 
Streptococcus. 1440 
Thermomicrobium, 3777 
Xanthobacter. 2374-2375 

Erythronolide B, 1020 
ESB medium, Erysipelothrix. 1637 
Escherichia. 28, 56, 2114, 2673, 

2676-2677, 2683, 2696-2725, 
2754, 2763, 2857, 2903, 3076 

L-forms, 4068 
Escherichia adecarboxylata. see 

Leclercia adecarboxylata 



Escherichia blattae, 2674, 2678, 
2696-2698, 2721, 2930-2931 

Escherichia coli, 4, 48, 55, 109-110, 
141, 181, 183,200,255,399, 
518,640-651, 706, 1228, 1387, 
1403-1404,1472,1553,1880, 
1945, 2011, 2115, 2245, 2298, 
2360, 2385, 2646, 2673-2674, 
2677-2682, 2696-2725, 2745, 
2756, 2770, 2817, 2820, 2895, 
2929-2930, 2942, 3027, 3366, 
3424,3512-3514,3528,3698, 
3776, 3783-3784, 3874, 3903 

aerotaxis, 251 
alfacing enteropathogenic, 2721 
anima1 disease, 2719-2721 
applications, 2722-2725 
chemotaxis, 247, 249-250 
denitrification, 567-568 
detection and isolation, 2697-

2699 
enterohemorrhagic (EHEC), 2699, 

2714-2716, 2720, 2755 
enteroinvasive (EIEC), 2697, 

2716-2717,2758 
enteropathogenic (EPEC), 644, 

2707, 2710-2712, 2720-2721 
enterotoxigenic (ETEC), 644, 

2712-2714, 2719-2720 
enterotoxin, 3033 
fermentation, 82 
flagella, 242 
genetically-engineered, 490-491, 

495 
genetics, 2705-2708, 2723-2725 
habitat, 75 
as indicator organism, 2702-2703 
L-forms, 4075-4076 
life cycle, 209 
molybdenum uptake, 566 
serology, 2703-2705 
urinary tract infection, 2708-

2710,2718 
virulence factors, 2709-2712, 

2717-2720 
Escherichia coU overlay agar, 

Herpetosiphon, 3793 
Escherichia decarboxylata, 2721 
Escherichia ewing, see Escherichia 

hermannii 
Escherichia jergusonii, 2674, 2696-

2698, 2721-2722 
Escherichia hermanii, 2674, 2696-

2697, 2698, 2722 
Escherichia ichthyosmius, see 

Aeromonas hydrophila 
Escherichia icteroides, see 

Aeromonas hydrophila 
Escherichia vulneris, 2674, 2696-

2698,2722 
Esculin agar 

Bacillus, 1759 
Streptococcus, 1458 

Esculin hydrolysis, 1814, 3741 
Actinobacillus, 3347 
Actinomyces, 887-888 
Aeromonas, 3026, 3028 
Aquaspirillum, 2571, 2580 
Bacteroides, 3603 
Brochothrix, 1625 
Budvicia, 2932 
Cardiobacterium, 3341 

Chromobacterium, 2593 
Corynebacterium, 1159, 1178-

1179 
Edwardsiella, 2741 
Eikenella, 2670 
Enterobacter, 2807, 2809 
Enterobacteriaceae, 2924 
Enterococcus, 1467 
Escherichia, 2698, 2931 
Flavobacterium, 3624 
Fusobacterium, 4121 
Hajnia, 2683,2818,2931 
Herpetosiphon, 3800 
lanthinobacterium, 2597 
Klebsiella, 2785 
Lactobacillus, 1564-1565 
Leminorella, 2932 
Leptotrichia, 3984 
Leuconostoc, 1522 
Listeria, 1602-1603 
Marinococcus, 1783 
Micrococcus, 1304 
Mobiluncus, 911 
Nocardiaceae, 1203 
Obesumbacterium, 2931 
Oceanospirillum, 3234 
Pectinatus, 1999 
Plesiomonas, 3036 
Pragia, 2932 
Promicromonospora, 1337 
Proteus, 2684, 2851-2852 
Selenomonas, 2009-2010 
Serratia, 2838 
Staphylococcus, 1384, 1386-1387 
Streptobacillus, 4024 
Streptococcus, 1427-1428, 1431-

1432, 1435, 1453, 1457-1458 
Streptomycetaceae, 966, 968 
Streptosporangiaceae, 1130-1131, 

1133 
Thermomonosporaceae, 1101-

1102 
Treponema, 3551 
Vibrio, 2955, 2974, 2977 
Xenorhabdus, 2934 
Yersinia, 2873, 2894 

Esperin, 1688 
Esterase 

Bacillus, 1672, 1689 
Brochothrix, 1620, 1625 
Gemella, 1645, 1650 
Leptospira, 3571 
Lysobacter, 3270 
Mycobacterium, 1219 
Serratia, 2841 
Streptomycetaceae, 972 
Thermoleophilum, 3783 

Estuarine environment, 98, 105-107 
Alteromonas, 3047-3048 
Bdellovibrio, 3404 
Clostridium, 1829-1830 
Cytophagales, 3634 
Ectothiorhodospira, 3222 
Halomonas, 3182 
hydrocarbon-oxidizing bacteria, 

449-450 
Listeria, 1597 
methanogens, 736 
Micrococcus, 1301 
Pelobacter, 3394 
Plesiomonas, 3034 
salinity estimation, 2959-2961 
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sulfur bacteria, colorless, 2638, 
2646-2647 

sulfur bacteria, purple, 3202 
Vibrio, 2954, 2994 

ET genes, Staphylococcus, 1396 
Eta symbiont, Euplotes, 3879, 3882 
Eta toxin, Clostridium novyi, 1873 
Ethambutol resistancejsensitivity, 

Mycobacterium, 1242, 1247 
Ethane hydroxylase, 

Mycobacterium, 1225 
Ethane utilization, Mycobacterium, 

1225 
Ethanediol utilization, Kurthia, 

1659 
Ethanol dehydrogenase, syntrophic 

bacteria, 283 
Ethanol oxidase, Staphylococcus, 

1391 
Ethanol production, 82 

anaerobic Gram-positive cocci, 
1886, 1888-1890 

Bifidobacterium, 816, 823 
Brochothrix, 1618 
Butyrivibrio, 2028 
Carnobacterium, 1576 
cellulolytic bacteria, 479, 483-486 
Cellulomonas, 1327 
Chloroflexus, 3765 
Clostridium, 1814, 1820, 1823-
183~ 1833-183~ 1871, 1875 

commercial, 2725 
cyanobacteria, 2083 
Enterococcus, 1469 
Erysipelothrix, 1635 
Eubacterium, 1914, 1919-1920 
Haloanaerobiaceae, 1898 
Klebsiella, 2782 
Lactobacillus, 1535, 1559, 1561 
Leuconostoc, 1520 
Pelobacter, 3395, 3397-3398 
Roseburia, 2029 
Ruminobacter, 3981 
Spirochaeta, 3529, 3534 
thermoanaerobic saccharolytic 

bacteria, 1902, 1904-1906, 
1908-1910 

Treponema, 3553 
Zymomonas, 201, 2287, 2289-

2293 
Ethanol to1erance 

acetic acid bacteria, 2268 
Megasphaera, 1994, 2000 
Pectinatus, 1994, 1999 
Zymomonas, 2290 

Ethanol utilization 
acetic acid bacteria, 2276-2280 
Agrobacterium, 666, 2221 
Azotobacteraceae, 3149, 3152 
Beggiatoa, 3177 
Chloroflexus, 3765 
Clostridium, 1804, 1813, 1828 
Derxia, 2610 
Desulfotomaculum, 1795 
Eubacterium, 1917 
Flavobacterium, 3624-3625 
Frateuria, 3198-3199 
homoacetogens, 1930, 1933 
Kurthia, 1659-1660 
methanogens, 719-720, 736 
Methylobacterium, 2345, 2347 
Pelobacter, 3393-3394, 3397-3398 
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Psyehrobaeter, 3243 
purple nonsulfur bacteria, 2149 
Rhodoeyclus, 2558 
su1fate-reducing bacteria, 3363, 

3367, 3371 
sulfidogenic bacteria, 587-588, 

607-608 
sulfur-reducing bacteria, 3381, 

3383, 3385, 3387 
syntrophic coculture, 279-283 
Xanthobacter, 2372, 2376 

Ethanolamine utilization 
Deleya, 3195 
homoacetogens, 1930 
Methylobacterium, 2347 
Pelobacter, 3395-3396 
Psychrobacter, 3243 
rhizobia, 2201 

Ethene utilization 
Mycobacterium, 1217-1218,1225, 

1231-1232 
Xanthobacter, 2379 

Ether lipids, 134-135 
Ether-linked lipid, 

Thermodesulfobacterium, 3391-
3392 

ETHSF2500 agent, 2408 
Ethyl violet azide medium, 

Enterococcus, 1466 
Ethylene diehloride utilization, 

Xanthobacter, 2379 
Ethylene glycol utilization 

Azotobacteraceae, 3153 
Clostridium, 1827 
homoacetogens, 517, 1930, 1933 
Pelobacter, 3395-3397 
syntrophie bacteria, 2052 

Ethylene oxide sterilization, 173 
Euazolla, 3833 
Eubacteria, 12, 34-35 

phototrophic, 61 
phylogenetie tree, 3776 

Eubacteriae, 5 
Eubacteriales, 2940 
Eubacterium, 25, 109, 758, 886, 

910, 1813, 1819, 1914-1921, 
1925-1926, 1929 

Eubacterium acidaminophilum, 282, 
290,292,1914,1916-1917, 
1919,2055 

Eubacterium aerofaciens, 1915-
1916, 1918-1919 

Eubacterium alactolyticum, 1914, 
1916, 1919 

Eubacterium angustum, 1914, 
1916-1917,1919 

Eubacterium biforme, 1914-1916, 
1919 

Eubacterium brachy, 1914-1916, 
1918-1919 

Eubacterium budayi, 1916, 1918-
1919 

Eubacterium callanderi, 1914-1919 
Eubacterium eellulosolvens, 110, 

479,501,1916,1919 
Eubacterium combesii, 1914, 1916, 

1919 
Eubacterium contortum, 1915-1916, 

1919 
Eubacterium cylindroides, 1914-

1916, 1918-1919 
Eubacterium desmolans, 1914-1921 

Eubacterium dolichum, 1915-1916, 
1919 

Eubacterium eligens, 1915-1916, 
1918-1919 

"Eubacterium filamentosum, " 1800 
Eubaeterium fissieatena, 1916, 1919 
Eubaeterium formicigenerans, 1915-

1916, 1919 
Eubacteriumfossor, 1916, 1919 
Eubacterium hadrum, 1915-1916, 

1919 
Eubaeterium hallii, 1915-1916, 

1919 
Eubacterium lentum, 1651, 1914-

1916, 1918-1919 
Eubaeterium limosum, 517-518, 

1816,1823,1914-1921,1925, 
1929, 1932, 2031 

Eubacterium moniliforme, 1916, 
1918,1920 

Eubacterium multiforme, 1916, 
1920 

Eubaeterium nitritogenes, 1916, 
1918, 1920 

Eubaeterium nodatum, 1914-1916, 
1918, 1920 

Eubacterium oxidoreducens, 1914, 
1916-1917,1920,3395 

Eubacterium plautii, 1914, 1916, 
1920 

Eubacterium plexicaudatum, 1916, 
1920 

Eubacterium ramulus, 1915-1916, 
1920 

Eubacterium reet ale, 1915-1916, 
1918, 1920, 2028 

Eubacterium ruminantium, 1916, 
1918, 1920 

Eubacterium saburreum, 1914-
1916,1918,1920,2037-2038, 
3985 

Eubacterium siraeum, 1915-1916, 
1920 

Eubacterium suis, 1914-1917, 1920 
Eubacterium tarantel/us, 1916, 

1918, 1920 
Eubacterium tenue, 1916, 1918, 

1920 
Eubacterium timidum, 1914-1916, 

1918, 1920 
Eubacterium tortuosum, 1916, 1920 
Eubacterium tucumanense, 1914, 

1916-1918, 1920 
Eubacterium uniforme, 1916, 1920 
Eubacterium ventriosum, 1916, 

1918, 1920 
Eubacterium xylanophilum, 1920 
Eubacterium yurii, 1915-1916, 

1918,1920 
Eugenia pathogen, 667 
Euglenoid symbionts, 3856, 3859 
Eugon agar 

anaerobic Gram-positive cocci, 
1882 

Bi/tdobaeterium, 822 
Eukarya, 13 
Eukaryote 

ancestral, 11 
as habitat for bacteria, 107-111 
relation to prokaryote, 9-10 

Eukaryote-prokaryote dogma, 9-10 
Euonymus, Agrobacterium, 2215 

Euplotes symbiont, 3878-3882 
Euplotes aediculatus, 3879-3881 
Euplotes crassus, 3878-3879, 3882 
Euplotes daideleos, 3879 
Euplotes eurystomus, 3879, 3881 
Euplotes minuta, 3878-3879, 3881 
Euplotes octoearinatus, 3879, 3881 
Euplotes patella, 3879, 3881 
Euplotes plumipes, 3879, 3881 
Euplotes vannus, 3878-3879 
Euplotes woodrujJi, 3879, 3881 
European aster yellows 

mycoplasma-like organism, 
4056-4060 

European chafer, Bacillus, 1701 
European c10ver phyllody 

mycoplasma-like organism, 
4056-4058, 4060 

European corn borer, Bacillus, 1713 
Euryarchaeota, 13, 702 
Eutrophie environment 

ammonia-oxidizing bacteria, 
2625, 2629 

Aquaspirillum, 2570, 2574-2575, 
2577 

Blastobacter, 2171 
Planctomyces, 3712 
purple nonsulfur bacteria, 2141 
Stella, 2167 
Verrucomicrobium, 3806 
Vibrionaceae, 2944 

Evaporation pond, 86 
Everninomycin, 1055 
Evolution, 3-4, 6-9, 19-41 

aerobic phase, 38 
anaerobic phase, 37, 300-301 
chemolithotrophy, 339-340 
denitrification, 557 
endosymbiont theory, 3855-3856 
energy transduction, 155 
experimental enzyme, 201-202 
hydrogen-oxidizing bacteria, 345 
photosynthesis, 328 
phototrophs, 313 
prokaryote, 11-16 
transition from anaerobic to 

aerobie environment, 37-38 
Evolutionary c1ock, 7-8 
Evolutionary distance analysis, 8-9 
Ewingella, 2114,2926-2927 
Ewingella americana, 2674, 2799, 

2923-2924, 2926-2927 
Exeellospora, 1086 
Excellospora viridilutea, 1086, 1088, 

1090, 1093, 1106 
Excitation response, 250 
Excretion products, 165-166 
Exfoliative toxin, Staphylococcus, 

1396 
Exhaust emissions, 2347 
Exine,213 
Exo-N-acetylglucosaminidase, 

Neisseria, 2503 
Exocellobiohydrolase, 467 

assay, 463-466 
cellulolytic bacteria, 479-501 

Exochelin, Mycobaeterium, 1227 
Exoglucanase 

cellulolytic bacteria, 467-468, 
478-501 

Clostridium, 1834 
Cytophagales, 3663 



Erwinia, 2913 
Streptomycetaceae, 932 
Streptosporangiaceae, 1134 
Thermomonosporaceae, 1104 

Exopectate lyase, Butyrivibrio, 2030 
Exopeptide, Staphylococcus, 1396-

1397 
Exopo1yga1acturonase 

Clostridium, 1827 
Lachnospira, 2031 

Exopo1yga1acturonate lyase, 
Streptomycetaceae, 933 

Exopo1ysaccharide, 471 
Agrobacterium, 664 
Gemella, 1645 

Exospore, 90; see also Spore 
methanotrophs, 2357 
methy1otrophs, 213-214 
Rhodomicrobium, 228-231 

Exosporium 
Bacillus, 1672 
Clostridium, 1830 

Exotoxin 
Bacillus, 1716, 1718 
Salmonella, 2762 
Streptococcus, 1459 

Exotoxin A 
Pseudomonas, 3094 
streptococcal, 1396 

Experimental enzyme evolution, 
201-202 

Exponential growth, 158 
Export mechanism, 200 
Export signal, 568 
Expression vector, Zymomonas, 

2295-2296 
External auditory meatus, 

Staphylococcus, 1373 
Extracellular enzyme, 812 

bioluminescent bacteria, 629 
Extracellular polysaccharide 

Actinomyces, 856 
Butyrivibrio, 2025, 2027-2028 
Erwinia, 2914 
Halobacteriaceae, 800 
Rothia, 856 
Streptococcus, 1428, 1431, 1434-

1437 
Extracellular products 

in adherence, 263-272 
Streptococcus, 1423, 1459-1460 

Extracellular toxic complex, 
Klebsiella, 2780 

Extrachromosomal DNA, 
mycoplasma-like organism, 
4061 

Extreme environment, 75, 82-91 
Extreme halophile, 12-13, 86, 163, 

586 
Extreme thermophile, 12-13,84-85, 

161, 392-393 
Extremophile, 198 
Exudate, Treponema, 3542-3543 
Eye 

Actinomyces, 855 
Corynebacterium, 1183 
mycoplasma, 1938 

Eye infection 
Actinomyces, 862-863 
Aeromonas, 3020 
Bacillus, 1753 
Chlamydia, 3701 

Chromobacterium, 2593 
Comamonas, 2585 
Neisseria, 2509 
Proteus, 2851 
Streptococcus, 1452 
Vibrio, 2958, 2960, 2995-2996 

EYGA medium 

F 

Arthrobacter, 1289-1290 
Corynebacterium, 1160 

F agent, 2408 
Fl medium 

Alteromonas, 3054 
Marinomonas, 3054 

F toxin, Clostridium botulinum, 
1867-1869 

Facial abscess, Yersinia, 2864 
Faciation disease 

hops, 667 
mum, 667 

Factor BI, methanogens, 745 
Factor 420, Archaeoglobus, 709-710 
Factor C, Streptomycetaceae, 958 
Facultative aerobe, 300 
Facultative autotroph, 156 
Facultative syntrophism, 290 
Faenia, 24, 970,996-1021, 1070, 

1090, 1105, 1117, 1147-1148, 
1150 

"Faenia interjecta, "999, 1002, 
1005, 1020 

Faenia rectivirgula, see 
Saccharopolyspora rectivirgula 

Family (taxonomie), 35-36, 128 
Farbstreifen-Sandwatt, 97 
Farcy, see G1anders 
Farell's agar medium, Brucella, 

2393 
Farmer's lung, 934, 999, 1001-1002 

Erwinia, 2914 
Fasciation, 662 
Fast grower, rhizobia, 2198-2199, 

2201-2206, 2210 
Fastidious organism, 141 
Fat body, Mycobacterium, 1226 
Fatty acid desaturase, 

Mycobacterium, 1226 
Fatty acid requirement, 157 

Borrelia, 3560 
Leptospira, 3573 
Treponema, 3543-3545, 3550 

Fatty acid synthetase, 
Mycobacterium, 1225-1226 

Fatty acid utilization 
Caryophanon, 1787 
Clostridium, 1824 
Desulfotomaculum, 1795 
Escherichia, 2700 
purple nonsulfur bacteria, 2142, 

2149-2150 
sulfate-reducing bacteria, 3361, 

3371, 3375 
sulfidogenic bacteria, 584-585, 

587, 602, 607-608 
syntrophic bacteria, 2048-2049, 

2052,2054-2055 
syntrophic coculture, 279-282, 

288-289 
Fatty acids, 134, 141, 1352; see also 

Lipids 
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Actinomyces, 879, 883 
actinoplanetes, 1042-1043, 1045, 

1047 
Aerococcus, 1504 
Agromyces, 1356-1357 
anaerobic Gram-positive cocci, 

1880, 1888 
Androcidium, 2922 
Aureobacterium, 1357 
Bacillus, 1676, 1699 
Brevibacterium, 1351-1352 
Brochothrix, 1618, 1620, 1624 
Brucella, 2385 
Campylobacter, 3493-3494 
Carnobacterium, 1537, 1577, 

1624 
Cellulomonas, 1325 
Clavibacter, 1359 
Clostridium, 1814, 1818-1819, 

1830, 1838 
colorless sulfur bacteria, 398-399 
Corynebacterium, 1158, 1172-

1173 
Coxiella, 2471 
Curtobacterium, 1363 
Cyanophora, 3844 
Cytophagales, 3654-3655, 3660 
Erysipelothrix, 1624, 1629, 1634 
Erythrobacter, 2486-2487 
Eubacterium, 1919-1920, 3985 
Filibacter, 1784 
Francisella, 3991-3992 
Frankia, 1077 
Frateuria, 3198 
Fusobacterium, 3985, 4121 
Gemella, 1650 
Heliobacteriaceae, 1982-1983 
Herpetosiphon, 3799, 3802 
Kurthia, 1624, 1658 
Lactobacillus, 1537, 1624 
Leptotrichia, 3985 
Leuconostoc, 1523 
Listeria, 1602, 1604 
Megasphaera, 1997,2000 
methanotrophs, 2355, 2357 
Methylobacterium, 2347 
Microbacterium, 1355, 1364 
Micrococcus, 1303, 1306 
Mobiluncus, 911 
Mycobacterium, 1221-1223, 

1225-1227 
myxobacteria, 3446-3447 
Nocardiaceae, 1188, 1190, 1201 
Nocardiopsis, 1140-1142,1147, 

1149-1151 
Ochrobactrum, 2603 
Pediococcus, 1504 
phytopathogenic pseudomonads, 

3123 
Planococcus, 1781-1782 
Plesiomonas, 3030 
Pseudomonadaceae, 3081 
Pseudonocardiaceae, 997, 1008, 

1012 
Rhodococcus, 1192 
Serratia, 2831 
Sporolactobacillus, 1772 
Staphylococcus, 1303, 1385 
Streptobacillus, 4024 
Streptococcus, 1429 
Streptomycetaceae, 921-922, 953 
Streptosporangiaceae, 1115-1116 
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sulfate-reducing bacteria, 3367, 
3369 

thermoanaerobic saccharolytic 
bacteria, 1904, 1910 

Thermomonosporaceae, 1086, 
1090, 1096-1097, 1099, 1102 

Tsukamurella. 1193 
xylem-inhabiting bacteria, 4042 

Fatty-acid-elongation system (FES), 
Mycobacterium. 1225-1226 

FEA, see Fusobacterium egg yolk 
agar 

Fecal coliform count, 3022 
Feces 

Actinomyces. 854, 872 
Aeromonas. 3016-3019 
anaerobic Gram-positive cocci, 

1879, 1882 
Bacillus. 1752 
Bacteroides, 3597 
Bifidobacterium. 816, 819-820, 

822, 828 
Brochothrix. 1622 
Butyrivibrio. 2022, 2028 
Campylobacter. 3490, 3500-3502, 

3504 
Chlamydia. 3702 
Citrobacter. 2745, 2747 
Clostridium. 1807, 1810, 1826, 

1828-1829, 1833, 1837 
Comamonas. 2585 
Corynebacterium. 1158-1159 
Deinococcaceae, 3734 
Edwardsiella. 2738-2739 
Enterobacter. 2801 
Erysipelothrix. 1630 
Escherichia. 2697-2698, 2702-

2703,2722 
Eubacterium.1914-1916 
Flavobacterium. 3622 
Fusobacterium. 4115-4116,4118-

4119 
Haemophilus. 3311 
Hafnia. 2816 
Klebsiella. 2777-2778, 2784 
Kurthia, 1655-1656 
Lactobacillus. 1538-1543 
Leclercia. 2928 
Leminorella. 2928-2929 
Listeria. 1597, 1609 
methanogens, 724, 734 
Moellerella. 2929 
Morganella.2857 
Mycobacterium. 1250, 1252 
Oerskovia. 1331 
Plesiomonas. 3031 
Pragia. 2931 
Propionibacterium. 840 
Providencia. 2855-2856 
Pseudomonas. 3095 
Renibacterium. 1313 
Rhodococcus. 1195 
Salmonella, 2764, 2766-2767, 

2769 
Shigella. 2755-2756 
Staphylococcus. 1381 
Stella. 2167 
Treponema. 3547, 3549-3550 
Vibrio. 2960, 2964-2966, 2970, 

2989, 2992 
Vibrionaceae, 2943 
Yersinia. 2873, 2877, 2879 

Fed-batch culture, 158 
repeated, 158 

Feed supplement, Lactobacillus. 
1553 

Feedback inhibition, loss 0[, 199 
Fensulfothion degradation, 

Klebsiella. 2782 
Fenugreek, nitrogen-fixing bacteria, 

541 
Fermentation, 56, 80-81 

mixed-acid, 56 
Fermentation end products 

Actinomyces. 884-886 
assay, 884-886 

Fermentation feedstock, methane, 
2360-2361 

Fermentation test, Actinomyces. 885 
Fermented beverage, 197 

Lactobacillus. 1548-1549 
Fermented food, 197 

cellulolytic bacteria, 501-502 
Lactobacillus, 1545-1548, 1552 
Leuconostoc. 1514-1515 
Pediococcus. 1503 

Fermented milk 
Lactobacillus. 1542-1543, 1547 
Lactococcus. 1483, 1486, 1492-

1493 
Leuconostoc. 1513-1514, 1527 

Fermentor 
Gallionella. 4086 
growth of hydrogen-oxidizing 

bacteria, 359-360 
recycling, 158 

Ferralitization, 2264 
Ferredoxin 

Clostridium. 1822, 1826, 1830-
1831, 1835-1836, 1838-1839 

cyanobacteria, 233, 2096 
Cyanophora. 3844 
homoacetogens,524-525 
methanogens, 745-746 
nitrogen-fixing bacteria, 545-546 
Spirochaeta. 3529 
sulfidogenic bacteria, 597, 606, 

609 
Sulfolobales, 694-695 
syntrophic bacteria, 283 

Ferribacterium duplex. 4105 
Ferrobacillus ferrooxidans. see 

Thiobacillus ferrooxidans 
Ferromanganese deposit, 

manganese-oxidizing bacteria, 
2312-2313 

Ferrorosamine A, Serratia. 2831 
Ferrous sulfate medium, 

Thiobacillus ferrooxidans. 2650 
Ferrous sulfide, preparation, 4085 
Ferulate, 665 
Ferulate degradation 

Eubacterium.1917 
Pseudonocardiaceae, 1017 

Fervidobacterium. 30, 3809, 3813-
3815 

Fervidobacterium islandicum. 3814 
Fervidobacterium nodosum. 3814 
FES, see Fatty-acid-elongation 

system 
Fever, see specific diseases 
FIAX, Brucella. 2395 
Fiber, Thermoproteales, 681 
Fibrils 

Actinomyces. 856 
Cytophagales, 3652-3653 
myxobacteria, 3436, 3443 

Fibrinolysin 
Clostridium tetani, 1877 
Staphylococcus. 1394 
Yersinia pestis. 2894, 2896 

Fibrobacter, 35, 37, 3596-3597 
Fibrobacter succinogenes. 110,461, 

468, 472, 478-484, 2024, 3595, 
3598, 3602, 3604-3605 

Fibroblast, isolation of rickettsiae 
by plaque assay, 2430 

Field drain, 91 
Fig wasp, Serratia, 2825-2826 
Figs, Serratia, 2825-2826 
Filament, 223-224 

Actinomyces. 874, 877-878 
Actinomycetes, 812-813, 850 
Azotobacteraceae, 3155 
Beggiatoa, 3176 
Chloroj/exus, 3754 
cyanobacteria, 232-234, 2059 
Cytophagales, 3651 
Filibacter, 1783-1784 
Herpetosiphon, 3785-3803 
Kurthia. 1654 
Lachnospira, 2029 
Legionella. 3291 
Leucothrix. 3247-3255 
Listeria. 1601 
Lysobacter, 3256, 3263 
methanogens, 743-744, 750 
mycoplasma-like organism, 4050 
Planctomycetales, 3711 
Prochloraies, 2105, 2107-2108 
prototrophs, 3757 
Saprospira, 3676-3686 
Simonsiellaceae, 2658-2659, 

2661, 2663-2665 
sulfate-reducing bacteria, 3365, 

3372 
Thermoplasma. 715 
Thermus, 3747, 3749 
Toxothrix. 4026-4028 
Zymomonas, 2290 

Filamentous green bacteria, 
photosynthesis, 315-316 

Filamentous hemaggiutinin, 
Bordetella pertussis. 645 

Fildes extract, 3313-3314 
Filibacter, 25, 1770, 1783-1784 
Filibacter limicola, 1667, 1670, 

1769, 1783-1784, 1787 
Filicatae, cyanobacteria symbiont, 

3822 
Filomicrobium. 27, 2131, 2176, 

2179 
Filter reactor, anaerobic, 759 
Filter sterilization, 172-173 
Filter-cloning procedure, 

Spiroplasma, 1968-1969 
Filtering method, Campylobacter. 

3500 
Filtration enrichment, Spirochaeta. 

3530, 3532-3534 
Fimbriae, 92-93, 471, 643; see also 

Pili 
Acinetobacter, 268-269, 454 
Actinomyces, 856-857, 864 
Bordetella, 2531, 2535 
Enterobacter, 2803 



Escherichia coli, 2710, 2713 
Fusobacterium, 4117 
Klebsiella, 2778, 2781 
Moraxella, 3276-3278 
myxobacteria, 3445 
Pasteurella, 3333-3334 
Porphyromonas, 3615 
Serratia, 2829 
sulfate-reducing bacteria, 3374 
Verrucomicrobium, 3808 
xylem-inhabiting bacteria, 4039-

4040 
Fire blight, 2899-2914 
Fire safety, 357-358 
Firetly, Spiroplasma, 1964-1965 
Firenze phage, Brucella, 2387 
Firmicutes, 313 
Fischerella, 26, 538, 2076, 3827 
Fish 

Acinetobacter, 1301,3138 
Aeromonas, 642, 3012-3015, 

3019-3020,3022,3028 
Alteromonas, 3048 
Arthrobacter, 1286 
Bacillus, 130 I 
bioluminescent bacteria, 629-633 
Brochothrix, 1620-1622 
Carnobacterium, 1535, 1574 
Cytophagales, 3634-3638, 3644-

3645, 3647-3650, 3661-3662, 
3664-3666 

Deleya, 3193 
Edwardsiella, 2737, 2739-2740, 

2742 
enterobacterial disease, 2677 
Erysipelothrix, 1630-1631 
Flavobacterium, 3626 
Fusobacterium, 4115 
Halobacteriaceae, 768-769, 772, 

788 
Janthinobacterium, 2596-2597 
Lactobacillus, 1550 
Listeria, 1597 
methylotrophs, 437 
Micrococcus, 130 I 
Mycobacterium, 1246-1247 
mycoplasma, 1937, 1948 
Nocardia, 1194 
Pediococcus, 1503 
Photobacterium, 3001, 3003-3004 
Plesiomonas, 3032, 3034 
Pseudomonas, 1301 
Psychrobacter, 3242 
Renibacterium, 1312 
Salmonella, 2766 
Vibrio, 2960, 2968, 2991, 2995, 

2997-3000 
Vibrionaceae, 2947 
Yersinia, 2865-2866 

Fish egg, Leucothrix, 3247 
Fish farm 

Aeromonas, 3019-3020, 3028 
Renibacterium, 1313 
Vibrio, 2997, 3000 

Fish sauce, Halobacteriaceae, 800 
Fisherella, 328 
Fish-handlers' disease, 1630-1631 
Fitz-Hugh-Curtis syndrome, 2510 
fix genes, 547 
Fjord, manganese-oxidizing 

bacteria, 2312 
Flacherie, 1712 

Flactobacillus, 30 
Flagella, 64, 99, 241-246, 910 

acetic acid bacteria, 2276 
actinoplanetes, 1030, 1042, 1047 
Aeromonas, 3025 
Agrobacterium, 663 
Alteromonas, 3046, 3053, 3057-

3058 
ammonia-oxidizing bacteria, 

2630-2632, 2634 
Anaerobiospirillum, 3981 
ancestral, II 
Aquaspirillum, 2570-2571, 2578-

2579 
Archaeoglobus, 709-710 
Arthrobacter, 1289 
assembly, 242, 244 
assessment for taxonomic 

purposes, 131-132 
Asticcacaulis, 2165 
Azospirillum, 2242 
Azotobacteraceae, 3145, 3147, 

3151,3153,3155,3157,3159 
Bacillus, 1675-1676, 1707 
Bartonella, 3994, 3999 
Bdellovibrio, 219-220, 3402 
Beijerinckia, 2260, 2262 
bipolar, 63-64 
Borrelia, 3560 
Campylobacter, 3488, 3519 
Caulobacter, 2165 
Cellulomonas, 1325 
Centipeda, 2009 
Chromobacterium, 2592, 2595 
Clostridium, 1800-1831 
colorless sulfur bacteria, 396 
Comamonas, 2583, 2585-2586 
Curtobacterium, 1363 
Deleya, 3193-3195 
Derxia, 2608-2609 
Desu/fotomaculum, 1797 
dimorphie prosthecate bacteria, 

2187 
Ectothiorhodospira, 3222, 3225-

3226 
Enterobacteriaceae, 2676 
Erwinia, 668 
Erythrobacter, 2486, 2488 
Escherichia, 2696 
Frateuria, 3198 
Hafnia, 2817 
Haloanaerobiaceae, 1898 
Halobacteriaceae, 788 
Halomonas, 3184 
Heliobacteriaceae, 1984, 1986, 

1990 
Herbaspirillum, 2243 
Janthinobacterium, 2596 
Jonesia, 1339 
Kurthia, 1658 
Legionella, 3291 
Leptospira, 3569-3570, 3577 
Leptothrix, 2614, 2620, 2622 
Macromonas, 3939-3940 
Marinomonas, 3046, 3053, 3057 
mechanism, 64-65 
methanogens, 734, 738, 757-758 
Methylobacterium, 2346 
Mobiluncus, 908 
Oceanospirillum, 3230, 3234 
Ochrobactrum, 2602-2603 
Oerskovia, 1330, 1332 
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Pectinatus, 1995-1996, 2009 
Pelosigma, 4099-4100 
periplasmic, 3524, 3528, 3534, 

3538-3541 
peritrichous, 63-64, 243 
Photobacterium, 634, 2987, 3001-

3002, 3005 
phototrophs, 323 
Phyllobacterium, 2603 
Plesiomonas, 3030 
polar, 63-64, 243 
Prosthecobacter, 2165 
Pseudomonadaceae, 3071-3072, 

3081 
Pseudomonas, 3080, 3087, 3092-

3093, 3095 
purple nonsulfur bacteria, 2145, 

2147 
rhizobia, 2200 
Rhodomicrobium, 229 
Roseburia, 2024,2029,2031 
Roseobacter, 2157 
rotation, 242-244 
Salmonella, 2762-2763, 2767 
Selenomonas, 2005, 2009 
Seliberia, 2490, 2492-2493 
Serpens, 3238-3239 
sessile prokaryote, 271-272 
Sphaerotilus, 2617 
Spirillum, 2564-2567 
Spirochaeta, 3524-3526, 3528, 

3534 
spirochete, 64, 3965, 3967-3972 
Sporolactobacillus, 1772 
Sporomusa, 2018 
Sporosarcina, 1774, 1777 
Streptomycetaceae, 927 
Streptosporangiaceae, 1120 
structure, 242 
Succinimonas, 3980 
Succinivibrio, 3981 
sulfate-reducing bacteria, 3374-

3375 
Sulfo1obales, 689 
sulfur bacteria, colorless, 2652 
sulfur bacteria, purple, 3207 
sulfur-reducing bacteria, 3387-

3388 
syntrophic bacteria, 2052-2053 
Thermococcales, 704-705 
Thermodesu/fobacterium, 3392 
Thermoplasma, 715 
Thermoproteales, 680 
Thiospira, 3941 
Thiovulum, 3942 
Treponema, 3538-3541 
Vibrio, 271-272, 634, 2952, 2966-

2967, 2985-2987 
Vibrionaceae, 2938, 2941, 2943-

2944, 2946 
Wolinella, 3512, 3517-3519 
Xanthobacter, 2369, 2373-3209 
Xanthomonas, 669 
Zoogloea, 3958 

Flagellar antigen, see Hantigen 
Flagellar motor, 242-244, 247-248, 

250 
Spirochaeta, 3528-3529 

Flagellate, 12 
symbionts, 3855-3861 

Flagellin, 64, 242 
Flagging, 2423 
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Flame sterilization, 172 
F1ammable gas, safety, 357-358 
F1ask culture, Propionibacterium, 

837 
F1avescence doree mycoplasma-like 

organism (FD-MLO), 4056, 
4058 

F1avin reductase, bioluminescent 
bacteria, 628 

F1avobacteria, 3639 
Flavobacteriaceae, 3622 
Flavobacterium, 12, 15, 30, 33, 37, 

83,94,264,432,452-453,461, 
562, 564, 572, 660, 2372, 2587, 
3620-3627, 3656, 3659-3662, 
3665 

L-forms, 4068 
Flavobacterium acidurans, 87 
Flavobacterium aquatile, see 

Cytophaga aquatilis 
Flavobacterium arborescens, see 

Microbacterium arborescens 
"Flavobacterium 

autothermophilum, " 3924, 3930 
Flavobacterium balustinum, 3621, 

3624 
Flavobacterium branchiophilum, 

3626, 3638, 3653, 3665 
Flavobacterium breve, 3296,3621-

3622, 3624, 3626-3627 
Flavobacterium capsulatum, 2128-

2129,2372,2596 
Flavobacterium denitrijicans, 563, 

2118 
Flavobacterium devorans, 2129 
Flavobacterium fermentans, see 

Aeromonas hydrophila 
Flavobacterium ferrugineum, 36, 

3631 
Flavobacterium gleum, 562, 3621-

3622,3625 
"Flavobacterium gondwanense, " 

3626 
Flavobacterium halmophilum, see 

Halomonas halmophilum 
Flavobacterium heparin um, 3776 
Flavobacterium indologen es, 3621-

3622,3625 
Flavobacterium indoltheticum, 3621, 

3624 
"Flavobacterium keratolyticus, " 

3627 
Flavobacterium lutescens, 2118 
Flavobacterium meningosepticum, 

3621-3624, 3626-3627 
Flavobacterium mizutaii, 3621, 

3625-3626, see also 
Sphingobacterium mizutae 

Flavobacterium multivorum, 3621-
3622, 3625-3626 

Flavobacterium odoratum, 562, 
3621-3622, 3625-3627 

Flavobacterium pectinovorum, see 
Cytophaga johnsonae 

Flavobacterium proteus, see 
Obesumbacterium proteus 

Flavobacterium pseudomallei, see 
Yersinia enterocolitica 

Flavobacterium rehnanus, 661 
"Flavobacterium salegens, " 3626 
Flavobacterium spiritivorum, 3621-

3622, 3625-3626 

Flavobacterium thalpophilum, 
3621-3622, 3625-3626 

Flavobacterium thermophilum, see 
"Thermus thermophilus" 

Flavobacterium uliginosum, see 
Cytophaga uliginosa 

Flavobacterium yabuuchiae, 3621, 
3625-3626 

Flavocytochrome, Chlorobiaceae, 
3589 

F1avodoxin 
Clostridium, 1830, 1839 
cyanobacteria, 2096 
nitrogen-fixing bacteria, 545-546 
sulfidogenic bacteria, 597, 609 

F1avomycin resistance/sensitivity, 
methanogens, 757 

Flavor 
cheese, 840 
Serratia, 2831 

F1avor enhancer, 1166-1167 
F1ax, Clostridium, 1808 
F1ea, see also Arthropod vector 

collection and examination, 2423 
Rickettsia, 2408-2410 

Flexibacter, 30, 173, 268, 3424, 
3631-3632, 3634, 3638-3639, 
3651-3655, 3660-3661, 3664 

Flexibacter canadensis, 562 
Flexibacter columnaris, see 

Cytophaga columnaris 
Flexibacter elegans, 50, 3661 
Flexibacter elegans Fx el, see 

Flexibacter jilijormis 
Flexibacter jilijormis, 223-224, 

3263,3631, 3634-3637, 3647, 
3649,3651-3653, 3655-3656, 
3661-3662 

Flexibacter flexilis, 3632-3633,3661 
Flexibacter giganteus, see 

Herpetosiphon 
Flexibacter maritimus, 3638 
Flexibacter polymorphus, 3652, 

3654 
Flexibacter roseolus, 3655 
Flexible bacteria, 3237-3239 
F1exing, 244-245 
F1exirubin, 3632, 3634, 3638-3639, 

3641, 3645, 3655-3656, 3659-
3661 

Flexispira rappini, 3512 
Flexithrix, 30, 2375, 3631 
Flexithrix dorotheae, 3651, 3655, 

3660 
F1exixanthin, Cytophagales, 3655 
flg genes, 244 
fli genes, 248 
FLM medium 

Alteromonas, 3054 
Marinomonas, 3054 

Floc, 293 
Zoogloea, 3952-3959,3961 

F100ded soil 
methanogens, 721 
syntrophic bacteria, 2049 

Floral virescence, 4034 
F1our, acetic acid bacteria, 2274 
F10wer 

acetic acid bacteria, 2272-2273, 
2275 

Spiroplasma, 1961, 1963-1964, 
1967,1969 

Fluid dynamic forces, 262 
F1uidized-bed reactor, 265 

anaerobic, 759 
Fluke, Neorickettsia, 2445, 2453-

2454 
Fluorescent antibody (FA) test 

Actinomyces, 888-889 
Anaplasma, 4016 
Chlamydia, 3704 
Francisella, 3990 
Fusobacterium, 4122 
Neisseria, 2515-2516 
rhizobia, 2207 
rickettsiae, 2425-2426 
Salmonella, 2769 
Yersinia pestis, 2893 

F1uorescent bacteria 
Archaeoglobus, 710 
Pseudomonas, 669, 3074, 3076-

3077, 3088-3091, 3093-3095, 
3105-3108 

Thermoplasma, 715 
Fluoribacter, 28, 3294 
2-F1uorobenzoate degradation, 

hydrogen-oxidizing bacteria, 
378 

F1uoroquinolone resistance/ 
sensitivity, Citrobacter, 2749 

FI uoro uracil resi stance/ sensi ti vi ty, 
Nocardiaceae, 1202 

F1y, see also Arthropod vector 
Bacillus, 1747 
Coxiella, 2473 
Erysipelothrix, 1630 
Spiroplasma, 1963-1965 
Staphylococcus, 1372 
Wolbachia, 2479 

F1y factor, see ß-Exotoxin, Bacillus 
F1ying squirrel, Rickettsia, 2407-

2409 
FMN, bioluminescent bacteria, 626 
Foaina signata symbionts, 3856 
Fodder, Streptomycetaceae, 927, 

933-934, 946-947 
Foliar disease 

phytopathogenic pseudomonads, 
3117-3118 

Xanthomonas, 669 
Folic acid, 157 
Folic acid requirement 

Carnobacterium, 1574 
Enterococcus, 1468 

Fomite, Micrococcus, 1301 
Food, see also specijic items 

Acinetobacter, 3138 
Aeromonas, 3017 
Alteromonas, 3048-3049 
Bacillus, 1761 
botulism, 1869 
Clostridium, 1808 
Deleya, 3189,3191,3193 
Desulfotomaculum, 1792 
Enterobacteriaceae, 2678-2679 
Enterococcus, 1477 
Escherichia coli, 2697-2701 
Flavobacterium, 3622-3623 
Janthinobacterium, 2596-2598 
Leclercia, 2928 
Listeria, 1597-1598, 1609 
preservation, 83, 152 
Pseudomonas, 3089 
Psychrobacter, 3241-3242 



Salmonella, 2679, 2764-2765 
sampling, 174 
specimen handling, 1757 
Staphylococcus, 1377-1379 
Vibrio, 2954, 2960 
Yersinia, 2866, 2869, 2874, 2877, 

2879-2880 
Food chain, 4 
Food Flavobacterium medium, 3623 
Food poisoning 

Bacillus, 1751-1752,1757 
Clostridium perfringens, 1875 
staphylococcal, 644 
Staphylococcus, 1374, 1377, 

1395-1396 
Food spoilage 

Carnobacterium, 1535 
Lactobacillus, 1548-1552 
Pseudomonadaceae, 3071 

Footrot, Fusobacterium, 4117 
Forcing test 

Alegasphaera, 2001 
Pectinatus, 2001 

Foregut fermentation, 108, 110 
Foreign body infection, 

Staphylococcus, 1376 
Forespore, 210-211, 1672 
Forest soil, 87 
Forma specialis, 128 
Formacidin, 3665 
Formaldehyde dehydrogenase, 

methylotrophs, 433, 438-439 
Formaldehyde production, 

methylotrophs, 434, 437 
Formaldehyde utilization 

methanotrophs, 2356 
Alethylobacterium, 2342, 2346 
methylotrophs, 438-440 
Paracoccus, 2322, 2328, 2330 

Formalin resistance, Gallionella 
isolation, 4084 

Formamide utilization 
Archaeoglobus, 710 
Blastobacter, 2174 

Formate dehydrogenase 
Clostridium, 1822, 1826 
homoacetogens, 523-524 
methanogens, 722, 745-746 
methy!otrophs, 433, 438 
Paracoccus, 2329-2330 
reaction, 59 
sulfidogenic bacteria, 600-601, 

604 
Wolinella, 3520-3521 
Xanthobacter, 2377 

Formate hydrogenlyase, 346 
anaerobes, 302 

Formate utilization 
ammonia-oxidizing bacteria, 2634 
Archaeoglobus, 710 
Bacteroides, 3519 
Blastobacter, 2174 
Campylobacter, 3519 
Desulfotomaculum, 1795 
Eikenella, 3519 
homoacetogens, 1926, 1930 
interspecies, 291-292 
Kurthia, 1659 
methanogens, 719-720, 722, 733-

734, 736-739 
Alethylobacterium, 2342, 2346-

2347 

Paracoccu~ 2322, 2328-2329 
purple nonsulfur bacteria, 2142, 

2149-2150 
rhizobia, 2200 
Rhodocyclus, 2558 
Sporomusa, 2015, 2018 
sulfate-reducing bacteria, 3371 
sulfidogenic bacteria, 588, 600-

601 
sulfur bacteria, colorless, 2648, 

2651 
sulfur-reducing bacteria, 3381, 

3383-3388 
syntrophic bacteria, 2052 
Thermodesulfobacterium, 3390-

3391 
Wolinella, 3512, 3518-3520 
Xanthobacter, 2376 

Formic acid production, 82 
Actinomyces, 855 
anaerobic Gram-positive cocci, 

1884, 1886, 1888-1889 
Bacteroides, 3604 
Bifidobacterium, 823 
Brochothrix, 1618 
Butyrivibrio, 2028, 2030 
Carnobacterium, 1576 
cellulolytic bacteria, 486 
Cellulomonas, 1327 
Clostridium, 1800, 1814, 1823-

1829, 1831-1833, 1868, 1870-
1871, 1876 

Cytophagales, 3658 
Enterococcus, 1469 
Erysipelothrix, 1635 
Eubacterium, 1919-1920 
Fusobacterium, 4121 
Gemella, 1649 
Haloanaerobiaceae, 1898 
Alobiluncus, 910 
purple nonsulfur bacteria, 2150 
Ruminobacter, 3981 
Serpens, 3239 
Succinivibrio, 3981 
syntrophic bacteria, 2055 
Thermoplasma, 717 
Treponema, 3551,3553 

Formiminotetrahydrofolate 
cyc1odeaminase, Clostridium, 
1826 

Formyl methanofuran: 
tetrahydromethanopterin 
formyltransferase, 
methanogens, 747 

7-Formylamidocephalosporin, 3665 
3-Formylindole, myxobacteria, 3475 
Formylmethanofuran: 

benzylviologen oxidoreductase, 
Archaeoglobus, 710 

Formyltetrahydrofolate synthetase 
Clostridium, 1822-1823, 1826, 

1836 
homoacetogens, 524, 528 

Formyltetrahydromethanopterin: 
methanofuran 
formyltransferase, 
Archaeoglobus, 710 

Foroxone resistancejsensitivity, 
Corynebacterium, 1174 

Fortimicin, 1054-1055 
Fortner's method of anaerobic 

culture, 868-869 
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Fosfomycin resistancejsensitivity 
Citrobacter, 2749 
Corynebacterium, 1174 
Halobacteriaceae, 791-797 
methanogens, 757 
Serratia, 2830 
Shigella, 2758 

Fowl cholera, 3332-3333 
Fowl typhoid, 2677 
Fox 

Actinomyces, 866 
Aeromonas, 3020 
Serratia, 2827 

FP agar 
Alicrococcus, 1303 
Staphylococcus, 1303-1304 

FPG medium, Prochlorales, 2107 
fpr genes, myxobacteria, 3449 
Fraction I antigen, Yersinia pestis, 

2896 
Fragmentation, 65 

Actinomycetes, 811-813 
Jonesia, 1339 
Nocardiopsis, 1140 
Oerskovia, 1332 
Promicromonospora, 1336-1337 
Saprospira, 3682 
Toxothrix, 4027 

Framboise, see Cider sickness 
Framycetin resistancejsensitivity 

Alethylobacterium, 2346 
Phyllobacterium, 2603 

Francisella, 2121, 2385, 3331, 
3987-3992 

Francisella novicida, 3987-3988, 
3990-3992 

Francisella philomiragia, 2689, 
2895, 3992 

Francisella tularensis, 178, 2385, 
2396, 3987-3992 

Frankia, 24, 480, 539, 542, 550, 
812,814, 1069-1080, 1117, 
1126, 1346 

Frankia alni, 536, 539, 1077 
Frankia elaeagni, 536, 539, 1077 
Frankiaceae, 24, 1069-1080, 1117 
Franzmann medium, Halomonas, 

3183 
Frateur's isolation procedure, acetic 

acid bacteria, 2274-2275 
Frateuria, 28, 2115, 2120, 2135, 

2276-2277, 3071-3074, 3079, 
3198-3199 

Frateuria aurantia, 3072,3199 
Freckles, com, 667 
Freeze-thaw stress, 182-183 
Fremyella, 2091 
Freshwater environment 

Achromatium, 3937 
Acinetobacter, 3137-3138 
actinoplanetes, 1032-1034, 1037-

1039 
Aeromonas, 3014-3015,3017, 

3021-3022 
ammonia-oxidizing bacteria, 

2625,2629 
Ancalomicrobium, 2160 
Aquaspirillum, 2569-2570, 2573-

2578 
Arthrobacter, 1286 
Azotobacteraceae, 3144, 3146, 

3149,3151-3153, 3155, 3157-
3158 
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Bacillus, 1728 
Bdellovibrio, 3403, 3405 
Beggiatoa, 3171-3172,3174, 

3176-3177 
bio1uminescent bacteria, 625, 

631-633 
Blastobacter, 2171-2172 
Brachyarcus, 4095-4096 
Budvicia, 2922-2925 
Buttiauxella, 2925 
cellulolytic bacteria, 460 
Chlorobiaceae, 3583-3585 
Chlorof/exus, 3762 
Chloronema, 3756 
Clostridium, 1824 
Comamonas, 2584 
cyanobacteria, 2062-2063, 2079 
Cytophagales, 3632, 3644 
denitrifying bacteria, 558-561, 

564 
Desulfotomaculum, 1793 
dimorphic prosthecate bacteria, 

2180 
Enterobacter, 2801 
Erwinia, 2909 
Erythrobacter, 2485, 2488 
Escherichia, 2699, 2702 
Filibacter, 1783 
Flavobacterium, 3622 
Francisella, 3989 
Gallionella, 4082 
Hajnia, 2816 
Herpetosiphon, 3787-3788,3791-

3792, 3794 
homoacetogens, 518, 1925-1926, 

1928 
hydrocarbon-oxidizing bacteria, 

450 
hydrogen content, 347-348 
hydrogen-oxidizing bacteria, 346, 

349-351, 370-375, 3920 
interfaces, 94 
lanthinobacterium, 2596 
Klebsiella, 2776-2777 
Leclercia, 2928 
Legionella, 3294 
Leptospira, 3575 
Leptothrix, 2618 
Listeria, 1597 
Lysobacter, 3256, 3258-3261, 

3265, 3267-3268 
manganese-oxidizing bacteria, 

2312 
methanogens, 719-720, 725-726, 

736, 739, 742 
methanotrophs, 2351 
Methylobacterium, 2342-2343 
methylotrophs, 435, 441 
Micrococcus, 1301 
Moellerella, 2929 
Mycobacterium, 1215-1216, 1249 
myxobacteria, 3422, 3426 
Nevskia, 4089-4091 
nitrite-oxidizing bacteria, 420 
Nitrobacter, 2302 
nitrogen-fixing bacteria, 535 
"Oscillochloris, " 3756 
Pelobacter, 3393-3394 
Pelosigma, 4098-4100 
phototrophs, 327 
Pirellula, 3717 
Planctomyces, 3712-3713 

Planctomyceta1es, 3712 
Plesiomonas, 3031-3032, 3034 
Pragia, 2931 
Prochlorales, 2105-2106 
Propionigenium, 3948 
Prosthecobacter, 2164 
Prosthecomicrobium, 2160 
purple nonsulfur bacteria, 2141, 

2144 
Rahnella, 2931 
Salmonella, 2765-2766 
Saprospira, 3676-3681 
Seliberia, 2490-2491, 2493 
Serratia, 2824 
Siderocapsaceae, 4102-4104 
Sphaerotilus, 2615 
Spirillum, 2562, 2565 
Spirochaeta, 3524, 3526-3527, 

3532 
Sporomusa, 2014 
Staphylococcus, 1373, 1382 
Stella, 2167 
stratified lake, 95-97 
Streptomycetaceae, 927-928, 935-

936, 947-949 
sulfate-reducing bacteria, 3352, 

3369,3373 
sulfidogenic bacteria, 589 
sulfur bacteria, colorless, 391, 

400-401, 2638-2639, 2642, 
2646-2649 

sulfur bacteria, purple, 3200-3202 
su1fur-reducing bacteria, 3382 
syntrophic bacteria, 2049 
Thermus, 3745 
Thiospira, 3941 
Thiovulum, 3942 
Toxothrix, 4027-4028 
Vibrio, 2960 
Vibrionaceae, 2943, 2947 
Xanthobacter, 2367-2370 
Yersinia, 2866, 2879-2880 
Yokenella, 2935 

Frings acetator, 2281 
Frog 

Aeromonas, 3012, 3014, 3020 
Plesiomonas, 3034 
Yersinia, 2866 

Froghopper 
fastidious bacteria of plant 

vascu1ar tissue, 4034 
Spiroplasma, 1966 

Frost injury, plant, 3116-3117 
a-Frucosidase, Clostridium, 1831 
Fructan production 

Sporolactobacillus, 1774 
Streptococcus, 1427, 1436 

ß-D-Fructofuranosidase, Bacillus, 
1684-1685 

Fructose and Tween 80 (FT) 
medium, Leuconostoc, 1519 

Fructose bisphosphatase, 
methylotrophs, 440 

Fructose bisphosphate aldolase 
Chlorof/exus, 3765 
Clostridium, 1838 
Gemella, 1649 
Micrococcus, 1303-1304 
Saprospira, 3685 
Staphylococcus, 1303-1304, 1385 

Fructose utilization 
acetic acid bacteria, 2278 

Aerococcus, 1506 
Agrobacterium, 2214 
Alteromonas, 3061 
anaerobic Gram-positive cocci, 

1889 
Arthrobacter, 1285 
Azospirillum, 2241 
Azotobacteraceae, 3157 
Bacillus, 1701, 1708 
Bacteroides, 3604 
Bifidobacterium, 827 
Brochothrix, 1625 
Butyrivibrio, 2028 
Cardiobacterium, 3341 
Chromobacterium, 2595 
Clostridium, 1804, 1814, 1825, 

1827, 1829, 1833, 1836-1838, 
1867-1868, 1870-1876 

Comamonas, 2587-2588 
Curtobacterium, 1363 
Deleya, 3194 
Derxia, 2610 
Desulfotomaculum, 1795, 1798 
Enterobacter, 2806 
Erysipelothrix, 1635 
Francisella, 3990 
Frateuria, 3199 
Gemmata, 3724 
Haemophilus, 3310, 3320 
Hajnia, 2683 
Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
homoacetogens, 1930 
hydrogen-oxidizing bacteria, 364, 

366 
Klebsiella, 2785 
Kurthia, 1659 
Lachnospira, 2024 
Lactobacillus, 1549, 1566 
Leuconostoc, 1522 
Lysobacter, 3265 
Marinomonas, 3061 
Megasphaera, 2001 
Methylobacterium, 2345, 2347 
Micrococcus, 1304 
Neisseria, 2496-2497 
Peclinatus, 1999 
Promicromonospora, 1337 
Propionibacterium, 845 
Pseudonocardiaceae, 10 1 0, 10 15 
purple nonsulfur bacteria, 2147, 

2149-2150 
rhizobia, 2200, 2210 
Rhodocyclus, 2558 
Serratia, 2836 
Simonsiellaceae, 2666 
Sporolactobacillus, 1773 
Sporomusa, 2018 
Streptobacillus, 4024 
sulfate-reducing bacteria, 3371 
sulfidogenic bacteria, 587, 612 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Thermus, 3748 
Treponema, 3551 
Veillonella, 2043 
Xanthobacter, 2365-2366 
Yersinia, 2894 
Zymomonas, 2289-2290, 2292-

2293 
Fructose-1,6-bisphosphate pathway, 

Micrococcus, 1304 



Fructose-I,6-diphosphatase, 
myxobacteria, 3465 

Fructose-6-phosphate 
phosphoketolase, 
Bifidobacterium, 816, 823-824 

Fructose-6-phosphate shunt, 
Bifidobacterium, 816 

Fruit, see also specific fruits 
acetic acid bacteria, 2272, 2275 
Lactobacillus, 1545 
Leuconostoc, 1510 
Pediococcus, 1503 

Fruit fly, Lactobacillus, 1544 
Fruitjuice 

acetic acid bacteria, 2272 
Clostridium, 1838 
Lactobacillus, 1546, 1548, 1552, 

1556 
Leuconostoc, 1510 

Fruit mash, Lactobacillus, 1550 
Fruit spot, phytopathogenic 

pseudomonads, 3118 
Fruit tree 

Agrobacterium, 2215, 2221, 2223 
Azospirillum, 2237 

Fruiting body 
desiccated, 3441-3442 
formation, 3449 
identification key, 3455 
myxobacteria, 51, 68, 70, 224-

227, 255, 3416-3417, 3420, 
3423-3431, 3434, 3440-3442, 
3448-3450, 3454-3465, 3468 

jrz genes, myxobacteria, 3444 
FT medium, see Fructose and 

Tween 80 medium 
FTO agar, Micrococcus, 1302 
Fuchsin sensitivity, 142 
Fucose utilization 

Clostridium, 1829 
Enterobacter, 2807, 2809 
Haloanaerobiaceae, 1899 
Janthinobacterium, 2597 
Methylobacterium, 2345, 2347 
Serratia, 2839 
Yersinia, 2688 

a-Fucosidase 
Actinomyces, 856 
Bacteroides, 3603-3604 
Porphyromonas, 3613, 3615 
Streptococcus, 1431, 1435 

ß-Fucosidase, Streptococcus, 1430-
1431, 1435 

Fulvic acid agar, Seliberia, 2491 
Fulvocin C, myxobacteria, 3452 
Fumarase, Staphylococcus, 1389 
Fumarate reductase, 59 

anaerobes, 304-305 
Clostridium, 1827 
sulfidogenic bacteria, 607 
Wolinella, 3520-3521 

Fumaric acid utilization 
Alteromonas, 3061 
anaerobes, 304-305 
anaerobic Gram-positive cocci, 

1886-1887 
Arthrobacter, 1285 
Bacteroides, 3519 
Campylobacter, 3492, 3519 
Comamonas, 2584 
Curtobacterium, 1363 
Cytophagales, 3658 

Desuifotomaculum, 1795 
Eikenella, 3519 
Enterobacter, 2806 
homoacetogens, 1930 
Klebsiella, 2785 
Kurthia, 1659 
Marinomonas, 3061 
Methylobacterium, 2347 
Propionigenium, 3950 
Psychrobacter, 3243 
purple nonsulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyclus, 2558 
Spirillum, 2567 
Sporomusa, 2018 
sulfate-reducing bacteria, 3367, 

3371 
sulfidogenic bacteria, 587, 595, 

610, 612 
sulfur-reducing bacteria, 3381, 

3385, 3387-3388 
syntrophic coculture, 282 
Treponema, 3552 
Veillonella, 2034, 2036 
Wolinella, 3512, 3518-3520 
Xylophilus, 3135 

Fumarole 
origin, 3917 
thermoanaerobic saccharolytic 

bacteria, 1902 
Fungi, anaerobic, 80 
Furadoine resistance, Brochothrix, 

1625 
Furazolidone agar 

Micrococcus, 1303 
Staphylococcus, 1303 

Furazolidone resistance/sensitivity 
Listeria, 1608 
Staphylococcus, 1370, 1382 

Furfural utilization 
sulfate-reducing bacteria, 3371 
sulfidogenic bacteria, 587, 610 

Furunc1e 
Aeromonas, 3013, 3015, 3019-

3020 
Staphylococcus, 1369-1370, 1374 

Fusidic acid resistance/sensitivity 
Citrobacter, 2749 
Erythrobacter, 2488 
Gemella, 1645 

Fusobacterium, 30, 35, 88, 109, 
1437,2041, 3599, 3601, 3612, 
3983, 4114-4122 

Fusobacterium alocis, 4115 
Fusobacterium egg yolk agar (FEA) 

Fusobacterium, 4119 
Leptotrichia, 3984 

Fusobacterium gonidiajormans, 
4115, 4121-4122 

Fusobacterium mortiferum, 4115-
4116, 4118-4121 

Fusobacterium naviforme, 4115, 
4121-4122 

Fusobacterium necrogenes, 4115-
4116 

Fusobacterium necrophorum, 4114-
4122 

Fusobacterium nucleatum, 1651, 
2035, 2038, 2040, 3984-3985, 
4115-4122 

Fusobacterium perjoetens, 4116 
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Fusobacterium periodonticum, 4115, 
4120,4122 

Fusobacterium prausnitzii, 1918, 
4115 

Fusobacterium russii, 4115-4116, 
4121 

Fusobacterium sulci, 4115 
Fusobacterium ulcerans, 4115, 4122 
Fusobacterium varium, 4115, 4118-

4121 
Fusospirillosis, 3645 
FXA liquid medium, Cytophagales, 

3647, 3650 
FXAG liquid medium, 

Cytophagales,3647 

G 
GI499-2, Lysobacter, 3256, 3268 
G toxin, Clostridium botulinum, 

1868-1869 
GAl antigen, Erwinia, 2902 
GA5 antigen, Erwinia, 2902 
Gaffkya anaerobica, see 

Peptostreptococcus tetradius 
Gaffkya homari, see Aerococcus 

viridans 
Galactolipase, Butyrivibrio, 2030 
Galactose utilization 

Actinobacillus, 3347 
Aerococcus, 1506 
Aeromonas, 3028 
Alcaligenes, 2549 
Arthrobacter, 1285, 1293 
Azospirillum, 2241 
Bacillus, 1701, 1708 
Bifidobacterium, 827 
Brochothrix, 1625 
Brucella, 2386 
Budvicia, 2932 
Cardiobacterium, 3341 
Carnobacterium, 1577-1578 
Chlorof/exus, 3765 
Chromobacterium, 2593 
Clostridium, 1868-1871, 1874 
Corynebacterium, 1159 
Enterobacter, 2806 
Enterobacteriaceae, 2923 
Erysipelothrix, 1635 
Frateuria, 3199 
Gemella, 1649 
Haemophilus, 3320 
Haloanaerobiaceae, 1899 
Halobacteriaceae,789-797 
Herbaspirillum, 2243 
hydrogen-oxidizing bacteria, 364, 

366 
Klebsiella, 2785 
Lactobacillus, 1563, 1565 
Lactococcus, 1485 
Leminorella, 2932 
Leuconostoc, 1522-1523 
Lysobacter, 3265 
Methylobacterium, 2347 
Micrococcus, 1304 
Pectinatus, 1999 
Photobacterium, 2981 
Plesiomonas, 3036 
Pragia, 2932 
Promicromonospora, 1337 
Propionibacterium, 845 
Providencia, 2854, 2856 
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Pseudonoeardiaeeae, 10 12-10 13, 
1016 

Psychrobacter. 3243 
rhizobia, 2200, 2210 
Roseburia. 2029 
Serratia. 2836 
Sporolactobacillus. 1773 
Staphylococcus. 1383, 1390 
Streptosporangiaeeae, 1132-1133 
Succinivibrio. 3980 
thermoanaerobic saeeharolytie 

baeteria, 1908-1909 
Thermomonosporaceae, 1103 
Vibrio. 2973, 2981, 2995 
Xanthobacter. 2365 
Xylophilus. 3135 
Yersinia pestis. 2894 

a-Galaetosidase 
Actinomyces, 856 
Leuconostoc. 1518 
Mobiluncus. 911-912 
Streptococcus. 1428, 1430, 1433, 

1435 
ß-Galaetosidase, 141; see also 

ONPG test 
Actinobacillus. 3347 
Actinomyces. 856 
Carnobacterium. 1578 
Citrobacter. 2744 
Enterococcus. 1470 
Escherichia coli. 2298 
Flavobacterium. 3624 
Lactobacillus. 1568 
Lysobacter. 3265 
Micrococcus. 1304-1305 
Mobiluncus. 911-912 
Neisseria. 2506 
Pseudonoeardiaeeae, 1016 
Staphylococcus. 1383-1384, 1386-

1387 
Streptococcus. 1428, 1430-1431, 

1433 
Sulfolobales, 693 
Thermomonosporaeeae, 1101 
Thermus. 3750 
Yersinia. 2865 

Galaeturonie acid utilization 
Enterobacter. 2806, 2809 
Klebsiella. 2786 
Photobacterium. 2981 
rhizobia, 2200 
Salmonella. 2768 
Serratia. 2836 
Vibrio. 2977, 2981, 3027 

Galdieria sulphuraria. 3838 
GaU 

Nocardia. 1194 
phytopathogenie pseudomonads, 

3104 
Gallbladder disease 

Actinomyces, 862 
Citrobacter. 2746 
Kluyvera. 2927 
Moellerella. 2929 
Vibrio. 2958, 2960 

Galleria mellonella. Serratia. 2826 
Gallie acid utilization 

Eubacterium. 1916 
Pelobacter. 3393, 3397 
sulfidogenie bacteria, 610 

Gallidermin, Staphylococcus. 1396-
1397 

Gallionella. 335, 4082-4086,4111 
Gallionella corneola. see 

Siderophacus corneolus 
Gallionellajerruginea. 98,4027-

4028, 4082-4086 
Gallione/la filamenta. 4086 
GAM medium, anaerobie Gram

positive eoeci, 1881-1883 
Gamma symbiont, see 

Pseudocaedibacter minutus 
Gamma toxin, 1867 

Clostridium chauvoei. 1870 
Clostridium histolyticum. 1872 
Clostridium novyi. 1873 
Clostridium septicum. 1875 
Staphylococcus. 1395 

-y-hemolysin, Staphylococcus. 1376 
-y-hemolysis 

Lysobacter.3265 
Streptococcus. 1421, 1430, 1435, 

1451, 1455 
GAMS medium, dimorphie 

prosthecate baeteria, 2190 
Gangrene, baeterial synergistie, see 

Baeterial synergistie gangrene 
gap gene, Zymomonas. 2296 
Garden pool, eonerete, 

Achromatium. 3937-3938 
Gardimicin, 1054 
Gardimyein resistanee/sensitivity, 

methanogens,757 
Gardnerella. 886, 1178 
Gardnerella vaginalis. 913-914, 

918-919,1174 
Gas eylinder, 357-358 
Gas gangrene, 151,644, 1873, 1875 

Aeromonas. 3015 
Gas mixture 

eomposition, 358 
devices for preparation, 358-359 
gasing of liquid eulture, 358-359 
growth of hydrogen-oxidizing 

baeteria, thermophilie, 3924 
Gas oil utilization, Acinetobacter. 

3141 
Gas vesicle, 96, 100, 132 

Ancalomicrobium. 2163-2164 
Brachyarcus. 4095, 4097 
Chlorobiaeeae, 3585, 3587 
Chloronema. 3763 
eyanobaeteria, 326, 2061, 2073 
Desulfotomaculum. 1798 
Ectothiorhodospira. 3225 
Halobaeteriaeeae, 770, 799-800 
Isosphaera. 3728-3729 
methanogens, 742, 744 
Nevskia. 4092 
"Oscillochloris." 3763 
phototrophs, 323 
Proehlorales, 2108-2109 
Prosthecomicrobium. 2163-2164 
Stella. 2169 
sulfate-reducing baeteria, 3368, 

3372-3373 
sulfur baeteria, purple, 3208-

3209,3211 
Vibrionaceae, 2944 

Gasometer, 358-359 
GasPak system, Ectothiorhodospira. 

3223 
Gassing manifold, 3356 

Gastrie washing, Mycobacterium. 
1249, 1252 

Gastritis, Helicobacter. 3491, 3502 
Gastroenteritis 

Bacillus. 1752 
Chlamydia. 3702 
Escherichia coli. 2710, 2717 
Hajnia. 2816 
infantile, 2710 
Morganella. 2858 
Providencia. 2853 
Vibrio. 2991 
Yersinia. 2870, 2877 

Gastrointestinal traet, see also 
Intestine 

Butyrivibrio. 2022 
Lactobacillus. 1538-1543 
Streptococcus. 1452 

Gastropod 
spiroehetes, large symbiotie, 3968 
symbionts, 3893 

Gauze's medium 1 
aetinoplanetes, 1038, 1050 
Streptosporangiaeeae, 1123, 1125 

Gauze's medium 2 
Streptosporangiaeeae, 1125 
Thermomonosporaceae, 1093 

GC agar base 
Gemella. 1647 
Haemophilus. 3319 

GC eontent, 133-134, 2111; see also 
DNA eomposition 

Acanobacterium. 882 
acetie acid baeteria, 2279 
Actinomyces. 852, 882 
actinoplanetes, 1029 
Agrobacterium. 2214 
Agromyces. 1356 
Alteromonas. 3046-3047, 3062 
ammonia-oxidizing baeteria, 

2629-2632 
anaerobes, 301 
aphid symbiont, 3908 
Aquaspirillum. 2569-2570, 2572, 

2579-2580 
Archaeoglobus. 709-710 
Arthrobacter. 1284, 1289 
Aureobacterium. 1358 
Azotobaeteraceae, 3145 
Bacillus. 1666-1667, 1701, 1707, 

3925 
Bacteroides. 3595, 3602-3604 
Bdellovibrio. 3403 
Beijerinckia. 2260, 2262-2263 
Bijzdobacterium. 824 
Blastobacter. 2174 
Borrelia. 3565 
Brochothrix. 1620, 1624 
Butyrivibrio. 2024 
Carnobacterium. 1537, 1577, 

1624 
Caryophanon. 1787 
eeUulolytic baeteria, 479-501 
CeUulomonadaceae, 1323-1324 
Cellulomonas. 1327 
Chlorobiaceae, 3586-3587 
Chromobacterium. 2592-2593, 

2595 
Clavibacter. 1359 
Clostridium. 1801, 1814-1815, 

1817,1819,1821-1838 
eolorless sulfur baeteria, 398 



Comamonas, 2583, 2587 
Corynebacterium, 1157-1160 
Coxiella, 2471 
Curtobacterium, 1355 
cyanobacteria, 2070 
Cytophaga1es, 3656, 3659, 3661 
Deinococcaceae, 3736, 3741 
Deleya, 3189, 3191, 3194-3195 
Dermatophilus, 1070 
Derxia, 2605, 2609 
Desu/fotomaculum, 1794, 1798 
dimorphic prosthecate bacteria, 

2178 
Ectothiorhodospira, 3225, 3227 
Edwardsiella, 2740 
Enterobacter, 2800 
Enterobacteriaceae, 2941 
Erysipelothrix, 1624, 1630 
Erythrobacter, 2485, 2487 
Eubacterium, 1915, 1917-1920 
Filibacter, 1784 
Flavobacterium, 3620, 3623-3625 
Frankia, 1070, 1076, 1078 
Gardnerella vaginalis, 919 
Gemmata, 3722,3724 
Geodermatophilus, 1070 
Haemophilus, 3309-3310, 3313, 

3319 
Hafnia, 2817 
Haliscomenobacter, 2615, 3690 
Haloanaerobiaceae, 1893, 1898 
Halobacteriaceae, 788-797 
halophilic cocci, 1780 
Heliobacteriaceae, 1984 
Herpetosiphon, 3787, 3799, 3802 
Hydrogenobacter, 3925 
hydrogen-oxidizing bacteria, 

3924-3927, 3930 
invertebrate symbionts, 3903 
Janthinobacterium, 2596 
Jonesia, 1338-1339 
Kurthia, 1624, 1655, 1658 
Lachnospira, 2024 
Lactobacillus, 1537, 1560, 1563-

1565, 1624 
Lactococcus, 1488-1489 
Legionella, 3294 
Leptospira, 3568,3571-3572 
Leptothrix, 2614 
Leuconostoc, 1522, 1524 
Leucothrix, 3247, 3250, 3255 
Listeria, 1602-1603, 1606, 1624 
Lysobacter, 3256-3257, 3264, 

3267-3268 
Marinococcus, 1783 
Marinomonas, 3046, 3062 
methanogens, 735, 737-738, 741, 

743-744 
Methylobacterium, 2347 
Micrococcus, 1370 
Moraxella, 3276 
Mycobacterium, 1229 
mycop1asma, 1938, 1940-1941, 

1944, 1949 
mycop1asma-like organism, 4059 
myxobacteria, 3450 
Neisseria, 2498 
Nitrobacter, 2305-2306 
Nitrococcus, 2307 
Nitrospira, 2306-2307 
Nocardia, 1189 
Nocardiaceae, 1188, 1190, 1200 

Nocardiopsis, 1141-1142 
Oceanospirillum, 3230, 3232, 

3234 
Oerskovia, 1333 
Pelobacter, 3395, 3397 
Phenylobacterium, 2337-2339 
Photobacterium, 3002 
as phylogenetic measure, 7 
Planococcus, 1782 
Plesiomonas, 3029, 3031 
Porphyromonas, 3608-3610,3612, 

3614-3615 
Promicromonospora, 1338 
Propionibacterium, 839-840, 842, 

844 
Propionigenium, 3950 
Pseudomonas, 3087, 3093, 3095 
Pseudonocardiaceae, 998 
Psychrobacter, 3244 
purple nonsulfur bacteria, 2147-

2148 
radiation resistance and, 90 
Renibacterium, 1312 
rhizobia, 2198 
Rhodococcus, 1192 
Rhodocyclus, 2557 
rickettsiae, 2435 
Rochalimaea, 2444 
Roseburia, 2024 
Roseobacter, 2157 
Rothia, 882 
Saprospira, 3678, 3684 
Simonsiellaceae, 2666 
Sphaerotilus, 2614 
Spiroplasma, 1963-1964, 1974 
Sporolactobacillus, 1772 
Sporomusa, 2018 
Sporosarcina, 1778 
Staphylococcus, 1370, 1382 
Streptococcus, 1425, 1429, 1431, 

1433 
Streptomycetaceae, 921-922 
Streptosporangiaceae, 1115-1116 
sulfate-reducing bacteria, 3370 
sulfidogenic bacteria, 585 
Sulfolobales, 685, 691-692 
sulfur bacteria, colorless, 2639-

2640, 2645, 2651 
sulfur bacteria, purple, 3208-3209 
sulfur-reducing bacteria, 3380, 

3386 
Thermococcales, 703, 705-706 
Thermodesu/fobacterium, 3392 
Thermoleophilum, 3781-3782 
Thermomicrobium, 3777 
Thermomonosporaceae, 1086, 

1090 
Thermoplasma, 716 
Thermoproteales, 680-681 
Thermotoga, 3810 
Thermotogales, 3813-3814 
Thermus, 3749 
Treponema, 3554 
Tsukamurella, 1193 
Verrucomicrobium, 3806, 3808 
Vibrio, 2997-3001 
Vibrionaceae, 2940-2941, 2944, 

2954-2955 
Weeksella, 3625 
Wolbachia, 2479 
Zoogloea, 3959 
Zymomonas, 2290 
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GC-Lect medium, Neisseria, 2512 
Gecko, Serratia, 2827 
Geitleria, 538 
Gel double diffusion assay, xylem

inhabiting bacteria, 4041 
Gelatin, 170 
Ge1atin hydrolysis 

Actinobacillus, 3347 
Actinomyces, 888 
Aeromonas, 3013, 3028 
Alcaligenes, 2549 
Alteromonas, 3046, 3055, 3063 
Archaeoglobus, 710 
Arthrobacter, 1283, 1289 
Bacillus, 1759, 1761 
Bacteroides, 3604 
Brevibacterium, 1351 
Butyrivibrio, 2028 
Cardiobacterium, 3341 
Citrobacter, 2748 
Clostridium, 1814, 1821, 1825-

1826, 1832-1833, 1838, 1867, 
1871-1877 

Curtobacterium, 1363 
Deinococcaceae, 3733 
Edwardsiella, 2741 
Eikenella corrodens, 2670 
Enterobacteriaceae, 2923 
Erysipelothrix, 1635-1636 
Erythrobacter, 2487 
Escherichia, 2698 
Filibacter, 1784 
Flavobacterium, 3625 
Hafnia, 2818 
Halobacteriaceae, 789-797 
halophilic cocci, 1780 
Herpetosiphon, 3800 
hydrogen-oxidizing bacteria, 364-

365, 3925 
Klebsiella, 2787 
Kurthia, 1654 
Legionella, 3282, 3292 
Lysobacter, 3265 
Marinococcus, 1783 
Marinomonas, 3046, 3055, 3063 
Microbacterium, 1365 
Micrococcus, 1304 
Mobiluncus, 911 
Neisseria, 2507 
Oceanospirillum, 3234 
Photobacterium, 634, 3002 
Pirellula, 3720 
Planococcus, 1782 
Plesiomonas, 3036 
Promicromonospora, 1337 
Pseudomona~ 3092-3094 
Pseudonocardiaceae, 10 1 0, 10 12 
Renibacterium, 1314 
Rhodocyclus, 2557, 2559 
Roseobacter, 2157 
Saprospira, 3685 
Selenomonas,2009-2010 
Serratia, 2832, 2836 
Shigella, 2755 
Simonsiellaceae, 2666 
Sporosarcina, 1779 
Stella, 2169 
Streptococcus, 1439 
Streptosporangiaceae, 1128, 1130-

1132 
Thermomonosporaceae, 1102 
Verrucomicrobium, 3808 
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Vibrio, 634, 2955, 2973, 2987 
xylem-inhabiting bacteria, 40.41 

Gelatin hydrolysis medium, 1763 
Gelatin streak method, Kurthia 

isolation, 1656-1657 
Gelatinase, 141 

Alteromonas, 30.61 
Marinomonas, 30.61 

Gelatinous mass, Thiobacterium, 
3940. 

Gelrite, 169-170. 
Gemella, 25, 1450.-1451, 1456, 

1630., 1643-1652 
Gerne/la haemolysans, 563, 565, 

1643-1652 
Gerne/la morbillorum, 1643-1652, 

1885, 20.38 
Gemmata, 30.,2173-2174,3713, 

3715,3720.-3726 
Gemmata obscuriglobus, 3713, 

3720.-3726 
Gemminger formicilis, 1918 
Gemmobacter, 27, 2132, 2173-2174 
Gemmobacter aquatilis, 2171 
Gene cloning, see Cloning 
Gene cluster, Bacillus, 1683-1684 
Gene conversion, cyanobacteria, 

20.84, 20.86 
Gene expression 

Bacillus, 1683-1685 
Chlamydia, 3698 
cyanobacteria, 20.90.-20.93 

Gene family, cyanobacteria, 20.92-
20.93 

Gene transfer, phytopathogenic 
pseudomonads, 3110.-3111 

Genera, 36-37 
Genetic engineering, 197 

Agrobacterium, 2223-2225 
Escherichia coli, 2723-2725 
plants, 2380. 
rhizobia, 2210-2211 
Zymomonas, 2294-2298 

Genetic map 
Eseheriehia eoli, 2706 
phytopathogenic pseudomonads, 

3109-3110. 
Salmonella, 2763 

Genetics 
Acinetobacter, 3140-3141 
ammonia- and nitrite-oxidizing 

bacteria, 424-426 
Azotobacteraceae, 3162-3163 
Bacillus, 1676-1679, 170.5, 1711, 

1723-1727,1731 
Bdellovibrio, 340.8-340.9 
Campylobacter, 350.5 
Clostridium, 1819-1820. 
Corynebacterium, 1161-1162 
cyanobacteria, 20.88-20.91 
Cyanophora, 3843 
Enterococcus, 1471-1476 
Escherichia coli, 270.5-270.8, 

2723-2725 
Frankia, 10.73-1076 
Haemophilus, 3322-3324 
Lactobacillus, 1571 
Lactococcus, 1489-1492 
Leuconostoc, 1526-1527 
Micrococcus, 130.7 
Mycobacterium, 1228-1231 
mycoplasma, 1940-1943 

myxobacteria, 3418 
N ocardiaceae, 120.6 
Paracoccus, 2329-2330. 
phytopathogenic pseudomonads, 

3109-3117,3122 
Planococcus, 1782 
Pseudonocardiaceae, 10. 15-1 0. 19 
Psychrobacter, 3244 
rhizobia, 220.9 
Salmonella, 2763 
Sporolactobacil!us, 1772-1773 
Staphylococcus, 1397-140.5 
Streptomycetaceae, 971-972, 979-

980. 
Streptosporangiaceae, 1130.-1131 
sulfidogenic bacteria, 613 
Thermomonosporaceae, 10.99-

1105 
virulence, 641-642 
Xanthobacter, 2378 
Zoogloea, 3959-3961 
Zymomonas, 2293-2298 

Genital tract, 3491; see also speci./ic 
organs 

Actinobacillus, 3342 
Actinomyces, 854-855, 872, 891 
Bacteroides, 3597-3598 
Campylobacter, 3490., 350.0. 
Cardiobacterium, 3340. 
Corynebacterium, 1183 
Eikenella, 2668 
Gardnerella, 918 
Haemophilus, 3311 
Leptotrichia, 3983 
mycoplasma, 1944-1945 
Neisseria, 250.9 
Porphyromonas, 360.9 
Propionibacterium, 840. 
Streptococcus, 1452 
Treponema, 3537, 3539, 3542, 

3545-3546, 3549 
Weeksella, 3622 

Genital tract infection 
anaerobic Gram-positive cocci, 

1880 
Chlamydia, 3692, 370.0.-370.1 
Fusobacterium, 4116 
Haemophilus, 330.7, 330.9 
Klebsiella, 2777 
Streptococcus, 1438, 1452 

Genital uJcer, Haemophilus, 330.9-
3310 

Genitourinary tract, see also Genital 
tract; U rinary tract 

Brucella, 2384 
Gemella, 1646 

Genome size, 2111 
cyanobacteria, 20.83-20.84 

Genospecies, 128 
Gen-Probe 

Mycobacterium, 1257, 1260.-1261 
mycoplasma, 1951 

Gentamicin production 
actinoplanetes, 1054-1055 
Micromonospora, 1048 

Gentamicin resistancejsensitivity 
Aeromonas, 30.28 
Bacillus, 1756 
Bi./idobacterium, 829 
Brochothrix, 1625 
Carnobacterium, 1577 
Citrobacter, 2749 

Clostridium, 1867-1868, 1871 
Coxiella, 2474 
Edwardsiella, 2741 
Enterobacter, 280.4 
Enterococcus, 1474, 1476 
Flavobacterium, 3627 
Francisella, 3989 
Hafnia, 2820. 
Halobacteriaceae, 789-797 
Klebsiella, 2780. 
Listeria, 160.8 
methanogens, 757 
Methylobacterium, 2346 
myxobacteria, 3430., 3467 
Plesiomonas, 30.38 
Proteus, 2852 
Providencia, 2856 
Pseudonocardiaceae, 10 10, 10 13 
Serratia, 2830. 
Staphylococcus, 1399, 140.3 
Vibrio, 2984 
Zymomonas, 2294 

Gentiobiose utilization 
Brochothrix, 1625 
Enterobacter, 280.6, 2810 
Klebsiella, 2785 

Gentisate utilization 
Enterobacter, 280.7 
Klebsiella, 2785-2787 
Serratia, 2839 
syntrophic coculture, 279, 281, 

289 
Genus, 128 
Geodermatophilus, 24, 1069-1071, 

1117 
Geodermatophilus obscurus, 10.69-

1071, 1076, 1346-1349 
Geologic change, 14-16 
"George" (computer program), 

2948, 2971 
Geosiphon pyriforme, 3836-3837 
Geosmin, 813 

myxobacteria, 3474-3475 
Streptomycetaceae, 936 

Geotherma1 habitat, 84 
chemieals in water, 3919 
Clostridium, 1827 
colorless sulfur bacteria, 392 
Desu/fotomaculum, 1792 
endogenous gases, 3918 
gas analysis, 3921-3923 
hydrogen consumption, 3919-

3920. 
hydrogen-oxidizing bacteria, 346, 

3917, 3920.-3921, 3925 
methanogens, 734, 736 
origin, 3917-3918 
origin of hydrogen and carbon 

dioxide, 3918 
terrestrial, 3918-3919 

ger genes, Bacillus, 1671 
Geraniol utilization, Pseudomonas, 

30.93 
Gerbil 

Coxiella, 2473 
Listeria, 1595, 160.9 
Rickettsia, 2417, 2420. 

Germ cell wall, Bacillus, 1686 
German method, vinegar 

production, 2281 
Germination 

Azotobacter, 212-213 



Bacillus, 210-212, 1670-1675, 
1698, 1708 

Clostridium, 1803 
cyanobacteria, 234 
methylotrophs, 213-214 
myxobacteria, 3462 
Rhodomicrobium, 229-231 
Streptomyces, 227-228, 813 

Germling, cyanobacteria, 234 
Ghee, 1484, 1493 
Ghon complex, 1240 
Giant whips, Bacillus, 1707 
Giardia symbionts, 3859 
GibereIlin, Azospirillum-associated, 

2248 
Giemsa stain 

Chlamydia, 3704 
Coxiella, 2424-2425 
Ehrlichiae, 2424-2425 
rickettsiae, 2424-2425 
Wolbachia, 2424-2425 
Yersinia pestis, 2893 

Giesberger's medium, 
Oceanospirillum, 3232-3233 

Gigantomonas symbionts, 3856, 
4096, 4099 

Gimenez stain, rickettsiae, 2424-
2425 

Gingiva, see Oral cavity 
Gingivitis 

Actinomyces, 850, 863-864 
Fusobacterium, 4115-4116 
Selenomonas, 2006 
Veillonella, 2036 

Glacier ice 
hydrogen-oxidizing bacteria, 

thermophilie, 3920 
Nocardiopsis, 1144 

Glacier silt, Arthrobacter, 1285 
Gladiolus, rot, 3109 
Glanders, 814, 3076, 3078, 3096-

3097 
Glandular fever, see Sennetsu 

ehrlichiosis 
Glass envelope, myxobacteria, 3457 
Glässer's disease, 3312-3313 
Glassware handling, 168-169 
Glaucocystaceae, 3838 
Glaucocystales, 3838 
Glaucocystis bullosa, 3838 
Glaucocystis duplex, 3838 
Glaucocystis nostochinearum, 3837-

3838, 3840-3841 
Glaucocystis oocystiforme, 3838 
Glaucocystophyceae, 3838, 3841-

3842 
Glaucocystophyta, 3838, 3841 
Glaucocystopsis africana, 3838 
Glaucosphaera, 3841 
Glaucosphaera vacuolata, 3837-

3838 
Glaucosphaeraceae, 3838 
Glenodinium foliaceum symbionts, 

3859 
Gleotrichia, 2085 
Gliding bacteria adjuvant, 3664 
Gliding motility, 50-51, 62, 131, 

246,255 
Acinetobacter, 3139 
Beggiatoa, 3171-3178 
Chlorobiaceae, 3586 

cyanobacteria, 324,2061,2071, 
2073 

Cytophagales, 3631-3666 
Filibacter, 1783-1784 
Heliobacteriaceae, 1984 
Herpetosiphon, 3787, 3798 
Leucothrix, 3247, 3251, 3255 
Lysobacter, 3256-3258, 3261-

3262, 3264, 3267 
mycoplasma, 1937-1938 
myxobacteria, 224-227, 3443-

3445 
phototrophs, 323 
Saprospira, 3676-3686 
SimonsieIlaceae, 2658-2660, 

2662, 2664 
sulfate-reducing bacteria, 3361, 

3369 
Toxothrix, 4026-4027 

Glidobactin, 3476 
glnA gene, Cyanobacteria, 2088 
Globi, Mycobacterium leprae, 1271 
GIobose body, 1031, 1046 
Gloeobacter, 26, 317, 2070-2071 
Gloeobacter violaceus, 317, 321 
Gloeocapsa, 26, 538, 2070-2071, 

3822-3823, 3825 
Gloeocapsa alpinus, 3825 
Gloeocapsa kuetzingiana, 3825 
Gloeocapsa muralis, 3825 
Gloeocapsa pleurocapsoides, 3825 
Gloeocapsa rupestris, 3825 
Gloeocapsa sanguinea, 3825 
Gloeochaetaceae, 3838 
GIoeochaetales, 3838 
Gloeochaete, 3841 
Gloeochaete wittrockiana, 3837-

3838 
Gloeothece, 26, 538, 540, 546, 549, 

2070-2071,3825 
Glomerulonephritis 

Brucella, 2392 
Streptococcus, 1451-1452 
Yersinia, 2870 

GLU liquid medium, Cytophagales, 
3648-3649 

Glucan degradation, Cytophagales, 
3658 

Glucan hydrolase, Oerskovia, 1333 
Glucan production, Streptococcus, 

1436 
Glucanase 

Bacillus, 1689 
Cellulomonas, 1328-1329 
Erwinia, 2913 
Lysobacter, 3269 
myxobacteria, 3466 
Oerskovia, 1333 
Streptomycetaceae, 979 

Glucoamylase, Clostridium, 1822 
Glucofosinate, 978 
Gluconate dehydratase 

Clostridium, 1830 
Xanthobacter. 2376 

Gluconate dehydrogenase 
Enterobacter. 2806-2807, 2810 
Klebsiella. 2786 
Serratia, 2835 

Gluconate kinase 
Bacillus, 1684 
Zymomonas. 2292 

Gluconate permease, Bacillus, 1684 
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Gluconate test, Klebsiella, 2683 
Gluconeogenesis, Veillonella, 2037 
Gluconic acid production 

commercial, 2281 
Zymomonas, 2293 

Gluconic acid utilization 
Alcaligenes, 2549 
Bacillus. 1684 
Bi./idobacterium, 821, 824-825 
Carnobacterium, 1577-1578 
Chromobacterium, 2593 
Clostridium. 1833 
Corynebacterium, 1163 
Enterobacter, 2806, 2810 
Enterococcus, 1470 
Klebsiella, 2785 
Lactobacillus, 1564 
Listeria, 1603 
Photobacterium, 634 
purple nonsulfur bacteria, 2149 
rhizobia, 2200 
Serratia, 2836 
Shigella. 2755 
Vibrio, 634 
Xanthobacter. 2374, 2376 
Xylophilus, 3135 

Gluconobacter, 27, 559, 2128, 2133, 
2254, 2268-2280, 2289, 3071, 
3073-3074,3078-3080, 3198, 
3959 

Gluconobacter asaii, 2278-2279 
Gluconobacter cerinus, 2278-2279 
Gluconobacter oxydans, 203, 2268-

2269, 2271, 2274-2275, 2278-
2280, 2282, 2340, 3959 

Gluconolactonase, Zymomonas, 
2292 

Gluconolactone utilization, 
Arthrobacter, 1285 

Glucosamine utilization 
Haliscomenobacter, 3690 
Klebsiella, 2785 
rhizobia, 220 I 

Glucosaminidase 
myxobacteria, 3466 
Streptococcus, 1431, 1435 

Glucosaminylbacteriohopanetetrol, 
Zymomonas.2291 

Glucose broth, Eikenella corrodens, 
2670 

Glucose dehydrogenase, 203 
Bacillus, 1671 
Enterobacter. 2800, 2807, 2809-

2810 
Klebsiella, 2785-2786 
Sulfolobales, 693 
Zymomonas, 2290-2292 

Glucose elfect, Staphylococcus, 1389 
Glucose isomerase 

actinoplanetes, 1052 
commercial uses, 1052 

Glucose mineral agar, nitrogen-free, 
Beijerinckia. 2258 

Glucose nutrient agar, Brochothrix. 
1622 

Glucose oxidation test, Serratia, 
2835 

Glucose utilization, 141 
acetic acid bacteria, 2278-2279 
Actinobacillus, 3340, 3347 
Actinomyces, 889 
Aerococcus. 1506 
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Aeromonas, 3026, 3028 
Agrobacterium, 2214 
Alcaligenes, 2549 
Alteromonas, 3054, 3061, 3063 
anaerobic Gram-positive cocci, 

1886-1890 
Arcanobacterium, 889 
Archaeoglobus, 710 
Arthrobacter, 1285, 1294 
Azospirillum, 2242 
Azotobacteraceae, 3155, 3157-

3158 
Bacillus, 1669, 1701, 1704, 1708, 

1710-1711, 1761-1762 
bioluminescent bacteria, 633 
Blastobacter, 2173 
Bordetella, 3340 
Borrelia, 3560 
Brochothrix, 1618, 1624-1625 
Brucella, 2386, 3340 
Buttiauxella, 2926 
Butyrivibrio, 2028 
Campylobacter, 3497 
Capnocytophaga, 3340 
Cardiobacterium, 3340-3341 
Carnobacterium, 1537, 1576, 

1624 
Cellulomonas, 1327 
Chromobacterium, 2595 
Clostridium, 1804, 1814, 1825, 

1827, 1829, 1833, 1836-1838, 
1867-1877 

Corynebacterium, 1159, 1178-
1179 

Coxiella, 2477 
Curtobacterium, 1363 
cyanobacteria, 2094 
Deinococcaceae, 3736, 3741 
Deleya, 3193-3194 
Derxia, 2606, 2608, 2610 
Desu/fotomaculum, 1795, 1798 
diversity, 55-57 
Edwardsiella, 2741 
Eikenella, 2670, 3340 
Enterobacter, 2806, 2810 
Enterobacteriaceae, 2923 
Enterococcus, 1469 
Erysipelothrix, 1624, 1635 
Escherichia, 2698, 2931 
Eubacterium, 3985 
Flavobacterium, 3624 
Francisella, 3990 
Frankia, 1074 
Frateuria, 3198-3199 
Fusobacterium, 3985, 4118 
Gardnerella, 918 
Haemophilus, 3310, 3318-3320, 

3340 
Hajnia, 2818,2931 
Haliscomenobacter, 3690 
Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
Halomonas, 3181 
Herbaspirillum, 2243 
homoacetogens, 1930, 1933 
Isosphaera, 3730 
Kingella, 3340 
Klebsiella, 2782, 2785 
Kluyvera, 2926 
Lachnospira, 2024 
Lactobacillus, 1537, 1567-1568, 

1624 

Leptothrix, 2614 
Leptotrichia, 3985 
Leuconostoc, 1519-1520, 1523 
Listeria, 1602, 1606, 1624 
Lysobacter, 3265 
Marinomonas, 3054,3061,3063 
Megasphaera, 2001 
Methylobacterium, 2345, 2347 
Micrococcus, 1304-1305 
Morganella, 2857 
mycoplasma, 1943 
myxobacteria, 3465 
Neisseria, 2496-2497, 2505-2506, 

2515 
Nocardiaceae, 1203 
Obesumbacterium, 2930-2931 
Ochrobactrum, 2602 
Oerskovia, 1330, 1332 
Pasteurella, 3331, 3340 
Pectinatus, 1999 
Pediococcus, 1504 
Photobacterium, 634, 2979-2980, 

3001-3002 
Phyllobacterium, 2602 
Planctomyces, 3716 
Planococcus, 1782 
Plesiomonas, 3036 
Promicromonospora, 1337 
Propionibacterium, 845 
Pseudonocardiaceae, 1015 
Psychrobacter, 3243 
purple nonsulfur bacteria, 2149-

2150 
rhizobia, 2210 
Rhodococcus, 1192 
Rhodocyclus, 2558 
Rothia, 889 
Salmonella, 2768-2769 
Saprospira, 3685 
Selenomonas, 2007, 2011 
Serratia, 2836-2837 
Shigella, 2755-2756 
Simonsiellaceae, 2666 
Sphaeroti!us, 2614 
Spirochaeta, 3529-3530, 3534 
Spiroplasma, 1963-1964, 1974 
Sporolactobacillus, 1773 
Staphylococcus, 1303-1304, 1388-

1389 
Streptobacillus, 3340, 4024 
Streptococcus, 1451 
Succinimonas, 3980 
Succinivibrio, 3980 
sulfidogenic bacteria, 587 
Sulfolobales, 693 
sulfur bacteria, colorless, 2648 
thermoanaerobic saccharolytic 

bacteria, 1901, 1904-1906, 
1908-1909 

Thermoplasma, 717 
Thermotoga, 3810 
Thermus, 3748 
Treponema, 3545,3551 
Tsukamurella, 1193 
Vibrio, 634, 2973, 2979-2980, 

2995 
Vibrionaceae, 2941 
Wolbachia, 2478 
Xanthobacter, 2366 
Xylophilus, 3135 
Yersinia, 2865, 2894 
Zymomonas, 2289-2293 

Glucose-asparagine agar 
actinoplanetes, 1045, 1050 
Frankia, 1072 
Streptomycetaceae, 949 

Glucose-fructose oxidoreductase, 
Zymomonas, 2292-2293 

Glucose-nitrate agar, 
Streptomycetaceae, 949 

Glucose-peptone agar, 
Thermomonosporaceae, 1094-
1095 

Glucose-6-phosphate dehydrogenase 
Bacteroides, 3595, 3602 
Chlorojlexus, 3765 
cyanobacteria, 546, 2094 
Leuconostoc, 1520, 1523 
Listeria, 1606 
methanotrophs, 2355 
methylotrophs, 438-439 
Serratia, 2841 

Glucose-sucrose-tellurite-bacitracin 
(GSTB) agar, Streptococcus, 
1424 

Glucose-yeast extract agar 
Leuconostoc, 1517 
Nocardiaceae, 1199 
Pediococcus, 1517 
Streptosporangiaceae, 1123, 1125 
Thermomonosporaceae, 1095 

Glucose-yeast extract medium 
Gordona, 1196 
Rhodococcus, 1197 
Thermomonosporaceae, 1093 
Tsukamurella, 1196 

Glucose-yeast extract-calcium 
carbonate agar, Frateuria, 3199 

Glucose-yeast extract-malt extract 
agar 

Streptomycetaceae, 947-948 
Thermomonosporaceae, 1094 

Glucose-yeast-calcium medium, see 
GYCA medium 

Glucosidase, Bacillus, 1666 
a-Glucosidase 

Actinomyces, 856 
anaerobic Gram-positive cocci, 

1886-1887 
Bacillus, 1758 
Clostridium, 1838 
Gemella, 1645, 1650 
inhibitor, actinoplanetes, 1052 
Lysobacter, 3265 
Mobiluncus, 911 
Nocardiaceae, 1204-1205 
Streptococcus, 1430 

ß-Glucosidase 
Actinomyces, 856 
assay, 462-463, 466 
Bacteroides, 3603 
cellulolytic bacteria, 474, 479-501 
Cellulomonas, 1328 
Lysobacter, 3265 
Oerskovia, 1332 
phytopathogenic pseudomonads, 

3107 
Pseudonocardiaceae, 1017 
Staphy!ococcus, 1386-1387 
Streptococcus, 1430, 1434 
Thermomonosporaceae, 1101 
Thermus, 3750 
Xanthomonas, 2298 



Glucosylglycerol, cyanobacteria, 
2095 

Glucosyltransferase 
Streptococcus, 2038 
Sulfolobales, 695 

Glucuronic acid utilization 
Azotobacteraceae, 3150 
Klebsiella, 2786 
Photobacterium, 634, 3002 
Planctomyces, 3716 
rhizobia, 2200 
Roseburia, 2029 
Serratia, 2836 
Vibrio, 634, 2977 

ß-Glucuronidase 
Actinomyces, 856 
anaerobic Gram-positive cocci, 

1886-1887 
Staphylococcus, 1386-1387 

Glutaconyl-CoA decarboxylase, 
Acidaminococcus, 2037 

Glutamate decarboxylase, 
Clostridium, 1831 

Glutamate dehydrogenase 
Azotobacteraceae, 3162 
Bacteroides, 3595, 3602 
Butyrivibrio, 2030 
Clostridium, 1835 
Corynebacterium, 1163 
Fusobacterium, 4118 
methanotrophs, 2355-2356 
Neisseria, 2507 
Porphyromonas, 3609, 3612, 3614 
reaction, 58 
Rhodocyclus, 2559 
rickettsiae, 2434 
Selenomonas, 2012 
Serratia, 2841 
Succinivibrio, 3981 

Glutamate mutase, Clostridium, 
301-302, 1835 

Glutamate synthase, 89 
Azotobacteraceae, 3162 
methanogens, 749 
methanotrophs, 2356 
Prochlorales, 2109 
Rhodocyclus, 2559 

Glutamate-Os-pathway, 
Chlorojlexus, 3767 

Glutamate-oxaloacetate 
transaminase 

rickettsiae, 2434 
Succinivibrio, 3981 

Glutamic acid production 
Arthrobacter, 1294 
Corynebacterium, 1163, 1165-

1166 
Selenomonas, 2011-2012 

Glutamic acid utilization 
Alteromonas, 3061 
anaerobic Gram-positive cocci, 

1886-1887 
Arthrobacter, 1285 
Blastobacter, 2173-2174 
Brucella, 2386 
Chlorojlexus, 3766 
Clostridium, 301-302, 1812, 1877 
Derxia, 2610 
Ehrlichia, 2448 
Fusobacterium, 4118 
Haliscomenobacter, 3690 
Legionella, 3291 

Leptothrix, 2614 
Leucothrix, 3254 
Lysobacter, 3265 
Marinomonas, 3061 
Methylobacterium, 2345, 2347 
Neisseria, 2507 
Nocardiaceae, 1204 
Providencia, 2854 
Psychrobacter, 3242-3243 
Rhodocyclus, 2557-2558 
rickettsiae, 2438-2440 
Rochalimaea, 2444 
Selenomonas, 2009-2010 
Sphaerotilus, 2614 
sulfur bacteria, colorless, 2642, 

2648 
sulfur-reducing bacteria, 3381 
Thermomicrobium, 3776 
Thermus, 3748 
Wolbachia, 2478 
Xanthobacter, 2373 
Xylophilus, 3135 

Glutamine a-ketoglutarate 
aminotransferase (GOGAT), 
methanotrophs, 2356 

Glutamine synthetase, 89 
Az( tobacteraceae, 3162 
Chlorojlexus, 3766 
Clostridium, 1831 
cyanobacteria, 3829 
Enterobacteriaceae, 2942 
Frankia, 1075 
methanotrophs, 2355.-2356 
phytopathogenic pseudomonads, 

3114 
Prochlorales, 2109 
Pseudomonas, 3080 
reaction, 58 
Rhodocyclus, 2559 
Selenomonas, 2012 
Succinivibrio, 3981 
sulfur bacteria, purple, 3215 
Vibrionaceae, 2942 

Glutamine utilization 
acetic acid bacteria, 2279 
Ehrlichia, 2448 
Rhodocyclus, 2559 
Rochalimaea, 2444 
Wolbachia, 2478 
Xanthobacter, 2374 
Xylophilus, 3135 

-y-Glutamylaminopeptidase, 
Neisseria, 2507,2515 

-y-Glutamylmethylamide synthetase, 
methylotrophs, 437 

Glutaric acid utilization 
Azotobacteraceae, 3153 
Ochrobactrum, 2603 
Phyllobacterium, 2603 
Psychrobacter, 3243 
rhizobia, 2200 
sulfate-reducing bacteria, 3371 
Vibrio, 2977 

Glutathione, mycoplasma, 1945 
Glycanase, myxobacteria, 3465 
Glycera1dehyde-3-phosphate 

dehydrogenase, Staphylococcus, 
1389 

Glycerate kinase, methylotrophs, 
439 

Glycerate utilization 
Enterobacter, 2806 
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Klebsiella, 2785 
Kurthia, 1659 
Photobacterium, 3002 

Glycerate-3-phosphate 
dehydrogenase, 
Thermoproteales, 680 

Glycerol agar 
Cellulomonas, 1326 
Nocardia, 1196 
Nocardiaceae, 1197 
Rhodococcus, 1197 
Streptosporangiaceae, 1123, 1125 

Glycerol dehydratase, Klebsiella, 
2782 

Glycerol dehydrogenase, Klebsiella, 
2782 

Glycerol kinase, 89 
Glycerol nutrient agar, Brochothrix, 

1622 
a-Glycerol phosphate 

dehydrogenase, anaerobes, 305 
Glycerol utilization 

acetic acid bacteria, 2278-2279, 
2282 

Alteromonas, 3062 
Arcanobacterium, 889 
Arthrobacter, 1285, 1293 
Bacillus, 1708 
Brochothrix, 1618, 1625 
Chlorojlexus, 3765 
Citrobacter, 2744 
Clostridium, 1824, 1868, 1874, 

1876 
Deleya, 3194 
Derxia, 2610 
Enterobacter, 2806 
Enterobacteriaceae, 2923 
Enterococcus, 1470 
Escherichia, 2698 
Filibacter, 1784 
Flavobacterium, 3624-3625 
Francisella, 3990 
Frateuria, 3199 
Haliscomenobacter, 3690 
Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
homoacetogens, 1930, 1933 
Klebsiella, 2782, 2785 
Kurthia, 1659-1660 
Lactobacillus, 1567 
Leptothrix, 2614 
Lysobacter, 3265 
Marinococcus, 1783 
Marinomonas, 3062 
Methylobacterium, 2347 
Micrococcus, 1304-1305 
Mycobacterium, 1218 
Pectinatus, 1999 
Pelobacter, 3396-3397 
Planococcus, 1782 
Plesiomonas, 3036 
purple nonsulfur bacteria, 2149 
rhizobia, 2210 
Rhodocyclus, 2558 
Roseburia, 2029 
Rothia, 889 
Saccharothrix, 1064 
Serratia, 2836 
Sphaerotilus, 2614 
Sporomusa, 2018 
Streptococcus, 1430, 1432-1433 
Streptomycetaceae, 944 
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Streptosporangiaceae, 1127, 1132 
sulfate-reducing bacteria, 3371 
sulfidogenic bacteria, 587, 608 
Thermomicrobium, 3776 
Vibrio, 2973 
Wolbachia, 2478 
Xenorhabdus, 2934 
Yersinia pestis, 2894-2895 

Glycerol-arginine agar, 
Streptomycetaceae, 945 

Glycerol-asparagine agar 
Nocardiopsis, 1145 
Pseudonocardiaceae, 1003 
Saccharothrix, 1063 
Streptomycetaceae, 948 
Thermomonosporaceae, 1093, 

1095 
Glycerol-erythromycin medium 

Micrococcus, 1303-1304 
Staphylococcus, 1303-1304 

Glycerol-peptone (GP) agar, 
Methylobacterium, 2344 

a-Glycerophosphate oxidase, 
Lactobacillus, 1562 

Glycine aminopeptidase, 
Bacteroides, 3603 

Glycine decarboxylase, Clostridium, 
1822 

Glycine formiminotransferase, 
Clostridium, 1826 

Glycine osmoregulation, 
Ectothiorhodospira, 3228 

Glycine production, Clostridium, 
1826 

Glycine reductase 
anaerobes, 305 
Clostridium, 1832, 1834-1835 

Glycine tolerance, Campylobacter, 
3491-3497 

Glycine utilization 
anaerobic Gram-positive cocci, 

1886-1887 
Arthrobacter, 1285 
Kurthia, 1659 
methanogens, 719 
Pseudomonas, 3094 
sulfidogenic bacteria, 587 
Treponema, 3551 

Glycocalyx, 93, 2647 
diversity, 53 
sulfur bacteria, colorless, 2651 
xy1em-inhabiting bacteria, 4032 

Glycogen inc1usion 
Chlamydia, 3692, 3698, 3704 
Succinimonas, 3980 

Glycogen production 
Cellulomonas, 1327 
Mycobacterium, 1226 
myxobacteria, 3443 
Sulfolobales, 695 

Glycogen synthetase, Chlamydia, 
3698 

Glycogen utilization 
Clostridium, 1829, 1837 
Lactobacillus, 1543 
Pseudonocardiaceae, 1013 
Roseburia, 2029 
Streptococcus, 1427, 1433-1434 

Glycohydrolase, nitrogen-fixing 
bacteria, 545 

Glycolate utilization 
Comamonas, 2587 

Curtobacterium, 1363 
Deleya, 3195 
purple nonsulfur bacteria, 2149 
Rhodocydus, 2558 
Xanthobacter, 2374 

Glycolipid, 134 
actinoplanetes, 1047 
Arthrobacter, 1291 
Brochothrix, 1620 
Corynebacterium, 1172 
Halobacteriaceae,777-779 
Mycobacterium leprae, 1273 
Renibacterium, 1312 

Glycomyces, 922-924, 1029-1055, 
1146 

Glycomyces harbinensis, 1042, 1047 
Glycomyces rutgersensis, 1044, 1047 
Glycoprolyl peptidase, 

Porphyromonas, 3616 
Glycoprotease, Pasteurella, 3334 
Glycoprotein 

cell wall, 54 
Micrococcus, 1306 
Thermoplasma, 715 

Glycosaminoglycan-depolymerizing 
enzyme, Porphyromonas, 3616 

Glycosidase, Leptospira, 3571 
Glyoxylate pathway 

Arthrobacter, 1293 
Beggiatoa, 3177 
Chloroflexus, 3765 
Corynebacterium, 1163 
Ectothiorhodospira, 3227 
Frankia, 1074 
Leptospira, 3571 
purple nonsulfur bacteria, 2150 
rhizobia, 2210 
Thermus, 3748 

GM-1 medium, Treponema, 3546-
3547 

GMC medium, Actinomyces, 873 
GN broth, see Gram-negative broth 
Gnotobiote, 109-110 
gnt operon, Bacillus, 1684 
Goat 

Actinomyces, 865-866 
Anaplasma, 4012-4014 
anthrax, 1748, 1750 
Bacteroides, 3598 
Brucella, 2384, 2388-2390, 2395 
Corynebacterium, 1181 
Cowdria, 2445, 2451 
Coxiella, 2473 
Fusobacterium, 4116 
Listeria, 1597 
mycoplasma, 1944 
Nocardia, 1194 
Pasteurella, 3332-3333 
Rickettsia, 2420 
Salmonella, 2765 
Serratia, 2827 
Simonsiellaceae, 2660 
Staphylococcus, 1372-1373 

GOGAT, see Glutamine a
ketoglutarate aminotransferase 

Gonidia, Leucothrix, 3247-3249, 
3251-3252, 3255 

Gonorrhea, 151,2509,2511-2513, 
2516 

Gonozyme test, 2515 
Goose, methanogens, 734 

Gordona, 24, 37, 1157, 1160, 1188-
1190, 1194-1196, 1201, 1352 

Gordona bronchialis, 1189, 1195, 
1205 

Gordona rubra, 1189 
Gordona rubropertincta, 1205 
Gordona sputi, 1195, 1205 
Gordona terrae, 1189, 1194, 1205 
GP agar, see Glycerol-peptone agar 
GPYB broth, Streptomycetaceae, 

951 
Gradient 

aquatic ecosystem, 102 
in biofilm, 270 
colorless sulfur bacteria, 391-392 
as habitat, 94-102 
horizontal, 98-99 
measurement with 

microelectrode, 408 
mechanism for finding beneficial 

layer, 99-100 
response to, 246 
sediment, 97-98 
in stratified lake, 95-97 
sulfide:oxygen, 400-401 

Gradostat, 159 
Grahamella, 3994-3996, 3999-4005 
Grahamella cuniculi, 4001 
Grahamella legeri, 4001 
Grain mash, Lactobacillus, 1550, 

1556-1557 
Gram stain, 133, 135-136 

hydrogen-oxidizing bacteria, 363-
364 

Gramicidin 
Bacillus, 1688, 1757 
hydrocarbon-oxidizing bacteria, 

454 
Gramicidin resistance/sensitivity 

Halobacteriaceae, 791-797 
methanogens, 757 

Gram-negative (GN) broth, 
Shigella, 2755-2756 

Gram-negative bacteria, 54 
Gram-positive bacteria, 12, 15, 35-

36,54 
Gram-Positive Identification Card 

(GPI), 1384 
Granary weevil, Cytophagales, 3663 
Granaticin, 956-957 
Granulocytes, Ehrlichia, 2445, 

2448-2451 
Granuloma 

Brucella, 2390, 2392 
Francisella, 3989 
Mycobacterium leprae, 1272 

Granulose phosphorylase, 
Clostridium, 1830 

Granulose synthase, Clostridium, 
1830 

Grapevine 
acetic acid bacteria, 2268 
Agrobacterium, 2215, 2220, 2222, 

2225 
pathogen, 664 
phloem-inhabiting bacteria, 4031 
Pierce's disease, 4030, 4032-4034, 

4037, 4039-4041 
Xylophilus, 3133-3135 
yellows disease, 4042 

Grass 



Azospirillum, 2236-2238, 2241-
2242, 2246, 2249 

Azotobacteraceae, 3144, 3154-
3155,3163 

Brochothrix, 1621-1622 
cellulolytic bacteria, 484 
nitrogen-fixing bacteria, 537 
rhizocoenoses, 542-543 
Serratia, 2825 

Grass grub 
Bacillus, 1700-1701 
Serratia, 2827 

Grasshopper, Serratia, 2826 
Grazing zooplankton, 270 
Greasy pig disease, 1374 
Greave's solution 

Fusobacterium, 4120 
Leptotrichia, 3985 

Green bacteria, 12, 15, 80, 323-328 
photosynthesis, 312-316, 318-323 

Green June beetle, Spiroplasma, 
1965 

Green leaf bug, Spiroplasma, 1963 
Green manure, 3835 
Green nonsulfur bacteria, 15, 3801 
Green peta1 disease, strawberry, 

4056 
Green sulfur bacteria, 59-60, 80-81, 

96-97,294,313,323-328, 
1981-1982,3201,3203-3204, 
3382, 3384, 3583-3589 

photosynthesis, 314, 316, 318-323 
Greenhouse gas, 723 
Greening defect, Lactobacillus, 1551 
Greening disease, citrus, 4035, 

4042-4043 
Griseolic acid, 979 
Groin infection, Xenorhabdus, 2933 
Ground squirrel, Rickettsia, 2412, 

2417 
Groundwater, 264; see also 

Freshwater environment 
methanogens, 724, 733 
Pirellula, 3718 
Thiospira, 3941-3942 

Group D antigen, Enterococcus, 
1465, 1467 

Growth 
in closed systems, 158 
general aspects, 154-160 
measurement for methanogens, 

727-728 
on mixed substrates, 160 
in open systems, 158-160 
principles, 157 
temperature dependence, 83-85 

Growth factor requirement, 157 
Growth inhibition test, 

Spiroplasma, 1974 
Growth medium 

A/teromonas, 3050 
Haloanaerobiaceae, 1895 
Roseobacter, 2156 
Sporosarcina, 1776 

Growth pouch, 2206 
Growth rate, 157 
Growth veil, Spirochaeta, 3531 
Growth-phase cells, Bdellovibrio, 

3401-3402, 3404, 3407-3409 
GSTB agar, see Glucose-sucrose

tellurite-bacitracin agar 

Guaiacol degradation, 
Nocardiaceae, 1205 

Guanine utilization 
Pseudonocardiaceae, 1013 
Thermomonosporaceae, 1102 

Guanine-nucleotide-binding protein, 
toxins acting on, 646 

Guinea pig 
Actinomyces, 866 
Aeromonas, 3020 
Bacillus, 1747 
Coxiella, 2474 
isolation of rickettsiae in, 2428-

2429 
pseudotuberculosis, 2863 
Simonsiellaceae, 2660 
Yersinia, 2865 

Guinea pig test 
Corynebacterium, 1180 
Shigella, 2754 

Gullain-Barre syndrome, 
Campylobacter, 3490 

Gum arabic degradation, 
Clostridium, 1831 

Gumming 
C/avibacter, 1359 
wheat, 667 

Gunnera, cyanobacteria symbiont, 
3822-3823 

gvp genes, cyanobacteria, 2090 
Gya1ectales, cyanobacteria 

symbiont, 3822, 3824 
GYCA medium 

Chromobacterium, 2593-2594 
Clavibacter, 1360 

Gyneco1ogical infection, Veillonella, 
2035 

GYP medium, Sporolactobacillus, 
1771 

Gypsy moth, 2678 
Gyrodinium instriatum symbionts, 

3859 
GYS medium, Bacillus, 1713-1714 

H 

Hantigen, 136 
Aeromonas, 3028 
Bacillus, 1715, 1729 
Citrobacter, 2748 
Edwardsiella, 2740 
Enterobacter, 2810 
Erwinia, 2902-2904 
Escherichia coli, 2703-2704, 

2711,2720 
Hafnia, 2819-2820 
Listeria, 1604-1605 
Morganella, 2849, 2858 
Plesiomonas, 3035-3037 
Proteus, 2849 
Providencia, 2849, 2853 
rhizobia, 2206-2207 
Salmonella, 2760-2763, 2769, 

2771 
Serratia, 2838, 2840 

H body, xenosome, 3883 
H, gene, Salmonella, 2762 
H.8 protein, Neisseria, 2501 
Habitat, 75-77; see also specijic 

habitats 
Haemobartonella, 3994-3995, 3999 
Haemobartonella canis, 4005, 4009 
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Haemobartonella felis, 3995, 4005-
4007 

Haemobartonella muris, 4005, 4007 
Haemophi/us, 29, 141,650,919, 

2116-2117,2501,3304-3324, 
3331, 3342 

L-forms, 4068 
Haemophi/us 

actinomycetemcomitans, 861, 
863 

Haemophi/us aegyptius, 3305, 
3307-3308,3316-3317,3323 

"Haemophi/us agni, " 3305 
Haemophi/us aphrophi/us, 2115, 

211~ 3305, 3310-3311, 3315-
331~ 3319-332~ 3340 

Haemophi/us avium, 3304-3305, 
3311-3312,3320-3321 

Haemophi/us canis, see 
Haemophi/us 
haemoglobinophi/us 

Haemophi/us ducreyi, 2115, 2117, 
3304-3305, 3309-3310, 3315-
3316,3319 

"Haemophi/us equigenita/is, " see 
Taylorella equigenita/is 

Haemophi/us haemoglobinophi/us, 
3305-3306, 331~ 3319 

Haemophi/us haemolyticus, 1454, 
3305-3306,3316-3317 

Haemophi/us injluenzae, 141, 642-
643,649,1472,2011,2115, 
3304-3308,3310-3311,3314-
331~ 3321-332~ 3514 

L-forms,4072,4074-4076 
Haemophi/us melaninogenicus, see 

Bacteroides melaninogenicus 
Haemophi/us paracuniculus, 3305, 

3313,3316 
Haemophi/us paraga/linarum, 3305, 

3311-3312,3316, 3320-3321 
Haemophilus parahaemolyticus, 

3305, 3308-330~ 3318-3319 
Haemophi/us parainjluenzae, 2037, 

3305-3306,3308-3309,3311, 
3314, 3317-3320, 3322-3324 

Haemophi/us paraphrohaemolyticus, 
3305, 3308-3309, 3316, 3318-
3319 

Haemophilus paraphrophilus, 3305, 
3308-330~ 3311, 3316-3319 

Haemophi/us parasuis, 3305, 3312-
331~ 331~ 3319-3321, 3323 

Haemophi/us piscium, 2116 
Haemophi/us pleuropneumoniae, 

3304,3310,3312-3313,3316, 
3319-3321,3323, 3342-3348 

Haemophi/us segnis, 3305, 3308-
330~ 3311, 331~ 3318-3319 

"Haemophilus somnus, " 3305 
"Haemophilus suis," 3312 
Hafnia, 2115, 2271, 2683, 2816-

2820, 2930 
Hafnia alvei, 2674, 2768, 2797-

2798, 2816-2820, 2930-2931 
Hafnia protea, see 

Obesumbacterium proteus 
Hafnia species 3, see Yokenella 

regensburgei 
Hagedorn and Holt medium, 

Arthrobacter, 1289 
Hairy root, 2219 
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phytopathogenic pseudomonads, 
3115 

Hajna medium, Klebsiella, 2784 
Half-concentrated skim milk agar, 

actinoplanetes, 1045 
Haliscomenobacter, 30, 2612-2613, 

3631, 3688-3690 
Haliscomenobacter hydrossis, 2614-

2615,3688-3690 
Halo blight 

bean, 3119 
phytopathogenic pseudomonads, 

3119 
Halo TYEG medium, 

Haloanaerobiaceae, 1895 
Haloalkane dehalogenase, 

Xanthobacter, 2378 
Haloanaerobiaceae, 25, 1893-1899 
Haloanaerobium, 25, 783, 1893-

1899 
Haloanaerobium praevalens, 1893-

1899 
Haloarcula, 30, 556, 768-801 
"Haloarcula californiae, " 775, 790 
Haloarcula hispanica, 558, 772, 

776,789 
Haloarcula japonica, 772, 789 
Haloarcula marismortui, see 

Haloarcula vallismortis 
"Haloarcula sinaiiensis, " 775, 790 
Haloarcula vallismortis, 556, 558, 

771-772,774-777, 789-790 
Halobacteria, 243 

photoresponse, 253 
photosynthesis, 314, 317 

Halobacteriaceae, 313, 537, 768-801 
Halobacteriales, 704, 788 
Halobacterium, 30, 54, 132, 162, 

243, 556, 708, 768-801 
Halobacterium cutirubrum, 86, 770-

777, 791, 797 
Halobacterium denitrificans, see 

Haloferax denitrificans 
Halobacterium distributum, 772, 

793 
Halobacterium halobium, 60-61, 

537, 706, 769, 771-776, 791 
Halobacterium lacusprofundi, 772, 

774, 777, 786, 792-793 
Halobacterium marismortui, see 

Haloarcula marismortui 
Halobacterium mediterranei, see 

Haloferax mediterranei 
Halobacterium pharaonis, see 

Natronobacterium pharaonis 
Halobacterium saccharovorum, 772, 

774-776, 792 
Halobacterium salinarium, 65, 86, 

90, 769-776, 791 
"Halobacterium simoncinii, " 775 
Halobacterium sodomense, 772, 

774, 776, 792 
Halobacterium trapanicum, 769-

776,791,796-798 
"Halobacterium tunisiensis, " 775 
Halobacterium vallismortis, see 

Haloarcula vallismortis 
Halobacterium volcanii, see 

Haloferax volcanii 
Halobacteroides, 25, 783, 1893-1899 
Halobacteroides acetoethylicus, 

1893-1899 

Halobacteroides halobius, 1893-
1899 

Halocin, 799 
Halococcus, 30, 54, 138, 162, 768-

801 
"Halococcus acetoinfaciens, " 775 
"Halococcus agglomeratus, " 775 
"Halococcus litoralis, " 770 
Halococcus morrhuae, 86, 769-770, 

772-773, 775-776, 793 
"Halococcus nondenitrificans, " 775 
Halococcus saccharolyticus, 772, 794 
Halococcus turkmenicus, 772, 794 
Haloferax, 30, 556, 768-801 
Haloferax denitrificans, 557-558, 

772,794 
Haloferax gibbonsii, 772, 795 
Haloferax mediterranei, 558, 772, 

775-776, 778, 795, 800 
Haloferax volcanii, 14, 729, 772, 

775-776,778, 794-796 
Halomethanococcus doii, 742-743 
Halomicin, 1055 
Halomonadaceae, 28, 2115, 2119, 

3181-3189 
Halomonas, 28, 564, 783, 2115, 

2119,2943,2945,3181-3190, 
3193 

Halomonas elongata, 2119, 2945, 
3181,3183-3187,3190-3191, 
3193 

Halomonas halmephila, 2119 
Halomonas halmophila, 3190, 

3193-3194 
Halomonas halmophilum, 3181, 

3183-3184 
Halomonas halodurans, 3181, 

3183-3184 
Halomonas subglaciescola, 560, 564, 

2119,3190-3191,3193 
Halomonas subglasciescola, 3181, 

3183-3184 
"Halonema, " 775 
Halophile, 85-86, 163 

cyanobacteria, 2062 
Deleya, 3189-3195 
Ectothiorhodospira, 3222-3228 
extreme, see Extreme halophile 
Haloanaerobiaceae, 1893-1899 
Halomonas, 3181-3188 
hydrogen-oxidizing bacteria, 356 
Nitrobacter, 2302 
Paracoccus, 2321 
Spirochaeta, 3527, 3534 

"Halopianus, " 775 
Haloquinone resistance/sensitivity, 

Halobacteriaceae, 789-797 
Ha1orhodopsin, Halobacteriaceae, 

788 
"Halorubrum, " 775 
"Halosinus, " 775 
"Halothrix, " 775 
Halovibrio, 783, 2119 
Hamster 

Actinomyces, 858, 866 
Lactobacillus, 1537, 1540 
Rickettsia, 2415 

Hansen holding and isolation 
medium, Treponema, 3549 

Hansen's disease, 151,814, 1214, 
1238, 1271-1279 

indeterminant, 1272 

lepromatous, 1272-1274, 1278 
tuberculoid, 1272 

Hanson and Cannefax medium, 
Treponema, 3553 

Hapalosiphon, 538, 2076 
Haploangium, 3421-3422, 3427, 

3431, 3455, 3471, 3473 
Haploangium minus, 3473 
Haploangium rugiseptum, 3473 
Hardy medium, Treponema, 3548, 

3553 
Hare, Yersinia, 2866, 2874 
Hare disease, see Tularemia 
Hartley's digest medium, 

Actinobacillus, 3344-3346 
Hartmanella vermiformis, 

Legionella, 3296-3297 
Hartmannella rhysodes symbionts, 

3859 
Harvesting procedure, Xanthobacter, 

2371-2372 
Haustoria, 3829 
Haverhill fever, 4023-4024 
Haverhillia moniliformis, see 

Streptobacillus moniliformis 
Haverhillia multiformis, see 

Streptobacillus moniliformis 
Hawthorn, Erwinia, 2907 
Hay,84 

Pseudonocardiaceae, 1001-1002, 
1004-1005 

Streptomycetaceae, 933-934, 943 
Hay extract, 3237 
Hay infusion 

Comamonas, 2584 
Spirillum, 2562 

Hay infusion enrichment medium, 
Leptothrix, 2619 

Hay medium, Paramecium with 
endosymbiont, 3869 

Haytlick medium, mycoplasma, 
1948 

Hazard groups, 177-178 
Hazardous agent, see Safety 

precautions 
Hazardous waste, degradation by 

Xanthobacter, 2379 
Head and neck infection, 

Bacteroides, 3598 
Heap leaching, 406 
Heart infusion agar 

Agromyces, 1357 
Brochothrix, 1619 
Gemella, 1647 
Psychrobacter, 3242-3243 
Streptococcus, 1453, 1458 

Heartwater, 2445, 2451-2453 
Heat resistance, 90, 152 

Bacillus, 1670-1672, 1686-1687, 
1747 

Clostridium, 1807 
Cytophagales, 3643 
Haloanaerobiaceae, 1894, 1897 
Heliobacteriaceae, 1985-1986, 

1988 
hydrogen-oxidizing bacteria, 356 
Lactococcus, 1489 
Pseudonocardiaceae, 1014 
Sporolactobacillus, 1772 
Sporomusa, 2014-2015, 2018 

Heat shock protein 
Escherichia coli, 2706 



myxobacteria, 3464 
rickettsiae, 2441 
Roehalimaea, 2444-2445 

Heat treatment, purifkation of 
myxobacteria, 3429 

Heather, Corynebaeterium, 1159 
Heating system, 

Promieromonospora, 1334 
Heat-labile (LT) toxin 

Bordetella, 2534-2535 
Eseheriehia coli, 645, 2712-2714 
Pasteurella, 3334 

Heat-stable enterotoxin 
Edwardsiella, 2738 
Eseheriehia eoli, 645,2712-2714, 

2719 
Heavy metal accumulation 

Citrobaeter, 2750-2751 
Halomonas, 3187-3188 
Zoogloea, 3961-3962 

Heavy metal requirement, 
methanogens, 736 

Heavy metal resistance 
Alealigenes, 371, 2551 
Carnobaeterium, 1577-1578 
hydrogen-oxidizing bacteria, 378 
Staphyloeoeeus, 1400-1401 

Hedgehog, Riekettsia, 2417 
Hektoen enteric agar 

Edwardsiella, 2739 
Hajnia, 2817 
Plesiomonas, 3034 
Salmonella, 2767 
Yersinia, 2874 

Helical bacteria, 254 
Aquaspirillum, 2569-2580 

Helieobaeter, 29, 3488-3505 
Helicobaeter mustelae, 3488-3489, 

3491, 3493, 3496, 3502, 3512-
3513 

Helieobaeter pylori, 2565, 3386, 
3488-3489, 3491-3492, 3496, 
3501-3502, 3504, 3512, 3514 

Heliobacillus, 1981-1991 
Heliobacillus mobilis, 1981-1991 
Heliobacteriaceae, 321, 1981-1991 
Heliobaeterium, 25, 33, 313-328, 

1981-1991 
Heliobaeterium chlorum, 81, 135, 

313,537,1981-1991 
Heliobaeterium jascieulum, 1981-

1991 
Heliobacterium gestii, 1981-1991 
Heliothrix, 25, 317, 3770 
Heliothrix oregonensis, 3754-3755, 

3757, 3763-3764, 3802 
Helminth, anaerobic, 80 
Helveticin J, 1569-1570 
Hemagglutination 

Haemophilus, 3307 
Porphyromonas, 3615-3616 

Hemagglutination inhibition test, 
Fusobaeterium, 4122 

Hemagglutination test, Yersinia 
pestis, 2891-2893 

Hemagglutinin 
Aeromonas, 3018 
Bordetella, 2530-2531, 2535-2536 
Enterobaeter, 2803 
Fusobaeterium, 4117-4118 
Klebsiella, 2778 
myxobacteria, 3449 

Renibaeterium, 1314 
Hematuria, Morganella, 2858 
Heme requirement, Enteroeoeeus, 

1470 
Hemicellulase 

aphid symbiont, 3911 
Erwinia, 2913 

Hemicellulose degradation 
Butyrivibrio, 2030 
Pseudonocardiaceae, 1001, 10 18 
Streptomycetaceae, 932-933 
Thermomonosporaceae, 1106 

Hemin, 157 
Hemin requirement 

Eikenella eorrodens, 2668 
Haemophilus, 3304-3313, 3316-

3317,3319,3321 
Hemin synthesis, Staphyloeoeeus, 

1391-1392 
Hemin-menadione solution, 3601 
Hemodialysis 

Bacillus, 1754 
Legionella, 3283 
Myeobacterium, 1247-1248 

Hemoflagellate symbionts, 3860 
Hemolymph test, rickettsiae, 2423-

2424 
Hemolysin, 141 

Aeromonas, 3016, 3018-3019 
Bacillus, 1757 
Bordetella, 645, 2531, 2536 
Clostridium, 1831, 1876-1877 
Edwardsiella, 2738 
Enteroeoeeus, 1470, 1474, 1476 
Eseheriehia eoli, 2718 
Haemophilus, 3312, 3319-3320 
hot-cold, 1395 
Klebsiella, 2780 
Leptospira, 3571, 3574 
Listeria, 1609 
Pseudomona~ 3096 
Renibaeterium, 1314 
Serratia, 2829-2830 
Shigella, 647 
Staphylocoeeus, 1384 
Vibrio, 2991 

Hemolysis, 141 
assay, 1454-1455 
Bacillus, 1759 
Erysipelothrix, 1637 
Haemophilus, 3309 
Listeria, 1599, 1601 
Lysobaeter, 3268 
Moraxella, 3277 
Plesiomonas, 3036 
Simonsiellaceae, 2663-2664 
Staphylocoeeus, 1386-1387 
Streptomycetaceae, 927, 966, 969 
Vibrio, 2964, 2966, 2975 

Hemolytic uremic syndrome (HUS) 
Eseheriehia eoli, 2678, 2714-2716 
Shigella, 2714 

Hemorrhagic colitis, Eseheriehia 
eoli, 2678,2714,2716,2755 

Hemorrhagic septicemia, 
Pasteurella, 3332-3333 

Hemotroph, 3994-4017 
Heparin degradation, Cytophagales, 

3658,3663 
Heparinase, Porphyromonas, 3616 
Hepaticae, cyanobacteria symbiont, 

3822 
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Hepatitis 
Brueella, 2390 
Coxiella, 2475-2477 
infectious necrotic, 1873 

Heptanoate utilization 
Arthrobaeter, 1285 
Kurthia, 1659 
Photobaeterium, 634 
Vibrio, 634 

Herbaspirillum, 538, 2236-2249, 
2565 

Herbaspirillum seropedieae, 536, 
545, 558, 2236-2239, 2243, 
2245, 2247-2248 

Herbicide degradation 
Alealigenes, 2551 
Arthrobaeter, 1286 
Clostridium, 1821 
Klebsiella, 2782 
Phenylobaeterium, 2335 

Herbicide production 
Noeardiopsis, 1151 
Streptomycetaceae, 977-978 

Herbicide resistance, cyanobacteria, 
2088, 2096 

Herbivore, 108, 11 0-111 
Heroin, Bacillus, 1753, 1755 
Herpetosiphon, 30, 35, 3424, 3775, 

3785-3803 
Herpetosiphon aurantiaeus, 3745, 

3754, 3776, 3785-3790, 3795-
3800, 3802-3803 

Herpetosiphon eohaerens, 3802 
Herpetosiphon geyserieola, 480, 501, 

3791, 3793-3794, 3800-3802 
Herpetosiphon giganteus, 50 
Herpetosiphon nigrieans, 3802-3803 
Herpetosiphon persieus, 3802-3803 
Herring, Renibaeterium, 1313 
het genes, cyanobacteria, 2094 
Heterocyst, cyanobacteria, 61-62, 

232, 324-328, 542, 546, 549, 
2058-2062, 2074-2076, 2091-
2094, 3819, 3829, 3831, 3836 

Heterodisulfide, 305 
Heterologous hybridization, 

cyanobacteria, 2088-2089 
Heteropolysaccharide, methanogens, 

749-750 
Heterotroph, 156, 331 

autotrophy, 333-336 
chemolithotrophy, 333-336 

Hexadecane utilization 
Acinetobaeter, 3139 
sulfate-reducing bacteria, 3373, 

3375 
Hexamethylenetetramine utilization, 

homoacetogens, 517 
Hexanoate utilization, Kurthia, 1659 
Hexokinase, methanotrophs, 2355 
Hexose monophosphate pathway, 55 

acetic acid bacteria, 2279 
Arthrobaeter, 1291, 1293 
Baeteroides, 3595 
Broehothrix, 1618 
Cellulomonas, 1327 
Erysipelothrix, 1635 
Leueonostoe, 1520 
Listeria, 1606 
Microeoeeus, 1304 
Oerskovia, 1332 
Staphyloeoeeus, 1388-1389 
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Hexulose monophosphate pathway, 
methanotrophs, 2351, 2355, 
2357 

3-Hexulose phosphate synthase 
methanotrophs, 440, 2354-2355 
Mycobacterium, 1224 

Hgi endonuc1ease, 3803 
HHD medium, Leuconostoc, 1517 
Hiekey-Tresner agar 

aetinoplanetes, 1045, 1050 
Nocardiopsis, 1145 
Streptosporangiaeeae, 1124-1125 
Thermomonosporaeeae, 1094-

1095 
Hide,86 

Halobaeteriaeeae, 768-770, 772, 
788 

Hidradenitis, Gemella, 1651 
HiGg medium, dimorphie 

prostheeate baeteria, 2189-2190 
High-efficieney partieulate air filter, 

173 
Hillhousia mirabilis, see 

Achromatium oxaliferum 
Hillhousia palustris, see 

Achromatium oxaliferum 
Hindgut fermentation, 108, 110-111 
Hippurate hydrolysis 

Actinobacillus, 3347 
Brochothrix, 1625 
Campylobacter, 3492-3498 
Corynebacterium, 1159 
Fusobacterium, 4122 
Gardnerella, 918-919 
Kurthia, 1659 
Legionella, 3282, 3292 
Listeria, 1603 
Mobiluncus, 912 
Oceanospirillum, 3234 
Pseudomonas, 3094 
rhizobia, 220 I 
Saccharothrix, 1064 
Streptococcus, 1456-1457 
Streptomyeetaceae, 966, 968-969 
xylem-inhabiting bacteria, 4041 

Histamine deearboxylase, 
Enterobacter, 2803 

Histamine produetion 
Enterobacter, 2803 
Lactobacillus, 1548, 1550 

Histamine utilization 
Enterobacter, 2807 
Klebsiella, 2786 
Serratia, 2839 

Histidase pathway, Bacillus, 1685 
Histidine deearboxylase 

Clostridium, 1831 
Klebsiella, 2781-2782 

Histidine utilization 
Alteromonas, 3062 
Arthrobacter, 1285, 1293 
Comamonas, 2587 
Deleya, 3195 
Janthinobacterium, 2597 
Marinomonas, 3062 
Psychrobacter, 3243 
rhizobia,2201 

Histone-like protein 
Sulfolobales, 695 
Thermoplasma, 716 

Histophilus, 2117 
"Histophilus ovis, " 2115, 3305-3306 

History of microbiology, 149-154 
History of Microbiology, Center for, 

154 
Hitra disease, 3000 
hlg genes, Staphylococcus, 1395 
HMP pathway, See Hexulose 

monophosphate pathway 
Hoagland's medium, Xanthobacter, 

2365 
Höhnl medium, Sphaerotilus, 2615 
Holdfast, 92 

Asticcacaulis, 2165 
Bdellovibrio, 219-220 
Caulobacter, 215, 268, 2165 
dimorphie prosthecate baeteria, 

2183, 2187-2188 
Leptothrix, 2614, 2620 
Leucothrix, 3247-3249, 3251 
Pirellula, 3720 
Planctomyces, 3712, 3714, 3717 
Planetomyeetales, 3710 
Prosthecobacter, 2165 
Prosthecomicrobium, 2160 
Seliberia, 2490, 2493 
sheathed bacteria, 2613 
Sphaerotilus, 216-218, 2614, 2617 
Streptomycetaceae, 927 

Holdfast substance, 92 
Hollandina, 3965-3977 
Hollandina pterotermitidis, 3965-

3977 
Hol\y pathogen, 667 
Holobasidiomycetidae, 3823 
Holomastogotoides symbionts, 3856 
Holospora, 3866-3868, 3870-3877 
Holospora acuminata, 3876-3878 
Holospora caryophila, 3868, 3876, 

3878 
Holospora curviuscula, 3877-3878 
Holospora eIe gans, 3871, 3875-3878 
Holospora obtusa, 3871-3873, 

3875-3878 
Holospora undulata, 3871, 3875-

3876, 3878 
Holton's seleetive medium, 

Acinetobacter, 3138-3139 
Homoacetogen, 278-290, 517-529, 

1925-1934 
Desulfotomaculum, 1798 
eeology,518-520 
energeties of acetate formation, 

526-528 
historieal aspeets, 518 
isolation, 520-521 
metabolism, 522-529 

Homohiochii medium, modified, 
Lactobacillus, 1554, 1556-1557 

Homoserine, phytopathogenie 
pseudomonads, 3107 

Homoserine dehydrogenase 
Bifidobacterium, 828 
Chloroj/exus, 3766 
Corynebacterium, 1164-1165 

Honey 
acetic acid baeteria, 2273 
Bacillus, 1706-1707 
Zymomonas, 2287 

Honey bee, see Bee 
Hooke, Robert, 149 
Hop 

pathogen, 667 
phloem-inhabiting baeteria, 4031 

Hopanoid, 134 
Zymomonas, 2290-2291 

Hopene, Zymomonas, 2291 
Horikoshi agar, Nocardiopsis, 1146 
Horizontal gradient, 98-99 
Hormoeyst, Westiella, 68 
Hormogonales, 3821-3823, 3825-

3827 
Hormogonia, eyanobaeteria, 327, 

2059, 2068, 2074, 2076 
Horse 

Actinobacillus, 3343-3344, 3347 
Actinomyces, 865-866 
anthrax, 1746, 1748 
Borrelia, 3564 
Butyrivibrio, 2022 
Corynebacterium, 1181 
Coxiella, 2473 
denitrifying baeteria, 561 
Ehrlichia, 2445-2447, 2449-2451 
Erysipelothrix, 1630 
Fusobacterium, 4116 
Haemophilus, 3305 
Klebsiella, 2777, 2779 
methanogens,734 
metritis, 2777, 2779 
Micrococcus, 1300 
Nocardia, 1194 
Pseudomonas, 3096 
Rhodococcus, 1195 
Serratia, 2827 
Simonsiel\aeeae, 2660 
Staphylococcus, 1372-1374 

Horsefly, Spiroplasma, 1965-1966 
Horseradish, Spiroplasma, 1967 
Hospital environment, see also 

Nosocomial infeetion 
Methylobacterium, 2343-2344 

Host eel\ interaetions, Chlamydia, 
3698-3699 

Host eel\ invasion, 646-653 
Host defense, evasion, 53 
Host faetor, Pseudomonas, 3080 
Host range 

Bdellovibrio, 3403, 3405 
phytopathogenic pseudomonads, 

3119 
plant pathogens, 659 
Staphylococcus, 1372-1374 

Host response, to Chlamydia, 3699-
3700 

Hot spring, 84-85, 87, 98; see also 
Geothermal habitat; 
Hydrothermal vent; Thermal 
spring 

ammonia-oxidizing baeteria, 2627 
eel\ulolytie baeteria, 484, 487, 501 
Chloroj/exus, 3755-3756, 3758, 

3761-3764 
Clostridium, 1837 
eyanobaeteria, 2062, 2081-2082 
Gallionella, 4082 
Heliothrix, 3757 
Herpetosiphon, 3791, 3802 
hydrogen-oxidizing bacteria, 3917, 

3920, 3930 
Isosphaera, 3725-3728 
methanogens, 723 
origin, 3917 
phototrophs, 327 
Pirellula, 3718 
Planctomycetales, 3711 



prokaryote-invertebrate 
symbiosis, 3891-3903 

purple nonsulfur bacteria, 2142 
Saprospira. 3678 
Sulfolobales, 685-686 
sulfur bacteria, colorless, 392, 

2638,2640,2649 
thermoanaerobic saccharolytic 

bacteria, 1901-1902, 1911 
Thermodesulfobacterium. 3390-

3391 
Thermoleophilum. 3780 
Thermomicrobium. 3775 
Thermoplasma. 712 
Thermus. 3745-3746 

Hot vent, 105 
Hot water system 

Legionella. 3295 
Thermus.84 

House fly, Bacillus. 1718 
Howell-Jolly body, 4013 
Hoyer's mannitol medium, 

Frateuria. 3198-3199 
HP6 agar, Cytophagales, 3646-3647 
HP18 agar, Cytophagales, 3643 
HP74 liquid medium, 

Herpetosiphon, 3793-3794 
HP medium, Leuconostoc. 1518 
HP16 medium, myxobacteria, 3438 
hpr genes, Bacillus. 1689 
hrp genes 

Erwinia. 2914 
phytopathogenic pseudomonads, 

3111-3114 
HT toxin, Clostridium sordellii. 

1876 
Hugh-Leifson medium 

Ancalomicrobium. 2163 
Prosthecomicrobium. 2163 
Vibrionaceae, 2944 

Humic acid degradation, 
Nocardiaceae, 1205 

Humic acid-ion agar, actinoplanetes, 
1042, 1050 

Humic acid-vitamin agar, 1038 
actinoplanetes, 1042, 1050 
Streptosporangiaceae, 1123-1124 

Humic gel selection, 
Pedomicrobium. 2185 

Humidifier fever, 934, 3664 
Hump-killer phenotype, ciliate, 

3874 
Humus, Seliberia. 2491 
Hungate technique, 153, 175, 1808, 

3357 
Hunter and Ross isolation medium, 

Treponema. 3548 
HUS, see Hemolytic uremic 

syndrome 
hut genes, Bacillus. 1685 
Hutchinson medium, Stella. 2168 
Hutner's basal salts, 3183, 3719, 

3806 
Hyaline sheath, Haliscomenobacter. 

3689-3690 
Hyalobotrys hypolimnicus. 4096 
Hyalococcus pneumoniae. see 

Klebsiella pneumoniae 
Hyaluronidase 

Clostridium. 1874-1875 
Erysipelothrix. 1633, 1636 

Streptococcus. 1430, 1435, 1439, 
1460 

Hydrocarbon seep, prokaryote
invertebrate symbiosis, 3892 

Hydrocarbon utilization 
ammonia-oxidizing bacteria, 416 
anaerobes, 303-304 
Bacillus. 1665 
Methylobacterium. 2347 
Mycobacterium. 1224-1225 
Nocardia. 1195 
Nocardiaceae, 1203 
Pseudonocardiaceae, 10 1 7 
Rhodococcus. 1195 
Streptomycetaceae, 933 

Hydrocarbon-oxidizing bacteria, 
446-456 

genera, 452-453 
growth on liquid aromatic 

hydrocarbons, 452 
growth on solid hydrocarbons, 

452 
physical interactions with 

hydrocarbons, 454-455 
Hydrocinnamate production, 

Clostridium. 1824 
Hydrocinnamate utilization, 

syntrophic bacteria, 2052 
Hydrodynamic cell properties, 50-

51 
Hydrogen 

field analysis, 3921-3923 
geothermal habitat, 3918 
handling hydrogen gas, 357-358 

Hydrogen bacteria, see Hydrogen
oxidizing bacteria 

Hydrogen cyc1ing, 609-610 
Hydrogen dehydrogenase, hydrogen

oxidizing bacteria, 344 
Hydrogen peroxide, 88, 308 
Hydrogen peroxide production 

Bacillus. 1704 
Gemella. 1649 
Lactobacillus. 1543, 1568 
methylotrophs, 437 
Streptococcus. 1427-1428, 1435 

Hydrogen production 
anaerobes, 302-303 
anaerobic Gram-positive cocci, 

1887 
Clostridium. 1833 
cyanobacteria, 2082 
Eubacterium.1919-1920 
Fervidobacterium. 3814 
homoacetogens, 1926 
Megasphaera. 2001 
in natural environment, 346-347 
purple nonsulfur bacteria, 215 1-

2152 
Selenomonas. 2011 
sulfate-reducing bacteria, 3367 
sulfur bacteria, purple, 3216 
syntrophic bacteria, 2055 
Thermotoga. 3810 
Treponema. 3553 
Veillonella. 2036, 2041 

Hydrogen requirement, 155 
Hydrogen scavenger, 278-290 
Hydrogen sulfide 

coexistence with oxygen, 98 
gradients in environment, 94 

Index Volumes I-IV 1-69 

Hydrogen sulfide production, 97, 
141 

acetic acid bacteria, 2277, 2279 
Aeromonas. 3026, 3028 
Alteromonas. 3064 
anaerobic Gram-positive cocci, 

1887, 1889 
Aquaspirillum. 2572 
Archaeoglobus. 709-710 
Bacteroides. 3515 
Brochothrix. 1624 
Brucella. 2384, 2393-2394 
Budvicia. 2925 
Campylobacter. 3491-3497 
Citrobacter. 2748 
Clostridium. 1837, 1867-1868, 

1871 
Corynebacterium. 1178 
Desulfotomaculum. 1794-1795, 

1798 
Edwardsiella. 2740-2741 
Eikenella. 2670 
Enterobacteriaceae, 2923 
Erysipelothrix. 1624, 1635-1637 
Escherichia. 2698 
Fervidobacterium. 3814 
Frateuria. 3198 
Hajnia.2818-2819 
Halobacteriaceae, 789-797 
hydrogen-oxidizing bacteria, 347 
Kurthia. 1624, 1658-1659 
Lactobacillus. 1551, 1624 
Leminorella. 2928-2929 
Listeria. 1602-1603, 1624 
Megasphaera. 2001 
methanogens, 721 
methylotrophs, 437 
Microbacterium. 1365 
Pectinatus. 1994, 1997,2000 
Plesiomonas. 3036 
Salmonella. 2768-2769 
Selenomonas.2009-201O 
Shigella. 2755 
Spirillum. 2567 
Streptobacillus. 4024 
sulfate-reducing bacteria, 3362, 

3364 
sulfidogenic bacteria, 583-613 
Sulfolobales, 693 
sulfur bacteria, colorless, 3936 
sulfur-reducing bacteria, 3382, 

3384 
thermoanaerobic saccharolytic 

bacteria, 1904, 1908 
Thermococcales, 702, 704 
Thermodesulfobacterium. 3390 
Thermoplasma. 714, 717 
Thermosipho. 3813 
Thermotoga. 3810 
Treponema. 3551 
Veillonella. 2042 
Vibrio. 2973 
Wolinella. 3515, 3517 
Zymomonas. 2287-2288 

Hydrogen sulfide utilization 
Beggiatoa. 3171-3172, 3177-3178 
Chlorobiaceae, 3589 
colorless sulfur bacteria, 405 
cyanobacteria, 2082 
sulfur bacteria, purple, 3201 
Wolinella. 3520 

Hydrogen transfer 
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interspecies, 78, 100-103, 110, 
166, 278-291, 303-304, 3396-
3397 

nonbiologica1, 282 
Hydrogen utilization 

Archaeoglobus, 710 
Chlorobiaeeae, 3588 
Derxia, 2608, 2610 
Desu/fotomaculum, 1795 
homoaeetogens, 517, 1926, 1929-

1930 
methanogens, 719-720, 722, 729-

731, 733-734, 736-739, 742 
Mycobacterium, 1224 
in natural environment, 347-349 
Paracoccus, 2321-2322, 2328-

2329 
Rhodocyclus, 2558-2559 
Sporomusa, 2018 
sulfate-reducing bacteria, 3353, 

3361, 3363, 3367, 3371 
sulfidogenie baeteria, 598-600 
sulfur baeteria, purple, 3213 
sulfur-reducing baeteria, 3379, 

3381, 3387-3388 
Thermodesu/fobacterium, 3390-

3391 
Wolinella, 3512, 3520 

Hydrogen/formate-using baeteria, 
2051 

Hydrogen:NAD oxidoreduetase, 
assay,362 

Hydrogenase 
Alcaligenes, 2551 
anaerobes, 302 
assay, 360-362 
assay of eolonies, 353 
Azospirillum, 2241 
Azotobaeteraeeae, 3162 
Bacillus, 3925-3926 
Campylobacter, 3491, 3494 
Chlorobiaeeae, 3588 
Chlorojlexus, 3766 
ciliate, 3883-3884 
Clostridium, 1828, 1830, 1839 
Frankia, 1080 
free,348 
homoacetogens, 519-520 
Hydrogenobacter, 3927, 3929 
hydrogen-oxidizing baeteria, 344 
manometrie assay, 361-362 
methanogens, 722, 745-746, 756 
Mycobacterium, 1224 
Paracoccus, 2328 
Pseudomona~ 3075, 3930 
purple nonsulfur baeteria, 2151 
speetrophotometrie assay, 362 
spot test, 361 
sulfate-reducing baeteria, 3367 
sulfidogenie baeteria, 596, 598-

600, 609-610 
sulfur baeteria, purple, 3216 
Thermoproteales, 681 
Xanthobacter, 2371,2376 

Hydrogen-dependent fermentation, 
304 

Hydrogenobacter, 338, 387, 389, 
3917,3920-3924,3927,3929-
3930 

Hydrogenobacter halophilus, 3924 
Hydrogenobacter thermophilus, 344, 

3923-3924, 3926-3929 

Hydrogenomonas, 333, 345, 2608 
Hydrogenomonas eutropha, see 

A/caligenes eutrophus 
Hydrogenomonas facilis, see 

Acidovorax facilis 
Hydrogenomonas jlava, see 

Hydrogenophaga jlava 
"Hydrogenomonas pantotropha," 

362 
Hydrogenomonas ruhlandii, see 

A/caligenes xylosoxidans 
"Hydrogenomonas vitrea, " 362 
Hydrogenophaga, 27, 345, 351,359, 

372, 2123-2124, 2545, 2549, 
2587-2588, 3075, 3088 

Hydrogenophagajlava, 363-364, 
366-369, 372-373, 2123 

Hydrogenophaga palleronii, 363-
369, 373, 2123, 2546, 3075, 
3077, 3088 

Hydrogenophaga pseudojlava, 346, 
350, 354-355, 360, 363-369, 
373, 536, 539, 561, 564, 2123, 
2366, 2546, 3075, 3088 

Hydrogenophaga taeniospiralis, 
363-369, 373, 2123 

Hydrogenosome, eiliate, 3883-3884 
Hydrogen-oxidizing baeteria, 83, 

277, 332-335, 338-339, 344-
378 

Alcaligenes, 2551 
applieations, 377-378 
Azospirillum, 2241 
eultivation and maintenance, 

356-360 
definition, 344 
denitrifieation, 355, 364-365 
descriptions of species, 366-376 
eeology, 346-351 
evolution, 345 
extreme thermophiles, 3926-3929 
halophie, 356 
heat resistance, 356 
identifieation, 360-366 
identification key, 362-366 
isolation, 351-356 
moderate thermophiles, 3929-

3930 
moleeular biology, 376-377 
nitrogen fixation, 354-355, 364-

365 
oxygen toleranee, 355-356 
Paracoccus, 2321-2330 
Pseudomonas, 3075 
Pseudonoeardiaceae, 1000 
rapid identifieation, 362 
sporeforming, 3925-3926 
thermophilie, 3917-3931 
Xanthobacter, 2365-2380 

Hydrogen-utilizing baeteria, 398 
7-Hydro-8-

methylpteroylglytamylglutamie 
acid, Promicromonospora, 1337 

Hydrophilie sulfur, 594 
Hydroquinone degradation, 

syntrophie eoeulture, 279, 289 
Hydrostatie pressure, 104, 163 
Hydrotherapy pool, Staphylococcus, 

1382 
Hydrothermal fluid, 105,401 
Hydrothermal vent, 84-85, 98, 100, 

104-107 

Archaeoglobus, 707 
eolorless sulfur baeteria, 392, 

400-403, 408 
hydrogen-oxidizing baeteria, 350 
manganese-oxidizing baeteria, 

2312-2313 
methanogens, 736 
origin, 3917-3918 
Sulfolobales, 685-686 
sulfur baeteria, eolorless, 2638-

2640,2651,2653 
Thermoplasma, 712 
Thermoproteales, 677 

2-Hydroxy acid dehydratase, 
Clostridium, 1834 

a-Hydroxy earboxylie acid, 
dehydration, 301 

Hydroxy fatty acids, see also 
Myeolie acid 

Cytophagales, 3654 
Erysipelothrix, 1634 
Mycobacterium, 1256 
myxobaeteria,3446-3447 
Pseudonoeardiaeeae, 997 

Hydroxy-aeetosyringone, 2218 
Hydroxybenzene utilization, 

syntrophic baeteria, 2052 
Hydroxybenzoie acid utilization, 

2587 
Alcaligenes, 2549 
Alteromonas, 3046, 3051, 3062-

3063 
Arthrobacter, 1285, 1293 
Comamonas, 2584 
Enterobacter, 2807 
Klebsiella, 2785-2787 
Marinomonas, 3046, 3051, 3062-

3063 
N oeardiaceae, 1204 
Nocardiopsis, 1150, 1152 
purple nonsulfur baeteria, 2150 
rhizobia, 2200-2201 
Serratia, 2839 
syntrophie baeteria, 2052 

HYdroXybutyrate utilization 
Enterobacter, 2807 
Psychrobacter, 3243 
Spirillum, 2566 
Weeksella, 3625 

Hydroxybutyrie acid 
Listeria, 1606 
Paramecium, 3875 
Pseudomonas, 669 

ß-Hydroxybutyryl-CoA 
dehydrogenase, Clostridium, 
1828 

2-Hydroxy-5-carboxymethylmueonic 
acid semialdehyde, Serratia, 
2831 

3-Hydroxy-5-cis-dodecenoic acid, 
Phenylobacterium, 2340 

a-Hydroxyglutarate pathway, 
Clostridium, 1835 

Hydroxyisoeaproic acid production 
Gemella, 1649 
Listeria, 1606 

Hydroxyl radieal, 88 
Hydroxylamine oxidoreduetase, 

ammonia-oxidizing baeteria, 
417-419 

Hydroxylamine produetion, 
ammonia-oxidizing baeteria, 
416-418 



Hydroxylamine utilization, 
oxidation to nitrite, 416-417 

2-Hydroxymethylclavam, 978 
Hydroxymethyltransferase, 

Clostridium, 1826 
6-Hydroxynicotinate reductase, 

Clostridium, 1823 
6-Hydroxy-3-oxo-1 ,2-benzisoxazolin, 

Chromobacterium, 2595 
4-Hydroxyphenylacetic acid 

utilization, Xanthobacter, 2379 
16-H ydroxyprogesterone 

dehydroxylase, Eubacterium, 
1921 

Hydroxyprolyl aminopeptidase, 
Neisseria, 2515 

3-Hydroxypropionate, Chloroflexus, 
3765 

3-Hydroxyproprionaldehyde 
production, Klebsiella, 2782 

2-Hydroxyputresceine, 139 
2-Hydroxypyridine utilization, 

Arthrobacter, 1286 
Hydroxypyruvate reductase 

methanotrophs, 2354-2355 
methylotrophs, 439 

Hydroxy-spheroidene, Rhodocyclus, 
2557 

Hydroxysteroid dehydrogenase 
Clostridium, 1828, 1833, 1839 
Eubacterium, 1921 

2-Hydroxyvaleric acid production, 
Listeria, 1606 

Hyella, 3822 
Hyella caespitosa, 3825 
Hygromycin, 978 
Hyperdevescovina symbionts, 3856 
Hypersaline environment 

Chloroflexus, 3756 
cyanobacteria, 2062, 2081-2082 
Deleya, 3191-3193 
denitrifying bacteria, 560 
Ectothiorhodospira, 3222 
Haloanaerobiaceae, 1893-1896 
Heliothrix, 3757 
methanogens, 742 
"Oscillochloris, " 3756 
prokaryote-invertebrate 

symbiosis, 3892 
purple nonsulfur bacteria, 2141-

2142 
Vibrio, 2999 

Hypersensitivity pneumonitiis 
Actinomycetes, 814 
Cytophagales, 3634 
Pseudonocardiaceae, 1001-1002 
Streptomycetaceae, 934-935 
Thermomonosporaceae, 1092 

Hypersensitivity reaction 
Bacillus, 1756 
phytopathogenic pseudomonads, 

3111-3113 
Pseudomonas, 669 
Pseudonocardiaceae, 996 

Hyperthermophile, 84-85, 161, 679 
colorless sulfur bacteria, 392-393 

Hyperthermus, 703, 705 
Hyphae 

Actinomyces, 877 
Actinomycetes, 812-813 
actinoplanetes, 1031-1032, 1034-

1036, 1042, 1045-1048 

Cellulomonadaceae, 1326 
Dermatophilus, 1070 
Frankia, 1070, 1072-1074, 1077-

1078 
Geodermatophilus, 1070 
Nocardia, 1188, 1199 
Nocardiopsis, 1140, 1146 
Pseudonocardiaceae, 10 10, 10 12-

1014 
Rhodococcus, 1192 
Saccharothrix, 1061, 1064 
Streptomyces, 68 
Streptomycetaceae, 925-928, 960, 

973 
Streptosporangiaceae, 1115, 1118-

1121,1124,1126,1128 
Thermomonosporaceae, 1086 

Hyphomicrobium, 27, 65, 94, 165, 
268, 336, 387, 405, 432, 437, 
55~ 55~ 2131, 216~ 2176-
2192,2310,2313,2316,2359, 
2378, 2645 

methylotrophs, 436 
Hyphomicrobium aestuarii, 2179, 

2185 
Hyphomicrobium facilis, 2185 
Hyphomicrobium vulgare, 57,2131, 

2185, 2359 
Hyphomicrobium zavarzinii, 2185 
Hyphomonas, 27, 2131, 2176-2192 
Hyphomonas hirschiana, 2178 
Hyphomonas neptunium, 2190 
Hyphomonas polymorpha, 2131, 

2178,2181 
Hypolimnion, 95-97 
Hypoxanthine degradation 

Nocardiaceae, 1203 

I 

Nocardiopsis, 1152 
Pseudonocardiaceae, 10 12-10 13 
Saccharothrix, 1064 
Streptomycetaceae, 966 
Streptosporangiaceae, 1130-1131, 

1133 
Thermomonosporaceae, 1102-

1103 

I agar, Herpetosiphon. 3792 
I medium, Haliscomenobacter, 3688 
lAA, see Indole acetic acid 
iaa genes 

Agrobacterium, 2215 
phytopathogenic pseudomonads, 

3115 
IAR technique, see Intrinsic 

antibiotic resistance technique 
Ice cream, Aeromonas, 3017 
Ice machine 

Legionella, 3295 
Mycobacterium, 1247-1248 

Ice nucleation, 660 
Enterobacter, 2802 
Erwinia, 2909, 3116 
Pseudomonas, 3116-3117 
Xanthomonas translucens, 3116 

ICM, see Internal membrane 
system 

Identification, 126-144 
Identification key, 142-143 

actinoplanetes, 1041 
Bacillus, 1668 
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cyanobacteria, 2069-2076 
Cytophagales, 3660 
hydrogen-oxidizing bacteria, 362-

366 
Lactobacillus, 1560-1568 
myxobacteria, 3469-3473 
thermoanaerobic saccharolytic 

bacteria, 1 904 
Idli, 1514 
IFC test, see Immunofluorescence

colony-staining test 
19A protease 

Haemophilus, 3308 
Neisseria, 2508 
Streptococcus, 1431-1432, 1435 

Ileitis 
proliferative, see Proliferative 

ileitis 
terminal, see Terminal ileitis 
Yersinia, 2870-2871 

Ileocecitis, Yersinia, 2867 
Illinois virescence mycoplasma-like 

organism, 4057 
ilv operon, Bacillus, 1683 
Imadazolyl-Iactate utilization, 

Comamonas, 2584 
Image analysis system, 174-175, 

266 
Imidazolylpropionate utilization, 

Comamonas, 2584 
Imipenem resistance/sensitivity 

Bacillus, 1756 
Citrobacter, 2750 
Eikenella, 2671 
Enterobacter, 2804 
Plesiomonas, 3038 
Proteus, 2852 

Immobilized cells 
Mycobacterium, 1231 
myxobacteria, 3439 

Immune complex disease, 
brucellosis, 2392 

Immune response 
to brucellar antigens, 2391 
to Chlamydia, 3700 
to Mycobacterium leprae, 1272-

1273 
Immune system, pathogens that 

invade, 648-649 
Immunity, Shigella, 2757 
Immunoassay, rickettsiae, 2436-

2437 
Immunobinding, Spiroplasma, 1975 
Immunoblot assay 

Coxiella, 2476 
mycoplasma, 1949 

Immunocompromised individual, 
see Opportunistic pathogen 

Immunodiffusion test 
Comamonas, 2586 
Corynebacterium, 1180 
Renibacterium, 1314 
rhizobia, 2207 
rickettsiae, 2437 

Immunofluorescence (IF) test 
ammonia-oxidizing bacteria, 2636 
Chlamydia, 3704 
Erwinia, 2906 
Streptococcus, 1459 
xylem-inhabiting bacteria, 4041 

Immunofluorescence-colony-staining 
(lFC) test, Erwinia, 2906 
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Immunoglobulin, enzymatic 
degradation, 650 

Immunoglobulin A protease 
Haemophilus, 650 
Neisseria, 650 

Immunomodifier production, 
Streptomycetaceae, 979 

Immunoperoxidase test 
mycoplasma, 1949 
rickettsiae, 2426 

Immunosuppressive activity, 
Listeria, 1609 

Impetigo, Staphylococcus, 1374 
IMViC test 

Leclercia, 2928 
Moellerella, 2929 
Yokenella, 2935 

ina genes, Pseudomonas, 3116 
Inanidrilus symbionts, 3894 
Incineration, 172 
Inciusion 

assessment, 132 
Chlamydia, 3704 
Deinococcaceae, 3735 
Gemmata, 3724-3725 
Isosphaera, 3728-3729 
myxobacteria, 3443 
Stella, 2168 
Xanthobacter, 2373 

Index Bergeyana, 129 
India ink-carbol fuchsin stain, 

Gemella, 1648 
Indian tick typhus, 2413, 2419 
Indicator organism 

Enterococcus, 1477 
Methylobacterium, 2347 
Rhodococcus, 1195 

Indigenous microorganism, see 
Autochthonous microorganism 

Indigoidine, 667, 956-957, 1358, 
1362 

Indigotin, 956-957 
Indirect hemagglutination test, 

Actinobacillus, 3348 
Indirect immunofluorescence assay 

Erysipelothrix, 1638 
Klebsiella, 2788 
Legionella, 3288-3289 
Renibacterium, 1314 
Wolinella, 3516,3518 

Indochrome, 91, 941, 955-957 
Indole production, 141 

Actinobacillus, 3340, 3347 
Aeromonas, 3028 
anaerobic Gram-positive cocci, 

1886-1887 
Aquaspirillum, 2571 
Bacteroides, 3600, 3603-3604 
Bordetella, 3340 
Brucella, 3340 
Buttiauxella, 2926 
Capnocytophaga, 3340 
Cardiobacterium, 3340-3341 
Citrobacter, 2748 
Clostridium, 1814, 1825, 1872, 

1877 
Edwardsiella, 2740-2741 
Eikenella, 2670, 3340 
Enterobacter, 2810 
Enterobacteriaceae, 2923 
Erysipelothrix, 1637 
Escherichia, 2697-2699, 2722 

Eubacterium, 3985 
Flavobacterium, 3621, 3624, 3626 
Fusobacterium, 3985, 4121 
Haemophilus, 3313, 3317-3318, 

3320, 3322, 3340 
Hajnia, 2819 
Kingella, 3340 
Klebsiella, 2786-2787 
Kluyvera, 2926 
Leptotrichia, 3985 
Morganella, 2857 
Oceanospirillum, 3234 
Pasteurella, 3340 
Photobacterium, 2979 
Plesiomonas, 3036 
Porphyromonas, 3609, 3612, 3614 
Proteus, 2684, 2851-2852 
Providencia, 2854 
Serratia, 2836-2837 
Shigella, 2755-2756 
Sporosarcina, 1779 
Streptobacillus, 3340, 4024 
Treponema, 3551 
Vibrio, 2955, 2970, 2973, 2979, 

2992 
Yersinia, 2688, 2865, 2873 

Indole utilization 
Comamonas, 2584 
sulfate-reducing bacteria, 3363, 

3369, 3371 
sulfidogenic bacteria, 587, 610 

Indoleacetamide hydrolase, 
phytopathogenic 
pseudomonads, 3115 

Indoleacetic acid, 660, 2215, 2220, 
2802 

Azospirillum-associated, 2248 
phytopathogenic pseudomonads, 

3115 
Sulfolobales, 691-692, 696 

Indolizomycin, 977 
2-(Indol-3-ylmethyl) indol-3-yl 

acetic acid, Sulfolobales, 696 
Indophenoloxidase 

Comamonas, 2586 
Serratia, 2841 

Indulin scarlet test 
Bacteroides, 3517 
Campylobacter, 3517 
Wolinella, 3513 

Industrial wastewater 
Klebsiella, 2776 
sulfate-reducing bacteria, 3352 

Infant botulism, 1823, 1825, 1869 
Infant (suckling) mouse assay 

Aeromonas, 3018 
Plesiomonas, 3033 

Infection, disease vs., 642-643 
Infection thread, 661 
Infectious bovine 

keratoconjunctivitis, 3276-3277 
Infectious mononucieosis, see 

Sennetsu ehrlichiosis 
Infertility 

Campylobacter, 3490, 3504-3505 
cattie, 3490, 3504-3505 
Chlamydia, 3700-3701 

Inflammation, Chlamydia infection, 
3699-3700 

Inflammatory bowel disease 
Mycobacterium, 1247 
Wolinella, 3514 

Infrasubspecific taxon, 128 
Infusoria, 150 
Inhibitor A, Bacillus, 1718 
Inner membrane 

Treponema, 3538, 3540 
xylem-inhabiting bacteria, 4039 

Inoculation, medium with plant 
extract, 4037 

Inoculum industry, rhizobia, 2210-
2211 

Inorganic carbon transport system, 
cyanobacteria, 2095 

Inorganic electron donor, 81, 83 
Inorganic nitrogen agar, 

Micrococcus, 1304-1305 
Inorganic nitrogen utilization, 414-

426 
Inorganic nutrient medium, 

Pseudonocardiaceae, 1005 
Inorganic oxidations 

energy sources, 332 
energy yields, 332-334 

Inorganic salts-starch agar 
actinoplanetes, 1042 
Nocardiopsis, 1144 
Saccharothrix, 1063 
Streptomycetaceae, 948 
Streptosporangiaceae, 1119, 1123-

1125, 1130-1131 
Thermomonosporaceae, 1093, 

1095 
Inosine utilization, Brochothrix, 

1618 
Inositol utilization 

Actinobacillus, 3347 
Actinomyces, 889 
Arcanobacterium, 889 
Azotobacteraceae, 3153 
Brochothrix, 1625 
Cardiobacterium, 3341 
Clostridium, 1868, 1873-1874 
Edwardsiella, 2741 
Enterobacter, 2807, 2809-2810 
Enterobacteriaceae, 2923 
Escherichia, 2698 
Hajnia, 2818 
Klebsiella, 2783, 2785 
Mycobacterium, 1258 
Nocardiaceae, 1203, 1205 
Nocardiopsis, 1152 
Pectinatus, 1999 
Photobacterium, 2980 
phytopathogenic pseudomonads, 

3107 
Plesiomonas, 3035-3036 
Providencia, 2854 
Pseudomonas, 3094 
Pseudonocardiaceae, 1013 
rhizobia, 2200 
Rothia, 889 
Saccharothrix, 1064 
Serratia, 2833-2834, 2836 
Shigella, 2755 
Streptococcus, 1433 
Streptosporangiaceae, 1127, 1132-

1133 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Vibrio, 2972-2973, 2980, 2997 
Yersinia, 2873 

Inositol-brilliant green-bile salts 
agar, Plesiomonas, 3035 



Insect, see also speci/tc insects 
bioluminescent bacteria, 632 
cellulolytic bacteria, 460 
Enterococcus, 1466 
Erwinia, 2907-2908 
Lactobacillus, 1544 
Listeria, 1597 
Mycobacterium, 1244 
mycoplasma, 1938, 1948 
mycoplasma-like organism 

associated with, 4053-4056 
Pseudomonas, 3095 
Rickettsiella, 2480 
Serratia, 2826-2827 
spirochetes, large symbiotic, 

3965-3977 
Spiroplasma, 1960-1971, 1975 
Xenorhabdus, 633 

Insect control 
aphid symbiont, 3911 
cyanobacteria, 2097 

Insect pathogen 
Bacillus, 1666, 1697-1732 
Serratia, 2687 
Spiroplasma, 1962 
Xenorhabdus, 2933-2934 

Insect vector, see also Arthropod 
vector 

Bacillus, 1747 
fastidious bacteria of plant 

vascular tissue, 4030, 4032-
4035,4037 

Francisella, 3988-3989 
Mycobacterium leprae, 1274 

Insecticide production 
Nocardiopsis, 1151 
Streptomycetaceae, 977-978 

Insertion element 
Bacillus, 1724-1725 
Bordetella, 2539 
phytopathogenic pseudomonads, 

3110 
Insertional mutation, myxobacteria, 

3440 
Instant ocean, 2961-2962 
Insulin, genetically-engineered, 2724 
Interactions 

abiotic, 160-163 
among microorganisms, 164-168 

Interface, 102 
Interference reflection microscopy, 

267 
Intermediary forms, Cytophagales, 

3651 
Intermediate body, Cowdria, 2452 
Internal membrane system (ICM), 

methylotrophs, 433 
Internalization, Yersinia, 2867-2868 
International Code of Nomenclature 

of Bacteria, 126-129, 144 
International Journal 01 Systemic 

Bacteriology, 127, 129 
Intertidal zone, 320 

cyanobacteria, 2063 
purple nonsulfur bacteria, 2142 

Intestinal adenomatosis 
Campylobacter, 3490 
swine,3490 

Intestine, 300 
Actinobacillus, 3343 
Actinomyces, 854 

anaerobic Gram-positive cocci, 
1879 

Bacteroides, 3597-3598 
Bi/tdobacterium, 819, 829 
bioluminescent bacteria, 630 
cellulolytic bacteria, 460, 486 
Citrobacter, 2745 
Clostridium, 1804, 1871-1874, 

1876 
Eikenella, 2668 
Enterobacter, 2801 
Enterococcus, 1465-1466 
Escherichia, 644, 2696, 2699-

2702, 2722 
Eubacterium, 1915-1916 
Fusobacterium, 4115-4116 
Gemella, 1644, 1646-1647 
Halnia, 2816 
homoacetogens, 519, 1926-1927 
Klebsiella, 2778 
Kurthia, 1654 
Lactobacillus, 1538-1543, 1555 
methanogens, 721-723, 725-726, 

733 
Morganella, 2857 
normal flora, 108-110 
Pasteurella, 3332 
Porphyromonas, 3609 
Proteus, 2851-2852 
Providencia, 2855-2856 
Salmonella, 651, 2764-2765 
Selenomonas, 2005-2007 
Shigella, 647, 2754-2755, 2757 
Staphylococcus, 1371 
Succinimonas, 3979 
Succinivibrio, 3979 
sulfate-reducing bacteria, 3352 
Treponema, 3537-3539, 3542, 

3545-3548, 3550-3551 
Vibrio, 2956-2958, 2960, 2988 
Yersinia, 652, 2866-2868, 2873, 

2879 
Intraabdominal abscess 

Bacteroides, 3598 
Serratia, 2828 
Streptococcus, 1438 
Veillonella, 2035 

Intracellular bacteria, 219-223 
Bdellovibrio, 3400-3410 
Chlamydia, 3691-3705 
Cowdria, 2451-2453 
Coxiella, 2471-2477 
Ehrlichia, 2445-2451 
facultative, 650-653 
Francisella, 3987-3992 
Listeria, 1609-1610 
Mycobacterium leprae, 1271-1279 
mycoplasma-like organism, 4050-

4063 
Neorickettsia, 2453-2454 
rickettsiae, 2438-2440 
Rickettsiella, 2480-2481 
Wolbachia, 2477-2479 

Intracranial abscess, Erysipelothrix, 
1633 

Intracytoplasmic membrane 
ammonia-oxidizing bacteria, 

2628-2632 
Ectothiorhodospira, 3222, 3226 
Nitrobacter, 2305-2306 
purple nonsulfur bacteria, 2148 
sulfur bacteria, purple, 3211 
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Intramembranous particle, 
methanogens,751 

Intraocular fluid, Staphylococcus, 
1380 

Intrasporangium, 921 
Intravenous drug abuser, Bacillus, 

1753, 1755 
Intravenous fluid, Enterobacter, 

2801-2802 
Intrinsic antibiotic resistance (IAR) 

technique, rhizobia, 2208 
Inulin utilization 

Actinobacillus, 3347 
Bi/tdobacterium, 821, 825 
Brochothrix, 1625 
Carnobacterium, 1577-1578 
Clavibacter, 1362 
Clostridium, 1837, 1874 
Escherichia, 2931 
Halnia, 2683, 2931 
Obesumbacterium, 2931 
rhizobia, 2200 
Streptococcus, 1427-1435, 1458 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
inv gene, Yersinia, 652, 2867-2868 
Invasin, Yersinia, 2867, 2869 
Invasion, 255-256 
Invasion assay, Bordetella pertussis, 

2538-2539 
Invasiveness, Plesiomonas, 3033 
Invasiveness plasmid, 2717 
Invertase 

Actinomyces, 856 
Clostridium, 1830 
Corynebacterium, 1163 

Invertebrate 
methy1otrophs, 435 
Prochlorales, 2105-2110 

Involution form, Photobacterium, 
2985 

Iodabacter fluviatillis, 2123 
Iodine stain, Chlamydia, 3704 
Iodinine, 956-957, 1127-1128, 1132 
Iodoacetate resistance 

Azotobacteraceae, 3157 
Bi/tdobacterium, 823 

Iodobacter fluviatilis, 2597 
Ion translocation, anaerobes, 304-

306 
Iota toxin, Clostridium perjringens, 

1874 
iph gene, cyanobacteria, 2096 
Irgasan resistance/sensitivity, 

Kluyvera, 2927 
Iridocyclitis, Bacillus, 1753 
Iron 

in infection, 648 
in Yersinia pestis virulence, 2896 

Iron bacteria, Gallionella, 4082 
Iron binding, Zoogloea, 3961 
Iron hydroxide accumulation, 

Seliberia, 2490-2493 
Iron oxide accumulation 

dimorphic prosthecate bacteria, 
2180,2183,2190-2191 

Gallionella, 4082-4086 
Leptothrix, 2620-2621, 2623 
sheathed bacteria, 2612-2614 
Siderocapsaceae, 4104-4112 
Sphaerotilus, 2616-2618 
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Iron protein, nitrogen-fixing 
bacteria, 543, 545 

Iron requirement 
Beijerinckia, 2264 
bioluminescent bacteria, 627, 630 
Brochothrix, 1619 
cyanobacteria, 2096 
Enterobacter, 2803 
Klebsiella, 2779 
Legionella, 3286, 3291 
Listeria, 1606 
Mycobacterium, 1227, 1258 
Yersinia, 2870-2871 

Iron spring, 91 
Toxothrix, 4026-4028 

Iron sulfite agar, sulfate-reducing 
bacteria, 3353 

Iron transport, 566 
Iron uptake 

Bordetella pertussis, 2537 
Neisseria, 2508 
system, 648 

Iron-oxidizing bacteria, 83, 86, 332-
335,337-339,391-392,4102-
4112 

sulfur bacteria, colorless, 2641 
thermophilic, 84 
Thiobacillus, 2650 

Iron-reducing bacteria, 81, 340, 385 
Isoamyl a1cohol production, 

Spirochaeta, 3529 
Iso-ascorbic acid production, acetic 

acid bacteria, 2281 
Isobutanol production 

Clostridium, 1829, 1871, 1875 
Spirochaeta, 3529 

Isobutanol utilization 
methanogens, 719 
Sporomusa, 2019 
sulfidogenic bacteria, 602 

Isobutyric acid production 
anaerobic Gram-positive cocci, 

1887 
Brochothrix, 1618 
Clostridium, 1825, 1829, 1834, 

1867-1868, 1871, 1876 
Eubacterium, 1914,1918 
Fervidobacterium, 3814 
Listeria, 1606 
Megasphaera, 2043 
Porphyromonas, 3612 
Spirochaeta, 3527, 3529, 3534 
Thermococcales, 702 

Isobutyric acid utilization 
Desulfotomaculum, 1795 
Psychrobacter, 3243 
rhizobia, 2200 
sulfate-reducing bacteria, 3363, 

3371 
sulfidogenic bacteria, 608 
syntrophic coculture, 288 

Isocaproic acid production 
anaerobic Gram-positive cocci, 

1886-1887 
Clostridium, 1829, 1867, 1871, 

1876 
Isocitrate dehydrogenase 

Butyrivibrio, 2030 
Lysobacter, 3265 
methanotrophs, 2355 
purpie nonsulfur bacteria, 2150 
Sulfolobales, 693 

Isocitrate lyase 
Chlorof/exus, 3765 
Ectothiorhodospira, 3227 
Frankia, 1074 
methylotrophs, 439 
purple nonsulfur bacteria, 2150 
Thermoleophilum, 3783-3784 
Thermus, 3748 

Isocitric acid utilization, Spirillum, 
2567 

Isocystis, 3725-3726 
Isocystis pallida, see Isophaera 

pallida 
Isocystis salina, 3726 
Isolate AN1, 702-706 
Isolation medium, 170; see also 

Selective medium 
coprococci, 1881-1882 
Derxia, 2606 
Fusobacterium, 4120 
peptococci, 1881 
peptostreptococci, 1881 
ruminococci, 1881-1882 

Isolation procedure, 168-181 
Planctomyces, 3712-3715 

Isoleucine deaminase, Leptospira, 
3571 

Isoleucine production 
Bifidobacterium, 828 
hydrogen-oxidizing bacteria, 377 

Isoleucine utilization 
Arthrobacter, 1285 
Chlorof/exus, 3766 
Spirochaeta, 3527, 3529, 3534 

Isoniazid resistance/sensitivity, 
Mycobacterium, 1226, 1242 

Isopentenyl adenosine-5-
monophosphate, 2215-2216 

. Isopentenyl transferase, 
phytopathogenic 
pseudomonads, 3115 

Isopod 
Oerskovia, 1331 
Rickettsiella, 2480 
Vibrio, 3000 

Isopropanol production, 
Clostridium, 1823-1824 

Isopropanol utilization, 
methanogens, 719 

Isorenieratene, 323 
Chlorobiaceae, 3584-3585, 3587, 

3589 
Isosphaera, 30, 33, 3710, 3724-3730 
Isosphaera pallida, 51, 3712-3713, 

3724-3730, 3754 
Isotope ratios, prokaryote

invertebrate symbiosis, 3894-
3895 

Isovaleric acid production 
Bacteroides, 3604 
Brochothrix, 1618 
Clostridium, 1825, 1828-1829, 

1867, 1871, 1876 
Eubacterium, 1914 
Fervidobacterium, 3814 
Gemella, 1649 
Listeria, 1606 
Megasphaera, 2043 
Porphyromonas, 3612 
Spirochaeta, 3527, 3529, 3534 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 

Thermococcales, 702 
Thermoproteales, 681 

Isovaleric acid uti1ization 
rhizobia, 2200 
sulfidogenic bacteria, 608 
syntrophic bacteria, 2049 
syntrophic coculture, 279-280, 

282, 288-289 
Isovitalex, 3313 
Israeli tick typhus, 2408, 2413, 

2416-2417,2438 
iss gene, Escherichia coli, 648-649 
Istamycin, 977 
Itaconate utilization 

Alcaligenes, 2549 
rhizobia, 2200 

lUD, Actinomyces, 854-855 
Ivermectin, 977 
Ixodes pacificus agent, 2418-2419 
Ixodes parumapertus agent, 2417-

2418 
Izatnagar phage, Brucella, 2387 
Izumi fever, 2879 

J 
Janthinobacterium, 27, 2123-2125, 

2579, 2591-2598 
Janthinobacterium lividum, 560, 

2591-2598, 2605 
Janus green test 

Bacteroides, 3517 
Campylobacter, 3517 
Wolinella, 3517 

Japanese beetle 
Bacillus, 1697, 1705-1706 
Rickettsiella, 2480 

Japanese spotted fever, 2408, 2416 
JC880 agent, 2408 
JG8 medium, see Marine gradient 

medium 
J-medium, Bacillus, 1698, 1707 
Joblot, L., 150 
Jodobacter, 2123 
Johne's disease, 1247 
Joint ill 

Actinobacillus, 3343 
horse,3343 

Joint infection 
Bacillus, 1755 
mycoplasma, 1938 
Staphylococcus, 1380 
Streptococcus, 1438, 1452 

Jonesia, 24, 1320, 1323-1325, 
1338-1339 

Jonesia denitrificans, 563, 1323, 
1326, 1334, 1338-1339, 1596 

Jordan tartrate test 
Budvicia, 2932 
Leminorella, 2932 
Pragia, 2932 

Josamycin resistance/sensitivity, 
Halobacteriaceae, 790-797 

Juvenile enteritis, Clostridium, 1876 
Juvenile periodontitis 

Actinobacillus, 3344 
Cytophagales, 3665 

Juvenimicin, 1055 

K 
K88 adhesin, 2678 
K99 adhesin, Escherichia coli, 2678 
Kantigen, 136 



Escherichia, 2703-2705, 2709-
2710, 2713, 2718, 2788 

Hajnia, 2820 
Klebsiella, 2779, 2787-2788 
Providencia, 2853 
rhizobia, 2206-2207 
Vibrio, 2992 

9K basal medium, Sulfolobales, 
687-688 

K medium, manganese-oxidizing 
bacteria, 2316 

9K medium, sulfur bacteria, 
colorless, 2643 

Kadota's cellulose benzoate agar, 
actinoplanetes, 1038, 1051 

Kalium-Rhodanid-Actidione
Natriumazid-egg yolk-pyruvate 
agar, Staphylococcus, 1379 

Kallar grass 
denitrifying bacteria, 558, 564 
nitrogen-fixing bacteria, 543 

Kalotermes symbionts, 3856 
kan gene, Staphylococcus, 1402 
Kanagawa test, Vibrio, 2991 
Kanamycin esculin broth, 

Enterococcus, 1466 
Kanamycin nuc1eotidyl transferase, 

Staphylococcus, 1402 
Kanamycin production 

actinoplanetes, 1055 
Streptomycetaceae, 978 

Kanamycin resistance/sensitivity 
Bacillus, 1682 
Bacteroides, 3599 
Bifidobacterium, 823, 829 
Campylobacter, 3499 
Carnobacterium, 1577 
Cytophagales, 3659 
Edwardsiella, 2741 
Enterococcus, 1466, 1474 
Erythrobacter, 2488 
Flavobacterium, 3627 
Fusobacterium, 4120 
Hajnia, 2820 
Halobacteriaceae, 789-797 
Herpetosiphon, 3801 
L-forms, 4077 
Listeria, 1608 
Lysobacter, 3266 
methanogens, 724, 757 
Methylobacterium, 2346 
myxobacteria, 3430, 3467 
Pseudonocardiaceae, 1010 
Rochalimaea, 2444 
Salmonella, 2770 
Serratia, 2830 
Shigella, 2758 
Staphylococcus, 1399, 1401-1403 
Thermomicrobium, 3777 
Thermomonosporaceae, 1103 
Vibrio, 2984 
Zymomonas, 2294 

Kanamycin-vancomycin laked 
blood (KVLB) agar, 
Bacteroides, 3599 

Kanglemycin A, 1020 
Kappa symbiont, 3865-3866, 3872 
Kappa toxin, Clostridium 

perfringens, 1874 
Kappaphage, 3872 
Kasai medium, Leptotrichia, 3984 

Kawasaki disease, 
Propionibacterium, 844 

KCA medium, Leuconostoc, 1518 
KDM2, see Kidney disease medium 
KDO, see 2-Keto-3-deoxyoctonate 
Keeble and Cross medium, 

Chromobacterium, 2594 
Kefir, 1483, 1513, 1547, 1555 
Kefiran, 1547, 1567 
Kelp, methanogens, 736 
Kennelcough,2530 
Kentrophoros symbiont, 3883-3884 
Kenya tick typhus, 2413, 2419 
Keratin degradation 

actinoplanetes, 1040, 1048 
Cytophagales, 3664 
Streptomycetaceae, 927, 942 

Keratinase 
Lysobacter, 3256, 3269 
Oerskovia, 1332 

Keratitis 
Bacillus, 1753 
Mycobacterium, 1247 

Keratoconjunctivitis 
infectious bovine, 3276-3277 
Moraxella, 650 
Neisseria, 2511 

Keratolysis, pitted, see Pitted 
keratolysis 

Kerosene utilization, Comamonas, 
2584 

2-Keto, 3-deoxy, 6-
phosphogluconate aldolase, 440 

2-Keto, 3-deoxy, 6-
phosphogluconate transaldolase, 
440 

ß-Ketoadipate pathway, Deleya, 
3194 

Ketocarotenoid, purple nonsulfur 
bacteria, 2148 

2-Keto-3-deoxyoctonate (KDO), 
136-137 

2-Ketogluconate dehydrogenase, 
Serratia, 2835 

2-Ketogluconic acid production 
acetic acid bacteria, 2277 
Klebsiella, 2785 

5-Ketogluconic acid production, 
acetic acid bacteria, 2279 

2-Ketogluconic acid utilization 
Alcaligenes, 2549 
Enterobacter, 2806 
Hajnia, 2818-2819 
hydrogen-oxidizing bacteria, 364 
Klebsiella, 2785-2786 
rhizobia, 2200 
Serratia, 2836 

5-Ketogluconic acid utilization 
Enterobacter, 2807, 2810 
Janthinobacterium, 2597 
Klebsiella, 2777 

a-Ketoglutarate dehydrogenase 
Chloroj/exus, 3765 
Corynebacterium, 1163 
methanotrophs, 2355 
purple nonsulfur bacteria, 2150 
reaction, 59 
sulfidogenic bacteria, 597, 603 

a-Ketoglutarate synthase 
Chlorobiaceae, 3589 
Ectothiorhodospira, 3227 
methanogens,745 
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2-Ketoglutarate:ferredoxin 
oxidoreductase, sulfate-reducing 
bacteria, 3369 

a-Ketoglutaric acid production 
Arthrobacter, 1294 
Kluyvera, 2927 
Streptomycetaceae, 968 

a-Ketoglutaric acid utilization 
Alcaligenes, 2549 
Alteromonas, 3062 
Enterobacter, 2808 
Listeria, 1606 
Marinomonas, 3062 
Methylobacterium, 2347 
Psychrobacter, 3243 
Spirillum, 2567 
Veillonella, 2036 

a-Ketoisocaproic acid 
decarboxylase, Clostridium, 
1824 

a-Ketoisocaproic acid production, 
Gemella, 1649 

3-Ketolactose production, 
Agrobacterium, 666, 2221-2222 

ß-Ketophenylalanine, 486 
Ketothiolase 

Alcaligenes, 2550 
Clostridium, 1828, 1830 
Zoogloea, 3960 

KF medium, Enterococcus, 1466-
1467 

KG agar, Bacillus, 1761 
KHA system, See Potassium/ 

hydrogen anti port system 
Kibdelin, 10 19 
Kibdelosporangium, 24, 922, 924, 

996-1021, 1128, 1140-1141 
Kibdelosporangium aridum, 996-

997, 999, 1001, 1003, 1006, 
1012-1013, 1019 

Kibdelosporangium philippinense, 
999, 1001, 1006, 1012-1013, 
1020 

Kidney 
Comamonas, 2585 
Escherichia coli, 2715 
Leptospira, 3574-3575, 3578 

Kidney disease 
anaerobic Gram-positive cocci, 

1880 
Renibacterium, 1312 

Kidney disease medium (KDM2), 
Renibacterium, 1314 

Kidney stone formation, Proteus, 
2851-2852 

Kijanimicin, 1106 
Killer phenotype, ciliate, 3865, 

3867, 3871-3872, 3878, 3882-
3883 

Kineosporia, 921-925, 927 
Kineosporia aurantiaca, 927 
King Protea, Serratia, 2825 
King's medium A, Pseudomonas, 

3091 
King's medium B 

Agrobacterium, 2222 
phytopathogenic pseudomonads, 

3105, 3120-3121 
Pseudomonas, 3091 

Kingella, 27, 564, 2120-2122, 2495, 
3340 
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Kingella denitrificans. 560, 2122-
2123, 2495-2497, 2510, 2512, 
2514-2516 

Kingella indologenes. 2115, 2121, 
2495 

Kingella kingae. 2122 
Kinyoun acid-fast stain, 

Mycobacterium. 1251 
Kitasatoa. 923-926, 970, 975-976 
Kitasatosporia. 921-924, 1141 
Klebecin, 2788 
Klebocin, Klebsiella. 2788 
Klebsiella. 453, 537, 758, 2114, 

2119,2271,2601,2673,2680-
2681, 2683-2684, 2696, 2775-
2788,2817,2819,2836 

Klebsiella aerogenes, 202, 453, 536, 
2036,2775 

"Klebsiella edwardsii . .. 2775 
Klebsiella mobilis. see Enterobacter 

aerogenes 
Klebsiella ornithinica. 2674 
"Klebsiella ornithinolytica . .. 2684, 

2776,2784 
Klebsiella oxytoca. 2298, 2674, 

2684, 2745, 2775-2778, 2780-
2781, 2783-2787, 3027 

Klebsiella ozaenae. 2674, 2683-
2684, 2775, 2782-2783, 2785-
2786 

Klebsiella planticola. 536, 2674, 
2684, 2776-2778, 2781-2784, 
2786-2787 

Klebsiella pneumoniae. 249, 534-
537, 543-548, 571,2298,2674, 
2677-2679, 2683-2684, 2745, 
2775-2787, 2797-2798, 2833, 
2901, 292~ 302~ 3161, 3163 

Klebsiella rhinoscleromatis. 2674, 
2683, 2775, 2782-2783, 2785-
2786 

Klebsiella terrigena. 536, 2674, 
2684, 2776-2778, 2782-2787 

Klebsiella trevisanii. see Klebsiella 
planticola 

Kligler iron agar, Gardnerella 
vaginalis. 919 

Kligler medium, Klebsiella. 2784 
Klinokinesis, 246 
Kluyvera. 2114,2925-2928 
Kluyvera ascorbata. 2674, 2923-

2924, 2926-2928 
Kluyvera citrophila. 2927 
Kluyvera cryocrescens. 2674, 2923-

2924, 2926-2928 
Kluyvera noncitrophila. 2927 
KM7 mineral medium, 

Cytophagales, 3642 
Knallgas bacteria, see Hydrogen

oxidizing bacteria 
Knobs, Herpetosiphon. 3788-3790, 

3798 
Knot disease 

olive, 3115 
phytopathogenic pseudomonads, 

3115 
Knot formation 

Herpetosiphon. 3798 
Leucothrix. 3249,3251, 3255 

Koch phenomenon, 1238 
Koch's postulates, 151, 1238, 1746 
Koch, Robert, 151-152 

Kocho, 1514 
Koch-Weeks bacillus, see 

Haemophilus aegyptius 
Kombucha, 2274 
Korthof medium, Leptospira. 3575 
Koserella. see Yokenella 
Koserella trabulsii. see Yokenella 

regensburgei 
Kosmachev's medium, 

Thermomonosporaceae, 1095 
KPL medium, Lactobacillus. 1555 
K -strategist, 89, 180 
Kurthia. 25, 565, 1602, 1617, 1623-

1624,1654-1660,1758 
"Kurthia bessonii . .. 1656 
Kurthia gibsonii. 1654-1661 
Kurthia sibirica. 1654-1656, 1658, 

1660-1661 
"Kurthia variabilis . .. 1656 
Kurthia zenkeri. see Kurthia zopfii 
Kurthia zopfii. 1654-1661 
Kusnezovia. 4032-4094 
Kusnezovia polymorpha. 4094 
KVLB agar, see Kanamycin-

vancomycin laked blood agar 
Kwas, 1552 
Kynurenate utilization, 

Comamonas, 2584 
Kynurenine uti1ization, Deleya. 

3195 

L 

L toxin, Clostridium botulinum. 
1869 

Laboratory anima1s, Chlamydia. 
3702-3703 

Laboratory proficiency, 
Mycobacterium. 1261 

Laboratory-associated infection, 177 
Coxiella. 2473 

lac genes, see also ß-Ga1actosidase 
Escherichia coli, 2298 
Lactococcus. 1491 

Lachnospira. 25, 910, 2022-2031 
Lachnospira multiparus. 11 0, 1918, 

2022-2024, 2026, 2028-2031 
Lacrimal canaliculitis 

Actinomyces. 862 
Propionibacterium. 844-845 

Lacrymaria cucumis. 3886 
Lactacin B, 1538, 1568-1570 
Lactacin F, 1538, 1569-1570 
Lacta1ysate agar, Bifidobacterium. 

822 
ß-Lactam antibiotic production, 

1053 
ß-Lactam resistance/sensitivity 

Campylobacter. 3499 
Corynebacterium. 1182-1183 
Propionibacterium. 845 
Thermus. 3749 

ß-Lactamase 
Chromobacterium. 2595 
Citrobacter. 2750 
Clostridium. 1825-1826, 1832 
Legionella. 3282, 3286 
Lysobacter. 3270 
Moraxella. 3278-3279 
Streptomycetaceae, 966 
Thermomonosporaceae, 1106 
Yersinia. 2878 

Lactase, Legionella. 3292 
Lactate dehydrogenase 

Butyrivibrio. 2030 
Clostridium. 1822, 1837 
Lactobacillus. 1560 
Leptotrichia. 3984 
Leuconostoc. 1523-1524 
Micrococcus. 1304, 1306 
Neisseria. 2507 
Oerskovia. 1332 
Selenomonas. 2011 
Staphylococcus. 1385, 1389-1390 
Streptococcus. 1437 
sulfidogenic bacteria, 609 
thermoanaerobic saccharo1ytic 

bacteria, 1904, 1906 
Lactate medium, Desuljovibrio. 

3356, 3358-3359 
Lactate oxidase 

Enterococcus. 1469 
Gemella. 1649 

Lactate racemase, Clostridium. 1824 
Lactate:dimethy1naphthoquinone 

oxidoreductase, Archaeoglobus. 
710 

Lactate-lead acetate agar (LL-agar), 
Pectinatus. 1994 

Lactate uti1ization 
acetic acid bacteria, 2276-2278 
Agrobacterium. 2604 
Alteromonas. 3061 
anaerobic Gram-positive cocci, 

1886-1887 
Archaeoglobus. 710 
Arthrobacter. 1285 
Beggiatoa. 3177 
Chromobacterium. 2593 
Clostridium. 1810, 1824, 1827, 

1834, 1838, 1873 
Deleya. 3194 
Derxia. 2610 
Desuljotomaculum. 1795 
Enterobacter. 2806 
Filibacter. 1784 
Frateuria. 3199 
Fusobacterium. 4121 
Haliscomenobacter. 3690 
Haloanaerobiaceae, 1899 
Heliobacteriaceae, 1983-1984 
homoacetogens, 1930 
Isosphaera. 3730 
Klebsiella. 2785 
Kurthia. 1659 
Leptothrix. 2614 
Marinomonas. 3061 
Megasphaera. 2000-2001 
Methylobacterium. 2347 
Micrococcus. 1304 
Pectinatus. 1999 
Pelobacter. 3397 
Photobacterium. 634, 3002 
phytopathogenic pseudomonads, 

3107 
Psychrobacter. 3242-3243 
purp1e nonsulfur bacteria, 2149 
Rhodocyclus. 2558 
Saccharothrix. 1065 
Selenomonas. 2006, 2009-2010 
Serpens. 3238 
Sphaerotilus. 2614 
sulfate-reducing bacteria, 3363, 

3367,3371,3373 



sulfidogenic bacteria, 584, 587-
588, 607, 609-610, 612 

sulfur-reducing bacteria, 3381, 
3384 

Thermodesulfobacterium, 3390-
3391 

Veillonella, 2034, 2036-2038, 
2041 

Vibrio, 634 
Xylophilus, 3135 

Lactic acid bacteria, 88, 141, 277, 
2271 

Carnobacterium, 1573-1578 
differentiation, 1521 
Lactobacillus, 1535-1573 
Lactococcus, 1482-1496 
Leuconostoc, 1508-1527 
Pediococcus, 1502-1505 
Sporolactobacillus, 1770 

Lactic acid production, 82 
Actinomyces, 855 
Aerococcus, 1506 
anaerobic Gram-positive cocci, 

1889 
Arcanobacterium, 885-886 
Bacillus, 1704 
Bacteroides, 3604 
Beijerinckia, 2262, 2264 
Bijidobacterium, 816, 823 
Borrelia, 3561 
Butyrivibrio, 2028 
Carnobacterium, 1537, 1576 
cellulolytic bacteria, 483 
Cellulomonas, 1327 
Chloroflexus, 3765 
Clostridium, 1800, 1814, 1823, 

1825-1838, 1868, 1870-1871, 
1876 

cyanobacteria, 2083 
Enterococcus, 1469-1470 
Erysipelothrix, 1635 
Eubacterium, 1919-1920 
Fervidobacterium, 3814 
Fusobacterium, 4121 
Gemella, 1649 
Lactobacillus, 1537, 1549, 1552, 

1558-1561,1563-1564 
Lactococcus, 1488, 1492 
Leptotrichia, 3983-3985 
Leuconostoc, 1488, 1508, 1520-

1521 
Listeria, 1606 
Micrococcus, 1304 
Mobiluncus, 910-911 
Oerskovia, 1332 
Pectinatus, 1999-2000 
Pediococcus, 1488, 1504-1505 
purple nonsulfur bacteria, 2150 
Rothia, 885-886 
Ruminobacter amylophilus, 3981 
Selenomonas, 2002,2007,2010-

2012 
Spirochaeta, 3529 
Sporolactobacillus, 1773 
Staphylococcus, 1388 
Streptococcus, 1450 
Streptomycetaceae, 968 
Succinivibrio, 3981 
thermoanaerobic saccharolytic 

bacteria, 1902, 1904-1906, 
1908-1910 

Thermotoga, 3810 

Treponema, 3553 
Zymomonas, 2287,2289 

Lactivicin, Lysobacter, 3267-3268 
Lactobacillaceae, 1617, 1629 
Lactobacillus, 25, 38, 134, 453, 571, 

660,758,811,823,886, 1178, 
1482, 1535-1573, 1601-1602, 
1617-1618, 1623-1624, 1655, 
2007, 2037, 2271, 2310, 4062 

Lactobacillus acetotalerans, 1536, 
1550, 1561, 1564 

Lactobacillus acidophilus, 829, 
1536, 1538-1553, 1560-1561, 
156~ 156~ 1568-1571 

Lactobacillus agilis, 1536, 1545, 
1562, 1564, 1566 

Lactobacillus alimentarius, 1536, 
1548, 1551, 1561, 1564, 1566 

Lactobacillus amylophilus, 1536, 
1561, 1563, 1566 

Lactobacillus amylovorus, 1536, 
1552,1561,1563,1566 

Lactobacillus animalis, 1536, 1540, 
1562-1563, 1566 

Lactobacillus aviarius, 1536, 1561-
1563 

Lactobacillus bavaricus, 1536, 1545, 
1552, 1564, 1566 

Lactobacillus bifermentans, 1526, 
1536, 1548, 1562, 1565, 1567 

Lactobacillus bijidus, 816 
Lactobacillus brevis, 1514, 1536-

1537, 1540, 1543-1553, 1560-
1562, 1565-1567, 1569-1570 

Lactobacillus brevissimile, 1550 
Lactobacillus buchneri, 1526, 1536-

1537, 1540, 1542-1551, 1562, 
1565-1567, 1570 

Lactobacillus bulgaricus, 165, 1542-
1544, 1551, 1553, 1568, 1570, 
1572 

Lactobacillus carnis, see 
Carnobacterium piscicola 

Lactobacillus casei, 82, 856, 873, 
1509, 1536-1538, 1540, 1542-
1553,1560-1562,1564,1566, 
1568-1569, 1571-1572 

Lactobacillus catena/ormis, 1536, 
1540, 1560 

Lactobacillus cellobiosus, 1536-
1537, 1541-1544, 1551 

Lactobacillus collinoides, 1536, 
1565-1566 

Lactobacillus con/usus, 1508-1509, 
1521,1525-1526,1536,1544-
1545, 1548, 1550, 1565, 1567 

"Lactobacillus copraphilus, " 1547 
Lactobacillus coryniformis, 1521, 

1536-1537,1545-1546,1549, 
1551, 1562, 1564, 1566 

Lactobacillus count, salivary, 1436 
Lactobacillus crispatus, 1536, 1540, 

1543, 1560, 1563, 1566 
Lactobacillus cucumeris, see 

Lactobacillus plantarum 
Lactobacillus curvatus, 1509-1511, 

1537, 1545-1546, 1548-1551, 
1553, 1558-1559, 1564, 1566, 
1574 

Lactobacillus delbrueckii, 1486, 
1526, 1535-1536, 1539, 1542-
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1543, 1546-1555, 1558, 1562-
1563, 1566, 1573 

Lactobacillus desidiosus, 1549 
Lactobacillus divergens, 1536 
Lactobacillus eurydice, 1544 
Lactobacillus /arciminis, 1536, 

1545-1546, 1548, 1551, 1563, 
1566 

Lactobacillus /ermentum, 1526, 
1536-1537, 1539-1546, 1550-
1552, 1560-1562, 1565-1567, 
1569, 1572 

Lactobacillus fructivorans, 1536, 
1549-1550, 1553, 1562, 1565, 
1567 

Lactobacillus fructosus, 1508, 1521, 
1536, 1558, 1565, 1567 

Lactobacillus gasseri, 52, 1536, 
1540-1541, 1543-1544, 1560-
1561, 1563, 1566 

Lactobacillus graminis, 1536, 1547, 
1564, 1566 

Lactobacillus halotolerans, 1508-
1509, 1526, 1536, 1551, 1565, 
1567 

Lactobacillus hamsteri, 1536, 1540, 
1563, 1566 

Lactobacillus helveticus, 1536, 
1547-1548, 1552-1553, 1563, 
1566, 1568-1573 

Lactobacillus heterohiochii, see 
Lactobacillus fructivorans 

Lactobacillus hilgardii, 1536, 1546, 
1549-1550, 1562, 1565, 1567, 
1572 

Lactobacillus homohiochii, 1536, 
1546, 1564, 1566 

Lactobacillus illini, 3776 
Lactobacillus jensenii, 1536, 1543, 

1563, 1566 
Lactobacillus kandleri, 1508-1509, 

1526, 1536, 1565, 1567 
Lactobacillus kefir, 1483, 1536, 

1547, 1560, 1565, 1567 
Lactobacillus kefirano/aciens, 1483, 

1536, 1547, 1555, 1561, 1563 
Lactobacillus lactis, 571, 1509, 

1536, 1539-1540, 1543, 1545, 
1551, 1553, 1560-1561, 1566, 
1568, 1570, 1572 

Lactobacillus leichmannii, 1536, 
1541, 1543, 1566, 1570 

Lactobacillus lindneri, 1549-1550 
Lactobacillus male/ermentans, 1536, 

1565, 1567 
Lactobacillus mali, 1536, 1549, 

1562-1563, 1566 
Lactobacillus maltaromicus, 1536, 

1551, 1564, 1566 
Lactobacillus minor, 1508-1509, 

1526, 1536, 1565, 1567 
Lactobacillus minutus, 1536, 1560 
Lactobacillus murinus, 1536, 1540, 

1564, 1566 
Lactobacillus oris, 1536-1537, 1565, 

1567 
Lactobacillus parabuchneri, 1536, 

1565, 1567 
Lactobacillus paracasei, 1536, 1545, 

1551, 1564, 1566 
Lactobacillus pastorianum, 1550 
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Lactobacillus pentosus, 1502, 1536, 
1562, 1564, 1566 

Lactobacillus piscicola, see 
Carnobacterium piscicola 

Lactobacillus plantarum, 165, 1472, 
1514,1526,1536-1537,1540-
1553,1560-1562,1564,1566-
1572, 1773, 3783-3784 

Lactobacillus reuteri, 1536, 1539-
1543, 1545, 1560-1561, 1565, 
1567,1570-1571 

Lactobacillus rhamnosus, 1536, 
1544, 1552, 1562, 1564, 1566 

Lactobacillus rogosae, 1536, 1540, 
1561 

Lactobacillus ruminis, 1526, 1536, 
1540, 1543, 1545, 1560-1563, 
1566 

Lactobacillus sake, 1510-1511, 
1521, 1536, 1545-1546, 1548, 
1551,1553,1558,1562,1564, 
1566, 1569, 1574-1575 

Lactobacillus salivarius, 1536-1537, 
1539-1541, 1543-1546, 1552-
1553, 1561-1563, 1566, 1573 

Lactobacillus sanjrancisco, 1526, 
1536, 1546, 1553, 1557-1558, 
1562, 1565, 1567 

Lactobacillus sharpeae, 1536, 1545, 
1562-1563, 1566 

Lactobacillus suebicus, 1536, 1550, 
1565-1567 

Lactobacillus trichodes, see 
Lactobacillus jructivorans 

Lactobacillus vaccinostercus, 1536, 
1545, 1558, 1565, 1567 

Lactobacillus vaginalis, 1536, 1543, 
1561, 1565 

Lactobacillus viridescens, 1508-
1509, 1521, 1525-1526, 1536, 
1544, 1546, 1554-1555, 1558-
1561, 1565-1567,2273 

Lactobacillus vitulinus, 1536, 1563, 
1566 

Lactobacillus xylosus, 1536-1537 
Lactobacillus yamanashiensis, see 

Lactobacillus mali 
Lactocidin, 1570 
Lactocin 27, 1569-1570 
Lactococcus, 25, 37, 1396, 1421, 

1450, 1465, 1482-1496, 1516, 
1518, 1521, 1526 

Lactococcus cremoris, 1567 
Lactococcus garviae, 1483, 1485 
Lactococcus lactis, 35, 52, 1472, 

1482, 1485-1486, 1488-1492, 
1517,1570 

Lactococcus plantarum, 1483, 1485 
Lactococcus raffinolactis, 1482-

1483, 1485 
Lactoferrin receptor, Neisseria, 2509 
Lactoorcein stain, Paramecium 

symbiont, 3871 
Lactose uti1ization, 141, see also ß-

Ga1actosidase 
Actinobacillus, 3340, 3347 
Actinomyces, 889 
Aerococcus, 1506 
Aeromonas, 3025-3026 
Agrobacterium, 2214, 2603 
Alteromonas, 3061 

anaerobic Gram-positive cocci, 
1886-188~ 1889-1890 

Ancalomicrobium, 2164 
Arcanobacterium, 889 
Bacteroides, 3603-3604 
Bi/tdobacterium, 821, 825 
bioluminescent bacteria, 633 
Bordetella, 3340 
Brochothrix, 1625 
Brucella, 3340 
Buttiauxella, 2926 
Capnocytophaga, 3340 
Cardiobacterium, 3340-3341 
Carnobacterium, 1577 
Cedecea, 2926 
Citrobacter, 2744 
Clostridium, 1804, 1810, 1814, 

1827, 1868, 1870-1871, 1874-
1876 

Corynebacterium, 1159 
Edwardsiella, 2741 
Eikenella, 2670, 3340 
Enterobacter, 2806, 2808, 2810 
Enterobacteriaceae, 2923 
Enterococcus, 1470 
Erysipelothrix, 1635 
Escherichia, 2697-2700 
Flavobacterium, 3624 
Haemophilus, 3317-3321, 3340 
Hajnia, 2818-2819 
Haliscomenobacter, 3690 
Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
hydrogen-oxidizing bacteria, 364, 

366 
Kingella, 3340 
Klebsiella, 2785, 2787 
Kluyvera, 2926 
Lactobacillus, 1563 
Lactococcus, 1485-1486, 1492 
Leuconostoc, 1522-1523 
Listeria, 1603 
Lysobacter, 3265, 3268 
Marinomonas, 3061 
Morganella, 2857 
Neisseria, 2506, 2515 
Nocardiaceae, 1204-1205 
Pasteurella, 3340 
Pediococcus, 1504-1505 
Photobacterium, 634, 2980 
Plesiomonas, 3034-3036 
Propionibacterium, 845 
Prosthecomicrobium, 2164 
Pseudonocardiaceae, 1012-1013, 

1016 
rhizobia, 2200, 2210 
Rothia, 889 
Saccharothrix, 1064 
Salmonella, 2768 
Selenomonas, 2009-2010 
Serratia, 2839 
Shigella, 2754-2756 
Staphylococcus, 1384 
Streptobacillus, 3340 
Streptococcus, 1428-1431, 1433, 

1435, 1458 
Streptosporangiaceae, 1133 
thermoanaerobic saccharolytic 

bacteria, 190 1, 1 908-1 909 
Thermomonosporaceae, 1103 
Treponema, 3551 

Vibrio, 634, 2973, 2975, 2978, 
2980, 2994-2995 

Yersinia, 2865 
Lactulose utilization 

Enterobacter, 2808 
Klebsiella, 2786 

Lacustrine sediment, 97-98 
Lag phase, 158 
Lake, stratified, 95-97 
Lakewater noble agar, Gemmata, 

3722 
Lakewater peptone yeast extract 

agar, Gemmata, 3722 
Lambda symbiont, see Lyticum 

flagellatum 
Lamellibrachia symbionts, 3903 
Laminarinase 

Lysobacter, 3256, 3269 
myxobacteria, 3466-3467 

Lamprobacter, 318 
Lamprobacter modestohalophilus, 

537, 3209 
Lamprocystis, 28, 96, 318, 2121, 

3201, 3223 
Lamprocystis roseopersicina, 3201, 

3207,3209, 3215 
Lampropedia, 51, 110 
Lancefield serology, see 

Streptococcus 
Landfill 

hydrogen-oxidizing bacteria, 346-
347,350 

methanogens,744 
Lankacidin, 978 
Lantibiotic production, 

Staphylococcus, 1396-1397 
Larch, phloem-inhabiting bacteria, 

4031 
Large body stage, L-forms, 4074-

4076 
Larval toxin, Bacillus, 1730-1731 
Lasalocid resistance/sensitivity, 

methanogens, 757 
Laterospuramine, 1688 
Latex agglutination test 

Klebsiella, 2788 
Renibacterium, 1314 
Staphylococcus, 1384 
Streptococcus, 1455-1456 

Laundry heater, 84 
Lauric acid utilization, rhizobia, 

2200 
Lauryl sulfate tryptose broth, 

Escherichia coli, 2697 
LB medium 

Bacillus, 1713 
Enterococcus, 1468 

LBB test, see Leukoberbelin blue 
test 

LBS medium, Bi/tdobacterium, 822 
LBVT.SNR medium, Neisseria, 

2513 
LCH medium, Serpens, 3237 
L-colony, 4074 
Leaching, 84, 86 

colorless sulfur bacteria, 400, 
405-406, 2639-2640, 3936 

Lead accumulation 
Citrobacter, 2750-2751 
Zoogloea, 3962 

Leaf, see also Plant 
Methylobacterium, 2343-2345 



Phyllobacterium, 2601-2604 
Xanthobacter, 2368 

Leaf gall, Erwinia, 668 
Leaf nodu1e, 2596 

Methylobacterium, 2343-2344 
Leaf sca1d disease, p1um, 4030, 

4033, 4038, 4041 
Leaf scorch disease 

a1mond, 4030, 4034 
e1m, 4038, 4040 
Macadamia integrifolia, 4031 
mu1berry, 4030 
oak, 4030 
red maple, 4031 
sycamore, 4031 

Leaf stunt, 4034 
Leafhopper 

fastidious bacteria of plant 
vascular tissue, 4034-4036 

Lactococcus, 1485 
mycoplasma-like organism, 4051, 

4053-4054, 4056, 4058, 4061-
4062 

Spiroplasma, 1962-1964, 1966, 
1968-1971 

Leaf litter 
actinoplanetes, 1032, 1040 
dimorphie prosthecate bacteria, 

2181 
Pseudonocardiaceae, 1001 
Streptosporangiaceae, 1121 

Leafspot 
Clavibacter, 1359 
corn, 1359 
Curtobacterium, 1363 
Erwinia, 2682 
phytopathogenic pseudomonads, 

3118 
tulip, 667 

Lecanorales, cyanobacteria 
symbiont, 3822-3824 

Lecithinase, 141 
Aeromonas, 3028 
Bacillus, 1757, 1759-1760, 1762 
Chromobacterium, 2593 
Clostridium, 1814, 1821, 1831, 

1872-1874 
Gemella, 1650 
Leptospira, 3571 
Mobiluncus, 911 
Pseudomonas, 3092 
Serratia, 2826, 2832 
Sporosarcina, 1779 
Xenorhabdus, 2934 

Lecithin-Tween medium, 
Corynebacterium, 1176 

Leclercia, 2114, 2682-2683, 2928 
Leclercia adecarboxylata, 2674, 

2682,2696,2799-2800,2810, 
2923-2924, 2928 

Lectin agglutination, Bacillus, 1763 
Leeeh, denitrifying bacteria, 562 
Leeuwenhoek, Antonie van, 149 
Leghemog1obin, 542, 550 
Legionella, 28, 33, 2115, 2121, 

2403, 2479, 2625, 3080, 3281-
3297 

Legionella anisa, 3282 
Legionella birminghamensis, 3282 
Legionella bozemanii, 2437, 3281-

3282, 3291-3294 
Legionella brunensis, 3282 

Legionella cherii, 3282 
Legionella cincinnatiensis, 3282 
Legionella dumojfii, 3282, 3287, 

3292-3294 
Legionella erythra, 3282, 3291 
Legionella feeleii, 3282, 3292 
Legionella gormanii, 3282, 3290, 

3292, 3294 
Legionella hackeliae, 3282 
Legionella israelensis, 3282 
Legionella jamestownensis, 3282 
Legionella jordanis, 3282 
Legionella longbeacheae, 3282, 3292 
Legionella maceaechernii, 3282 
Legionella micdadei, 2437, 3281-

3282, 3284-3287, 3291-3294 
Legionella moravica, 3282 
Legionella oakridgensis, 3282, 3291 
Legionella parisiensis, 3282, 3293 
Legionella pneumophila, 140, 640, 

648, 653, 3281-3282, 3284-
3289, 3291-3292, 3294-3297 

Legionella quinlivanii, 3282 
Legionella rubrilucens, 3282, 3291 
Legionella sainthelensi, 3282 
Legionella santicrucis, 3282 
Legionella spiritensis, 3282 
Legionella steigerwaltii, 3282 
Legionella tucsonensis, 3282 
Legionella wadsworthii, 3282 
Legionellaceae, 28, 3281 
Legionellosis, 3281-3297 
Legionnaires' disease, 640, 3281-

3297 
Legume,661 

Clavibacter, 1359 
nitrogen-fixing rhizobia, 2197-

2211 
stunting, 1359 
symbiosis with nitrogen-fixing 

bacteria, 541-542 
wilting, 1359 

Leloir pathway, Staphylococcus, 
1383, 1390 

Leminorella, 2115, 2928-2929, 2932 
Leminorella grimontii, 2674, 2923-

2924, 2928-2929, 2932 
Leminorella richardii, 2674, 2923-

2924, 2928-2929, 2932 
Lemon-shaped intermediary forms, 

Cytophaga1es, 3651 
Lemur, Klebsiella, 2777 
Lentil, nitrogen-fixing bacteria, 541 
Leonard jar, 2206 
Leprosy, see Hansen's disease 
Leptonema, 3568-3579 
Leptonema illini, 3569,3571-3572, 

3577 
Leptospira, 29, 51, 270, 3568-3579 
Leptospira biflexa, 3568-3579 
Leptospira borgpeterseni, 3569-3571 
Leptospira illini, see Leptonema 
Leptospira inadai, 3569, 3571 
Leptospira interrogans, 3568-3579 
Leptospira meyeri, 3569-3571 
Leptospira noguchii, 3569-3571 
Leptospira parva, 3568-3569, 3571 
Leptospira santarosai, 3569-3571 
Leptospira weilii, 3569-3571 
Leptospira wolbachii, 3569-3571 
Leptospirillum ferrooxidans, 392, 

405 
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Leptospirosis, 3568, 3574-3575, 
3578-3579 

Leptothrix, 27, 92,216,2119,2125, 
2310,2313,2316,2612-2623, 
3690, 4027-4028 

Leptothrix cholodnii, 2125,2614, 
2620, 2622-2623 

Leptothrix crassa, see Leptothrix 
discophora 

Leptothrix discophora, 2125, 2318, 
2613-2614, 2620, 2622-2623 

Leptothrix innominata, see 
Leptotrichia buccalis 

Leptothrix lopholea, 2613, 2620-
2621 

Leptothrix ochracea, 91,98,2612-
2613, 2620-2621, 2623 

Leptothrix pSl?1Jdo-ochracea, 2613, 
2620 

Leptotrichia, 3599, 3601, 3612, 
3983-3985, 4114, 4119 

Leptotrichia buccalis, see 
Corynebacterium matruchotii 

Leptotrichia dentium, see 
Corynebacterium matruchotii 

Lethai factor, anthrax, 1750-1751 
Lethargy disease, Spiroplasma, 1965 
Lettuce 

Erwinia, 2907 
Mollicutes, 4055 
Spiroplasma, 1967 

Leueine 2,3-aminomutase, 
Clostridium, 1834 

Leueine aminopeptidase 
Aerococcus, 1504 
Gemella, 1645 
Mobiluncus, 911 
Pediococcus, 1504 

Leueine arylamidase, Gemella, 1650 
Leueine production, hydrogen

oxidizing bacteria, 377 
Leucine transaminase, Clostridium, 

1824 
Leueine utilization, Spirochaeta, 

3527, 3529, 3534 
Leucinopine, 2217 
Leucocytes, Ehrlichia, 2445 
Leuconostoc, 25, 758, 1450-1451, 

1467, 1482, 1484, 1486-1488, 
1508-1527, 1562,2287 

Leuconostoc amelibiosum, 1513, 
1521-1522,1524-1526 

Leuconostoc carnosum, 1508, 1512, 
1521-1522, 1525 

Leuconostoc citreum, 1515, 1521-
1525 

Leuconostoc cremoris, 1509 
Leuconostoc gelidum, 1508, 1512, 

1521-1522, 1525 
Leuconostoc lactis, 1509, 1513, 

1520-1527 
Leuconostoc mesenteroides, 82, 

1483,1508-1515,1517,1520-
1527, 1545-1546, 1548, 1560-
1561 

Leuconostoc oenos, 1508-1510, 
1519-1527, 1552, 1572 

Leuconostoc paramesenteroides, 
1508-1513, 1515, 1521-1522, 
1524-1526, 1560-1561 

Leuconostoc pseudomesenteroides, 
1515,1521-1525 
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Leucothrix, 28, 92, 268, 453, 3080, 
3247-3255 

Leucothrix cohaerens, 3250 
Leucothrix mucor, 91-92,2122, 

3247-3255 
Leukoberbelin blue (LBB) test, 

manganese-oxidizing bacteria, 
2317 

Leukobium maior, 4099 
Leukocidin 

Fusobacterium, 4117-4118 
Staphylococcus, 1376 

Leukorrhea, 906 
Leukotoxin, Pasteurella, 3334 
Levan production 

acetic acid bacteria, 2280 
phytopathogenic pseudomonads, 

3107 
Streptococcus, 1427, 1458 
Zymomonas, 2290, 2292 

Levansucrase 
Bacillus, 1684-1685, 1689 
Zymomonas, 2292 

Levinea, 2115, 2748 
Levinea amalonatica, see 

Citrobacter amalonaticus 
Levinea malonatica, see Citrobacter 

diversus 
Levinthal stock, 3314 
Levorin, 978 
Levulinic acid utilization 

Alcaligenes, 2549 
rhizobia, 2200 

Levulose utilization, Actinobacillus, 
3347 

LEW1 agar, Saprospira, 3679 
LEW2 agar, Saprospira, 3680 
LEW3 agar, Saprospira, 3680 
LEW5 agar, Saprospira, 3681 
LEW4 liquid medium, Saprospira, 

3680 
L-form, 3994, 4068-4078 

antibiotic sensitivity, 4076-4077 
BartoneIla, 3999 
Erwinia, 2911 
Erysipelothrix, 1634 
high-sait-requiring, 4072 
identification, 4072-4073 
induction, 4069-4073 
morpho1ogy, 4073-4076 
occurrence, 4077-4078 
pathogenicity,4077-4078 
protoplast, 4075 
replication, 4076 
reversion, 4069, 4072-4076 
spheroplast, 4075 
stable, 4069, 4072 

LGI medium 
Azospirillum, 2239, 2242 
Herbaspirillum, 2239 

Lichen, 327, 542, 3820-3830 
Lichen acid, 3829 
Lichinales, 3824 
Lieskeella, 2612, 2615 
Life cycle 

Actinoplanetes, 216-219 
Azotobacter, 212-213 
Bacillus, 210-212 
Bdellovibrio, 219-222 
Caulobacter, 214-216 
Chlamydia, 222-223 
complex, 209, 224-231 

cyanobacteria, 231-238 
with differentiation, 209, 231-238 
diversity,65-71 
Flexibacter, 223-224 
methylotrophs, 213-214 
myxobacteria, 224-227 
Rhodomicrobium, 228-231 
simple, 209-224 
Sphaerotilus, 216-218 
Streptomyces, 227-228 

Light 
adaptation, cyanobacteria, 2060-

2061 
bactericidai action, 90-91 

Light emission, see Bioluminescent 
bacteria 

Light filter, enrichment of purple 
sulfur bacteria, 3206-3207 

Light microscopy, sessile 
prokaryotes, 266 

Light organ 
bioluminescent bacteria, 625, 

630-631 
Photobacterium, 3003-3005 

Light requirement, cyanobacteria, 
2068 

Light tolerance, 90-91 
Lignin degradation 

actinoplanetes, 1034-1035 
Comamonas, 2588 
Nocardiaceae, 1205 
Pseudonocardiaceae, 10 16-10 1 7 
Streptomyces, 497-498 
Streptomycetaceae, 932 
Thermomonosporaceae, 1105, 

1107 
Lignin production, 501, 664-665 
Lignobacter, 536, 547 
Lignocellulose degradation 

Streptomycetaceae, 927 
Thermomonosporaceae, 1092, 

1101, 1105-1106 
Ligyrus subtropicus, Bacillus, 1701 
Lilium, Frateuria, 3198 
UM agar, Shigella, 2756 
Lime witches' broom mycoplasma-

1ike organism, 4057 
Limiting nutrient, 160 
Linamarase, Leuconostoc, 1514 
Lincomycin, 978 
Lincomycin resistance/sensitivity 

anaerobic Gram-positive cocci, 
1890 

Bacillus, 1728 
Bijzdobacterium, 829 
Erythrobacter, 2488 
Gemella, 1645 
Halobacteriaceae, 790-797 
Spirillum, 2567 

Lindane degradation, Clostridium, 
1821 

Line immunoassay, rickettsiae, 
2436-2437 

Linoleate utilization, syntrophic 
bacteria, 2052 

Lipase 
Aeromonas, 3028 
Alteromonas, 3055, 3063 
Bacillus, 1688 
Brochothrix, 1619 
Butyrivibrio, 2030 
Cedecea, 2925 

Clostridium, 1814, 1867-1868, 
1877 

Edwardsiella, 2741 
Enterobacteriaceae, 2924 
Escherichia, 2698 
Fusobacterium, 4121 
Hajnia, 2818-2819 
Leptospira, 3571, 3573 
Lysobacter, 3266, 3269 
Marinomonas, 3055, 3063 
Mobiluncus, 911 
myxobacteria, 3465 
Photobacterium, 634, 3002 
Plesiomonas, 3036 
Pseudomona~ 3092 
Serratia, 2836 
Staphylococcus, 1376, 1393, 

1403-1404 
Vibrio, 634, 2974-2975, 2987, 

2991 
Vibrionaceae, 2944 
Jrenorhabdus, 633, 2934 
Yersinia, 2873 

Lipase-salt-mannito1 (LSM) agar, 
Staphylococcus, 1381 

Lipid A, 137 
myxobacteria, 3446 
Phenylobacterium, 2340 
Porphyromonas, 3615 
Rhodocyclus, 2557 
Salmonella, 2761 

Lipid C, Coxiella, 2471 
Lipids, 134 

actinop1anetes, 1042-1044, 1047 
Agromyces, 1356 
Alcaligenes, 2548-2549 
aphid symbiont, 3910 
Archaeoglobus, 709 
Arthrobacter, 1284, 1290-1291 
Aureobacterium, 1357-1358 
Bacillus, 1666, 1699, 1707 
Bacteroides, 3595, 3602 
Brochothrix, 1620 
cell wall, 136 
Cellu1omonadaceae, 1323-1324 
Cellulomonas, 1325 
Chloroflexus, 3766-3767, 3769-

3770 
Clavibacter, 1359 
Clostridium, 1818-1819, 1830 
Comamonas, 2586-2587 
Corynebacterium, 1157 
Curtobacterium, 1363-1364 
Cytophagales, 3654-3655 
Deinococcaceae, 3733, 3736, 

3738, 3740, 3742 
Deleya, 3194 
Ectothiorhodospira, 3226 
Flavobacterium, 3626 
Frankia, 1072 
Halobacteriaceae, 774, 776-778, 

783, 788-797 
Halomonas, 3184, 3186 
Hydrogenobacter, 3927 
Isosphaera, 3725 
Jonesia, 1339 
Kurthia, 1654, 1658 
Legionella, 3292 
Leptospira, 3570, 3574 
Listeria, 1605 
methanogens, 720, 728, 750 
Microbacterium, 1364-1365 



Mycobacterium, 1226-1227, 1256 
myxobacteria, 3446-3447 
Neisseria, 2499 
Nocardiaceae, 1188, 1190, 1200-

1201, 1203 
Nocardiopsis, 1141-1142, 1146-

1148 
Oerskovia, 1333 
photosynthetic membranes, 316 
P1anctomyceta1es, 3710 
Porphyromonas, 3609-3610, 3612 
Promicromonospora, 1334, 1337-

1338 
Propionibacterium, 837, 841, 845 
Pseudonocardiaceae, 997-998, 

1009-1010, 1012, 1014-1015 
Psychrobacter, 3244 
Renibacterium, 1312 
Saprospira, 3683 
Serratia, 2831 
Simonsiellaceae, 2666 
Streptomycetaceae, 921-922, 926, 

952-953 
Streptosporangiaceae, 1115-1116, 

1126 
Sulfolobales, 689, 691 
thermoanaerobic saccharolytic 

bacteria, 1 91 0 
Thermococcales, 704 
Thermodesulfobacterium, 3390-

3392 
Thermomicrobium, 3777-3778 
Thermomonosporaceae, 1086, 

1090, 1096, 1099-1100, 1102 
Thermoplasma, 715-716 
Thermoproteales, 679 
Thermotogales, 3809 
Thermus, 3747, 3749 
Treponema, 3541, 3543 
Zymomonas, 2289-2290 

Lipoate requirement 
Brochothrix, 1619 
Enterococeus, 1468 

Lipoic acid, 157 
Lipoid body 

Beijerinckia, 2254, 2256, 2259-
2260, 2262 

Derxia, 2607 
Lipophilic diphtheroid, 1174 
Lipophospho1ipase, Alteromonas, 

3063 
Lipopolysaccharide (LPS), 136-137 

Brueella, 2385, 2396 
Chlamydia, 3696 
Clostridium, 1817 
Coxiella, 2471, 2474-2477 
Cytophagales, 3652-3653 
diversity, 54 
Enterobaeter, 2804 
Erwinia, 2902-2904,2914 
Escheriehia eoli, 2704 
Francisella, 3992 
Fusobaeterium, 4118 
Leptospira, 3569-3571,3574-

3575, 3579 
Leptotrichia, 3983 
Moraxella, 3278 
myxobacteria, 3444-3446 
Neisseria, 2499, 2501-2502 
Pasteurella, 3334 
Peetinatus, 1997 
Phenylobacterium, 2340 

Porphyromonas, 3612, 3615 
Rhodocyclus, 2557-2558 
rickettsiae, 2434, 2437-2438 
Rochalimaea, 2444 
Salmonella, 2761-2762, 3696 
Serratia, 2830, 2839 
Sporomusa, 2014 
Veillonella, 2037, 2041 
Wolbachia, 2478 
Xanthobaeter, 2373-2375 

Lipopolysaccharide-polymyxin B 
test, Xanthobacter, 2374-2375 

Lipoprotein, 136 
Lipoteichoic acid 

Bacillus, 1676 
Bifidobaeterium, 826 
Butyrivibrio, 2027 
Lactobacillus, 1542 
Listeria, 1605 
Streptocoeeus, 1460 

Liquid cuIture, gasing, 358-359 
Liquid medium, 169-170 
Liquid-enrichment medium, 

Corynebacterium diphtheriae, 
1175 

Liquid-gas interface, 91, 94 
Liquid-liquid interface, 91 
Liquid-solid interface, 91-94 
Lister, 1" 150 
ListereIla monocytogenes, see 

Listeria monocytogenes 
Listeria, 25, 38, 886, 1178, 1465, 

1482, 1595-1610, 1617-1618, 
1623-162~ 162~ 1758 

L-forms, 4068, 4070-4072, 4077 
Listeria denitrificans, see Jonesia 

denitrifieans 
Listeria enrichment broth, 1599 
Listeriagrayi, 1595-1596,1601, 

1603-1606 
Listeria innocua, 1595-1596, 1603-

1606, 1608 
Listeria ivanovii, 1595-1597, 1599, 

1601-160~ 1608-1610 
Listeria monoeytogenes, 653, 1472, 

1546,1595-1610,1618,1637 
Listeria murrayi, 1595-1596, 1601, 

1603-1606 
Listeria seetigeri, 1595-1596, 1599-

1600, 1602-1606, 1610 
Listeria transport enrichment 

medium (LTE), 1599 
Listeria welshimeri, 1595-1596, 

1603-1606 
Listeriolysin, 1602, 1609-1610 
Listeriosis, 1595, 1597-1598, 1607-

1610 
Listonella, 29, 38, 2116, 2943, 2945 
Listonella anguillarum, 2116, 2945 
Listonella damsela, 2945 
Listonella pelagia, 2116, 2945 
Lithoheterotrophy, Beggiatoa, 3177 
Lithotroph, 55, 81, 83 
Litmus milk test 

Aquaspirillum, 2572 
Cardiobacterium, 3341 
Erysipelothrix, 1635-1636 
Simonsiellaceae, 2666 
Streptosporangiaceae, 1133 

Little peach mycoplasma-like 
organism, 4057 

Liver 
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Bartonella, 3998 
Yersinia, 2866-2867 

Liver abscess 
anaerobic Gram-positive cocci, 

1880 
Chromobaeterium, 2592 
Fusobacterium, 4116-4117, 4120, 

4122 
Streptocoecus, 1438 
Veillonella, 2035 

Liver fluke, 1872 
Liverwort, Methylobacterium, 2344 
Lizard 

Aeromonas, 3020 
Pseudomonas, 3095 
Rickettsia, 2408 
Serratia, 2827 

Ljungdahl-Wood pathway, 
methanogens,748 

LL-agar, see Lactate-lead acetate 
agar 

Llama, anthrax, 1750 
LL-C19004 production, 

Saecharothrix, 1066 
LM, see Luminous medium 
Lobster 

Aerococeus, 1504 
Deleya, 3191-3193 
Leueothrix, 3247 
Vibrio, 2996 

Lockjaw, see Tetanus 
Loeffler slant, Corynebaeterium, 

1175-1176 
Loeffler's methylene blue stain, 

Corynebaeterium, 1176-1177 
Lotium rigidum, Clavibaeter, 1359 
London rocket, Spiroplasma, 1967 
Loofah witches' broom 

mycoplasma-like organism, 
4057 

Loop fluid-inducingjskin testj 
necrotic toxin, Bacillus, 1757 

Lophomonas , 2583, 3856 
Louse, see also Arthropod vector 

Borrelia, 3561-3563 
collection and examination, 2423 
Coxiella, 2473 
Erysipelothrix, 1630 
Riekettsia, 2407-2411, 2414 
Roehalimaea, 2442-2444 
Wolbachia, 2478 

Louse-borne relapsing fever, 3561-
3562 

Lovetts enrichment broth, 
Campylobaeter, 3502 

Low calcium response, Yersinia 
pestis, 2895 

Lowenstein-lensen medium 
Gordona, 1196 
Mycobacterium, 1253, 1277 
Rhodococeus, 1197 
Tsukamurella, 1196 

Low-nutrient environment, 88-89, 
103, 168 

L-phase variant, see L-form 
LPP group, 2073 
LPS, see Lipopolysaccharide 
LSM agar, see Lipase-salt-mannitol 

agar 
LT toxin, Clostridium sordellii, 

1876 
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LTE, see Listeria transport 
enrichment medium 

Lucerne 
Clavibacter, 1359-1360 
nitrogen-fixing bacteria, 541 

Lucibacterium, 2946 
Lucibacterium harveyi, see Vibrio 

harveyi 
Luciferase, 626-632 

bioluminescent bacteria, 634 
Photobacterium, 3002, 3005 

Luciferase gene, cyanobacteria, 
2093-2094 

Lucinoma symbionts, 3892-3893, 
3896-3903 

Luminescent bacteria, see 
Bioluminescent bacteria 

Luminous medium (LM) 
Alteromonas, 3050, 3052 
bioluminescent bacteria, 2968-

2969 
Lumpy jaw, 865 
Lung abscess 

Actinomyces, 862 
Chromobacterium, 2592 
Gemella, 1651-1652 
Streptococcus, 1438 
Wolinella, 3514 
Yersinia, 2891 

Lupinus, rhizobia, 2202 
lux operon, bioluminescent bacteria, 

626-627, 629, 635 
Lycopenal, sulfur bacteria, purple, 

3208-3209 
Lycopene 

Halobacteriaceae, 788 
purple nonsulfur bacteria, 2148 
Rhodocyclus, 2557 
sulfur bacteria, purple, 3208-

3209, 3212 
Lycopenol, sulfur bacteria, purple, 

3208-3209 
Lymantria dispar, Serratia, 2826 
Lyme disease, 3561-3565 
Lymph gland, Propionibacterium, 

844 
Lymph node 

Brucella, 2392-2393 
Salmonella, 2760, 2765 
Yersinia, 652, 2866, 2873 

Lymphadenitis 
Bacillus, 1749 
caseous, see Caseous 

lymphadenitis 
Corynebacterium, 1181-1182 
Mycobacterium, 1247 
Rhodococcus, 1195 
uIcerative, see Ulcerative 

lymphadenitis 
Yersinia, 2678, 2689, 2870-2871 

Lymphadenopathy, Mycobacterium, 
1259 

Lymphocytes, Neorickettsia, 2445 
Lymphogranuloma venereum, 

Chlamydia, 3691-3692, 3694, 
3696, 3698-3702 

Lymphoid tissue, BartoneIla, 3998 
Lyngbya, 26, 538, 2073, 2081 
Lyophilization, 182-183, 360 
LYPP medium, Serpens, 3237 
Lysine decarboxylase, 141 

Aeromonas, 3026 

Bacteroides, 3519 
Buttiauxella, 2926 
Campylobacter, 3519 
Cardiobacterium, 3341 
Citrobacter, 2747 
Clostridium, 1825 
Edwardsiella, 2740-2741 
Eikenella, 3519 
Enterobacter, 2806-2807 
Enterobacteriaceae, 2923 
Escherichia, 2698 
Gardnerella, 918 
Hafnia, 2818-2819 
Klebsiella, 2784, 2786-2787 
Kluyvera, 2926, 2928 
Morganella, 2857 
Photobacterium, 2979 
Plesiomonas, 3035-3036 
rhizobia, 2200 
Salmonella, 2768-2769 
Serratia, 2837, 2839 
Shigella, 2755-2756 
Vibrio, 2955, 2970, 2972-2973, 

2975, 2979 
Wolinella, 3519 
Yersinia, 2865 
Yokenella, 2935 

Lysine production, 
Corynebacterium, 1163-1166 

Lysine utilization 
Arthrobacter, 1285 
Brucella, 2386 
Fusobacterium, 4118 
rhizobia, 2201 

Lysine-2,3-aminomutase, 
Clostridium, 1835 

ß-Lysine-5,6-aminomutase, 
Clostridium, 1835 

Lysine-ornithine-mannitol agar, 
Enterobacter, 2805 

Lysobacter, 28, 50, 2120-2121, 
3256-3272,3468, 3631, 3638, 
3659-3660 

Lysobacter albus, 3267 
Lysobacter antibioticus, 560, 3257-

3258, 3260, 3264, 3267-3268 
Lysobacter brunescens, 3260, 3266-

3268, 3270 
Lysobacter enzymogenes, 3257-

3258, 3260, 3262, 3264-3265, 
3267-3268, 3270-3271 

Lysobacter gummosus, 3260, 3264, 
3268 

Lysobacter lactamgenus, 3267 
Lysobacteraceae, 3256 
Lysobactin, Lysobacter, 3268 
Lysogenotyping, 142 
Lysosomal vesicle, 651 
Lysostaphin, 1393 
Lysostaphin resistance/sensitivity 

Micrococcus, 1303 
Staphylococcus, 1303-1304, 1370, 

1382 
Stomatococcus, 1321 

Lysotyping, 142 
Lysozyme, L-form induction, 4070-

4071,4073 
Lysozyme resistance medium, 1763 
Lysozyme sensitivity 

Deinococcaceae, 3741 
Micrococcus, 1304-1305 
Nocardiaceae, 1203 

Propionibacterium, 837 
Streptomycetaceae, 927, 966, 969 
Thermotogales, 3809 

Lyticum, 3875 
Lyticum flagellatum, 3867-3869, 

3875, 3878, 3880 
Lyticum sinuosum, 3875, 3878 
Lyxose utilization 

Clostridium, 1829 
Enterobacter, 2808-2809 
Listeria, 1603 

M 

M2 agar, Enterococcus, 1466 
M3 agar 

actinoplanetes, 1038, 1042, 1051 
Nocardiaceae, 1197 

MI6 agar, Lactobacillus, 1555 
MI medium 

myxobacteria, 3438 
Spiroplasma, 1968, 1971 

MIA medium, Spiroplasma, 1968 
MIB medium, Spiroplasma, 1971 
MID medium, Spiroplasma, 1969, 

1971 
M3 medium, Rhodococcus, 1196-

1197 
M9 liquid medium, Cytophagales, 

3648-3649 
M13 medium, Stella, 2167 
M17 medium, Lactococcus, 1486 
M70 medium, Serratia, 2834 
M71 medium, phytopathogenic 

pseudomonads, 3121 
M antigen, Brucella, 2385, 2387 
M-4365 complex, 1055 
2M phage, Brucella, 2387 
M protein 

streptococci, 649 
Streptococcus, 1460 

M.o.H. strain, 101, 277-278 
MI37 medium, see Soy-yeast-soil 

extract agar 
MAC, see Mycobacterium avium 

complex 
Macadamia integrifolia, leaf scorch 

disease, 4031 
MacConkey agar 

Acinetobacter, 3138 
Actinobacillus, 3345 
Aeromonas, 3023, 3025 
Androcidium, 2922 
Aquaspirillum, 2572 
Bordetella, 2532 
Budvicia, 2925 
Cardiobacterium, 3341 
Comamonas, 2585 
Edwardsiella, 2739 
Eikenella, 2670 
Enterobacter, 2805 
Escherichia, 2699 
Flavobacterium, 3623, 3625 
Hafnia, 2817 
Klebsiella, 2782 
Moellerella, 2929 
Mycobacterium, 1258 
Ochrobactrum, 2602 
Plesiomonas, 3034, 3036 
Salmonella, 2767 
Shigella, 2756 
Tatumella, 2932 



Vibrio. 2964, 2992 
Vibrionaeeae, 2943, 2948 
Yersinia, 2874, 2876, 2894 

MaeConkey-inositol-earbenieillin 
agar, Klebsiella, 2783 

MaeConkey-inositol-potassium 
tellurite agar, Klebsiella, 2783 

Maeerative disease, 
Pseudomonadaeeae, 669 

Maeroelement, 155 
Maerofiber, Bacillus, 1676 
Maerolide antibiotie produetion, 

1053 
Maerolide resistanee/sensitivity, 

dimorphie prostheeate baeteria, 
2178 

Maerolide-lineosamide
streptogramin (MLS) 
resistanee/sensitivity 

Campylobacter, 3499 
Enterococcus, 1471 

Macromoleeular sequences, 7-8 
Macromonas, 97-98,387, 389, 396, 

3934-3935, 3939-3940 
Macromonas bipunctata, 3934-

3935, 3939-3940, 4096 
Macromonas mobilis, 3934, 3939-

3940, 4096, 4099 
Macrophage infectivity promoter, 

Legionella, 3286 
Macrophages, 651-653 

Brucella, 2390 
Legionella, 3284 
Mycobacterium leprae, 1273 
Neorickettsia, 2445 
Yersinia, 2867 

Macrotrichomonas symbionts, 3856 
Madumycin production, 

Saccharothrix, 1066 
Maduramycete, 24, 1029 
Maduromycin, 1131 
Maduromycosis, 1646 
Mageu, 1557 
Magnesium binding, Zoogloea, 3961 
Magnesium limitation, 203 
Magnesium requirement, 155-157 

methanogens, 742 
Magnetite, 99-100, 253 
Magnetosome, 253 
Magnetotaxis, 99-100, 253-254 
MAIS, see Mycobacterium avium-

intracellular-scrojulaceum 
Maize, see Corn 
Maize bushy stunt mycoplasma-like 

organism, 4053, 4057-4058, 
4060-4061 

Maize liver medium, Clostridium, 
1808 

Maize mash medium, Clostridium, 
1808 

Major outer membrane protein, see 
Outer membrane protein 

Major surfaee protein-l, 
Anaplasma, 4016 

Major surface protein-2, 
Anaplasma, 4016 

Mal nero, grapevine, 3133-3135 
Malacophryidae, cyanobaeteria 

symbiont, 3822 
Maladie d'Oleron, grapevine, 3133-

3135 
Malate dehydrogenase 

Bacteroides, 3595, 3602 
Butyrivibrio, 2030 
Micrococcus, 1306 
Neisseria, 2506 
Porphyromonas, 3608-3610, 

3612-3615 
rickettsiae, 2434 
Streptomycetaceae, 972 
sulfidogenie bacteria, 602 
Sulfolobales, 693 
syntrophic baeteria, 286-287 
Thermoleophilum, 3783 
Thermoplasma, 717 

Malate oxidase, Neisseria, 2506 
Malate synthase 

Chloroflexus, 3765 
Frankia, 1074 
purple nonsulfur bacteria, 2150 
Thermus, 3748 

Malate thiokinase, methylotrophs, 
439 

Malate utilization 
Alcaligenes, 2549 
Alteromonas, 3046, 3062 
Arthrobacter, 1285 
Azospirillum, 2241 
Chloroflexus, 3765 
Clostridium, 1829 
Derxia, 2610 
Desu/fotomaculum, 1795 
Enterobacter, 2808 
Halobacteriaceae, 789-797 
Heliobacteriaceae, 1988 
homoacetogens, 1930, 1933 
Klebsiella, 2785 
Kurthia, 1659 
Leuconostoc, 1520 
Listeria, 1606 
Marinomonas, 3046, 3062 
Methylobacterium, 2347 
Psychrobacter, 3243 
purple non sulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyclus, 2558 
Saccharothrix, 1065 
Serratia, 2836, 2838-2839 
Spirillum, 2567 
Sporomusa, 2018 
sulfate-reducing bacteria, 3367, 

3371 
sulfidogenic bacteria, 587-588, 

595, 610, 612 
sulfur bacteria, colorless, 2650 
sulfur-reducing bacteria, 3381, 

3385, 3388 
Veillonella, 2034, 2036 
Wolinella, 3520 
Xylophilus, 3135 

Maleate utilization 
Comamonas, 2584 
rhizobia, 2200 

Malic acid production 
Chloroflexus, 3765 
Mobiluncus, 911, 913 

Malic enzyme 
Clostridium, 1837 
Serratia, 2841 
sulfidogenic bacteria, 610 
Sulfolobales, 693 
Zymomonas, 2292 

Malignant edema, 1876 
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Malleomyces, see Pseudomonas 
mallei 

Malo-Iactic differential (MLD) 
medium, Leuconostoc, 1519 

Malo-Iactic fermentation 
Lactobacillus, 1549 
Leuconostoc, 1509-1510, 1527 

Malonate test 
Enterobacter, 2809-2810 
Hajnia, 2818 
Klebsiella, 2786 

Malonate utilization, 141 
Agrobacterium, 666 
Azotobacteraceae, 3150, 3155, 

3158 
Cedecea, 2926 
Citrobacter, 2748 
Edwardsiella, 2740-2741 
Enterobacter, 2808 
Enterobacteriaceae, 2923 
Escherichia, 2698, 2931 
Hajnia, 2931 
homoacetogens, 517 
Klebsiella, 2786-2787 
Methylobacterium, 2347 
Nocardiopsis, 1150, 1152 
Obesumbacterium, 2930-2931 
Plesiomonas, 3036 
purple nonsulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyclus, 2558 
Salmonella, 2768 
Serratia, 2839 
Shigella, 2755 
Sporomusa, 2015, 2019 
Xanthobacter, 2374 

Malonomonas rubra, 2019 
Malt agar, Beijerinckia, 2262 
Maltase, Corynebacterium, 1163 
Maltitol utilization 

Enterobacter, 2808 
Klebsiella, 2786 
Serratia, 2837 

Maltose phosphorylase, Neisseria, 
2506 

Maltose utilization 
Actinobacillus, 3340, 3347 
Aerococcus, 1506 
Agrobacterium, 2214 
Alcaligenes, 2549 
Alteromonas, 3061 
anaerobic Gram-positive cocci, 

1886-1890 
Ancalomicrobium, 2164 
Arthrobacter, 1285 
Azotobacteraceae, 3155, 3158 
Bacillus, 1701 
Bifidobacterium, 827 
Bordetella, 3340 
Brochothrix, 1625 
Brucella, 3340 
Butyrivibrio, 2028 
Capnocytophaga, 3340 
Cardiobacterium, 3340-3341 
Chromobacterium, 2593 
Clostridium, 1810, 1814, 1827, 

1867-1868, 1870-1871, 1873-
1876 

Corynebacterium, 1159, 1163, 
1178-1179 

Edwardsiella, 2741 
Eikenella, 2670, 3340 
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Enterobacter, 2806 
Enterobacteriaceae, 2923 
Erysipelothrix, 1635 
Escherichia, 2698 
Flavobacterium, 3624 
Gardnerella, 918 
Haemophilus, 3320, 3340 
Hafnia, 2818 
Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
Kingella, 3340 
Klebsiella, 2785 
Lactobacillus, 1563, 1565 
Lactococcus, 1485, 1489 
Leuconostoc, 1522 
Marinomonas, 3061 
Megasphaera, 2001 
Micrococcus, 1304 
Neisseria, 2496-2497, 2506, 

2514-2515 
Nocardiaceae, 1204 
Pasteurella, 3340 
Pediococcus, 1505 
Photobacterium, 634, 2981, 3002 
Planctomyces, 3716 
Plesiomonas, 3036 
Promicromonospora, 1337 
Propionibacterium, 840 
Prosthecomicrobium, 2164 
Proteus, 2849, 2851 
Pseudomonadaceae, 3081 
Pseudomonas, 3095 
Pseudonocardiaceae, 1012 
rhizobia, 2200, 2210 
Saccharothrix, 1064 
Salmonella, 2768 
Serratia, 2836 
Simonsiellaceae, 2666 
Sporolactobacillus, 1773 
Staphylococcus, 1384, 1386-1387 
Streptobacillus, 3340, 4024 
Streptococcus, 1428 
Succinimonas, 3980 
Succinivibrio, 3980 
thermoanaerobic saccharolytic 

bacteria, 1901, 1908-1909 
Thermotoga, 3810 
Thermus, 3748 
Treponema, 3551 
Vibrio, 634, 2973, 2981 
Yersinia, 2894 

Maltotriose utilization 
Enterobacter, 2806 
Klebsiella, 2785 

Malyl CoA lyase, methylotrophs, 
439 

Mammary gland 
mycoplasma, 1938 
Staphylococcus, 1371 

Mammoth, Kurthia, 1655 
MAMS medium, see Mixed acid 

mineral salts medium 
Manatee, Plesiomonas, 3034 
Mandelate utilization 

Acinetobacter, 3139 
homoacetogens, 517 
Nocardiaceae, 1204 

Mandrill, Actinomyces, 866 
Manganese 

chemistry, 2310-2311 
cycling, 2311 

Manganese binding, Zoogloea, 3962 

Manganese deposition 
Caulococcus, 4093-4094 
Kusnezovia, 4093-4094 
Pedomicrobium, 2179 

Manganese nodule 
Arthrobacter, 1285 
Halomonas, 3182 
manganese-oxidizing bacteria, 

2312-2313 
Manganese oxide accumulation 

dimorphie prosthecate bacteria, 
2180,2183,2190-2191 

Leptothrix, 2620-2623 
sheathed bacteria, 2612-2614 
Siderocapsaceae, 4104-4112 

Manganese reduction, Alteromonas, 
3049 

Manganese toxicity, 2314, 2318 
Manganese-binding protein, 2310 
Manganese-oxidizing bacteria, 27, 

339,2310-2319,4102-4112 
Bacillus, 1665 
Geodermatophilus, 1069 
lactobacilli, 2310 

Mangrove swamp, prokaryote
invertebrate symbiosis, 3892 

Mannase, Lysobacter, 3269 
Mannitol dehydrogenase, 

Corynebacterium, 1163 
Mannitol production, Zymomonas, 

2292 
Mannitol salt agar, Staphylococcus, 

1381 
Mannitol utilization, 141 

acetic acid bacteria, 2278-2279 
Actinobacillus, 3340, 3347 
Actinomyces, 889 
Aerococcus, 1506 
Aeromonas, 3015,3028 
Agrobacterium, 2214, 2221 
Alca/igenes, 2549 
Alteromonas, 3062 
anaerobic Gram-positive cocci, 

1889 
Arcanobacterium, 889 
Arthrobacter, 1285 
Azotobacteraceae, 3150, 3152, 

3155, 3158 
Bacillus, 1708 
Bifidobacterium, 827 
Blastobacter, 2173 
Bordetella, 3340 
Brochothrix, 1625 
Brucella, 3340 
Capnocytophaga, 3340 
Cardiobacterium, 3340-3341 
Carnobacterium, 1577-1578 
Chlorojlexus, 3765 
Clostridium, 1804, 1837, 1868, 

1870-1871, 1876 
Comamonas, 2587-2588 
Corynebacterium, 1163 
Deleya, 3195 
Derxia, 2606, 2610 
Edwardsiella, 2740-2741 
Eikenella, 2670, 3340 
Enterobacter, 2806 
Enterobacteriaceae, 2923 
Enterococcus, 1467-1468 
Erysipelothrix, 1635 
Escherichia, 2698, 2931 
Flavobacterium, 3624-3625 

Gemella, 1649 
Haemophilus, 3318, 3320-3321, 

3340 
Hafnia, 2818,2931 
Halobacteriaceae, 789-797 
hydrogen-oxidizing bacteria, 364, 

366 
Kingella, 3340 
Klebsiella, 2785 
Lactobacillus, 1563-1564 
Leuconostoc, 1522 
Listeria, 1602-1603 
Lysobacter, 3265 
Marinomonas, 3062 
Megasphaera, 2001 
Mycobacterium, 1219, 1258 
Nocardiaceae, 1203 
Obesumbacterium, 2930-2931 
Pasteurella, 3340 
Pectinatus, 1999 
Pediococcus, 1505 
Photobacterium, 634, 2980 
phytopathogenic pseudomonads, 

3107 
Plesiomonas, 3036 
Propionibacterium, 845 
Providencia, 2854 
Pseudonocardiaceae, 1012-1013, 

1015 
purple nonsulfur bacteria, 2149 
rhizobia, 2200, 2210 
Rhodocydus, 2558 
Rothia, 889 
Salmonella, 2768 
Selenomonas, 2007, 2009-2010 
Serratia, 2836 
Shigella, 2754-2756 
Sporomusa, 2018 
Staphylococcus, 1384, 1386-1387 
Streptobacillus, 3340 
Streptococcus, 1427-1428, 1430, 

1432, 1435, 1458 
Streptosporangiaceae, 1132 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Thermomonosporaceae, 1103 
Treponema, 3551 
Vibrio, 634, 2973, 2977, 2980, 

2995,3027 
Vibrionaceae, 2944 
Yersinia, 2894 

Mannitol-egg yolk-polymyxin 
(MYP) medium 

Bacillus, 1761 
Filibacter, 1783-1784 

Mannitol-sorbitol-fuchsin-azide 
(MSFA) agar, Streptococcus, 
1424 

Mannopine, 2217 
Mannose utilization 

Actinobaci/lus, 3347 
Aerococcus, 1506 
Aeromonas, 3028 
Alteromonas, 3061 
anaerobic Gram-positive cocci, 

1886-1887 
Arthrobacter, 1285 
Bacillus, 1701, 1708 
Bifidobacterium, 827 
Brochothrix, 1625 
Cardiobacterium, 3341 
Chromobacterium, 2595 



Clostridium, 1814, 1870-1872, 
1874-1876 

Deleya, 3195 
Enterobacter, 2806 
Enterobacteriaceae, 2923 
Escherichia, 2698 
Francisella, 3990 
Frateuria, 3199 
Haemophilus, 3310,3319-3320 
Ha1oanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
Klebsiella, 2785 
Lactobacillus, 1563, 1565 
Leuconostoc, 1522 
Lysobacter, 3265 
Marinomonas, 3061 
Morganella, 2857 
Nocardiaceae, 1204 
Pectinatus, 1999 
Photobacterium, 2981 
Plesiomonas, 3036 
Promicromonospora, 1337 
Propionibacterium, 845 
Psychrobacter, 3243 
rhizobia, 2200 
Rhodocyclus, 2558 
Serratia, 2836 
Sporolactobacillus, 1773 
Staphylococcus, 1384, 1386-1387 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Vibrio, 2973, 2981, 2995 
Xanthobacter, 2365 
Yersinia, 2894 

Mannose-resistant hemagglutination 
(MRHA), Escherichia coli, 2714 

Mannose-resistant hemagglutinin, 
Serratia, 2829 

Mannose-sensitive hemagglutinin, 
Serratia, 2829 

a-Mannosidase, Renibacterium, 
1314 

Mannosidostreptomycin, 1055 
Manometrie assay, hydrogenase, 

361-362 
Manure 

Aquaspirillum, 2570 
Caryophanon, 1785 
cellulolytic bacteria, 484 
Clostridium, 1808, 1810, 1825, 

1832, 1836-1837 
Desulfotomaculum, 1793, 1796 
green, 3835 
Lactobacillus, 1545 
methanogens, 733 
Paracoccus, 2324 
Proteus, 2852 
Pseudonocardiaceae, 1001, 1004 
Sporosarcina, 1774 
Stella, 2167-2168 
Streptomycetaceae, 933-934, 946-

947 
sulfur bacteria, purple, 3216 
Thermomonosporaceae, 1086, 

1092 
Manure worm, cellulolytic bacteria, 

489 
MAOW agar, Cytophagales, 3645 
Marcescins, Serratia, 2840-2841 
Margarite daisy pathogen, 664 
Marinactan, 3665 
Marinade, Lactobacillus, 1550 

Marine agar 
Alteromonas, 3050 
Cytophaga1es, 3645 
Deleya, 3192 
Marinomonas, 3050 
Photobacterium, 2962 
Vibrio, 2962 
Vibrionaceae, 2948 

Marine basal medium, Beggiatoa, 
3172-3173 

Marine bdellovibrio, 3403, 3406 
Marine broth 

Alteromonas, 3050 
Marinomonas, 3050 
Vibrio, 2976 
Vibrionaceae, 2948 

Marine cations supplement 1558, 
2976 

Marine cations supplement 1559, 
2977 

Marine environment, 86, 102-104 
Achromatium, 3937, 3939 
Actinomycetes, 812 
actinoplanetes, 1034-1035, 1038-

1039 
Aerococcus, 1504 
Aeromonas, 3021 
Alteromonas, 3046-3051 
ammonia-oxidizing bacteria, 

2625-2626, 2629, 2633 
Ancalomicrobium, 2160 
anoxie, 105-107 
Aquaspirillum, 2578 
Archaeoglobus, 707 
Arthrobacter, 1286 
Azotobacteraceae, 3144 
Bdellovibrio, 3403, 3406 
Beggiatoa, 3171-3172,3174, 

3177-3178 
bioluminescent bacteria, 625-635 
cellulolytic bacteria, 480 
Chlorobiaceae, 3584-3585 
Chlorof/exus, 3763 
Chlorof/exus-like organisms, 3756 
Clostridium, 1824, 1829 
co1onization of surfaces, 267 
Corynebacterium, 1158 
cyanobacteria, 2062-2063, 2079, 

2081, 3835 
Cytophagales, 3632, 3634, 3638, 

3640-3642, 3645, 3647, 3651 
Deleya, 3189,3191-3193 
denitrifying bacteria, 558, 560-

562 
dimorphie prosthecate bacteria, 

2180 
Ectothiorhodospira, 3222 
Erythrobacter, 2485 
Flavobacterium, 3622 
Gallionella, 4082 
Halobacteriaceae, 782 
Halomonas, 3182 
Herpetosiphon, 3787, 3791, 3794, 

3800, 3803 
homoacetogens, 1925-1926 
hydrocarbon-oxidizing bacteria, 

446-451 
hydrogen-oxidizing bacteria, 350, 

374 
Leucothrix, 3247, 3251, 3253-

3254 
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manganese-oxidizing bacteria, 
2312 

Marinococcus, 1782 
Marinomonas, 3046-3048,3051 
methanogens, 719, 724, 726, 736, 

739 
methanotrophs, 2351 
methylotrophs, 435, 437, 441-442 
Micrococcus, 1301 
Mycobacterium, 1215-1216 
Nitrobacter, 2302-2303 
nitrogen-fixing bacteria, 535, 538, 

540 
ocean, 88-89 
Oceanospirillum, 3230-3233 
Pelobacter, 3393-3394 
Pelosigma, 4098 
Photobacterium, 2956, 2959, 

2961, 2969, 3001-3005 
phototrophs, 327 
Planctomyces, 3712, 3715 
Planctomycetales, 3711 
Planococcus, 1781 
Prochlorales, 2105 
Propionigenium, 3948-3949 
Prosthecobacter, 2164 
Prosthecomicrobium, 2160 
Psychrobacter, 3242 
psychrophiles, 83 
purple nonsulfur bacteria, 2141-

2144 
Rhodococcus, 1195, 1197 
Roseobacter, 2156 
salinity estimation, 2959-2961 
Saprospira, 3676-3681 
Serratia, 2824 
Siderocapsaceae, 4102 
specimen collection, 2967 
Spirochaeta, 3524, 3526-3527, 

3531 
Sporosarcina, 1774, 1776 
Streptomycetaceae, 927-928, 936-

937, 947-949 
sulfate-reducing bacteria, 3352-

3353, 3362, 3364, 3369, 3373, 
3375 

sulfur bacteria, colorless, 391, 
400-401, 2638-2639, 2642, 
2646, 2649 

sulfur bacteria, purple, 3202, 3206 
syntrophic bacteria, 2049 
Thermococca1es, 702 
Thermoplasma, 712 
Thermoprotea1es, 677, 680 
Thermosipho, 3812 
Thermotogales, 3809-3810 
Thermus, 3745-3747 
Thiospira, 3941 
Thiovulum, 3942 
vibrio, 2939, 2944-2947, 2952-

2954, 2956, 2959-2961, 2966-
2969, 2994-3001 

Xanthobacter, 2367 
Marine Flavobacterium medium, 

3623 
Marine gradient medium, 

Beggiatoa, 3173-3175 
Marine saItern 

Haloanaerobiaceae, 1893 
purple nonsulfur bacteria, 2142 

Marine sediment, 97-98 
Marine semisolid medium 
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Photobacterium, 2976 
Vibrio, 2976 

Marine snow, 270, 629 
Marine vibrio, see Marine 

environment, vibrio 
Marinococcus, 783, 1769, 1782-

1783 
Marinococcus albus, 1780, 1782 
Marinococcus halophilus, 1780, 

1782-1783 
Marinococcus hispanicus, 1780, 

1782-1783 
Marinomonas, 28, 2117, 2119, 

3046-3066, 3190 
Marinomonas communis, 2115, 

2117,2565,3046-3048,3051-
3052, 3057, 3061-3064, 3230-
3231, 3235 

Marinomonas vaga, 2115, 2117, 
3046-3048, 3051-3052, 3057, 
3061-3064, 3230-3231, 3235 

Market men's disease, see 
Tu1aremia 

Marseilles fever, 2413 
Marsh 

cellulolytic bacteria, 460 
Pseudonocardiaceae, 1000 
salt, see Sah marsh 
Spirochaeta, 3524-3526 

Marsupial 
Grahamella, 4001 
Rickettsia, 2408 

Martin-Lewis (ML) medium, 
Neisseria, 2496,2512 

Mary1and flower, Spiroplasma, 1966 
M-associated protein, Streptococcus, 

1460 
Mastigamoeba symbionts, 3856 
Mastigella symbionts, 3855 
Mastigocladus, 99, 538 
Mastigocladus laminosus, 2081 
Mastigocoleus, 3827 
Mastitis 

Actinobacillus, 3343 
Actinomyces, 850-851, 865 
Campylobacter, 3490-3491 
catt1e, 1181, 1375-1376, 2777, 

2827, 3490~3491, 4077 
Chlamydia, 3702 
Corynebacterium, 1181-1182 
Enterobacteriaceae, 2678 
Haemophilus, 3306 
Klebsiella, 2678, 2777 
mycoplasma, 1944 
Nocardia, 1194 
Pseudomonas, 3093 
sheep, 3343 
Staphylococcus, 1374-1376,4077 

Mastoiditis 
Bacillus, 1755 
Klebsiella, 2778 

MAT, see Microseopie agglutination 
test 

Matching coefficient, 131 
Mate-killer phenotype, ciliate, 3867, 

3871, 3874, 3881 
Mating pheromone, 62 
Matrix, methanogens, 739 
Maturation, Planctomyces, 3716 
Maximum parsimony analysis, 8-9 
May disease, Spiroplasma, 1963 
Mayonnaise, Lactobacillus, 1550 

MBA medium, Erysipelothrix, 1637 
MBS broth, Bacillus, 1729 
MCP, see Methyl-accepting 

chemotaxis protein 
MD medium, Bacillus, 1710 
MD1 medium 

Cytophagales, 3651 
Herpetosiphon, 3794 
myxobacteria, 3436-3437, 3442 

MD-Minitek Gram-Positive Set, 
1384 

Mea1 moth, Bacillus, 1712 
Mealworm 

Rickettsiella, 2480 
Wolbachia, 2478 

Meas1es, 1643, 1651 
Meat 

acetic acid bacteria, 2274 
Acinetobacter, 3138 
Bacillus, 1747, 1749, 1752 
Brochothrix, 1617, 1619-1623 
Campylobacter, 3504 
Carnobacterium, 1511, 1573-

1574, 1578 
Clostridium, 1826, 1832 
Deinococcaceae, 3732, 3734 
Enterobacter, 2801 
Enterococcus, 1477 
Erysipelothrix, 1630-1631 
Escherichia coli, 2715-2716 
fermented, 2274 
Flavobacterium, 3622 
Halobacteriaceae, 768-769, 781-

784, 788, 798, 800 
Kurthia, 1655 
Lactobacillus, 1511, 1517, 1551-

1552,1554-1555,1558-1559, 
1567,1572 

Leuconostoc, 1508-1513, 1517, 
1520, 1527 

Listeria, 1598 
Microbacterium, 1364 
Micrococcus, 1308 
Mycobacterium, 1248 
Pediococcus, 1503 
Proteus, 2852 
Providencia, 2855-2856 
Staphylococcus, 1403 
Vibrio, 2998 
Yersinia, 2877 

Meat tenderizer, 501 
Janthinobacterium, 2598 

Mederrhodin, 977 
Mediastinitis, Staphylococcus, 1374 
Medical bacteriology, history, 151 
Medical device 

Enterobacter, 2801 
Legionella, 3294 
Pseudomonas, 3089 

Mediterranean spotted fever, 2408, 
2413, 2417 

Medium, see also specijic media 
assay, 170 
dehydrated, 171 
differen tia ting, 1 78 
dispensing, 1 70 
history, 152-153 
isolation, 170 
liquid, 169-1 70 
pH, 170 
preparation, 170-1 71 
selective, 170 

solid, 169-170 
sterilization, 170-173 
storage, 173 

Medium 1 
Herpetosiphon, 3793 
Leuconostoc, 1516 
methanogens, 725-727 

Medium 2 
Herpetosiphon, 3793 
Leuconostoc, 1516 
methanogens, 726 

Medium 3, methanogens, 726 
Medium 4 PC, Saccharothrix, 1063 
Medium 10, anaerobic Gram-

positive cocci, 1882 
Medium 31 + A, Pirellula, 3719 
Medium 337, dimorphie prosthecate 

bacteria, 21 90 
Medium AO, cyanobacteria, 2065, 

2067 
Medium BG11 

cyanobacteria, 2064-2065, 2067, 
3828 

Prochlorales, 2107 
Medium BM, Bacteroides, 3601 
Medium C-3G, Spiroplasma, 1968 
Medium D: 

cyanobacteria, 2065, 2067 
Thermus, 3745-3746 

Medium D2 
Clavibacter, 1361 
Curtobacterium, 1363 

Medium IM, Isosphaera, 3728 
Medium IMC, Isosphaera, 3728-

3730 
Medium M 13 

Pirellula, 3719 
Verrucomicrobium, 3807-3808 

Medium M 30 + A, Pirellula, 3719 
Medium M 79, 

Promicromonospora, 1335-1336 
Medium MI 

Flavobacterium, 3623 
thermoanaerobic saccharolytic 

bacteria, 1902-1903 
Medium MI + A, Pirellula, 3719 
Medium M9A, Psychrobacter, 3242 
Medium MN, cyanobacteria, 2064, 

2067 
Medium P2, thermoanaerobic 

saccharolytic bacteria, 1903 
Medium P96, Psychrobacter, 3242-

3243 
Medium RC, cyanobacteria, 2065, 

2067 
Medium SMC, Spiroplasma, 1968 
Medium SN, cyanobacteria, 2064-

2065, 2067-2068 
Medium SNAX, cyanobacteria, 

2064-2065, 2067 
Medium SP-4, mycoplasma, 1948 
Medium Z8, cyanobacteria, 2065-

2067 
Mefarol resistance/sensitivity, 

Cytophagales, 3665 
Megalomycin, 1055 
Megamonas, 37, 3596-3597 
Megamonas hypermegas, 3595, 

3597-3598, 3602, 3604 
Megasphaera, 25, 33, 88, 1993-

2003, 2005, 2010, 2014, 2042-
2043 



Megasphaera cerevisiae. 1993-2003 
Megasphaera elsdenii. 834. 1914. 

1997,2000-2001,2006,2010 
Megocalicin, see Myxovirescin 
Melaleuca armilaris. phloem

inhabiting bacteria, 4031 
Melanin 

Alteromonas. 3048, 3057, 3062 
Marinomonas. 3062 
Nocardiopsis. 1152 
Pseudomonas. 3093 
Streptomycetaceae, 965-966 

Melanoid pigment, myxobacteria, 
3448 

Melezitose uti1ization 
Agrobacterium. 666, 2221 
anaerobic Gram-positive cocci, 

1889 
Arthrobacter. 1285 
Bi/tdobacterium. 821 
Brochothrix. 1625 
Cardiobacterium. 3341 
Carnobacterium. 1577 
Klebsiella. 2786-2787 
Lactobacillus. 1564-1565 
Lactococcus. 1485 
Listeria. 1603 
Nocardiopsis. 1152 
Pediococcus. 1505 
Pseudonocardiaceae, 10 13, 10 16 
Serratia. 2837, 2839 
Streptococcus. 1428, 1433 
Streptosporangiaceae, 1133 

Melibiose utilization 
Actinobacillus. 3347 
anaerobic Gram-positive cocci, 

1890 
Bi/tdobacterium. 827 
Brochothrix. 1625 
Buttiauxella. 2926 
Carnobacterium. 1577-1578 
Cedecea. 2926 
Citrobacter. 2748 
Clostridium. 1814, 1868 
Edwardsiella. 2741 
Enterobacter. 2808-2810 
Enterobacteriaceae, 2923 
Enterococcus. 1468 
Escherichia. 2698 
Haemophilus. 3318-3319 
Hajnia. 2818-2819 
Klebsiella. 2785 
Kluyvera. 2926 
Lactobacillus. 1563-1565 
Lactococcus. 1485 
Leuconostoc. 1522-1523 
Pectinatus. 1999 
Pediococcus. 1504 
Photobacterium. 2981 
Plesiomonas. 3036 
Pseudonocardiaceae, 1016 
Saccharothrix. 1064 
Serratia. 2837 
Streptococcus. 1427, 1433, 1435 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Vibrio. 2973, 2981 
Yersinia. 2688, 2864-2865, 2894-

2895 
Meliloti, nitrogen-fixing bacteria, 

541 
Melioidosis, 3078, 3096-3097 

Melittangium. 3421, 3426, 3436, 
3452-3453, 3455, 3471-3472 

Melittangium alboraceum. 3472 
Melittangium boletus. 3455, 3472 
Melittangium gracilipes. 3472 
Melittangium lichenicola. 3458-

3459, 3472 
Melosira epibiont, 2181 
Membrane attack unit, 648 
Membrane culture, Actinomyces. 

881 
Membrane filtration, 172-173 

Escherichia. 2699 
Streptomycetaceae, 943, 947-948 
Treponema. 3547-3549 

Membrane protein, myxobacteria, 
3448-3450 

Membranous layer, Frankia. 1073 
Menaquinone, 135, 1352 

Actinomadura. 1063 
actinoplanetes, 1042-1048 
Agromyces. 1356-1357 
Amycolata. 1063 
Amycolatopsis. 1063 
Arthrobacter. 1291-1294 
Aureobacterium. 1357-1358 
Bacillus. 1666, 1676, 1700, 1707 
Bacteroides. 3595, 3602-3604 
Brevibacterium. 1351 
Brochothrix. 1618, 1620, 1624 
Cellulomonadaceae, 1324 
Cellulomonas. 1325 
Chlorobiaceae, 3588 
Chlorojlexus. 3768-3769 
Clavibacter. 1357, 1359, 1361-

1362 
Clostridium. 1817-1818, 1836 
colorless sulfur bacteria, 398-399 
Corynebacterium. 1158, 1172-

1173 
Curtobacterium. 1356-1357, 

1363-1364 
Cytophagales, 3655, 3659, 3661 
Deinococcaceae, 3736 
Dermatophilus. 1070 
Desu/fotomaculum. 1794 
Ectothiorhodospira. 3225 
Enterococcus. 1471 
Escherichia. 2700 
Eubacterium. 1915 
Fi/ibacter. 1784 
Flavobacterium. 3626 
Frankia. 1069-1070 
Frateuria. 3198 
Geodermatophilus. 1070 
Gordona. 1189 
Halobacteriaceae, 776-777, 788-

797 
halophilic cocci, 1780 
Herpetosiphon. 3799 
Jonesia. 1339 
Kurthia. 1624, 1658 
Lactococcus. 1485, 1489 
Listeria. 1602, 1605, 1624 
Microbacterium. 1355, 1357, 

1364-1365 
Micrococcus. 1303, 1306 
Mycobacterium. 1214-1215, 

1220-1221 
myxobacteria, 3448 
Nocardia. 1189 
Nocardiaceae, 1190, 1201-1202 
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Nocardioides. 1063 
Nocardiopsis. 1063, 1140-1142, 

1147-1150 
Oerskovia. 1333 
Planococcus. 1782 
Porphyromonas. 3610, 3612-3613, 

3615 
Promicromonospora. 1334, 1337 
Propionibacterium. 834 
Pseudonocardiaceae, 997-998, 

1009-1010,1012-1013,1015 
Renibacterium. 1312 
Rhodocyc/us. 2557 
Saccharothrix. 1063, 1066 
Saprospira. 3684 
Sporolactobacillus. 1772 
Sporosarcina. 1778 
Staphylococcus. 1303, 1370, 1382, 

1391 
Streptomycetaceae, 921-922, 953-

954 
Streptosporangiaceae, 1115-1116, 

1126,1129 
sulfate-reducing bacteria, 3367, 

3370, 3373 
sulfidogenic bacteria, 585, 597-

598, 600, 602-603, 605-606 
sulfur-reducing bacteria, 3380 
Thermodesu/fobacterium. 3391 
Thermoleophilum. 3780, 3783 
Thermomonosporaceae, 1086, 

1090, 1096, 1098-1099, 1102 
Thermoproteales, 680 
Thermus. 3747-3749 
Tsukamurella. 1193 
Veillonella. 2037 
Woline/la. 3520-3521 

Meningitis, 151 
Acinetobacter. 3138 
Actinobacillus. 3343 
Actinomyces. 860 
Aeromonas. 3015 
anthrax, 1749 
Bacillus. 1754-1756 
Bruce/la. 2390, 2396 
Campylobacter. 3490 
Cardiobacterium. 3339 
Chromobacterium. 2593 
Citrobacter, 2746-2747 
Corynebacterium. 1182-1183 
Edwardsiella. 2738 
Eikene/la. 2671 
Enterobacter. 2801-2802 
Enterobacteriaceae, 2679 
Erwinia. 2914 
Erysipelothrix. 1633 
Escherichia coli. 642, 2718, 2720 
Flavobacterium. 3622 
Gemella. 1651 
Haemophilus. 642, 3304, 3306-

3307,3309,3312 
Klebsie/la. 2778 
Leuconostoc. 1515 
Listeria. 1595, 1597, 1608 
Micrococcus. 1307 
Neisseria. 2510-2511,2513 
Oerskovia. 1333 
Pasteure/la. 3332 
Plesiomonas. 3031 
Proteus. 2851 
Pseudomonas. 3089-3090 
Serratia. 2828 
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Staphylococcus, 1374 
Streptococcus, 1438, 1452-1453 
Tsukamurella, 1195 
tubereulous, 1257-1258 
Vibrio, 2997 
Weeksella, 3622 
Yersinia, 2870, 2891 

Meningoeneephalitis 
Actinobacillus, 3343 
Actinomyces, 860 
Borrelia, 3563 
Enterobacter, 2802 
Haemophilus, 3305 
Listeria, 1597, 1608 

7-Mereaptoheptanoylthreonine 
phosphate, methanogens, 745-
746 

Mereury resistanee, Pseudomonas, 
3089 

Meromictie lake, Chlorobiaeeae, 
3584 

Merosporangia, 926 
Mesaeonate utilization, 

Comamonas, 2584 
Mesophile, 161 

eyanobaeteria, 2062 
Mesosome, Chloroj/exus, 3762 
Mesquite, Cytophagales, 3663 
Messenger RNA (mRNA), 

myxobaeteria, 3451 
Metabiosis, 276-278 
Metabolie eharaeters, 140-141 
Metabolie eommunication, oral 

baeteria, 2037-2038 
Metabolie diversity, 54-61 
Metabolie flexibility, 333-336 
Metabolie reprogramming, 198-202 
Metabolism, as eeologieal 

determinant, 79-82 
Metabolism inhibition test, 

Spiroplasma, 1974 
Metabolite, bidireetional transfer, 

101-102 
Metaehromatie granule, see 

Polyphosphate granule 
Metaeyanome, 3838-3844 
Metaeyc1oprodigiosin, 956 
Metal rec1amation, see also 

Leaehing 
Halomonas, 3187-3188 
Zoogloea, 3959, 3961-3962 

Metalimnion, 97 
Metallogenium, 100,339,2310, 

2312-2313, 2318-2319, 4082, 
4093-4094,4105,4111 

Metallogenium personatum, 4103-
4104, 4108-4109 

Metalloprotease 
Legionella, 3285 
myxobaeteria, 3467 
Staphylococcus, 1394 

Metallosphaera, 685-686 
Metallosphaera sedula, 685-686, 

689-690, 692-693 
Metallothionen, genetically

engineered, 2725 
Metapolystoma symbionts, 3856 
Methane 

atmospherie, 723 
eommercial produetion, 758 
gas ehromatographie 

measurement, 728 

Methane eyc1e, 431 
Methane monooxygenase 

methanotrophs, 2361 
methylotrophs, 433-434 

Methane produetion, 58 
Archaeoglobus, 710 
hydrogen-oxidizing baeteria, 347 
rumen, 110 

Methane utilization 
Blastobacter, 2174 
Derxia, 2610 
Hyphomicrobium, 2191 
methanotrophs, 2350-2362 
Methylobacterium, 2342-2343, 

2345-2346 
methylotrophs, 431, 433-435 

Methane-oxidizing baeteria, 336, 
414,433-436,441-442,611 

invertebrate symbiosis, 3898-
3899 

Methane-producing reaetor effiuent, 
eolorless sulfur baeteria, 404 

Methanethiol, 336, 437 
"Methanobacillus omelianskii, " 78, 

100-101, 277-279, 3394, 3396 
Methanobaeteriaeeae, 729-734, 

749-750 
Methanobaeteriales, 13-14, 138, 

537,730 
Methanobacterium, 30, 37, 54, 84, 

88, 101, 283, 708, 724, 729-
733, 748, 758 

symbiotie, 3855 
Methanobacterium alcaliphilum, 

731, 733 
Methanobacterium arboriphilus, 14 
Methanobacterium bryantii, 724, 

731-733 
Methanobacterium espanolae, 731, 

733 
Methanobacterium formicicum, 14, 

282, 537, 540, 723-724, 729, 
731-733, 3884-3885 

Methanobacterium ivanovii, 537, 
540, 731, 733 

"Methanobacterium palustre, " 731 
Methanobacterium ruminantium, 

78, 103, 110 
Methanobacterium 

thermoaggregans, 724,731,733 
Methanobacterium 

thermoalcaliphilum, 724, 731, 
733 

Methanobacterium 
thermoautotrophieum, 14, 78, 
81, 83, 103, 166-167, 279, 307, 
537,540, 706, 729, 731-733, 
746, 749-751, 753, 756, 2051 

Methanobacterium 
thermoformicicum, 731, 733 

Methanobacterium uliginosum, 733 
Methanobacterium wolfei, 733 
Methanobrevibacter, 31, 54, 167, 

723, 728-731, 733-734, 758 
Methanobrevibacter arboriphilicus, 

282, 729, 732-733 
Methanobrevibacter ruminantium, 

723, 732-733, 3883 
Methanobrevibacter smithii, 733 
Methanochondroitin, 730, 739 
Methanoeoceaceae, 729-730, 734-

736,750 

Methanoeoeeales, 13-14,537,730 
Methanococcoides, 31, 730, 739 
Methanococcoides euhalobius, 742-

743 
Methanococcoides methylutens, 724, 

737, 742-743 
Methanococcus, 31, 54, 85, 88, 707-

708, 724, 728-730, 734-736, 
748, 2567 

Methanococcus aeolicus, 537, 540, 
735-736 

Methanococcus deltae, 734 
Methanococcus halophilus, 724, 731, 

742-743 
Methanococcus jannaschii, 14, 729, 

734-736, 758 
Methanococcus maripaludis, 537, 

734-736, 750 
Methanococcus 

thermolithotrophicus, 14, 537, 
540, 724, 729, 735-736, 746 

Methanococcus vannielii, 14, 537, 
540, 706, 729, 735-737, 753, 
755-756,3776 

Methanococcus voltae, 14, 537, 540, 
729, 734-736, 753, 756-758 

Methanoeorpuseulaeeae, 730-731, 
739, 741 

Methanocorpusculum, 31, 730-731, 
736, 739, 741, 758 

Methanocorpusculum aggregans, 
739, 741 

Methanocorpusculum bavaricum, 
739, 741 

Methanocorpusculum labreanum, 
724, 739, 741 

Methanocorpusculum parvum, 737, 
739, 741 

Methanocorpusculum sinense, 739, 
741 

Methanoculleus, 730-731,736-737 
Methanoculleus bourgense, 736-737 
Methanoculleus marisnigri, 736-737 
Methanoculleus olentangyi, 736-737 
Methanoculleus thermophilieum, 

736-737 
Methanofuran 

Archaeoglobus, 709 
methanogens, 745-746 
sulfidogenie baeteria, 604 

Methanogen, 12-13, 57-58, 81, 83, 
301-304,461,586,719-759, 
1926-1928 

aeetate-utilizing, 306-308 
bioehemical properties, 745-758 
eharaeteristies, 731-745 
episymbiosis with eiliates, 3865, 

3883-3886 
habitats, 721-723 
halophilie, 1893 
identifieation, 728-731 
isolation, 723-728 
mixed eultures, 10 I 
physiologieal properties, 745-758 
ribosomal RNA, 30-31 
syntrophic baeteria, 2048-2055 
in syntrophic relationships, 276-

295 
Thermoeoccales, 705 

Methanogenesis, 304-307, 746-748 
Methanogenium, 31,54,730-731, 

736-737, 758 



Methanogenium aggregans, 736 
Methanogenium cariaci, 736-738 
"Methanogenium frittonii, " 736-737 
"Methanogenium timinatans, " 736-

737 
Methanogenium organophilum, 

736-737 
Methanogenium tationis, 736-737 
Methanohalobium, 31, 730, 783 
Methanohalobium evestigatum, 

742-743 
Methanohalophilus, 730, 739, 783 
Methanohalophilus mahii, 742-743 
Methanohalophilus oregonense, 

742-743 
Methanohalophilus zhilinae, 737, 

742-743 
Methanol dehydrogenase, 437 

homoacetogens, 528 
methanotrophs, 2358 
methylotroph, 433, 435-436, 2361 
Paracoccus, 2326, 2329-2330 
prokaryote-invertebrate 

symbiosis, 3898 
Xanthobacter, 2377 

Methanol mineral salts medium, 
Methylobacterium, 2344-2345 

Methanol oxidation, 435-436 
Methanol production 

Clostridium, 1836 
Lachnospira, 2031 

Methanol salt medium (MSM), 
Alteromonas, 3050 

Methanol utilization, 2126-2127, 
2350, 2361 

acetic acid bacteria, 2279 
Alteromonas, 3047, 3062 
Bacillus, 1665 
Blastobacter, 2174 
Derxia, 2610 
Desu((otomaculum, 1795 
homoacetogens, 517, 520, 522, 

528, 1930, 1933 
Marinomonas, 3062 
methanogens, 719-720, 722, 729, 

739,742,747-748 
methanotrophs, 2356 
Methylobacterium, 2342-2344, 

2346-2347 
methylotrophs, 431-432, 435-436 
Mycobacterium, 12 I 8, 1224 
Paracoccus, 2321-2322, 2324, 

2328-2329 
purpie nonsulfur bacteria, 2149-

2150 
Rhodocydus, 2558 
Sporomusa, 2015, 20 18-201 9 
sulfate-reducing bacteria, 291, 

3371 
sulfidogenic bacteria, 587, 608 
sulfur bacteria, colorless, 2648 
Xanthobacter, 2372, 2376-2377 

Methanolacinia, 730-731,738-749 
Methanolacinia paynteri, 738-739 
Methanol-nitrate anaerobic 

enrichment, Hyphomicrobium, 
2185 

Methanolobus, 31, 730, 739, 749 
Methanolobus siciliae, 742 
Methanolobus tindarius, 537, 540, 

737, 742-743 
MethanololJUs vulcani, 742 

Methanolomonas, 27, 2359 
Methanolomonas dara, 2359 
Methanolomonas glucoseoxidans, 

2126,2359 
Methanolomonas methylovora, 2359 
Methanomicrobiaceae, 730-73 I, 

736-739,750 
Methanomicrobiales, 537, 730 
Methanomicrobium, 3 I, 54, 730-

731,738-739 
Methanomicrobium mobile, 723, 

732, 737-738 
Methanomonas, 27, 2350, 2352 
Methanomonas methanica, 2350, 

2358 
Methanomonas methanooxidans, 

2350 
Methanomonas methylovora, 2126 
Methanoplanus, 31, 282, 540, 729-

731, 737-738 
Methanoplanus endosymbiosus, 

723-724, 737-738, 3885 
Methanoplanus limicola, 14, 729, 

737-738 
Methanoplasma, 138 
"Methanoplasma etizabethii, " 744-

745 
Methanopterin, Archaeoglobus, 709 
Methanopyrus, 84-85, 707 
Methanosaeta, 31,292, 719, 730-

731, 739, 742-74~ 75~ 758 
Methanosaeta concitii, 724, 743-

744, 754 
Methanosaeta soehngenii, 14, 280, 

306, 724, 729, 737, 743-744 
Methanosaeta strain CALS-l, 744 
Methanosaeta thermoacetophila, 

743-744 
Methanosarcina, 31,54,88, 138, 

283, 7 I 9-720, 722, 724, 728, 
730,739-742,750,758 

Methanosarcina acetivorans, 724, 
737,741-742 

Methanosarcina barkeri, 14, 162, 
167,276-277,280,306,461, 
537, 540, 544, 729, 737-742, 
748-751,1329 

Methanosarcina frisia, 724, 737, 
741-742 

Methanosarcina mazei, 740-742, 
751 

Methanosarcina thermophila, 724, 
737,741-742,748 

Methanosarcina vacuolata, 739, 
741-742 

Methanosarcinaceae, 729-730, 750 
Methanosarcineae, 739-744 
Methanosphaera, 723, 729-730, 734, 

746 
Methanosphaera cuniculi, 724, 734 
Methanosphaera stadtmaniae, 734 
Methanospiri//um, 31, 54, 88, 138, 

708,728,730-731,739-740, 
748, 750, 758 

Methanospirillum hungatei, 14,280, 
282, 293, 729, 737-739, 755, 
758, 205 I, 2055 

Methanothermaceae, 537, 729-730, 
734-735 

Methanothermus, 31, 729-730, 734 
Methanothermus facilis, 537, 540 
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Methanothermus fervidus, 14, 138, 
537, 540, 729, 734-735 

Methanothermus sociabilis, 734-735 
"Methanothrix, " see Methanosaeta 
Methanotroph, 43 I, 433-435 

facultative, 435, 2353, 2361-2362 
obligate, 435, 438, 2350-2362 

5, 10-Methenyl tetrahydrofolate 
cyclohydrolase, homoacetogens, 
524 

Methenyltetrahydromethanopterin 
cyclohydrolase 

Archaeoglobus, 7 I ° 
methanogens, 747 

Methicillin resistance/sensitivity 
Aeromonas, 3028 
Bacillus, 1756 
Carnobacterium, 1577 
Citrobacter, 2750 
Listeria, 1608 
Micrococcus, 1304 
Moraxella, 3279 

Methoxyacetate degradation, 
homoacetogens, 528 

Methoxyethanol utilization 
homoacetogens, 5 I 7, 528, 1933 
Pelobacter, 3394-3395 

Methoxylated aromatic compound 
utilization, homoacetogens, 
520-521, 528-529 

Methoxyphenol degradation, 
Pseudonocardiaceae, 1000 

Methoxyrhodopin glucoside, 
Ectothiorhodospira, 3226 

Methyl coenzyme M, methanogens, 
745-746 

Methyl iso-borneol, 
Streptomycetaceae, 936 

Methyl mercaptan production, 
Pectinatus, 2000 

Methyl mercaptan utilization, 
colorless sulfur bacteria, 405 

Methyl red test 
Aquaspirillum, 2572 
Brochothrix, 1625 
Budvicia, 2932 
Cardiobacterium, 334 I 
Edwardsiella, 2741 
Eikenella, 2670 
Enterobacteriaceae, 2923 
Erysipelothrix, 1635 
Escherichia, 2697-2699, 2722 
Gardnerella, 918 
Hafnia, 2817-2818 
Klebsiella, 2785 
Leminorella, 2932 
Morganella, 2857 
Plesiomonas, 3036 
Pragia, 2932 
Salmonella, 2768 
Shigella, 2754-2755 
Streptobacillus, 4024 
Vibrio, 2955, 2973 

Methyl tetrahydrofolate, 
homoacetogens, 523 

Methyl-accepting chemotaxis 
protein (MCP), 247-250, 254 

Methylamine dehydrogenase 
methylotrophs, 433, 436-437 
Paracoccus, 2330 

Methylamine oxidase, 
methylotrophs, 433, 436-437 
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Methylamine utilization, 336 
methanogens, 720, 722, 739, 742, 

748 
Methylobacterium. 2342-2347 
methylotrophs, 431, 436-437 
Mycobacterium. 1224 
Paracoccus. 2322, 2328 
rhizobia, 2201 

ß-Methylaspartase, Clostridium. 
301-302, 1835 

Methylated sulfur dehydrogenase, 
methylotrophs, 433 

Methylated sulfur oxidase, 
methylotrophs, 433 

Methylated sulfur species 
utilization, methylotrophs, 431, 
437-438 

2-Methylbutyric acid production 
Brochothrix. 1618 
Eubacterium. 1918 
Spirochaeta. 3527, 3529, 3534 

2-Methylbutyric acid utilization 
Clostridium. 1824 
sulfate-reducing bacteria, 3371 
syntrophic bacteria, 2052, 2054 

3-Methylbutyric acid production, 
Clostridium. 1834 

3-Methylbutyric acid utilization 
Desulfotomaculum. 1795 
sulfate-reducing bacteria, 3371 

Methyl-cobalamin, 517 
Methylene blue test, Bacillus. 1759 
Methylene tetrahydrofolate 

dehydrogenase 
Clostridium. 1826 
homoacetogens, 524 

Methylene tetrahydrofolate 
reductase, homoacetogens, 524-
525, 527-528 

2-Methyleneglutarate mutase, 
Clostridium. 1823 

Methylenetetrahydromethanopterin, 
Archaeoglobus. 710 

Methylenetetrahydromethanoptern: 
coenzyme F420 oxidoreductase, 
methanogens,747 

Methylenomycin, 979 
I-O-Methyl-ß-galactoside utilization 

Enterobacter. 2806 
Klebsiella. 2786 

1-0-Methyl-a-galactoside utilization, 
Enterobacter. 2808 

6-0-Methylglucose polysaccharide, 
Mycobacterium. 1225 

3-Methylglucose utilization 
Enterobacter. 2808-2809 
Klebsiella. 2786-2787 

a-Methylglucose utilization 
Enterobacter. 2807 
Photobacterium. 2981 
Vibrio. 2981 

a-Methylglucoside utilization 
Buttiauxella. 2926 
Carnobacterium. 1577-1578 
Enterobacteriaceae, 2924 
Escherichia. 2698 
Kluyvera. 2926 
Listeria. 1603 
Plesiomonas. 3036 
Pseudonocardiaceae, 1012-1013 
rhizobia, 2200 
Saccharothrix. 1064 

Vibrio. 2974 
Yersinia. 2864-2865 

1-0-Methyl-a-glucoside utilization 
Enterobacter. 2808-2809 
Klebsiella. 2786 

1-0-Methyl-ß-glucoside utilization 
Enterobacter. 2806 
Klebsiella. 2785 

N-Methylglutamate dehydrogenase, 
methylotrophs, 437 

N-Methylglutamate synthase, 
methylotrophs, 436-437 

3-Methylitaconate isomerase, 
Clostridium. 1823 

Methylmalonyl-CoA decarboxylase 
Propionigenium. 3948, 3950 
Veillonella. 2034, 2036, 3948 

Methylmalonyl-CoA:pyruvate 
transcarboxylase, sulfidogenic 
bacteria, 607 

3-O-Methylmannose polysaccharide, 
Mycobacterium. 1225 

a-Methylmannoside utilization 
Carnobacterium. 1577 
Listeria. 1602-1604 

Methylobacillus. 432, 435 
Methylobacillus jlagellatum. 439 
Methylobacter. 432-433,2351, 

2356-2358 
Methylobacter capsulatus. 536, 2359 
Methylobacter vinelandii. 2351 
Methylobacterium. 27, 313, 328, 

432, 435-436, 2126, 2128, 
2130, 2330, 2342-2347, 2359-
2360 

Methylobacterium extorquens. 
2342-2343, 2345-2346, 2359 

Methylobacterium jujisawaense. 
2343, 2345 

Methylobacterium mesophilicum. 
2342-2343, 2345 

Methylobacterium organophilum. 
2330, 2342-2343, 2345-2346, 
2359-2362 

Methylobacterium radiotolerans. 
2130, 2343, 2345 

Methylobacterium rhodesianum. 
2343, 2345 

Methylobacterium rhodinum. 93, 
2342-2343, 2345 

Methylobacterium zatmanii. 2343, 
2345 

Methylococcaceae, 2350 
Methylococcus. 28, 84, 90, 336, 

432-433, 2350-2362 
Methylococcus capsulatus. 134,431-

434, 536, 545,2350-2351, 
2355-2361 

Methylococcus luteus. 536 
Methylococcus minimus. 2361 
Methylococcus mobilis. 2361 
Methylococcus thermophilus. 536, 

2351 
Methylococcus ucrainicus. 536 
Methylocystis. 27, 90, 432-433, 

2351, 2356, 2358 
Methylocystis parvus. 536, 2357, 

2359-2360 
Methylomonadaceae, 536 
Methylomonas. 27-28, 90, 432-434, 

2350-2362 
Methylomonas agile. 2359 

Methylomonas alba. 2122,2126, 
2359 

Methylomonas aquaticus. 536 
Methylomonas clara. 2126 
Methylomonas ebruneus. 536 
Methylomonas extorquens. 2377 
Methylomonas methanica. 538, 

2355, 2359-2360 
Methylomonas methanooxidans. 

2358 
Methylomonas rubra. 2359 
Methylophilus. 432, 435, 2359 
Methylophilus methylotrophus. 202, 

439, 2359-2360 
Methylosinus. 27, 88, 432-433, 

2173-2174,2350-2362 
Methylosinus sporium. 536, 2357 
Methylosinus trichosporium. 90, 

213-214,434,536,545,2350, 
2355-2360 

Methylosporovibrio. 2359 
Methylosporovibrio methanica. 2359 
Methylotroph, 68, 156,213-214, 

332, 336, 2350, 2361 
acetic acid bacteria, 2274 
aerobic, 431-442 
autotrophie, 431 
dimorphie prosthecate bacteria, 

2186 
facultative, 431-432, 435-436, 

438,440 
methanogens,742 
obligate, 431-432, 435-436, 438, 

440, 742 
PPFM,2342-2347 
symbiont, 3892, 3900 
Xanthobacter. 2365-2380 

Methylreductase, 305 
methanogens, 728, 745-748, 753 

4-Methylsulfinyl phenol 
degradation, Klebsiella. 2782 

Methyltransferase 
Clostridium. 1836 
homoacetogens, 525-526 

Methyl-trisulfide production, 
Pectinatus. 2000 

4-Methyl-umbelliferone-7 AMC 
substrates, Nocardiaceae, 1204-
1205 

4-Methylvaleric acid production, 
Clostridium. 1834 

ß-Methyl-D-xyloside utilization, 
Saccharothrix. 1064 

Metopus contortus. 3884-3885 
Metopus es. 3886 
Metopus laminarius. 3886 
Metopus striatus. 3884-3885 
Metritis 

Actinobacillus. 3343 
Bacillus. 1749 
horse, 2777, 2779, 3305 
Klebsiella. 2677-2678, 2777, 2779 
Taylorella. 3305 

Metronidazole resistance/sensitivity 
anaerobic Gram-positive cocci, 

1890 
Bifidobacterium. 829 
Borrelia. 3560 
Clostridium. 1867-1868, 1871 
Leptotrichia. 3984 
Mobiluncus. 911, 913 
Propionibacterium. 845 



Spirillum, 2567 
MEX mutant, phytopathogenic 

pseudomonads, 3110 
Mezlocillin resistance/sensiti vity, 

Aeromonas, 3028 
MGA agar, Thermomonosporaceae, 

1095 
MGG medium, Archaeoglobus, 

707-708 
mgl gene, myxobacteria, 3444 
MH medium, Deleya, 3192 
Micavibrio, 3401-3402 
Micazole resistance/sensitivity, 

Clostridium, 1871 
Microaerobic growth, 

Campylobacter, 3503 
Microaerophile, 102 
Microagglutination test 

Brucella, 2396 
Coxiella, 2476 
Legionella, 3288-3289 
rickettsiae, 2436 

Microbacterium, 24, 1284, 1294, 
1320, 1323-1324, 1351-1352, 
1355, 1364-1365 

Microbacterium ammoniaphilum, 
1355 

Microbacterium arborescens, 1355, 
1364-1365 

Microbacterium jlavum, 1355 
Microbacterium imperiale, 1355, 

1364-1365 
Microbacterium lacticum, 1355, 

1364-1365, 1617 
Microbacterium laevaniformans, 

1355,1364-1365 
Microbacterium liquejaciens, 1355 
Microbacterium mesentericum, 1355 
Microbacterium thermosphactum, 

see Brochothrix thermosphacta 
Microbial associations, 100 
Microbia1 ecology, 76 

molecular, 111 
Microbia1 Identification System 

(MIS), Staphylococcus, 1385 
Microbial leaching, see Leaching 
Microbial mat, 98, 167, 400-401 

Chlorojlexus, 3755-3756, 3758, 
3763-3764, 3766 

cyanobacteria, 2061, 2063, 2080-
2081 

Ervthrobacter, 2485, 2488 
Heliothrix, 3757 
inverted, 3756 
Isosphaera, 3728 
methanogens, 724, 742 
"Oscillochloris, " 3756 
sulfur-reducing bacteria, 3382 
Thermomicrobium, 3775 
Thermus, 3746 

Microbispora, 24, 38, 470, 812, 
1085-1107, 1115-1134 

Microbispora aerata, 1126-1128 
Microbispora amethystogenes, 1126-

1127 
Microbispora bispora, 469, 478, 480, 

482, 485, 490, 493-494, 1127, 
1133-1134 

Microbispora chromogenes, 1127 
Microbispora diastatica, 1127 
Microbispora echinospora, see 

Actinomadura echinospora 

Microbispora indica, 1127 
Microbispora karnatakensis, 1123, 

1127 
Microbispora parva, 1126-1127 
Microbispora rosea, 1118-1119, 

1122, 1126-1127, 1131, 1133-
1134 

Microbispora thermodiastatica, 1127 
Microbispora thermorosea, 1127 
Microbispora viridis, see 

Actinomadura viridis 
Microcellobosporia, 925-926 
Micrococcaceae, 5, 1300, 1370, 1450 
Micrococcus, 24, 40, 90, 94, 453, 

1070, 1285, 1300-1308, 1320-
1321, 1323, 1334, 1370-1371, 
1781,3733,3740 

pink, 3738, 3740 
red,3733 
separation from staphylococcus, 

1303-1304 
Micrococcus agilis, 1300, 1302, 

1304-1305, 3732 
Micrococcus cryophilus, 3244 
Micrococcus denitrificans, see 

Paracoccus denitrificans 
Micrococcus glutamicus, see 

Corynebacterium glutamicum 
Micrococcus halobius, 1302, 1304-

1305 
Micrococcus kristinae, 1300, 1303-

1308 
Micrococcus luteus, 91, 1300-1301, 

1304-1308, 1370,3424 
Micrococcus lylae, 1300, 1303-1307 
Micrococcus lysodeikticus, see 

Micrococcus luteus 
Micrococcus melitensis, see Brucella 
"Micrococcus morrhuae," 769, 782 
Micrococcus mucilaginosus, see 

Stomatococcus mucilaginosus 
Micrococcus nishinomiyaensis, 

1300, 1304-1305, 1307 
"Micrococcus radiodurans, " see 

Deinococcus radiodurans 
Micrococcus radioproteolyticus, see 

Deinococcus proteolyticus 
Micrococcus roseus, 1300, 1303-

1307, 3732 
Micrococcus sedentarius, 1300, 

1304-1305, 1307 
Micrococcus varians, 1300-1301, 

1304-1308 
Microcoleus, 26, 2073 
Microcoleus chthonoplastes, 166, 

538, 2081-2083, 3757 
Microculture slide chamber, 

Gallionella, 4085 
Microcyclus, 27, 87, 432, 435, 4097 
Microcyclus aquaticus, see 

Ancylobacter aquaticus 
"Microcyclus eburneus, " see 

Ancylobacter aquaticus 
Microcyclus marinus, 4097 
"Microcyclus polymorphus, " see 

Ancylobacter aquaticus 
Microcyst 

Azotobacteraceae, 3145, 3147, 
3149,3152,3155 

Cytophagales, 3632, 3634-3635, 
3643, 3651-3653, 3657, 3660-
3661 
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Microcystis aeruginosa, 96, 2079, 
3679 

Microcystis firma, 2095 
Microelectrode, 408 
Microelement, 155 
Microellobosporia, 923-924, 970, 

974 
Microfilament, 651 
Microfossil, cyanobacteria, 2081 
Microhabitat, 75-77 
Microimmunofluorescence (MIF) 

test 
Chlamydia, 3705 
Coxiella, 2476 
rickettsiae, 2436-2437 

Micromanipulation, 176, 3721-3722 
Zoogloea, 3957 

Micromonospora, 24, 501, 812, 932, 
935-937, 952, 1029-1055, 1070, 
1117,1149,1334 

Micromonospora aurantiaca, 480, 
500-501 

Micromonospora carbonacae, 953, 
1044 

Micromonospora chalcea, 480, 501, 
1048 

Micromonospora coerulea, 1048 
Micromonospora echinospora, 1044, 

1048, 1055 
Micromonospora halophytica, 1048 
Micromonospora inositola, 480 
Micromonospora inyonensis, 1055 
Micromonospora melanosporea, 

480, 1036 
Micromonospora olivasterospora, 

480, 1048, 1055 
Micromonospora propionici, 479, 

501 
Micromonospora purpurea, 1055 
M icromonospora 

purpureochromogenes, 1048 
Micromonospora rosaria, 1048 
Micromonospora rubra, see 

Microtetraspora rubra 
Micromonospora ruminantium, 479, 

501 
Micromonosporaceae, 1029, 1115, 

1117 
Micronutrient solution, 

cyanobacteria, 2066 
Microplasmodesmata, 233 
Micropolyspora caesia, see 

Saccharomonospora caesia 
Micropolyspora rectivirgula, see 

Saccharopolyspora rectivirgula 
Micropolyspora rubrobrunea, see 

Actinomadura rubrobrunea 
Micropolyspora viridilutea, see 

Excellospora viridilutea 
Micropolyspora viridinigra, see 

Actinomadura rubrobrunea 
Micropredator, myxobacteria, 3420, 

3465 
MicroScan Pos Combo Type 5 

Panel, 1384 
MicroScan RAPID POS ID Panel, 

1384 
Microscilla, 3631-3633, 3651, 3660-

3661 
Microscope, deveJopment of, 149 
Microscopic agglutination test 

(MAT), Leptospira, 3577-3578 
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Microscopic count, 174 
Microscopy 

Leptospira, 3577-3578 
manganese-oxidizing bacteria, 

2317 
Microspira desu!furicans, 4096 
Microspira vacillans, see 

Macromonas mobilis 
Mierospo1yspora, see 

Pseudonocardiaceae 
Microsporidia, 12 
Microsporonin, 1055 
Microtetraspora, 921-924, 1047, 

1085-1107,1115-1134,1140-
1141,1143,1149-1151 

Microtetraspora ajricana, 1087, 
1097,1130,1139 

Microtetraspora angiospora, 1097, 
1130 

Microtetraspora fastidiosa, 1087, 
1097, 1130 

Microtetraspora ferruginea, 1087, 
1097, 1123, 1130 

Microtetraspora flexuosa, 1088, 
1130 

Microtetrasporafusca, 1097, 1122-
1123, 1130 

Microtetraspora glauca, 1097-1098, 
1100, 1117-1118, 1122-1123, 
1130 

Microtetraspora helvata, 1087, 1097, 
1123, 1130 

Microtetraspora niveoalba, 1097, 
1117, 1119, 1122-1123, 1130 

Microtetraspora polychroma, 1087, 
1131 

Microtetraspora pusilla, 1085, 1087, 
1097,1115,1117,1120,1122-
1123, 1129, 1131 

Microtetraspora recticatena, 1087, 
1097, 1131 

Microtetraspora roseola, 1087, 1097, 
1123, 1128 

Microtetraspora roseoviolacea, 1087, 
1097,1117,1123,1131 

Microtetraspora rubra, 1088, 1097, 
1131 

Microtetraspora salmonea, 1087, 
1097, 1123, 1131 

Microtetraspora spadix, 1123 
Microtetraspora spiralis, 1087, 1097, 

1123,1129,1131 
Microtetraspora turkmeniaca, 1087, 

1131 
Microtetraspora viridis, see 

Actinomadura viridis 
Microtubule, myxobacteria, 3443 
Middle wall protein, Bacillus, 1675 
Middlebrook 7H9 medium, 

Mycobacterium, 1249, 1254, 
1277 

Middlebrook 7HIO medium, 
Mycobacterium, 1254 

Middlebrook 7H11 medium, 
Mycobacterium, 1254 

Middlebrook 7H12 medium, 
Mycobacterium, 1255 

Midge, Rickettsiella, 2480 
MIDI Microbial Identification 

System, Clostridium, 1818 
MIF, see Microimmunofluorescence 

assay 

Migration enrichment, Spirochaeta, 
3530-3531, 3533-3534 

Mil agar, Clostridium, 1801-1802 
Milbemycin, 977-978 
Milk 

Acinetobacter, 3138 
Aeromonas, 3012 
Aureobacterium, 1358 
Bacillus, 1752 
bifidus factors, 829 
Brochothrix, 1621 
Brucella, 2384, 2389-2390 
Campylobacter, 3502, 3504 
Clostridium, 1808-1810 
Corynebacterium, 1181 
Cytophagales, 3634 
Escherichia coli, 2715-2716 
Kurthia, 1654, 1656 
Lactobacillus, 1551, 1555, 1568 
Lactococcus, 1483, 1485-1486, 

1492 
Leuconostoc, 1513, 1517-1518 
Listeria, 1598-1599, 1608 
Microbacterium, 1364 
Mycobacterium, 1248 
Rhodococcus, 1196 
Salmonella, 2765 
Serratia, 2827 
Streptobacillus, 4023 
Yersinia, 2866, 2869, 2880 

Milk agar, 1763 
Milky disease 

Bacillus, 1697, 1699-1702 
beetle, 1697 

Millipede 
Oerskovia, 1331 
Streptomycetaceae, 931 

Mimosamycin, 977 
Mine drainage, 86 
Mine wastes, sulfur bacteria, 

co1orless, 2638-2639, 2651 
Mineral base E-N, Arthrobacter, 

1287 
Mineral deposition, 4 
Mineral ferrous bicarbonate 

medium, Gallionella, 4086 
Mineral medium, Pelobacter, 3394 
Mineral salts medium 

Nocardiaceae, 1198 
Phenylobacterium, 2336-2337 
sulfur bacteria, colorless, 2643 
Thermoleophilum, 3781 
Xanthobacter, 2366, 2370-2371 

Mineral salts paraffin agar, 
Nocardiaceae, 1198 

Mineral salts solution, Zoogloea, 
3956-3957 

Mineral spring, Gallionella, 4082 
Mineral-glucose-asparagine agar, 

Thermomonosporaceae, 1093 
Mineralization, 166, 3071 

dimorphie prosthecate bacteria, 
2179 

Serratia, 2824 
Minerals-glucose-asparagine-soil 

extract (MGA-SE) agar, 
Streptosporangiaceae, 1123, 
1125 

Minimal medium 
Bordetella, 2533 
Haemophilus, 3315 
Klebsiella, 2783 

Minitek system 
Carnobacterium, 1578 
Corynebacterium, 1178 
Haemophilus, 3322 
Yersinia, 2894 

Mini-transposon TnJO, 
Haemophilus, 3324 

Mink 
Aeromonas, 3020 
Erysipelothrix, 1630 
Staphylococcus, 1373 

Mite 
Aeromonas, 3020 
collection and examination, 2423 
Erysipelothrix, 1630 
Rickettsia, 2408, 2414-2415, 

2421-2422 
Mitis salivarius agar, Streptococcus, 

1424 
Mitis salvarius sucrose bacitracin 

(MSB) agar, Streptococcus, 1424 
Mitochondria, 11 

evolution, 2324, 3855-3856 
Mitomycin C, 978 
Mitomycin resistance/sensitivity, 

Nocardiaceae, 1202 
Mitsuokella, 37, 3596-3597, 3614 
Mitsuokella dentalis, 3597, 3604 
Mitsuokella multiacidus, 3595, 

3597-3598, 3602, 3604 
Mixed acid mineral salts (MAMS) 

medium, Heliobacteriaceae, 
1988-1989 

Mixed culture, 165-168, 180 
Mixed infection 

anaerobic Gram-positive cocci, 
1880 

Bacillus, 1753-1754 
Eikenella, 2670 
Fusobacterium, 4117 

Mixed substrates, 160 
Mixed-acid fermentation, 56 

Ancalomicrobium, 2160 
Mixotricha symbionts, 3856 
Mixotrophy, 156,335, 340 

cyanobacteria, 2061 
colorless sulfur bacteria, 389, 

393-395 
ML medium, see Martin-Lewis 

medium 
MLD medium, see Malo-Iactic 

differential medium 
MLO, see Mycoplasma-like 

organism 
MLS, See Macrolide-lincosamide

streptogramin resistance/ 
sensitivity 

MLS antibiotics, Staphylococcus, 
1402-1403 

MM10 medium, Veillonella, 2042 
MMB agar, see Modified medium B 

agar 
Mobi agar, Mobiluncus, 907 
Mobilifilum chasei, 3965 
Mobiluncus, 24, 906-914 
Mobiluncus curtisii, 906-908,911-

914 
Mobiluncus mulieris, 906-908, 911-

914 
Model system, cyanobacteria, 2096-

2097 
Moderate halophile, 86, 163 



Modified medium B (MMB) agar 
Ancalomicrobium, 2162-2163 
Prosthecobacter, 2164 
Prosthecomicrobium, 2162-2163 

Modified peptone-succinate-sa1ts 
(MPSS) medium, Spirillum, 
2563-2564, 2566-2568 

Modified Sauton's medium 
Gordona, 1196 
Nocardia, 1196 
Nocardiaceae, 1199 
Rhodococcus, 1197 
Tsukamurella, 1196 

Moeller decarboxy1ase medium, 
Streptococcus, 1458 

Moellerella, 2929 
Moellerella wisconsensis, 2675, 

2923-2924, 2929 
Moist heat sterilization, 172 
Moist incubation technique, 

actinop1anetes isolation, 1041 
Mole, mycoplasma, 1944 
Molecular chronometer, 7-8 
Molecular hydrogen-nitrate system, 

Paracoccus, 2322-2323 
Molecular microbial ecology, 111 
Molecular revolution, 7-9 
Mollicutes, 1937-1952, 1961, 4050 
Mollusk 

spirochetes, large symbiotic, 3965 
Thiobacillus, 2649 

Molybdenum requirement, 
Beijerinckia, 2264 

Molybdenum uptake, 566 
Molybdenum-oxidizing bacteria, 

340 
Molybdopterin, nitrite-oxidizing 

bacteria, 422 
Monas muelleri, see Thiovulum 

majus 
Monensin, 978 
Monensin resistance/sensitivity, 

methanogens, 757 
Monkey 

Actinomyces, 858 
denitrifying bacteria, 560 
Escherichia coli, 2714 
Haemophilus, 3307 
Klebsiella, 2777 
Mycobacterium, 1273-1275, 1277 
Plesiomonas, 3032, 3034 
Simonsiellaceae, 2660 
Treponema, 3539 

Monobactam production, 
Cytophagales, 3665 

Monobenzenoid utilization, 
Clostridium, 1831 

Monoc1onal antibody 
Chlamydia, 3704-3705 
Coxiella, 2476 
Mobiluncus, 907-908 
Mycobacterium, 1278 
Wolinella, 3518 

Monocytes 
Ehrlichia, 2445-2449 
Legionella, 3284, 3296 

Monocytosis-producing activity, 
Listeria, 1609 

Monophenol oxidase, Lysobacter, 
3264 

Monosodium glutamate production, 
1165 

Monument deterioration, ammonia
oxidizing bacteria, 2636 

Moose, Actinomyces, 865 
Moraxella, 28, 64, 453, 564-565, 

2115,2120-2122,2495, 3241-
3242, 3276-3279, 3331-3332, 
3738 

Moraxella (Branhamella) 
catarrhalis, 560, 3241-3242, 
3276-3279 

Moraxella (Branhamella) caviae, 
560, 3276-3277 

Moraxella (Branhamella) cuniculi, 
3276-3277 

Moraxella (Branhamella) ovis, 
3276-3277 

Moraxella (Moraxella) atlantae, 
3276 

Moraxella (Moraxella) bovis, 650, 
3276-3277 

Moraxella (Moraxella) lacunata, 
3276 

Moraxella (Moraxella) 
nonliquefaciens, 3276-3277 

Moraxella (Moraxella) osleonsis, 
3276 

Moraxella (Moraxella) 
phenylpyruvica, 2120, 3244, 
3276 

Moraxella antipestifer, 3331-3332 
Moraxella urethralis, see Oligella 

urethalis 
Moraxellaceae, 2115, 2120 
Moraxella-like organism, see 

Psychrobacter 
Morganella, 2114, 2680-2681, 2684, 

2849, 2856-2858 
Morganella morganii, 2675, 2684, 

2849, 2852, 2856-2858, 2879 
Moroccan tick typhus, 2419 
Morococcus, 564 
Morococcus cerebrosus, 560 
Morphogenesis, myxobacteria, 3420, 

3454-3455, 3462-3464 
Morpholine degradation, 

Mycobacterium, 1217-1218 
Morphology 

assessment, 131-133, 143 
diversity, 48-51 

Morphovar, 128-129 
Morse code form, Actinobacillus, 

3346 
Morula, Ehrlichia, 2447-2448 
Mosquito 

Bacillus, 1713, 1727-1732, 1747 
collection and examination, 2423 
control, 2097 
cyanobacteria, 2097 
Spiroplasma, 1963-1965 
Wolbachia, 2478-2479 

Moss, Methylobacterium, 2344 
Most probable number (MPN) 

method, 175, 353, 407 
Staphylococcus, 1378-1379 

Mot proteins, 242 
Moth 

Microbacterium, 1364 
Wolbachia, 2478 

Mother cell 
Bacillus, 1672 
Coxiella, 2471 

Motile stage, 214-219 
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Motility, 99, 241-246; see also 
Flagella; Gliding moti1ity 

acetic acid bacteria, 2276-2277 
Achromatium, 3938 
Acinetobacter, 3139 
actinoplanetes, 1042, 1047 
Aeromonas, 3014 
ammonia-oxidizing bacteria, 

2630-2633 
Ancalomicrobium, 2164 
Archaeoglobus, 709 
Arthrobacter, 1292 
assessment for taxonomie 

purposes, 131 
Azospirillum, 2239,2241-2242 
Azotobacteraceae, 3145, 3147, 

3150-3151,3153,3155 
Bacillus, 1707, 1759 
BartoneIla, 3998-3999 
Bdellovibrio, 219 
Beijerinckia, 2262-2263 
Blastobacter, 2174 
Bordetella, 2531 
Brochothrix, 1624 
Budvicia, 2932 
Butyrivibrio, 2027 
Campylobacter, 3488, 3495-3496, 

3501-3502 
Cardiobacterium, 3341 
Carnobacterium, 1577, 1624 
Caryophanon, 1787 
Cellulomonadaceae, 1324 
Chlorobiaceae, 3586 
Chloroflexus, 3758, 3762 
Clostridium, 1800, 1814, 1831 
Comamonas, 2585 
cyanobacteria, 2061 
Deleya, 3194 
Dermatophilus, 1070 
Derxia, 2608-2609 
Desulfotomaculum, 1794 
dimorphie prosthecate bacteria, 

2176-2177 
diversity, 62-65 
Edwardsiella, 2740 
Eikenella, 2670 
Enterobacter, 2806, 2809 
Enterobacteriaceae, 2676, 2923 
Enterococcus, 1465, 1467-1468 
Erwinia, 668 
Erysipelothrix, 1624. 1635, 1637 
Erythrobacter, 2486, 2488 
Escherichia, 2696, 2698, 2931 
Frankia, 1070 
Frateuria, 3198 
function, 62 
Geodermatophilus, 1070 
Hafnia, 2683, 2817, 2931 
Ha1obacteriaceae, 788 
Halomonas, 3181 
halophilic cocci, 1780 
Heliobacteriaceae, 1984, 1990 
Heliothrix, 3763-3764 
Herbaspirillum, 2243 
homoacetogens, 1929, 1931 
hydrogen-oxidizing bacteria, 364 
Isosphaera, 3724, 3728 
Janthinobacterium, 2596 
Kurthia, 1624, 1658 
Legionella, 3282, 3291 
Leminorella, 2932 
Leptospira, 3569-3570, 3577 
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Leptothrix, 2614, 2620, 2622 
Leucothrix, 3247, 3253, 3255 
Listeria, 1601 -1602, 1624 
Lysobacter, 3256-3258, 3261-

3262, 3264, 3267 
Macromonas, 3939-3940 
mechanics, 241-246 
methanogens, 734, 757-758 
Mobiluncus, 908 
Morganella, 2857 
mycoplasma, 1937 
Nocardiopsis, 1140 
Obesumbacterium, 2931 
Oceanospirillum, 3230 
Oerskovia, 1330, 1332 
"Oscillochloris, " 3763 
phloem-inhabiting bacteria, 4042 
Photobacterium, 2979, 3001 
phototrophs, 323 
phytopathogenic pseudomonads, 

3118 
Planctomycetales, 3710 
plant pathogenic coryneforms, 

667 
Plesiomonas, 3036 
Pragia, 2932 
Prosthecomicrobium, 2164 
Pseudomonas, 3092-3093, 3095 
purple nonsulfur bacteria, 2145 
Rhodocyclus, 2557 
Roseburia, 2024, 2029 
Roseobacter, 2157 
Salmonella, 2762, 2767-2768 
Seliberia, 2490 
Serpens, 3238 
Serratia, 2836 
Shigella, 2756 
Simonsiellaceae, 2658-2659, 

2662, 2664 
Spirochaeta, 3528-3530 
spirochete, 64 
Spiroplasma, 1972, 1974 
Sporolactobacillus, 1772 
Sporomusa, 2018 
Sporosarcina, 1774, 1777 
Succinimonas, 3980 
Succinivibrio, 3981 
sulfate-reducing bacteria, 3367, 

3370 
sulfur bacteria, colorless, 2639-

2640, 2652 
sulfur bacteria, purple, 3205, 

3207-3209 
sulfur-reducing bacteria, 3380, 

3387-3388 
surface-dependent, 244-246 
Thermoproteales, 679 
Thiovulum, 3942 
Treponema, 3539, 3541-3542 
Vibrio, 2973, 2979, 2986 
Wolinella, 3512, 3516 
Yersinia, 2865 
Yokenella, 2935 
Zymomonas, 2290 

Mouse 
Actinomyces, 866 
Borrelia, 3562 
Chlamydia, 3692, 3698 
Citrobacter, 2747 
Coxiella, 2473-2474 
Erysipelothrix, 1630 
isolation of rickettsiae in, 2429 

Lactobacillus, 1541-1542 
Mycobacterium leprae, 1274-1277 
Rickettsia, 2410, 2412, 2414-

2415,2417 
Mouse embryo cell line, isolation of 

Rickettsia tsutsugamushi, 2430 
Mouse L929 cells, isolation of 

rickettsiae in, 2430-2431 
Mouse protection test, 

Erysipelothrix, 1637-1638 
Mouse toxin neutralization test, 

rickettsiae, 2433 
Mouse typhoid, 642, 648, 651 
Mouse-lethality toxin, 644 
Mouth, see Oral cavity 
Moxalactam resistance/sensitivity 

Brucella, 2396 
Citrobacter, 2747 
Eikenella, 2671 
Enterobacter, 2804 
Serratia, 2831 

MPN method, see Most probable 
number method 

MPSS medium, see Modified 
peptone-succinate salts medium 

mrDNA, myxobacteria, 3450 
MRHA, see Mannose resistance 

hemagglutination 
MRS agar 

Carnobacterium, 1575-1576 
Lactobacillus, 1554-1555, 1557 
Leuconostoc, 1516-1520 
Pediococcus, 1503 
Sporolactobacillus, 1771 

MSI agar, 3639 
Saprospira, 3679 

MS4 agar, 3639 
MS-BAA medium, dimorphic 

prosthecate bacteria, 2190 
msDNA 

Cytophagales, 3656 
myxobacteria, 3450-3451 

msdRNA, myxobacteria, 3450-3451 
MSFA agar, see Mannitol-sorbitol-

fuchsin-azide agar 
MSM, see Methanol salt medium 
MTM medium, Neisseria, 2496 
mtr gene, Bacillus, 1683 
Mucate utilization 

Edwardsiella, 2741 
Enterobacter, 2808 
Enterobacteriaceae, 2924 
Escherichia, 2698 
Hajnia, 2818 
Klebsiella, 2786-2787 
Plesiomonas, 3036 
Pseudonocardiaceae, 1016 
rhizobia, 2200 
Salmonella, 2768 
Shigella, 2756 
Vibrio, 2974 
Yersinia, 2688 

Mucociliary elevator, 643 
Muconate cycloisomerase, 

Alcaligenes, 2551 
Muconic acid utilization, 

Comamonas, 2584 
Mucosa, Roseburia, 2024, 2026 
Mucous membrane 

Actinomyces, 850 
Eikenella, 2668 
Fusobacterium, 4114-4122 

Gemella, 1644 
Pasteurella, 3331 
Staphylococcus, 1381-1382 
Streptococcus, 1422, 1450 

Mud 
Achromatium, 3937-3939 
actinoplanetes, 1034, 1037 
Aquaspirillum, 2575, 2578 
Caulococcus, 4093 
cellulolytic bacteria, 460 
Chlorobiaceae, 3583, 3585 
Clostridium, 1811-1812 
Fusobacterium, 4116 
homoacetogens, 518 
hydrogen-oxidizing bacteria, 371, 

373-374 
Kusnezovia, 4093 
methanogens, 724, 736 
Saprospira, 3678 
Streptomycetaceae, 936 
sulfidogenic bacteria, 584 
Sulfolobales, 685-686 
Thermoleophilum, 3780 
Thiospira, 3941 

Mueller-Hinton agar 
Campylobacter, 3497 
Eikenella, 2668 
Gemella, 1646-1647 
Haemophilus, 3314 
Micrococcus, 1304 
Renibacterium, 1314 
Staphylococcus, 1303 
Vibrio, 2983 

MUG test, Escherichia coli, 2699 
Mulberry, leaf scorch disease, 4030 
Mulder and van Veen medium, 

Leptothrix, 2618 
Multicellular filamentous green 

bacteria, 3754 
Multicellular state, 223-224 
Multilocus enzyme electrophoresis 

(MEE) 
Haemophilus, 3308 
Legionella, 3293-3294 
Listeria, 1605 
Streptococcus, 1425-1426 

Multiple antibiotic resistance, 
Listeria, 1609 

Multiple fission, 65-66 
cyanobacteria, 234-238, 2059, 

2071-2072 
Multiple substrate limitation, 180 
Multiple substrate utilization 

technique, 89 
Mum pathogen, 667 
Muramic acid, see Peptidoglycan 
Münz paraffin agar, Nocardiaceae, 

1198 
Muracein, 1020 
Muralytic enzyme, L-form 

induction, 4070 
Muramidase, myxobacteria, 3466 
Murein 

diversity, 54 
structure, 752 

Murein-hydrolase, L-forms, 4076 
Murine toxin, Yersinia pestis, 2890, 

2895 
Murinetyphus, 2407-2410, 2440 
"Murraya, " 1596 
Mushroom disease, phytopathogenic 

pseudomonads, 3118 



Mushroom worker's lung, 934, 
1001, 1092 

Mussei 
Aquaspirillum, 2574 
Oceanospirillum, 3230, 3233 
spirochetes, large symbiotic, 3965 
symbionts, 3891-3903 

Mustard, Spiroplasma, 1967 
Mutagenesis, 199 

myxobacteria, 3440 
Zymomonas, 2293-2294 

Mutan production, Streptococcus, 
1436 

Mutano1ysin sensitivity, 
Propionibacterium, 837 

Mutant 
myxobacteria, 3440-3441 
Paraccoccus, 2329-2330 
phytopathogenic pseudomonads, 

3111 
rhizobia, 2209 
selective isolation, 180-181 
Zymomonas, 2293-2294 

Mutation, 197 
transposon-induced, 641 

Mutua1ism, 100, 164-166 
Rickettsia1es,2401-2405 

Mycelium, 51 
Actinomyces, 874 
Actinomycetes, 811-813 
Actinop1anetes, 216, 1029-1035, 

1045-1048 
Agromyces, 1356-1357 
Cellulomonadaceae, 1324 
Cellulomonas, 1325 
Frankia, 1073 
Jonesia, 1339 
Nocardiopsis, 1144, 1146, 1150, 

1152 
Oerskovia, 1330, 1332 
Promicromonospora, 1336-1337 
Pseudonocardiaceae, 998, 1007, 

1010-1014 
Saccharothrix, 1061-1062, 1064-

1065 
Streptomyces, 227-228 
Streptomycetaceae, 923-929, 950-

951, 954-95~ 958-96~ 96~ 
973 

Streptosporangiaceae, 1115-1116, 
1118-1122, 1124, 1127-1132 

Thermomonosporaceae, 1085-
1086, 1094, 110 1, 1103 

Mycetes, 811 
Mycetocyte, 3907-3908 
Mycetoma, 4077-4078 

actinomycete, 1089-1092, 1194 
Streptomycetaceae, 940-941 

Mycetome, 2402, 3907 
Tsukamurella, 1193 

Mycobacillin, 1688 
Mycobacteria, 2379 

L-forms, 4078 
Mycobacteriaceae, 5, 1117, 1157, 

1214, 1227, 1238 
Mycobacteriosis, 1243-1248 

AIDS and, 1244-1246 
Mycobacterium, 24, 90, 94, 136-

137,351,364,375-376,432-
433,435,453,653, 811, 814, 
1070, 1117, 1157, 1160, 1178, 
1188, 1190, 1201-1202 

atypical, 1214 
digestion-decontamination of 

specimen, 1252-1253 
medica1, 1238-1261 
nonmedica1, 1214-1232 
photochromogens, 1238, 1243, 

1261 
rapid growers, 1214-1215, 1219-

1220, 1222-1224, 1227-1229, 
1238, 1243, 1247-1248, 1258 

scotochromogens, 1238, 1243, 
1261 

slow growers, 1214-1215, 1220, 
1227-1229, 1238, 1243, 1258 

"Mycobacterium 
acetamidolyticum, " 1219-1223 

Mycobacterium africanum, 178, 
1215-1216,1228,1238-1242, 
1248, 1261 

Mycobacterium agri, 1215-1216, 
1219,1223 

Mycobacterium aichense, 1215, 
1219,1223 

Mycobacterium asiaticum, 1215-
1216, 1238, 1245 

Mycobacterium aurum, 1215-1216, 
1218-1219,1221-1223,1230 

Mycobacterium austroafricanum, 
1215,1219,1221,1223 

Mycobacterium avium, 1192, 1215-
1216, 1226, 1228-1229, 1238-
123~ 1243-124~ 1255, 1257-
1258, 1260, 1271 

Mycobacterium avium complex 
(MAC), 1242-1246, 1248-1250, 
1258-1259 

Mycobacterium avium
intracellulare-scrofulaceum 
(MAIS), 814 

Mycobacterium bovis, 178, 1215-
1216, 1218, 1228-1231, 1238-
1242, 1248, 1260-1261 

Mycobacterium chelonae, 1192, 
1215-1216,1219,1223-1224, 
1228, 1238, 1243, 1245, 1247-
1248, 1258 

Mycobacterium chitae, 1215, 1219, 
1222, 1227-1228 

Mycobacterium chubuense, 1215, 
1219,1223 

Mycobacterium diernhoferi, 1215, 
1219, 1221-1223 

Mycobacterium duva/ii, 1215, 1219, 
1223 

Mycobacterium fallax, 1215, 1219, 
1222-1223 

Mycobacterium farcinogenes, 1215-
1216, 1238 

Mycobacterium j/avescens, 1215, 
1219-1220, 1223-1224, 1245, 
1261 

"Mycobacterium j/avum, " see 
Xanthobacter j/avus 

Mycobacterium fortuitum, 375, 
1192,1215-1219,1221-1224, 
1229, 1231, 1238, 1243, 1245, 
1247-1248, 1258 

Mycobacterium gadium, 1215, 1219, 
1223 

Mycobacterium gastri, 1215-1216, 
1224, 1228, 1259-1260 
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Mycobacterium gilvum, 1215, 1219, 
1222-1223 

Mycobacterium globerulum, 956 
Mycobacterium gordonae, 363-364, 

375,1215-1216,1245-1246, 
1248, 1259, 1261 

Mycobacterium haemophilum, 
1215-1216, 1218, 1238, 1260 

Mycobacterium intracellulare, 1215-
1216, 1228-1229, 1238, 1243-
1246, 1257-1258, 1260 

Mycobacterium kansasii, 1215-
1216, 1228, 1238, 1243, 1245-
1246, 1248, 1259, 1261 

Mycobacterium komossense, 1192, 
1215, 1219, 1223-1224 

Mycobacterium leprae, 178, 1192, 
1215-1216,1218,1228,1230, 
1238, 1271-1279 

Mycobacterium lepramurium, 1215, 
1238-1239, 1276 

Mycobacterium malmoense, 1215-
1216, 1238, 1245, 1258-1260 

Mycobacterium marinum, 1215-
1216, 1224, 1238, 1246-1247, 
1253, 1259, 1261, 1276 

Mycobacterium microti, 1215-1216, 
1218, 1228, 1238-1242 

Mycobacterium moriokaense, 1215, 
1217, 1219, 1223 

Mycobacterium neoaurum, 1215, 
1219,1221,1223,1227,1231 

Mycobacterium nonchromogenicum, 
1215-1216 

Mycobacterium obuense, 1215, 
1219,1223 

Mycobacterium opacum, see 
Nocardia opaca 

"Mycobacterium paraffinicum," 
1225 

Mycobacterium parafortuitum, 
1215,1219,1221,1223,1226, 
1231 

Mycobacterium paratuberculosis, 
178,1215-1216,1218,1228, 
1238-1239, 1247-1248 

"Mycobacterium perigrinum, " 1228 
Mycobacterium phlei, 956, 1192, 

1215,1218-1219,1222-1223, 
1229, 1271, 1277 

Mycobacterium porcinum, 1215, 
1219,1223,1238 

Mycobacterium poriferae, 1215, 
1219,1223 

Mycobacterium pulveris, 1215, 1219, 
1223 

Mycobacterium rhodesiae, 1215, 
1219,1223 

Mycobacterium scrofulaceum, 1215-
1216, 1228-1229, 1238, 1243-
1245, 1248-1249, 1259, 1261 

Mycobacterium senegalense, 1215-
1216,1219,1223,1238 

Mycobacterium shimoidei, 1215-
1216, 1238 

Mycobacterium simiae, 1215-1216, 
1228, 1238, 1258-1261 

Mycobacterium smegmatis, 1215-
1216,1219,1222-1226,1228-
1230, 1245, 1247-1248, 1258, 
1271, 1277 
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Mycobacterium sphagni, 1215, 
1219,1223 

Mycobacterium szulgai, 1215-1216, 
1238, 1245, 1261 

Mycobacterium terrae, 1215-1216 
Mycobacterium terrae comp1ex, 

1248, 1259-1260 
Mycobacterium thermoresistibile. 

1215, 1219-1223, 1248 
Mycobacterium tokaiense. 1215, 

1219, 1223 
Mycobacterium triviale. 1215-1216, 

1222, 1228 
Mycobacterium tuberculosis. 178, 

653, 1192, 1215-1216,1228-
1231, 1238-1242, 1245, 1248, 
1255-1261, 1271, 1273, 1277 

Mycobacterium ulcerans. 1215-
1216, 1238, 1253, 1276 

Mycobacterium vaccae. 1215, 1223-
1225, 1228, 1271, 1277 

Mycobacterium xenopi. 1215-1216, 
1238, 1246, 1254, 1259-1261 

Mycobactin, 1218, 1223-1224, 1227 
Myco1ic acid, 136-137, 1352 

Actinomyces. 883 
actinoplanetes, 1044 
Corynebacterium. 1157-1161, 

1172-1173,1200 
Gordona. 1189 
HPLC,1200 
identification, 1256 
Listeria. 1605 
Mycobacterium, 1214-1215, 

1220-1223, 1226-1227, 1256, 
1259, 1277 

Nocardia. 1188, 1200 
Nocardiaceae, 1188, 1190, 1199-

1201 
Nocardiopsis. 1141-1142 
pyro1ysis gas chromatography, 

1200 
Rhodococcus. 1200 
thin-Iayer chromatography, 1199-

1200 
Tsukamurella. 1193 

Mycoplana. 27,2127,2342 
Mycoplana bullata. 536, 539 
Mycoplana dimorpha. 536, 539 
Mycoplana rubra. 2342-2344 
Mycoplanecin, 1054 
Mycop1asma, 11, 15-16,25, 1937-

1952, 1962, 3994, 4060 
plant surfaces, 4054-4055 

Mycoplasma alvi. 1939 
Mycoplasma broth, Wolinella. 3514, 

3516 
Mycoplasma capricolum. 1942, 

4062 
Mycoplasma gallisepticum. 1937, 

1939,1942, 1946, 1950-1951 
Mycoplasma genitalium. 1937, 

1939, 1946-1948, 1950-1951 
Mycoplasma hominis. 1472, 1941, 

1944-1945,1949-1950,1952 
Mycoplasma hyopneumoniae. 1942 
Mycoplasma hyorhinis. 1941 
Mycoplasma melaleucae. 4054-4055 
Mycoplasma mobile. 1937-1940, 

1948 
Mycoplasma mycoides. 1941-1943, 

1945-1946 

Mycoplasma pirum, 1950-1951 
Mycoplasma pneumoniae, 1937-

1948, 1950-1952 
Mycoplasma pulmonis, 1937, 1939, 

1941-1942 
Mycoplasma sualvi. 1939, 1945 
Mycoplasma synoviae. 1946-1947, 

1950-1951 
Mycoplasma-like organism (MLO), 

1938,1947,1967,4050-4063 
extrachromosomal DNA, 4061 
fastidious bacteria of plant 

vascular tissue, 4030-4044 
genetic characterization, 4058-

4061 
microscopy, 4055 
monoclonal antibodies against, 

4058 
purification from infected hosts, 

4055-4056 
relationship to other prokaryotes, 

4061-4063 
serological detection, 4056-4057 

Mycoplasmataceae, 54, 1938 
Mycoplasmatales, 25, 1938, 1961, 

4023 
Mycostatin resistance/sensitivity, 

Erythrobacter. 2488 
MYNG medium, Kurthia. 1657 
Myocardial abscess, Erysipelothrix. 

1633 
Myocarditis 

Borrelia. 3563 
Staphylococcus. 1374 
Yersinia. 2870 

Myositis, Aeromonas. 3015 
MYP medium, see Mannitol-egg 

yolk-polymyxin medium 
MYPGP medium, Bacillus. 1698, 

1703, 1707 
MYPT medium, Bacillus. 1703 
Myrtea spinifera symbionts, 3900 
Mytilid symbionts, 3892 
MYX agar 

Cytophaga1es, 3644, 3646-3647 
Lysobacter. 3258 
myxobacteria, 3430 

Myxalamid, 3475 
Myxaline, 3446, 3474 
Myxin, Lysobacter. 3256, 3263-

3264, 3267-3268 
Myxobacterales, see Myxococcales 
Myxobacteria, 51, 67-68, 224-227, 

2134, 3256, 3416-3420, 3638 
behavior, 255 
characterization, 3442-3467 
cultivation, 3431-3441 
habitat, 3420-3422 
identification key, 3469-3473 
isolation, 3422-3431 
preservation, 3441-3442 
purification, 3426-3431 
taxonomy and identification, 

3467-3469 
Myxobacteriae, 5 
Myxobacton, 3447 
Myxochelin, 3475 
Myxocoagulase, 3466 
Myxococcaceae, 29, 3469 
Myxococcales, 3468 
Myxococcus. 29, 68, 90, 585, 3352, 

3402, 3417, 3426, 3431-3432, 

3435-3436, 3450, 3453-3460, 
3463-3466, 3469, 3471 

Myxococcus flavescens, 3476 
Myxococcus fulvus. 50, 70, 226, 

2134,3421-3422,3433,3435, 
3440, 3442-3448, 3451-3452, 
3456-3457, 3464, 3466, 3469 

Myxococcus stipitatus. 70,3421, 
3425, 3447-3448, 3456-3457, 
3467, 3469 

Myxococcus sulvus. 3440 
Myxococcus virescens. 3421-3422, 

3439-3440, 3442, 3444-3445, 
3448, 3451, 3466, 3469, 3475 

Myxococcus xanthus. 68, 71, 224-
227,2134, 3366, 3416-3421, 
3432-3462, 3465-3469, 3473-
3476 

Myxophyceae, 6 
Myxophyta, 5 
Myxosarcina. 26, 238, 538, 2071-

2072 
Myxosidin, Lysobacter. 3256, 3268 
Myxospore, 68, 71, 90, 224-227, 

3416-3419, 3428-3429, 3432, 
3441-3442, 3449, 3454-3465 

germination, 3464 
induction, 3464 

Myxothiazo1, 3475 
Myxotricha symbionts, 3857-3858 
Myxovirescin, 3439, 3475 
Myxovirus, 3437 

N 

NAD production, Corynebacterium. 
1167 

NAD requirement, Haemophilus. 
3304-3313, 3316-3321 

NADase, Streptococcus. 1459 
NADH dehydrogenase 

Paracoccus denitrificans. 2326 
Sulfolobales, 694 
Thermus. 3748 

NADH oxidase 
Chloroflexus. 3769 
Enterococcus. 1468-1469 
Gemella. 1649 
Lactobacillus. 1562 
myxobacteria, 3465 
Staphylococcus. 1391 
Thermoleophilum. 3784 

NADH peroxidase 
Bacillus. 1704, 1710 
Enterococcus. 1469 
Lactobacillus. 1562 

NADH quinone oxidoreductase, 
Halomonas. 3187 

NADH reductase, methanogens, 
745 

NADH-ferredoxin oxidoreductase 
anaerobes, 303 
Clostridium. 1822, 1828, 1830, 

1838 
NADP reductase 

Clostridium. 1834 
methanogens, 745 

NADP-ferredoxin oxidoreductase, 
Clostridium. 1822, 1824, 1828, 
1838 

NADP-glycohydrolase, 
Streptomyces. 813 



NADPH oxidase, Thermoleophilum, 
3784 

Naegleria, Legionella, 3296 
NafciJIin resistance/sensitivity, 

Moraxella, 3279 
NAG, see Nonagglutinating vibrio 
Naladixic acid resistance/sensitivity, 

Pseudonocardiaceae, 1010 
NALC method, digestion

decontamination, 1252-1253 
Nalidixic acid resistance/sensitivity 

aphid symbiont, 3908 
Bifidobacterium, 823, 829 
Brochothrix, 1625 
Butyrivibrio, 2026, 2028 
Campylobacter, 3492-3496, 3499 
Carnobacterium, 1577 
Caryophanon, 1788 
Citrobacter, 2749 
Clostridium, 1867-1868 
Corynebacterium, 1174 
Edwardsiella, 2741 
Enterobacter, 2804 
Erythrobacter, 2488 
Hajnia, 2820 
Klebsiella, 2780 
Methylobacterium, 2346 
Mobiluncus, 911 
Roseburia, 2026 
Serratia, 2830 
Shigella, 2758 
Streptobacillus, 4023 
Vibrio, 2984 
Zymomonas, 2294 

Nalidixie-aeid-resistant thermophilie 
eampylobaeter (NARTC), 3490 

NANAT medium 
Noeardiaeeae, 1198 
Rhodococcus, 1197 

Nannoehelin, 3476 
Nannocystis, 29, 3424-3426, 3435-

3436, 3440-3441, 3445, 3447-
3448, 3453, 3455-3456, 3467-
3468,3471,3473 

Nannocystis exedens, 50, 134, 2134, 
3418-3419,3421, 3445-3448, 
3458-3459, 3473-3474 

Nap, myeoplasma, 1939 
NAP test, Mycobacterium, 1256-

1261 
Naphthalene mineral salts medium, 

hydroearbon-oxidizing bacteria, 
17.06-17.07 

Naphthalene utilization 
Comamonas, 2584 
hydroearbon-oxidizing bacteria, 

453 
Pseudomonas, 3089 

Naphthoquinone antibiotie 
produetion, 
Thermomonosporaeeae, 1106 

1,4-Naphthoquinone utilization, 
sulfate-redueing baeteria, 3369, 
3371 

2-Naphthylphosphate hydrolysis, 
Flavobacterium, 3625 

nar genes, 554, 566, 569 
Nargenisin A, 1020 
NARTC, see Nalidixie-acid-resistant 

thermophilie campylobaeter 
nas genes, 569 
Nasal infeetion, Proteus, 2851 

Nasopharynx 
Bacteroides, 3598 
denitrifying baeteria, 560 
Haemophilus, 3306 
Neisseria, 2509-2510,2513 
normal flora, 109 
Streptobacillus, 4023 

Nata, acetie aeid bacteria, 2272-
2273 

Natronobacterium, 31, 768-801 
Natronobacterium gregoryi, 772, 

776,796 
Natronobacterium magadii, 772, 

796 
Natronobacterium pharaonis, 772, 

782, 797 
Natronococcus, 31, 768-801 
Natronococcus occultus, 772, 797 
Naumanniella, 4027-4028 
Naumanniella catenata, 4103 
Naumanniella elliptica, 4103 
Naumanniella minor, 4103 
Naumanniella neustonica, 4105, 

4108,4111 
Naumanniella polymorpha, 4102, 

4104-4105,4108,4110-4111 
Naumanniella pygmaea, 4103 
NBB medium, Lactobacillus, 1557 
NBY medium, Clavibacter, 1360, 

1362 
ND medium, Chlorof/exus, 3760 
ndv genes, Rhizobium, 2219 
Neeridium, Herpetosiphon, 3786-

3787, 3795-3796 
Necrobacillosis, 4116-4117 
Necrobacterium, 4114 
Necromonas achromogenes, see 

Aeromonas salmonicida 
Necromonas salmonicida, see 

Aeromonas salmonicida 
N eerosis elicitor, 3113 
Neerotic disease 

Erwinia, 668, 2682 
plant, 659 
Pseudomonadaceae, 669 

Neerotie enteritis, Clostridium 
perjringens, 1875 

Neerotic lesion, phytopathogenic 
pseudomonads, 3104 

Necrotizing enterocolitis, 
Clostridium difficile, 1871 

Necrotizing fasciitis, Bacillus, 1753-
1754 

Necrotizing jejunitis, see Necrotie 
enteritis 

N ecrotizing pleuropneumonia 
Actinobacillus, 3342 
swine, 3342 

Neisser's stain, Corynebacterium, 
1176-1177 

Neisseria, 28, 33, 64, 564-565, 650, 
2035, 2038, 2120, 2123, 2495-
2517 

L-forms, 4068, 4070, 4072-4073 
Neisseria animalis, 560,2497,2511 
Neisseria canis, 2497, 2499, 2505, 

2511 
Neisseria catarrhalis, see Moraxella 

(Branhamella) catarrhalis 
Neisseria caviae, 212, 2495, 2497, 

2511 
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Neisseria cinerea, 560, 2495-2500, 
2505,2510-2511,2514-2516 

Neisseria cuniculi, 2122, 2495, 2497, 
2505, 2511 

Neisseria denitrificans, 560, 2497, 
2505 

Neisseria elongata, 560, 2495-2497, 
2505-2506, 2514 

Neisseria f/ava, 2503-2504, 2507 
Neisseria f/avescens, 560, 565, 2496-

2499,2505,2510 
Neisseria gonorrhoeae, 560, 650, 

2122, 2360, 2495-2500, 2502-
2517,2534,2562 

AHU strains, 2516 
L-forms, 4073-4074, 4076-4077 
PA(C)U strains, 2516 

Neisseria haemolysans, see Gemella 
haemolysans 

Neisseria kochii, 2496-2497 
Neisseria lactamica, 560, 2495-

2500, 2502, 2504-2506, 2510-
2512,2514-2516 

Neisseria macacae, 560,2497,2511 
Neisseria meningitidis, 131, 560, 

565,649,2122,2495-2517, 
2718 

L-forms, 4073, 4075, 4077 
Neisseria mucosa, 560, 565, 2496-

2498, 2507, 2510, 2515 
Neisseria ovis, 2122, 2495, 2497, 

2511 
Neisseria perjlava, 1650, 2498, 2503, 

2505,2507,2515 
L-forms, 4072 

Neisseria polysaccharea, 560, 2495-
2497, 2504-2505, 2510, 2514-
2515 

Neisseria sicca, 560, 565, 1650, 
2496-2498, 2504-2505, 2507, 
2510,2514-2515 

Neisseria subf/ava, 560, 565, 2037, 
2495-2498, 2504-2505, 2507, 
2510, 2512, 2514-2515 

Neisseriaeeae, 27-38, 2120, 2122-
2124,2135,2495,2588,3137, 
3139, 3241 

Nematode 
bioluminescent bacteria, 632 
Clavibacter, 1359, 1361 
Lysobacter, 3259, 3266 
Xenorhabdus, 2932-2933 

Neomycin, 1055 
production by Streptomycetaceae, 

977 
Neomycin resistance/sensitivity 

aphid symbiont, 3908 
Bifidobacterium, 823, 829 
Cytophagales, 3645 
Erysipelothrix, 1635, 1637 
Erythrobacter, 2488 
Fusobacterium, 4118 
Halobacteriaceae, 789-797 
Leptospira, 3574 
Listeria, 1608 
Lysobacter, 3266 
myxobacteria, 3430, 3467 
Streptomycetaceae, 927 
Thermomicrobium, 3777 

Neonate 
Chlamydia, 3701 
Citrobacter meningitis, 2746-2747 
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Escherichia coli. 645, 2696, 2701 
Haemophilus. 3307 
Lactobacillus. 1538-1539 
Listeria. 1609 
SC/Tatia. 2828 
Streptococcus. 1438, 1452 

Ncorickef{sia. 2404. 2445 
Ncorickef{sia helminthoeca. 2404, 

2445, 2453-2454 
Nephritis 

Actinobacillus. 3343 
Erl'sipelothrix. 1633 
Streptococcus. 1452 

Nep1anecin, 1054 
"Neptune" (computer program), 

2948, 2971 
Neptunia oIeracea endosymbiont, 

661 
Neti1micin resistance/sensitivity 

Citrobacter. 2749 
Klebsiella. 2780 
Proteus. 2852 

Network,51 
Neuraminidase 

Clostridium. 1824, 1874, 1876 
Ervsipe/othrix. 1633, 1636 
Pasteurella. 3331, 3334 
Streptococcus. 1431, 1435 

Neurosporene 
Heliobacteriaceae, 1981, 1984 
purpie nonsulfur bacteria, 2148 
sulfur bacteria, purpie, 3212 

Neurotoxin 
botulinal, 1868-1869 
Clavibacter. 1359 
Clostridium tetani. 1877 

Neuston, 94, 102 
Neutralism, 164 
Neutrophile, 162 
Neutrophils, Brucella. 2390 
Nevskia. 94, 4089-4092 
Nevskia ramosa. 4089-4092 
New Guinea thatch disease, 934 
New World tick-borne relapsing 

fever, 3561-3562 
New York City (NYC) medium, 

Neisseria. 2496, 2512 
Newt, Plesiomonas. 3034 
NFb medium 

Azospiri/lum. 2239-2240, 2242 
Herbaspiril/um. 2239 

Niacin production, Mycobacterium. 
1258-1261 

Niacin requirement 
Carnobacterium. 1574 
purpie nonsulfur bacteria, 2148 
Sporosarcina. 1776 
Staphylococcus. 1392 

Niche, 65, 77-79 
potential, 78 
real, 78 

Nichrome steel wire adherence 
model,2038 

Nickel binding, Zoogloea. 3961 
Nickel requirement, hydrogen-

oxidizing bacteria. 357 
Nickel resistance, Alcaligenes. 2551 
Nicotin blue, 956-957 
Nicotinamidase, Mycobacterium. 

1219 
Nicotinamide requirement, 

Clostridium, 1806 

Nicotine utilization, Arthrobacter. 
1285, 1292 

Nicotinic acid, 157 
Nicotinic acid dehydrogenase 

Clostridium, 1823 
sulfidogenic bacteria, 611 

Nicotinic acid production, 
N ocardiaceae, 1206 

Nicotinic acid requirement 
Brochothrix, 1619 
Clostridium, 1806 
Enterococcus, 1468 
Kurthia, 1660 
Leuconostoc, 1521 
Roseobacter, 2157 
Staphylococcus, 1392 
sulfate-reducing bacteria, 3370 

Nicotinic acid utilization 
Clostridium, 1823 
Comamonas, 2584 
rhizobia, 2200 
sulfate-reducing bacteria, 3363, 

3370 
sulfidogenic bacteria, 587, 610 

nifgenes, 535, 537-540, 543-549, 
613 

Azotobacter, 3162-3163 
cyanobacteria, 2085, 2091-2092 
Frankia, 1075, 1078 
Klebsiella, 2781 
purpie nonsulfur bacteria, 2151 
rhizobia, 2202-2203, 2211 

Nifurpirinol resistance/sensitivity, 
Cytophagales, 3665 

nir genes, 554 
nis genes, Lactococcus, 1491 
Nisin 

Lactococcus, 1491 
Leuconostoc, 1526 

Nisin resistance/sensitivity 
methanogens, 757 
Propionibacterium, 837 

Nitrate mineral salts (NMS) 
medium, methanotrophs, 2352 

Nitrate production, nitrite-oxidizing 
bacteria, 420-425 

Nitrate reductase 
Acinetobacter. 3140 
Azospirillum. 2245-2247, 2249 
Azotobacteraceae, 3162 
Clostridium. 1831 
Cyanophora. 3842 
denitrifying bacteria, 556-557, 

564, 566-568, 571 
Haemophilus. 3313 
Lactobacillus. 1562-1563 
Nitrobacter. 2307 
Nocardiaceae, 1203 
Paracoccus. 2324-2326, 2331 
Prochlorales, 2109 
prokaryote-invertebrate 

symbiosis, 3894 
Pseudonocardiaceae, 10 12-10 13, 

1016 
Staphylococcus. 1391-1392 

Nitrate reduction, 57, 277, 461, 
1132,3001-3002 

Acinetobacter. 3139 
Actinobacillus. 3340, 3347 
Actinomyces, 886-888 
Alcaligenes. 2549 

anaerobic Gram-positive cocci, 
1885-1888 

Androcidium. 2922 
Aquaspirillum. 2571 
Azospirillum. 2245-2246 
Bacillus. 1666, 1669, 1708, 1761-

1762 
Bacteroides. 3604 
Beggiatoa. 3177 
Blastobacter. 2174 
Bordetella. 2531, 3340 
Brucella. 2384, 3340 
Campylobacter. 3491-3497 
Capnocytophaga. 3340 
Cardiobacterium. 3340-3341 
Chromobacterium. 2592 
Clostridium. 302, 1814, 1870, 

1874 
colorless sulfur bacteria, 390 
Corynebacterium. 1159, 1178-

1179 
Cytophagales, 3658 
Deinococcaceae, 3741 
dissimilatory, 58 
Eikenella. 2670, 3340 
Enterobacter. 2806 
Enterobacteriaceae, 2676, 2924 
Erwinia. 668 
Erysipelothrix. 1635 
Erythrobacter. 2488 
Escherichia. 2696, 2698 
Eubacterium. 1917, 1919-1920 
Flavobacterium. 3624-3625 
Fusobacterium. 4122 
Gemella. 1650 
Haemophilus. 3304, 3320, 3340 
Halobacteriaceae, 789-797, 799 
halophi1ic cocci, 1780 
Herbaspirillum. 2245 
hydrogen-oxidizing bacteria, 

thermophilie, 3925-3926 
Kingella. 3340 
Listeria. 1602-1603 
Methylobacterium. 2346 
Microbacterium. 1365 
M icrococcus. 1304-1305 
Mobi/uncus. 911-912 
Moraxella. 3278 
Morganella. 2857 
Mycobacterium. 1218-1219, 

1258-1261 
Neisseria. 2496-2497,2515 
Nitrobacter. 2302, 2307 
Oceanospiril/um. 3234 
Paracoccus. 2322 
Pasteurella. 3340 
Photobacterium. 2979 
Phyllobacterium. 2603 
Plesiomonas. 3036 
Promicromonospora. 1337 
Propionibacterium. 845 
Pseudomonas. 3092 
Psychrobacter. 3243 
Roseobacter.2157-2158 
Selenomonas. 2009 
Sporosarcina. 1779 
Staphylococcus. 1384, 1386-1387, 

1391-1392 
Streptobacillus. 3340, 4024 
Streptomycetaceae, 966, 968 
Streptosporangiaceae, 1127-1128, 

1130-1131 



sulfidogenic bacteria, 595 
sulfur bacteria, colorless, 2638-

2640, 2642-2643, 2646-2647 
sulfur-reducing bacteria, 3381, 

3388 
Thermomonosporaceae, 1102-

1103 
Thermus, 3748 
Veillonella, 2037, 2041 
Vibrio, 2955, 2972, 2974, 2979 
Wolinella, 3520 
Yersinia, 2873, 2894-2895 

Nitrate reduction broth, 1761 
Nitrate respiration, 554-555, 568-

569 
Nitrate utilization 

Beijerinckia, 2259 
Leptothrix, 2614 
Lysobacter, 3265 
Sphaerotilus, 2614 
Streptomycetaceae, 944 

Nitric oxide production, 555 
ammonia-oxidizing bacteria, 417 
Nitrobacter, 2306-2307 

Nitric oxide reductase, denitrifying 
bacteria, 566-567, 570-571 

Nitric oxide reduction, 555, 570-
571 

Nitric oxide utilization, Nitrobacter, 
2306 

Nitrifying bacteria, 332-333, 335, 
337, 414-415,2302, 3080; see 
also Ammonia-oxidizing 
bacteria 

heterotrophic, 415 
Nitrilase 

Klebsiella, 2782 
Nocardiaceae, 1205 

Nitrile degradation, Nocardiaceae, 
1205-1206 

Nitrile hydratase, Nocardiaceae, 
1205-1206 

Nitrite inhibition, Brochothrix, 1619 
Nitrite medium 

Nocardia, 1196 
Nocardiaceae, 1198 

Nitrite production, ammonia
oxidizing bacteria, 416-418 

Nitrite reductase 
ammonia-oxidizing bacteria, 417, 

419 
Azospirillum, 2245-2246 
Azotobacteraceae, 3162 
denitrifying bacteria, 556-557, 

564, 566-570 
Neisseria, 2495, 2505 
nitrite-oxidizing bacteria, 420-423 
Nitrobacter, 2302, 2305 
Paracoccus, 2325-2327,2331 
sulfidogenic bacteria, 595, 597 
Wolinella, 3521 

Nitrite reduction 
Actinomyces, 886-888 
Alcaligenes, 2549 
Beggiatoa, 3177 
Campylobacter, 3495, 3497 
Chromobacterium, 2592, 2595 
Flavobacterium, 3624-3625 
Halobacteriaceae, 789-797 
Janthinobacterium, 2596 
Lactobacillus, 1566 
Neisseria, 2496-2497, 2505 

Paracoccus, 2322, 2324 
sulfur bacteria, colorless, 2639-

2640, 2647 
Wolinella, 3520 

Nitrite respiration, 554-555, 569-
570 

Nitrite-oxidizing bacteria, 83, 332, 
336,340,415 

lithotrophic, 420-425 
Nitrobacter, 2302-2307 

Nitrobacter, 27, 337, 415, 420-426, 
554, 559, 2128-2130, 2133, 
2302-2307 

Nitrobacter hamburgensis, 422-425, 
2303, 2305-2306 

Nitrobacter vulgaris, 336, 421-423, 
2305-2306 

Nitrobacter winogradskyi, 83, 90, 
422, 424-425, 2305-2307, 2340 

Nitrobacteraceae, 414-415 
Nitrococcus, 2305-2307 
Nitrofuran resistance/sensitivity, 

Staphylococcus, 1370, 1382 
Nitrofurantoin resistance/sensitivity 

Aeromonas, 3028 
Citrobacter, 2749 
Listeria, 1608 
Methylobacterium, 2346 
Serratia, 2830 

Nitrogen cycle, 414-426, 534 
Nitrogen fixation, 81, 88, 107, 156, 

232, 414, 534-550, 2070-2071; 
see also Diazotroph 

acetic acid bacteria, 2278 
Acetobacter, 2273 
Aquaspirillum, 2580 
Arthrobacter, 1285 
associative, 2781 
Azospirillum, 2236-2249 
Azotobacteraceae, 3144-3165 
Bacillus, 1666 
Beggiatoa, 3177 
Beijerinckia, 2254, 2258, 2262, 

2264 
Campylobacter, 3491 
Chlorobiaceae, 3589 
Clostridium, 1801, 1809-1810, 

1821, 1823, 1827-1828, 1830, 
1836, 1839 

cyanobacteria, 324, 2058, 2061-
2062, 2067-2068, 2074, 2081-
2083,2091-2093, 3819, 3829-
3830, 3836 

Derxia, 2608-2610 
diversity, 61-62 
ectosymbionts, 660-661 
endosymbionts,661 
Enterobacter, 2802, 2805 
Frankia, 814, 1071-1080 
Frankiaceae, 1069 
genetics, 546-549 
Heliobacteriaceae, 1983, 1986-

1987, 1990 
Herbaspirillum, 2236-2249 
homoacetogens, 1933 
hydrocarbon-oxidizing bacteria, 

449, 452 
hydrogen production, 346-347 
hydrogen-oxidizing bacteria, 345-

346, 354-355, 364-365 
Klebsiella, 2777,2781 
methanogens, 749 
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methanotrophs, 2352, 2355 
methylotrophs, 432, 441 
nonsymbiotic,3144-3165 
Phyllobacterium, 2603 
Prochlorales, 2109 
Pseudomonadaceae, 3072 
purple non sulfur bacteria, 2151 
rhizobia, 2197-2211 
Rhodocydus, 2559 
sulfidogenic bacteria, 613 
sulfur bacteria, purple, 3215 
symbiotic, 541-543 
Thermotoga, 3810 
Vibrio, 2998 
Xanthobacter, 2366, 2376-2377 

Nitrogen limitation, 203 
Nitrogen metabolism 

Chloroj/exus, 3765-3766 
diversity, 58 
methanogens, 749 

Nitrogen reduction, Pirellula, 3720 
Nitrogen requirement, 155-157 
Nitrogenase, 81, 534, 2565 

Aquaspirillum, 2570-2571 
assay, 544 
Azospirillum, 2238, 2240-2241, 

2244-2247 
Azotobacteraceae, 3145-3146, 

3157, 3160-3163, 3165 
Beijerinckia, 2264 
Campylobacter, 3496 
Clostridium, 1831 
conformational state protection, 

3160 
cyanobacteria, 2061, 2082-2083, 

2091, 2094 
Enterobacter, 2805 
Frankia, 1074-1075, 1078 
Herbaspirillum, 2238, 2240, 2244, 

2247 
Klebsiella, 2781 
methanogens, 749 
molybdenum, 534, 543-544 
molybdenum- and vanadium-free, 

543-544 
oxygen sensitivity, 61-62, 538, 

549-550 
prokaryote-invertebrate 

symbiosis, 3899-3900 
purple nonsulfur bacteria, 2152 
reducing equivalents for, 545-546 
regulation, 545 
respiratory protection, 3160 
rhizobia, 2202-2203 
substrate reduction, 544 
sulfidogenic bacteria, 613 
vanadium, 534, 543-544 
Xanthobacter, 2377 

Nitrogenase reductase, 
Azotobacteraceae, 3161 

Nitrogen-fixing bacteria, 
invertebrate symbionts, 3892, 
3900 

Nitrogen-free sem i-solid medium 
Azospirillum, 2236, 2238-2239 
Herbaspirillum, 2238-2239 

Nitrogen-free, mineral glucose 
medium, Derxia, 2606 

Nitrogen-free, mineral mannitol 
agar, Derxia, 2605-2607 

Nitrogen-free, mineral starch 
medium, Derxia, 2605, 2607 
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Nitrogen-free, mineral sucrose agar, 
Azotobacteraceae, 3154 

O-Nitrophenyl-ß-D
galactopyranoside (ONPG) 
hydrolysis, see ONPG test 

p-Nitrophenylphosphatase, 
Clostridium, 1835 

Nitrosococcus, 28, 2630, 2632 
Nitrosococcus halophilus, 2630-2632 
Nitrosococcus mobilis, 2126,2306-

2307, 2625, 2630-2632 
Nitrosococcus nitrosus, 2631 
Nitrosococcus oceanus, 2625, 2630-

2632, 2635 
Nitrosolobus, 28, 2625, 2632, 2634 
Nitrosolobus multiformis, 2126, 

2625, 2632, 2635 
Nitrosomonas, 28, 55, 426, 554, 

2307, 2626-2629, 2634 
Nitrosomonas cryotolerans, 2630-

2631 
Nitrosomonas europaea, 83, 90, 

415-420,560,568,2126,2360, 
2562, 2625, 2630, 2636 

Nitrosomonas eutropha, 2636 
Nitrosomonas oligotropha, 2636 
Nitrosospina gracilis, 2305-2306 
Nitrosospira, 28, 2126, 2305, 2307, 

2625, 2630-2631, 2634 
Nitrosospira antarctica, 2631 
Nitrosospira briensis, 2631 
Nitrosospira marina, 2305-2307 
Nitrosovibrio, 28, 426, 2625, 2634, 

2636 
Nitrosovibrio tenuis, 2126, 2625, 

2634 
Nitrospina gracilis, 2985 
Nitrospira marina, 420 
Nitrous oxide production 

ammonia-oxidizing bacteria, 417 
Nitrobacter, 2306-2307 

Nitrous oxide reductase, 572 
denitrifying bacteria, 557, 566-

568 
Paracoccus denitrificans, 2324-

2326 
Wolinella, 3521 

Nitrous oxide reduction, Wolinella, 
3520 

Nitrous oxide respiration, 554-555, 
571-572 

Nitschia, caulobacters associated 
with,2182 

Nitschia putida, 3640 
NMO, see Nonmoti1e Oerskovia-like 

strains 
NMS medium, see Nitrate mineral 

salts medium 
Nocamycin production, 

Saccharothrix. 1066 
Nocardia, 24, 37,90, 94, 136-137, 

432,435,452-453,811-814, 
874, 880, 922-924, 932, 936, 
952, 1062, 1070, 1090, 1117, 
1126,1140,1142,1149,1157, 
1160,1178,1188-1190,1195, 
1201-1202, 1214-1217, 1227, 
1256, 1324, 1334,2379, 3738 

L-forms, 4076-4078 
Nocardia amarae, 935, 1189, 1194, 

1196,1200-1203 

Nocardia asteroides, 1189, 1192-
1196, 1202-1203, 1206 

Nocardia autotrophica, see 
Amycolata autotrophica 

Nocardia brasiliensis, 1189, 1193-
1195, 1202-1203, 1206 

Nocardia brevicatena, 1189, 1202-
1203 

Nocardia carnea, 1189, 1200, 1202-
1203, 1206 

Nocardia caviae, L-forms, 4077 
Nocardia cellulans, 1325, 1330-1333 
"Nocardia corallina, " 1205 
Nocardia dassonvillei. see 

Nocardiopsis dassonvillei 
Nocardia erythropolis, 359 
Nocardia farcinica, 1189, 1193, 

1203 
Nocardia kirovani, 3447 
"Nocardia" nitrificans, 997, 1000, 

1017 
Nocardia opaca, 344-345, 352, 355, 

359, 361, 363-364, 376, 1206 
Nocardia orientalis, see 

Amycolatopsis orientalis 
Nocardia otitidis-caviarum, 1189, 

1193-1196, 1202-1203, 1206 
"Nocardia" petroleophila, 375, 997, 

1000, 1016-1017 
Nocardia pinensis, 1189, 1194, 

1196, 1203 
"Nocardia restricta, " 1206 
Nocardia saturnea, 375 
Nocardia seriola, 1189, 1194, 1203 
"Nocardia taberi, " see 

Saccharopolyspora hirsuta 
Nocardia transvalensis, 1189, 1202-

1203 
Nocardia turbata, see Oerskovia 

turbata 
Nocardia vaccinii, 1189, 1194, 1200, 

1202-1203, 1206 
Nocardiaceae, 1157, 1188-1206 
Nocardicin A resistancejsensitivity, 

methanogens, 757 
N ocardioform, 811 
Nocardioides, 24,921-924,971, 

1047,1063,1117,1141,1324, 
1351 

Nocardioides albus, 974, 1284 
Nocardioides jensenii, 1284 
Nocardioides simplex, 1284, 1294 
Nocardioidiaceae, 1117 
Nocardiopsis, 24, 922-924, 1061-

1065, 1070, 1085, 1090, 1096, 
1126, 1139-1153 

Nocardiopsis africana. see 
Microtetraspora africana 

Nocardiopsis alba, 1139-1153 
Nocardiopsis alborubida, 931, 1097, 

1139-1153 
Nocardiopsis antarcticus, 1097, 

1139-1153 
Nocardiopsis coeruleofusca, see 

Saccharothrix coeruleofusca 
Nocardiopsis dassonvillei, 974, 1087, 

1097,1117,1139-1153 
Nocardiopsis flava, see 

Saccharothrix flava 
Nocardiopsis listeri. 1097, 1139-

1153 

Nocardiopsis longispora. see 
Saccharothrix longispora 

Nocardiopsis mutabilis, see 
Saccharothrix mutabilis 

Nocardiopsis syringae, see 
Saccharothrix syringae 

Nocardiosis, 814,1193-1194 
nod genes, 541, 547, 2203-2204, 

2211 
Nodularia, 26, 538, 2074 
Nodu1e 

determinative vs. 
indeterminative, 2203 

effective, inefficient, and 
ineffective, 2204 

formation, 2203-2204 
isolation of rhizobia, 2205-2206 
rhizobia, 2197-2198 
sam pie collection, 2204-2205 

Nodulin genes, 542 
Nodusmicin, 1020 
Noguchi's medium, Grahamella, 

4003-4004 
Nomenclature, 126-129 
Nonactin resistancejsensitivity, 

methanogens, 757 
Nonagglutinating vibrio (NAG), 

2987-2989 
Nongonococcal urethritis, 

mycop1asma, 1944, 1947 
Nonhuman primate, Staphylococcus, 

1372-1373 
Nonmotile Oerskovia-like strains 

(NMO), 1330, 1332 
Nonospora, 3876 
Nonospora macronucleata, 3876, 

3878 
N onspecific vaginosis, 918-919 
Nonsu1fur purp1e bacteria, 80-81, 

321 
Nonylprodiginine, 1089 
Nonylprodigiosin, 956 
Nopaline, 665, 2216-2217, 2223 
Norfloxacin resistancejsensitivity 

Chromobacterium, 2593 
Citrobacter, 2749 

North Asian tick typhus, 2408, 2414 
Northern masked chafer, Bacillus, 

1700 
nos genes, 554 
NOS medium, Treponema, 3546-

3547 
Nose, Corynebacterium, 1182 
Nosocomial infection 

Acinetobacter, 3138 
Aeromonas, 3016, 3022 
Alcaligenes. 2547 
common source, 2828 
Corynebacterium, 1182 
Enterobacter. 2801-2802 
Enterobacteriaceae, 2679-2681 
Enterococcus, 1476 
Klebsiella, 2777, 2780 
Legionella, 3294 
Morganella, 2858 
patient-to-patient spread, 2828 
phytopathogenic pseudomonads, 

3118 
Proteus, 2684, 2851-2852 
Providencia, 2854-2855 
Pseudomonas, 3089, 3096 
Serratia, 2824-2831 



Staphylococcus, 1374 
Yersinia, 2879 

Nostoc, 26, 35, 538, 549, 2074, 
2084-2085, 2088, 2090, 3266, 
3821-3824,3826, 3828-3829, 
3835 

caulobacters associated with, 2181 
Nostoc commune, 706, 2093, 2096, 

3826 
Nostoc ellipsosporum, 3261, 3266 
Nostoc laevigatum, 3826 
Nostoc linckia, 3826 
Nostoc muscorum, 2082, 3261, 3826 
Nostoc punctiforme, 3826, 3836 
Nostoc sphaericum, 3826 
Nostocaceae, 253, 3832, 3837 
Nostocales, 2059, 2069, 2073-2076 
Nostocean cyanobacteria, 325-327 
Nostoxanthin, Erythrobacter, 2487 
Novobiocin resistance/sensitivity 

Brochothrix, 1625 
Erythrobacter, 2488 
Gemella, 1645 
Halobacteriaceae, 789-797 
L-forms, 4077 
Listeria, 1608 
Phyllobacterium, 2603 
Propionibacterium, 841 
Staphylococcus, 1383-1384, 1386-

1387 
Thermomonosporaceae, 1103 
Xanthobacter, 2375 

NspMACI,2085 
ntr genes, 548 
Nu symbiont, see Pseudocaedibacter 

jalsus 
Nuclease 

Alteromonas, 3063 
Bacillus, 1677, 1688 
micrococcal, see Nuclease, 

Staphylococcus 
myxobacteria, 3465 
Porphyromonas, 3616 
Staphylococcus, 1384, 1386-1387, 

1393-1394 
Nucleic acid probe, 139-140; see 

also DNA probe 
Bacillus, 1716 
Chlamydia, 3705 
Coxiella, 2477 
cyanobacteria, 2089 
Erwinia, 2907 
Legionella, 3288, 3292 
Mycobacterium, 1224, 1257-1261, 

1278 
mycoplasma, 1950-1952 
Neisseria, 2516 
Nocardia, 1202 
rickettsiae, 2435 
Spiroplasma, 1974 
Streptococcus, 1440 
virulence-associated factors, 641-

642 
Nucleoid, Chlamydia, 3696 
Nucleoprotein, Sulfolobales, 695 
Nucleoside antibiotic, 977, 1053 
Nucleoside utilization, Bdellovibrio, 

3410 
Nucleotide production, 

Corynebacterium, 1166-1167 
Nucleus, protozoa-prokaryote 

symbiosis, 3859 

Numerical taxonomy, 130-131 
Streptomycetaceae, 973-977 

Nut tree, Agrobacterium, 2215 
Nutrient, bidirectional transfer, 

101-102 
Nutrient agar 

Bacillus, 1713, 1728, 1758-1760 
Chromobacterium, 2593-2594 
dimorphic prosthecate bacteria, 

2185 
Enterobacter, 2805 
Filibacter, 1784 
Haemophilus, 3314 
Klebsiella, 2782 
Neisseria, 2496 
Plesiomonas, 3034 
Pseudonocardiaceae, 1005, 1007 
Sporosarcina, 1775 

Nutrient agar plus yeast extract 
medium, Agrobacterium, 2221, 
2223 

Nutrient broth 
Bacillus, 1760 
Haemophilus, 3314-3315 
Vibrio, 2983 

Nutrient broth-succinate medium, 
Xanthobacter, 2370-2371 

Nutrient gradient, 94-102 
Nutrient solution method, 

Azotobacteraceae isolation, 
3147-3148 

Nutrient-enriched agar, Zoogloea, 
3957 

Nutrition 
general aspects, 154-160 
principles, 155-157 

Nutritional cooperation, see 
Syntrophism 

Nutritional requirement, 140-i41, 
155 

Corynebacterium, 1172 
Treponema, 3543-3545 

NVS Streptococcus, see 
Streptococcus, nutritionally 
variant 

NYC medium, see New York City 
medium 

NYSM broth, Bacillus, 1729 
Nystatin, 977-978 

solution preparation, 1049 

o 
o antigen, 136-137 

Aeromonas, 3028 
Citrobacter, 2748 
Edwardsiella, 2740 
Enterobacter, 2810 
Erwinia, 2902-2904 
Escherichia coli, 2697, 2703-
270~ 2709-2711, 2713-271~ 
2718-2720 

Hajnia, 2819-2820 
Klebsiella, 2779-2780, 2787 
Listeria, 1604 
Morganella, 2849, 2858 
myxobacteria, 3446 
Plesiomonas, 3035-3037 
Proteus, 2849-2850 
Providencia, 2849, 2853 
rhizobia, 2206-2207 
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Salmonella, 649, 2760-2761, 
2763,2769,2771 

Serratia, 2830, 2838-2840 
Shigella, 2754, 2756-2757, 3037 
Vibrio, 2970-2971, 2976, 2983, 

2987-2988, 2990, 2992 
Yersinia, 2874, 2878 

Oak, leaf scorch disease, 4030 
Oatmeal agar 

actinoplanetes, 1042 
Nocardiopsis, 1144 
Promicromonospora, 1337 
Pseudonocardiaceae, 1006-1007 
Streptomycetaceae, 948 
Streptosporangiaceae, 1118-1119, 

1123-1125, 1130-1131 
Thermomonosporaceae, 1095, 

1101 
Oatmeal-nitrate agar, 

Streptosporangiaceae, 1128-
1129 

Oatmeal-soil extract agar, 
actinoplanetes, 1040, 1051 

Oatmeal-yeast extract agar, 
Streptosporangiaceae, 1123 

Oats, Azotobacteraceae, 3163 
Obesumbacterium, 2114, 2116, 

2817,2929-2931 
Obesumbacterium proteus, 2675, 

2683,2816-2817,2923-2924, 
2929-2931 

Obligate aerobe, 55 
Obligate anaerobe, 55, 58, 88, 300 
Obligate barophile, 104 
Obligate chemolithotroph, 336-337 

colorless sulfur bacteria, 389, 393 
Obligate syntroph, 277-278 
Occupational exposure 

Brucella, 2389-2390, 2392 
Coxiella, 2473 
Erysipelothrix, 1630-1631 

Ocean, 88-89, 103-104, 163 
ammonia-oxidizing bacteria, 2632 

Oceanomonas, 2943, 2946 
Oceanomonas alginolytica, see 

Vibrio alginolyticus 
Oceanomonas enteritis, see Vibrio 

paraharmolyticus 
Oceanospirillum, 28, 2115, 2118-

2120,2562,2565,2569, 3046, 
3230-3235 

Oceanospirillum beijerinckii, 2119, 
3230-3232, 3234-3235 

Oceanospirillum commune, see 
Marinomonas communis 

Oceanospirillum hiroshimense, 
3230-3231, 3234-3235 

Oceanospirillum jannaschii, 2115, 
2119, 3230, 3235 

Oceanospirillum japonicum, 2119, 
3230-3232, 3234-3235 

Oceanospirillum kriegii, 2119, 3230, 
3235 

Oceanospirillum linum, 32, 2119, 
3230-3232, 3234-3235, 3901 

Oceanospirillum maris, 2119, 3230-
3235 

Oceanospirillum minutulum, 2119-
2120, 3230-3231, 3235 

Oceanospirillum multiglobulijerum, 
2119,3230-3232,3234-3235 
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Oceanospirillum pelagicum, 3230-
3231, 3234-3235 

Oceanospirillum pusillum, 2120, 
2565, 3230-3231 

Oceanospirillum vagum, see 
Marinomonas vaga 

Ochrobactrum, 28, 564, 2127-2128, 
2601-2604 

Ochrobactrum anthropi, 559, 2545, 
2548, 2601-2604 

Ochrobium tectum, 4027-4028, 
4099 

Ochromonas monicis symbionts, 
3859 

Octacosamicin, 1020 
Octanoate utilization, Kurthia, 1659 
Octopine, 665, 2215-2217 
Octopus, Vibrio, 3000 
Octopytin, 1688 
Odontella symbiont, 29 
Odontomyces viscosus, see 

Actinomyces viscosus 
Odontria zealandica, Bacillus, 1700 
Odor 

Brochothrix, 1618 
Campylobacter, 3494 
Clostridium, 1800, 1833 
Cytophagales, 3657 
Flavobacterium, 3625 
Lysobacter, 3264 
Pseudomonas, 3093 
Serratia, 2837-2838 
Streptomycetaceae, 936 
Zoogloea, 3958 

Oenothera mycoplasma-like 
organism, 4051, 4060, 4062 

Oerskovia, 32, 1294, 1323-1325, 
1329-1334, 1351 

"Oerskovia citrea, " 1330 
Oerskovia turbata, 1174, 1326, 

1330-1331, 1333 
Oerskovia xanthineolytica, 1174, 

1323, 1330, 1332-1333 
Ofloxacin, treatment of tubercu1osis, 

1242 
Ofloxacin resistance/sensitivity 

Citrobacter, 2749 
Shigella, 2758 

OF medium, Comamonas, 2586 
Ogawa egg medium 

Gordona, 1196 
Mycobacterium, 1217 
Nocardiaceae, 1198 
Tsukamurella, 1196 

Oil brine 
Arthrobacter, 1285 
Comamonas, 2588 
denitrifying bacteria, 561, 564 

Oil field 
Desulfotomaculum, 1792 
methanogens, 733, 742 
Nocardiaceae, 1205 
sulfidogenic bacteria, 611 
Thermodesulfobacterium, 3390 

Oil recovery 
Halobacteriaceae, 800 
tertiary, 455 

Oil spill, 94; see also Hydrocarbon
oxidizing bacteria 

monitoring, 449 
Okenone, 132,2146, 3208-3209, 

3212 

Olavius symbionts, 3894 
Old tuberculin, 1240 
01d World tick-borne relapsing 

fever, 3561-3562 
Oleander pathogen, 660 
Oleandomycin, 978 
Oleandomycin resistance/sensitivity 

Gemella, 1645 
Halobacteriaceae, 790-797 
Listeria, 1608 
methanogens, 757 
Pseudonocardiaceae, 1013 

Oleate requirement, Erysipelothrix, 
1634 

Oleate utilization 
Psychrobacter, 3243 
syntrophic bacteria, 2049, 2052 

Oleuropein, 1544 
Oligella, 28, 564, 2123, 2125, 3305 
Oligella ureolytica, 560, 2125 
Oligella urethralis, 560, 2125, 2546, 

3276 
Oligochaete symbionts, 3894, 3896 
OligonucJeotide probe 

Campylobacter, 3504 
Wolinella, 3519-3520 

Oligotrophie environment 
ammonia-oxidizing bacteria, 

2625, 2629 
lake, 88-89 

Olive 
knot disease, 3115 
Lactobacillus, 1545 
Leuconostoc, 1514 
pathogen, 660 
Pediococcus, 1503 

omc genes, Neisseria, 2501 
Omikron symbiont, see 

Polynucleobacter nescessarius 
Omikron-like symbiont, 3878-3879, 

3881 
Omnibacteria, 11 
Omnivore, 108 
omp genes, Chlamydia, 3696, 3698 
One-half SME medium, 

Thermoproteales, 678-679 
Onion 

Azotobacteraceae, 3164 
bulb rot, 3118 
Enterobacter, 2802 
phloem-inhabiting bacteria, 4031 
soft-rot disease, 3109 

ONPG test 
Budvicia, 2925, 2932 
Cardiobacterium, 3341 
Deinococcaceae, 3741 
Edwardsiella, 2741 
Enterobacter, 2806 
Enterobacteriaceae, 2924 
Escherichia, 2698, 2931 
Hajnia, 2818,2931 
Klebsiella, 2786 
Leminorella, 2932 
Neisseria, 2496-2497,2506,2515 
Obesumbacterium, 2931 
Plesiomonas, 3036 
Pragia, 2932 
Salmonella, 2768 
Serratia, 2836 
Shigella, 2757 
Vibrio, 2974, 2995 
Yersinia, 2894 

Oocystis, caulobacters associated 
with,2182 

Oophoritis, Bacillus, 1749 
Opacity factor, Streptococcus, 1460 
Opacity-associated proteins, 

Neisseria, 2500 
Opegraphales, 3824 
Open growth system, 158-160 
Operational taxonomie unit (OTU), 

130-131 
Operon, Bacillus, 1683-1684 
Ophryoscolicidae, 3883 
Opine, 664-665, 2216-2217, 2219, 

2223 
detection, 2222-2223 

Opossum 
Erysipelothrix, 1634 
Rickettsia, 2410, 2412 

Opportunistic pathogen, 77 
Acinetobacter, 3138 
Actinobacillus, 3342 
Actinomyces, 858 
Actinomycetes, 814 
Aeromonas, 3015-3016 
Alcaligenes, 2547 
Chromobacterium, 2592 
Comamonas, 2585 
Corynebacterium, 1182 
Edwardsiella, 2738 
Eikenella corrodens, 2671 
Enterobacter, 2799 
Enterobacteriaceae, 2679-2681, 

2922 
Eubacterium, 1914 
Gemella, 1651 
Haemophilus, 3309 
Hafnia, 2816 
Klebsiella, 2777 
Lactobacillus, 1544 
Listeria, 1595 
Methylobacterium, 2344 
Micrococcus, 1307 
Moraxella, 3276 
Morganella, 2858 
Mycobacterium, 1215, 1238, 

1243-1248 
Neisseria, 2511 
Nocardia, 1192-1194 
Ochrobactrum, 2602 
Oerskovia, 1333 
Pasteurella, 3331 
phytopathogenic pseudomonads, 

3118-3119 
Proteus, 2851 
Pseudomonadaceae, 3076, 3078 
Pseudomonas, 3086 
Pseudonocardiaceae, 1000 
Rothia, 862 
Staphylococcus, 1374-1376 
Stomatococcus, 1321 
Streptococcus, 1421 

Opsonin, 648 
Optochin resistance/sensitivity, 142 

Gemella, 1649 
Streptococcus, 1456-1457 

Oral cavity, 840 
Actinobacillus, 3344-3345 
Actinomyces, 851, 853-858, 866, 

872-873 
Actinomycetes, 812 
Bacteroides, 3594, 3598-3599 
Bifidobacterium, 820 



Campylobacter. 3490-3491 
Corynebacterium. 1183 
Cytophagales. 3645. 3662. 3665 
denitrifying bacteria, 558-559 
Eikenella. 2668 
Eubacterium. 1915-1916 
Fusobacterium. 4115-4119 
Gemella. 1644, 1646 
Haemophilus. 3309-3311,3315 
Lactobacillus. 1535-1538, 1555 
Leptotrichia. 3983-3985 
methanogens, 721 
Neisseria. 2509 
normal flora, 109 
Porphyromonas. 3609,3615 
Propionibacterium. 844 
Rothia. 855 
Selenomonas. 2005-2006, 2008 
Simonsieliaceae, 2658-2666 
Staphylococcus. 1371 
Stomatococcus. 1320-1321 
Streptococcus. 1421-1441, 2038-

2039 
Treponema. 3537, 3539, 3542, 

3544-3551, 3553 
Veillonella. 2034-2043 
Weeksella. 3622 
Wolinella. 3513, 3516, 3519 

Oral Treponema Isolation (OTI) 
medium, 3546, 3553 

Orange juice, Klebsiella. 2776 
Orange-serum medium, 

Lactobacillus. 1556 
Orbital abscess, Bacillus. 1753 
Orca Basin, 106-107 
Orchid, Erwinia. 2910 
Order (taxonomie), 35-36, 128 
Ore, see Leaching 
Ore mixture G6, Sulfolobales, 688 
Ore mixture GIN, Sulfolobales, 688 
Organic acid, gradients in 

environment, 94 
Organic acid utilization, 

Streptomycetaceae, 966-967 
Organie substrate, 81-82 
Organic sulfide removal, 405 
Organotroph, 55 
Orienticin, 1020 
Orleans process, vinegar production, 

2281 
Ornithine carbamoyltransferase, 

phytopathogenic 
pseudomonads, 3114 

Ornithine cyclase, Clostridium. 
1834 

Ornithine decarboxylase, 141 
Aeromonas. 3015, 3026 
Alteromonas. 3064 
Bacteroides. 3519 
Brucella. 2386 
Campylobacter. 3519 
Cardiobacterium. 3341 
Cedecea. 2926 
Edwardsiella. 2740-2741 
Eikenella. 3519 
Enterobacter. 2807 
Enterobacteriaceae, 2923 
Escherichia. 2698, 2722 
Gardnerella. 918 
Haemophilus. 3317-3318,3322 
Hafnia. 2818-2819 
Klebsiella. 2784, 2786-2787 

Morganella. 2857 
Photobacterium. 2979 
Plesiomonas. 3035-3036 
Proteus.2851 
Rochalimaea.2444 
Salmonella. 2768-2769 
Serratia. 2837, 2839 
Shigella. 2755-2756 
Staphylococcus. 1384, 1386-1387 
Vibrio. 2955, 2970, 2972-2973, 

2975,2979 
Wolinella. 3519 
Yersinia. 2688, 2865, 2873 
Yokenella. 2935 

Ornithine-5-transaminase, 
Agrobacterium. 663-664 

Ornithinobacter. 30 
Ornithosis, 3702 

Chlamydia. 3694 
Oronasal cavity, Escherichia. 2701 
Oropharynx 

Haemophilus. 3306 
Neisseria. 2509-2513 

Orotic acid utilization, Clostridium. 
1829 

Oroya fever, 3997, 3999-4000 
Orthopedie device infection, 

Staphylococcus. 1375 
Oscillating wave, myxobacteria, 

3454 
Oscillatoria. 5, 26, 99, 326, 402, 

538, 549, 2073, 2081-2083, 
3756, 3821-3822 

Oscillatoria agardhii. 96 
Oscillatoria coerulescens, 3763 
Oscillatoria limnetica, 97, 320, 589, 

2081-2083 
Oscillatoria limosa, 2081, 2083 
Oscillatoria redekei. 3266 
Oscillatoria rubescens. 96 
Oscillatoria spongeliae. 3835 
Oscillatoria terebriformis. 2081, 

2083 
Oscillatoriaceae, 252 
Oscillatoriales, 2059, 2069, 2072-

2073 
Oscillatorian cyanobacteria, 324-

326 
"Oscillochloris." 323, 3754, 3756, 

3763,3770 
"Oscillochloris chrysea, " 3756, 3763, 

3767 
"Oscillochloris trichoides. " 3756, 

3763 
Oscillospira, 110 
Oscillospiraceae, 1785 
Osmolarity, control of 

bioluminescence, 628, 630 
Osmophilic lines (microfibrils), 

xylem-inhabiting bacteria, 4032, 
4039 

Osmoprotectant, 163 
Osmoregulation, 163 

cyanobacteria, 2095 
Halobacteriaceae, 799 
Halomonas, 3184-3185 

Osmotaxis, 254 
Osmotic stabilization, L-forms, 

4070, 4072-4073 
Osmotolerance, 85 

Azospirillum. 2244-2245 
Osteitis 
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Actinomyces. 860, 865 
Salmonella, 2765 

Osteomyelitis 
Actinomyces. 862 
Aerococcus, 1504-1505 
Bacillus, 1755 
Citrobacter. 2745 
Clostridium, 1873 
Enterobacter, 2801 
Escherichia coli, 2718 
Haemophilus. 3309, 3313 
Proteus, 2851 

1-103 

Staphylococcus, 1370, 1374-1375 
Streptococcus, 1433 
Veillonella. 2035 
Yersinia. 2865, 2870 

OTI medium, see Oral Treponema 
Isolation medium 

Otitis 
Bacillus, 1755 
Proteus. 2677 
Streptococcus. 1433 

Otitis externa 
Enterococcus, 1476 
Staphylococcus. 1374 

Otitis media 
anaerobic Gram-positive cocci, 

1880 
Corynebacterium, 1183 
Haemophilus. 3306, 3313 
Moraxella, 3277 
Streptococcus. 1453 

OTU, see Operationa1 taxonomic 
unit 

out genes 
Bacillus. 1672 
Erwinia. 2912 

Outdoor culture, Anabaena. 3834 
Outer envelope 

Chlamydia. 3691 
Leptospira, 3569-3570 

Outer membrane 
aphid symbiont, 3907 
Bdellovibrio. 3402 
Borrelia. 3560 
Chlamydia, 3694-3695 
Cytophagales, 3652-3654 
dimorphic prosthecate bacteria, 

2178,2186 
Lysobacter. 3264 
myxobacteria, 3442, 3447, 3449, 

3458, 3460 
Neisseria. 2499-2501, 2505 
Spirochaeta. 3526 
spirochetes, large symbiotic, 

3967-3969, 3971-3972 
Treponema, 3538-3540 
xylem-inhabiting bacteria, 4039-

4040 
Outer membrane protein 

Bordetella. 2536 
Brucella, 2396 
Chlamydia. 3694-3696, 3698, 

3705 
Citrobacter, 2746-2747 
Francisella, 3992 
Klebsiella. 2779 
Legionella, 3292 
Moraxella. 3278 
Pasteurella, 3333 
Shigella, 2758 
Yersinia. see Yops 
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Outer membrane protein
macromolecular complex, 
Neisseria, 2501 

Outer sheath, Spirochaeta, 3534 
Outer wall protein, Bacillus, 1675 
Outgrowth, Bacillus, 1670-1675, 

1698 
Ovarian abscess 

anaerobic Gram-positive cocci, 
1880 

Brucella, 2391 
Overlapping genes, Bacillus, 1684 
Overlay technique, Sulfolobales, 687 
Overproduction of metabolites, 201 
Ox, anthrax, 1746 
Oxacillin resistance/sensitivity 

Brochothrix, 1625 
Moraxella, 3279 
Propionibacterium, 837 
Spirillum, 2567 

Oxalic acid utilization 
Clostridium, 1830 
hydrogen-oxidizing bacteria, 352 
rhizobia, 2200 
Saccharothrix, 1065 
Streptomycetaceae, 966-968 

Oxaloacetate decarboxylase, 
Klebsiella, 2036 

Oxaloacetic acid utilization 
Arthrobacter, 1285 
Kurthia, 1659 
Spirillum, 2567 

Oxford medium, Listeria, 1600 
Oxgall tolerance 

Bacteroides, 3517 
Campylobacter, 3517 
Wolinella, 3517 

Oxic/anoxic interface, 102, 106 
manganese-oxidizing bacteria, 

2312-2313 
Oxidase 

Acinetobacter, 3139 
Actinobacillus, 3340 
Aeromonas, 3022, 3025-3026, 

3028 
Agrobacterium, 2214 
Alteromonas, 3056, 3061, 3063 
Aquaspirillum, 2571 
Bordetella, 2531-2532, 3340 
Brucella, 2384, 3340 
Capnocytophaga, 3340 
Cardiobacterium, 3340-3341 
Chromobacterium, 2592 
Comamonas, 2587 
Deinococcaceae, 3741 
Deleya, 3195 
Eikenella, 2670, 3340 
Enterobacteriaceae, 2676, 2924 
Erwinia, 2899 
Erysipelothrix, 1635 
Erythrobacter, 2486, 2488 
Filibacter, 1784 
Gardnerella, 919 
Gemmata, 3722, 3724 
Haemophilus, 3340 
Halobacteriaceae, 788 
Halomonas, 3184 
halophilic cocci, 1780 
Herbaspirillum, 2243 
Herpetosiphon, 3800, 3802 
Hydrogenobacter, 3927 
Kingella, 3340 

Legionella, 3282 
Leptospira, 3571,3573 
Lysobacter, 3265 
Marinococcus, 1783 
Marinomonas, 3056,3061,3063 
Methylobacterium, 2346 
Micrococcus, 1303-1305 
Moraxella, 3276-3278 
Neisseria, 2495, 2506 
Oceanospirillum, 3230, 3234 
Ochrobactrum, 2602 
Paracoccus, 2324-2326 
Pasteurella, 3331,3340 
Phenylobacterium, 2338 
Photobacterium, 2979, 3001-

3002, 3005 
Phyllobacterium, 2602 
phytopathogenic pseudomonads, 

3120 
Plesiomonas, 3035-3036 
Pseudomonas, 3081, 3088, 3092 
Psychrobacter, 3241-3243 
Simonsiellaceae, 2663-2664 
Spirillum, 2567 
Sporosarcina, 1779 
Staphylococcus, 1303-1304, 1384, 

1386-1387 
Streptobacillus, 3340, 4024 
Thermomonosporaceae, 1103 
Vibrio, 2964-2965, 2970, 2974-

2975, 2979, 2991 
Vibrionaceae, 2938, 2941, 2943 
Wolinella, 3517 
Xanthobacter, 2373 
Yersinia, 2865 
Zymomonas, 2290 

ß-Oxidation, Leptospira, 3571 
Oxidation pond, Zoogloea, 3955 
Oxidation-fermentation (OF) test 

Chromobacterium, 2593 
Gemmata, 3722 
Lysobacter, 3265 
Neisseria, 2514 
Pseudomonas, 3091-3092 

Oxidative pathway, 54 
2-0xocarboxylate reductase, 

Clostridium, 1834 
Oxoglutarate utilization, Kurthia, 

1659 
N-(3-0xohexanoyl)-3-aminodihydro-

2-(3H)-furanone, 
bioluminescent bacteria, 627 

Oxoid blood agar, Streptococcus, 
1423 

Oxychlororaphin, Pseudomonas, 
3093 

Oxydifficidin, 1688 
Oxygen 

aqueous environment, 300 
coexistence with hydrogen sulfide, 

98 
control of bioluminescence, 627-

628, 630 
geothermal habitat, 3918-3920 
gradients in environment, 94 
positive and negative responses 

to,251-252 
Oxygen consumption, xenosome of 

Parauronema acutum, 3882 
Oxygen evolution complex, 

cyanobacteria, 2090 
Oxygen limitation, 203 

Oxygen microelectrode, 408 
Oxygen requirement, 87-88, 155 

Actinomyces, 869-870 
Neisseria, 2505 
sulfur bacteria, colorless, 2638 
tests for, 869-870 

Oxygen tolerance, 87-88, 318 
ammonia-oxidizing bacteria, 2634 
Aquaspirillum, 2244 
Herbaspirillum, 2244 
hydrogen-oxidizing bacteria, 355-

356 
methanogens, 720 
sulfur bacteria, purple, 3215 

Oxygen toxicity, 88, 91, 308 
Spirillum,.2566, 2568 

Oxygenase, hydrocarbon-oxidizing 
bacteria, 453-454 

Oxygenic photosynthesis, 95-97, 
313-315,318-323 

Oxymonas grandis symbionts, 3856 
Oxyphotobacteria, 312 
Oxytetracyc1ine production, 

Streptomycetaceae, 978 
Oxytetracyc1ine resistance/ 

sensitivity 
Coxiella, 2474 
Ehrlichia, 2450 
Listeria, 1608 

Oyster 
Alteromonas, 3048-3049 
Cytophagales, 3638 
Listeria, 1597 
Plesiomonas, 3032 
Saprospira, 3676, 3678 
spirochetes, large symbiotic, 3966, 

3976 
Vibrio, 2960, 2990, 2994, 3000 

Ozena,2778 

p 

P agar 
Micrococcus, 1302 
Staphylococcus, 1381-1382 

P fimbriae, Escherichia coli, 2710 
PI protein, mycoplasma, 1946 
P-ß-Gal, Lactococcus, 1491 
P-582, sulfidogenic bacteria, 593 
Pablum extract agar, 

Streptosporangiaceae, 1126 
Pacemaker infection 

Bacillus, 1755 
Streptococcus, 1438 

Pachuca tack, 406 
Paddy soil 

Desu/fotomaculum, 1792 
Heliobacteriaceae, 1984-1987, 

1990 
"Padlewskia, " 2744 
Pai slant, Corynebacterium, 1175-

1176 
Pakistani tick typhus, 2420 
Palatinose utilization 

Enterobacter, 2808 
Klebsiella, 2786 
Serratia, 2837 

Palm trees, Azospirillum, 2237 
Palm wine 

acetic acid bacteria, 2269 
Zymomonas, 2287-2289 



Palmitate utilization, sulfate
reducing bacteria, 3363 

Pamamycin,958 
Pancreatic abscess 

Haemophilus, 3309 
Ochrobactrum, 2602 
Streptococcus, 1433 

Pancreatitis, Kluyvera, 2927 
Pancytopenia, tropieal canine, 2445 
Pandemic 

cholera, 2988-2989 
plague, 2888-2889 

Panicum maximum, Azospirillum, 
2244 

Panophthalmitis 
Bacillus, 1753 
Yersinia, 2870 

Pantoea, 2800, 2805 
Pantoea agglomerans, see 

Enterobacter agglomerans 
Pantoea dispersa, 2799, 2810 
Pantothenic acid, 157 
Pantothenic acid requirement 

Bacillus, 1666 
Brochothrix, 1619 
Carnobacterium, 1574 
Clostridium, 1806 
Enterococcus, 1468 
Kurthia, 1660 
Leuconostoc, 1521 
Staphylococcus, 1392 
sulfate-reducing bacteria, 3371 

Pantothenic acid utilization, 
rhizobia, 2201 

Papermill eIDuent 
actinoplanetes, 1035 
colorless sulfur bacteria, 405 
Enterobacter, 2802, 2805 
Klebsiella, 2777 

Paracoccus, 27, 387, 432, 435, 554, 
563, 565, 2132-2133, 2608 

Paracoccus denitrificans, 57, 335, 
34~ 351, 355, 35~ 362-36~ 
373-374, 389-390, 398-399, 
556, 559, 568-572, 2128, 2132, 
2321-2330, 2640, 2645-2646, 
2654 

Paracoccus halodenitrificans, 559, 
568, 570, 2321, 2330-2331 

Paracolobactrum aerogenoides, see 
Hafnia alvei 

Paracolobactrum 
anguillimortijerum, see 
Edwardsiella tarda 

Paraffin utilization, 451 
Paramecium symbiont, 3865-3878 
Paramecium aurelia, 3865-3867 
Paramecium biaurelia, 3866, 3868-

3869, 3874-3876 
Paramecium bursaria, 3867, 3875-

3877 
Paramecium caudatum, 3865, 3867, 

3871, 3873, 3875-3877 
Paramecium duboscqui, 3877 
Paramecium multimicronucleatum, 

3877 
Paramecium octaure/ia, 3868-3869, 

3875-3876 
Paramecium pentaurelia, 3867, 

3875 
Paramecium polycaryum, 3867 

Paramecium primaurelia, 3875-
3876 

Paramecium sexaurelia, 3876-3877 
Paramecium tetraurelia, 3868-3870, 

3874-3876 
Paramecium triaurelia, 3871 
Paramecium woodrujfi, 3877 
Parametritis, Bacillus, 1749 
Parasitism, 100, 164 

actinoplanetes, 1055 
Parasponia 

nitrogen-fixing bacteria, 541 
rhizobia,2197 

Parasporal body, Bacillus, 1669, 
1679, 1682, 1699-1702, 1711-
1716, 1723, 1730, 1761-1762 

Paratyphoid fever, 151,2760 
Parauronema acutum, xenosome, 

3880, 3882-3883 
Paromomycin resistance/sensitivity, 

Bifidobacterium, 823 
Paroxysmal rickettsiosis, 2443 
Parumapertus agent, 2408 
Parvobacteriaceae, 3331 
Pasteur, Louis, 150-152 
Pasteur pipette technique, isolation 

of purple sulfur bacteria, 3205 
Pasteurella, 29, 2114, 2116-2117, 

2983,3304, 3312, 3331-3335, 
3340, 3342, 3347, 3992 

Pasteurella aerogenes, 3331 
Pasteurella anatipestijer, see 

Moraxella antipestijer 
Pasteurella avium, 3320 
Pasteurella cholerae-gallinarum, see 

Pasteurella multocida 
Pasteurella gallicida, see Pasteurella 

multocida 
Pasteurella gallinarum, 3331-3332 
Pasteurella haemolytica, 3331-3334, 

3342, 3348 
Pasteurella multocida, 642-643, 

2115, 2385, 2895, 2941, 3304, 
3331-3332, 3346 

Pasteurella parahaemolytica, see 
Vibrio parahaemolyticus 

Pasteurella pneumotropica, 3331-
3332 

Pasteurella pseudotuberculosis, see 
Enterocolitica 

Pasteurella tularensis, see 
Francisella tularensis 

Pasteurella ureae, 3310, 3331-3332, 
3342 

Pasteurella volantium, 3320 
Pasteurellaceae, 29, 2116-2117, 

2135,3304-3306,3310,3331, 
3342 

Pasteurellosis, pneumonie, 3332, 
3334 

Pasteuria ramosa, see Pirellula 
staleyi 

Pasteurization, 152, 173 
elimination of nonsporeformers, 

1807 
high-temperature-short-time, 172 
low-temperature-Iong-time, 172 

Pate, Listeria, 1598 
Pathogen, see also specific diseases; 

specific pathogens 
facultative intracellular, 650-653 
insect, see Insect pathogen 
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invasion of host phagocytic and 
immune system, 648-649 

isolation and detection, 177-178 
opportunistie, see Opportunistic 

pathogen 
plant, see Plant pathogen 
replicating in epithelial cells, 647-

648 
Pathogenicity, 640-653 

Agrobacterium, 2222 
Pathogenicity test 

phytopathogenic pseudomonads, 
3119-3120 

xylem-inhabiting bacteria, 4042 
Yersinia pestis, 2893-2894 

Pathovar, 128-129 
Paucispirillum, 2123-2124 
Paucispirillum anulus, 2124 
Paucispirillum delicatum, 2124 
Paucispirillum giesbergeri, 2124 
Paucispirillum gracile, 2124 
Paucispirillum metamorphum, 2124 
Paucispirillum psychrophilum, 2124 
Paucispirillum sinuosum, 2124 
Paulinella chromatophora, 3837-

3839 
Paulowina witches' broom 

mycoplasma-like organism, 
4057 

Paunch, insect, spirochetes, large 
symbiotie, 3968 

PBP, see Penicillin-binding protein 
PC agar, see Plate count agar 
PC medium, manganese-oxidizing 

bacteria, 2316 
PCa medium, dimorphie 

prosthecate bacteria, 2189 
pcc genes, cyanobacteria, 2088-2089 
PCR, see Polymerase chain reaction 
PD2 medium, xylem-inhabiting 

bacteria, 4037-4038 
pdc gene, 201 

Zymomonas, 2294-2297 
Pea 

Lactococcus, 1485 
Leuconostoc, 1514, 1516 
nitrogen-fixing bacteria, 541 
Spiroplasma, 1967 

Pea aphid, 2402 
symbiont, 3907-3912 

Pea straw enrichment procedure, 
Sphaerotilus, 2616 

Peach 
crown gall, 2215 
mycoplasma-like organism, 4051 
phony disease, 4030, 4033-4034, 

4038-4039, 4041 
Spiroplasma, 1967 

Peach aphid symbiont, 3910 
Peach rosette mycoplasma-like 

organism, 4060 
Peach yellows mycoplasma-like 

organism, 4053, 4059-4060 
Peanut, rhizobia, 2198, 2202-2203, 

2206 
Peanut rosette mycoplasma-like 

organism, 4057 
Peanut witches' broom 

mycoplasma-like organism, 
4056-4057 

Pear 
acetic acid bacteria, 2272 
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Erwinia, 2907-2908,2910,2914 
mycoplasma-like organism, 4051-

4052 
Spiroplasma, 1967 

Pear dedine, 4052 
Pearl millet, Azotobacteraceae, 3164 
Pear-waster digestor, methanogens, 

739 
Peat bog 

cyanobacteria, 2062 
Pseudonocardiaceae, 1001 

Pecan bunch mycop1asma-like 
organism, 4059-4060 

Pectate basal salts medium, 
Erwinia, 2906 

Pectate degradation 
Clostridium, 1832 
Klebsiella, 2781,2786 
Lysobacter, 3266, 3268 

Pectate gel, phytopathogenic 
pseudomonads, 3107 

Pectate hydrolase, Clostridium, 
1827 

Pectate lyase 
Cytophaga1es, 3663 
Erwinia, 2903-2904,2911-2913 
Lachnospira, 2031 
Streptomycetaceae, 979 

Pectic enzyme, Erwinia, 2899 
Pectin agar, Yersinia, 2875-2876 
Pectin degradation 

Bacteroides, 3604 
Butyrivibrio, 2028, 2030 
Clostridium, 1804, 1823-1824, 

1827, 1831, 1833, 1837 
Cytophagales, 3644, 3658, 3663 
Frankia, 1074 
Haloanaerobiaceae, 1898-1899 
Herpetosiphon, 3800 
Lachnospira, 2023, 2026, 2031 
Streptomycetaceae, 927, 933, 945 
syntrophic cocu1ture, 277 
thermoanaerobic saccharo1ytic 

bacteria, 1908-1909 
Thermomonosporaceae, 1103 
Treponema, 3551 

Pectin esterase 
Butyrivibrio, 2030 
Clostridium, 1824, 1827 
Lachnospira, 2031 

Pectin methyl esterase 
Erwinia, 2912 
Lachnospira, 2031 

Pectinase, aphid symbiont, 3911 
Pectinatus, 25, 910, 1993-2003, 

2009 
Pectinatus cerevisiiphilus, 1993-

2003, 2005-2006, 2009-2010 
Pectinatus jrisingensis, 1999, 2002 
Pectobacterium, see Erwinia 
Pectobacterium carnegieana, see 

Erwinia carnegieana 
Pectobacterium carotovorum, see 

Erwinia carotovora 
Pectobacterium chrysanthemi, see 

Erwinia chrysanthemi 
Pectobacterium cypripedii, see 

Erwinia crypipedii 
Pectobacterium rhapontici, see 

Erwinia rhapontici 
Pediocin A, 1504 

Pediococcus, 25, 1450-1451, 1467, 
1482, 1484, 1488, 1502-1505, 
1516-1517, 1522,2271 

Pediococcus acidilactici, 1502, 
1504-1505, 1553, 1562 

Pediococcus cerevisiae, 1504, 1546 
Pediococcus damnosus, 1502-1503, 

1505, 1549 
Pediococcus dextrinicus, 1502-1505 
Pediococcus halophilus, 1502-1505 
Pediococcus homari, see Aerococcus 

viridans 
Pediococcus inopinatus, 1502-1503, 

1505 
Pediococcus parvulus, 1502-1503, 

1505 
Pediococcus pentosaceus, 1502, 

1504-1505, 1562 
Pediococcus soyae, see Pediococcus 

halophilus 
Pediococcus urinaeequi, 1502, 1505 
Pedomicrobium, 27, 2131, 2176-

2192,2316 
Pedoscope technique, 2491 
Pedoviridae, 2387 
PEK1 agar, Cytophagales, 3644 
PEK 7 agar, Cytophagales, 3644 
pe! genes, Erwinia, 2912-2913 
Pe1argonate utilization 

Psychrobacter, 3243 
purple nonsulfur bacteria, 2149 
Rhodocyclus, 2558 

Peliaina cyanea, 3838 
Pellide 

acetic acid bacteria, 2278 
Azospirillum, 2239-2242 
Azotobacteraceae, 3146 
Chromobacterium, 2592 
Derxia, 2609 
Herbaspirillum, 2239, 2243 
Methylobacterium, 2346 
Zoogloea, 3956 

Pelobacter, 29,282, 585, 1928, 
2048, 2134, 3352, 3379, 3385, 
3393-3398 

Pelobacter acetylenicus, 279-280, 
282-284, 291, 3393, 3395-3397 

Pelobacter acidigallici, 277, 2134, 
3393-3397 

Pelobacter carbinolicus, 279-280, 
283, 2134, 3393, 3395-3397 

Pelobacter propionicus, 3394-3398 
Pelobacter venetianus, 279-281, 283, 

2134, 3393-3398 
Pelochromatium, 278, 294, 3201 
Pelochromatium roseoviride 

consortium, 3584-3585 
Pelochromatium roseum, 4096, 4099 
Pelodictyon, 96, 131,323, 3585 
Pelodictyon clathratiforme, 3586-

3588 
Pelodictyon luteolum, 537, 3583-

3584, 3587, 4097 
Pelodictyon phaeoclathratiforme, 

3586-3587 
Pelodictyon phaeum, 3584, 3587 
Pelomyxa symbionts, 3855-3856, 

3859 
Pelonema tenue, 4099 
Peloploca, 4099 
Peloscope technique, 4093 
Pelosigma, 4098-4101 

Pelosigma cohnii, 4098-4100 
Pelosigma palustre, 4098-4100 
Peitigera1es, 3824 
Pelvic abscess 

actinomycosis, 860, 862 
Brucella, 2391 
Porphyromonas, 3609 
Veillonella, 2035 

Pelvic inflammatory disease (PID) 
Chlamydia, 3701 
Neisseria, 2509-2510 

pem genes, Erwinia, 2912 
PEMBA, see Polymyxin pyruvate

egg yolk-mannito1-bromothymo1 
blue agar 

Pendo1mycin, 1152 
Penicillin 

commercial production, 2725 
L-form induction, 4070-4073 
target, 4076 

Penicillin amidase, 2725 
Penicillin resistancejsensitivity 

Acinetobacter, 3139 
Actinomyces, 863 
Aeromonas, 3025, 3028 
anaerobic Gram-positive cocci, 

1890 
Anap1asmataceae, 3995 
aphid symbiont, 3907 
Bacillus, 1713, 1749, 1756, 1758-

1759 
BartoneIla, 3999 
Bartonellaceae, 3995 
Bifidobacterium, 829 
Brucella, 2395 
Butyrivibrio, 2028 
Chlamydia, 3694 
Chromobacterium, 2592 
Citrobacter, 2750 
Clostridium, 1867-1868, 1871, 

1876 
Corynebacterium, 1181-1182 
Cytophaga1es, 3659 
Edwardsiella, 2741 
Eikenella, 2671 
Enterococcus, 1466, 1474, 1476 
Erysipelothrix, 1633 
Erythrobacter, 2488 
Flavobacterium, 3620 
Francisella, 3989 
Fusobacterium, 4118 
Gemella, 1643, 1645 
Halobacteriaceae, 789-797 
He1iobacteriaceae, 1982 
Herpetosiphon, 3801 
Hydrogenobacter, 3927 
hydrogen-oxidizing bacteria, 3925 
Leptospira, 3574 
Leptotrichia, 3984 
Listeria, 1608 
Lysobacter, 3266 
methanogens, 724, 744, 756-757 
Methylobacterium, 2346 
Micrococcus, 1304 
Mobiluncus, 911 
Moraxella, 3276, 3278-3279 
myxobacteria, 3467 
Neisseria, 2498 
ph1oem-inhabiting bacteria, 4042 
Planctomyces, 3713 
Propionibacterium, 837, 841 
Proteus, 2852 



Pseudomonas, 3096 
Psychrobacter, 3243 
Rocha/imaea, 2444 
Roseobacter, 2157 
Se/iberia, 2493 
Spiroplasma, 1969 
Staphylococcus, 1394, 1399-1401 
Streptococcus, 1440, 1460-1461 
Tatumella, 2932 
thermoanaerobic saccharo1ytic 

bacteria, 1 904 
Thermomicrobium, 3777 
Vibrio, 2984 
Xanthobacter, 2375 
Yersinia, 2878 
Zymomonas, 2294 

Penicillinase 
Bacillus, 1684, 1688 
Enterobacter, 2804 
Klebsiella, 2780 
Pseudomonas, 3096 
Staphylococcus, 1393-1394 

Penicillin-binding protein 
Bacillus, 1676 
Bdellovibrio, 3403 
Chlamydia, 3694 
Enterococcus, 1467 
L-forms, 4076-4077 
Streptococcus, 1433, 1440 

Penicillus symbionts, 3859 
Pentanoate uti1ization, Arthrobacter, 

1285 
Pentanol utilization 

Azotobacteraceae, 3149 
Kurthia, 1659 

Pentose phosphate pathway, 55, 57 
Bacillus, 1704, 1710 
Bacteroides, 3595 
Chlorojlexus, 3765 
Corynebacterium, 1163 
cyanobacteria, 546, 2094 
myxobacteria, 3465 
Neisseria, 2506 
xylem-inhabiting bacteria, 4041 
Zymomonas, 2292 

PEP medium, Lysobacter, 3262 
Peptidase 

anaerobic Gram-positive cocci, 
1888 

Lactobacillus, 1568 
Peptide antibiotic, 1053 
Peptide requirement, myxobacteria, 

3465 
Peptide utilization, Fusobacterium, 

4118 
Peptidoglycan, 133, 136-138 

Actinomyces, 853 
actinoplanetes, 1044, 1048 
Aerococcus, 1504, 1506 
Agromyces, 1356-1357 
anaerobic Gram-positive cocci, 

1879, 1883-1884, 1886-1888, 
1890 

aphid symbiont, 3907 
Arthrobacter, 1284, 1290-1293 
Aureobacterium, 1357 
Bacillus, 1670, 1676, 1686-1687, 

1699-1700, 1707 
Bacteroides, 3595, 3602-3603 
Bi/idobacterium, 826-827 
Bordetella, 2534 
Brevibacterium, 1351 

Brochothrix, 1618, 1624 
Butyrivibrio, 2027-2028 
Carnobacterium, 1537, 1576, 

1624 
Caryophanon, 1787 
Cellulomonadaceae, 1323-1324 
Cellulomonas, 1325 
Chlamydia, 3694 
Chlorojlexus, 3767 
Clavibacter, 1356-1357, 1359, 

1361 
Clostridium, 1801, 1816-1817, 

1821-1836 
Corynebacterium, 1157-1158 
Coxiella, 2471 
Curtobacterium, 1355-1357, 1363 
Cytophagales, 3652-3653 
Deinococcaceae, 3733, 3736, 

3738-3739, 3741 
dimorphic prosthecate bacteria, 

2186 
diversity, 54 
Erysipelothrix, 1624, 1629, 1634 
Eubacterium, 1914, 1918 
glycolation, 138 
group B type, 1355 
Halomonas, 3185-3186 
Heliobacteriaceae, 1982 
Herpetosiphon, 3788, 3797-3799 
homoacetogens, 1932 
Jonesia, 1338-1339 
Kurthia, 1624, 1654, 1658 
Lactobacillus, 1537, 1559, 1563-

1565, 1624 
Lactococcus, 1485 
Leptospira, 3569 
Leuconostoc, 1508, 1522-1524 
Listeria, 1602, 1605, 1624 
Lysobacter, 3264 
methanogens,731 
Microbacterium, 1355, 1357, 

1364-1365 
Micrococcus, 1305 
Mycobacterium, 1221, 1271, 1277 
myxobacteria, 3442, 3446, 3462 
Neisseria, 2503, 2534 
Nocardia, 1188 
Nocardiaceae, 1188, 1190, 1200 
Nocardiopsis, 1140 
Oerskovia, 1330-1331, 1333 
Pectinatus, 1996 
Pediococcus, 1504 
Phenylobacterium, 2340 
phototrophs, 323 
Planococcus, 1781 
plant pathogenic coryneforms, 

666 
Porphyromonas, 3609, 3612 
Promicromonospora, 1334, 1337 
Propionibacterium, 835, 842 
Pseudonocardiaceae, 996 
Renibacterium, 1312 
Rhodococcus, 1192 
Saprospira, 3682 
Serpens jlexibilis, 3240 
Sporosarcina, 1778 
Staphylococcus, 1376, 1382-1383, 

1385 
Stella, 2169 
Stomatococcus, 1321 
Streptococcus, 1432 
Streptomycetaceae, 921-922 
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Streptosporangiaceae, 1115-1116 
structure, 138 
Thermoleophilum, 3781 
Thermomicrobium, 3778 
Thermomonosporaceae, 1085-

1086 
Thermotogales, 3809 
Thermus, 3747, 3749 
Tsukamurella, 1193 
Veillonella, 2037, 2041 
Vibrio, 2985 
Xanthobacter, 2373-2374 
xylem-inhabiting bacteria, 4039 

Peptococcaceae, 1879, 1883 
Peptococci, 1879-1890 
Peptococcus, 25, 88, 141,453, 1819, 

1879, 1883-1884, 1887-1889, 
1925 

Peptococcus glycinophilis, see 
Peptostreptococcus micros 

Peptococcus niger, 1879-1880, 1883, 
1886-1887, 1914 

"Peptococcus saccharomyticus, " 
1883 

Peptone agar, Bordetella, 2532 
Peptone cysteine agar, Francisella, 

3990 
Peptone formulation, 

bioluminescent bacteria, 633 
Peptone medium, Erythrobacter, 

2485 
Peptone utilization, anaerobic 

Gram-positive cocci, 1884-
1885, 1888 

Peptone-corn extract agar, 
Promicromonospora, 1336-1337 

Peptone-Czapek agar 
actinoplanetes, 1040, 1045, 1051 
Streptosporangiaceae, 1124 

Peptone-glucose broth, acetic acid 
bacteria, 2274 

Peptone-glycerol agar, Serratia, 2832 
Peptone-maize agar, 

Thermomonosporaceae, 1093-
1095 

Peptone-manganese carbonate 
medium, Siderocapsaceae, 
4104,4106 

Peptone-seawater agar, Saprospira, 
3681 

Peptone-succinate-sait medium 
(MPSS) 

Aquaspirillum, 2578 
Oceanospirillum, 3233 

Peptone-yeast extract (PYE) 
medium 

basal prereduced, 1883 
Clostridium, 1808 
Deinococcaceae, 3736 
dimorphic prosthecate bacteria, 

2189 
Gemella, 1647 

Peptone-yeast extract-basal (PY) 
medium, Treponema, 3553-
3554 

Peptone-yeast extract-fructose (PYF) 
medium, Megasphaera, 1995 

Peptone-yeast extract-glucose (PYG) 
medium 

anaerobic Gram-positive cocci, 
1885-1887 

Blastobacter, 2171-2173 
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Clostridium, 1801-1802 
Fusobacterium, 4121 
Megasphaera, 1995 
Pectinatus, 1995 
Planctomyces, 3715 
Selenomonas, 2008 

Peptostreptococcus, 25, 109, 141, 
1819, 1879-1890, 1926 

Peptostreptococcus anaerobius, 
1879-1880, 1883-1886, 1918, 
2035 

Peptostreptococcus asaccharolyticus, 
1879-1880, 1884-1888 

Peptostreptococcus barnesae, 1885, 
1887-1888 

Peptostreptococcus elsdenii, 110 
Peptostreptococcus heliotrinreducens, 

1884-1885, 1887 
"Peptostreptococcus hydrogenalis, " 

1879-1880, 1884, 1886 
Peptostreptococcus hydrogenes, 1885 
Peptostreptococcus indolicus, 865, 

1880, 1884-1888 
Peptostreptococcus magnus, 1879-

1880, 1884-1885, 1887-1888 
Peptostreptococcus micros, 1879-

1880, 1884-1885, 1887-1888 
"Peptostreptococcus parvulus, " 

1883-1884 
Peptostreptococcus prevotii, 1879-

1880, 1884-1885, 1887-1888 
Peptostreptococcus productus, 517-

518, 520, 524-527, 1879-1881, 
1883-1885, 1887-1888, 1925 

Peptostreptococcus tetradius, 1879-
1880, 1883-1885, 1887-1888 

Peranema symbionts, 3859-3860 
Percoll gradient, purification of 

rickettsiae, 2432-2433 
Perfloxacin resistance/sensitivity, 

Chromobacterium, 2593 
Pericardial fluid 

Neisseria, 2513 
Staphylococcus, 1380 

Pericarditis 
Bacillus, 1753 
Pasteurella, 3332 
Staphylococcus, 1374 
Streptosporangiaceae, 1122 

Perihepatitis 
Chlamydia, 3701 
Pasteurella, 3332 

Periodontal disease 
Actinobacillus, 3345 
Actinomyces, 814, 850, 863-864, 

866, 891 
Campylobacter, 3490 
Cytophagales, 3645, 3664-3665 
Eikenella, 2671 
Fusobacterium, 4115 
Porphyromonas, 3615 
Selenomonas, 2006 
Streptococcus, 1434, 1437 
Veillonella, 2035-2036 
Wolinella, 3513 

Periodontitis 
Actinomyces, 854 
denitrifying bacteria, 559 
Fusobacterium, 4115 
juvenile, see Juvenile 

periodontitis 
Porphyromonas, 3609 

Veillonella, 2035-2036 
Periplasmic flagella, Borrelia, 3560 
Perirectal abscess 

Bacteroides, 3598 
Legionella, 3283 

Peritoneal abscess, anaerobic Gram
positive cocci, 1880 

Peritoneal fluid 
Staphylococcus, 1380 
Yersinia, 2873 

Peritonitis 
Actinomyces, 850, 865 
Carnobacterium, 1574 
Corynebacterium, 1182-1183 
Edwardsiella, 2738 
Enterococcus, 1476 
Escherichia coli, 2718 
Gemella, 1651 
Neisseria, 2510 
Pasteurella, 3332 
Plesiomonas, 3034 
Staphylococcus, 1374 
Stomatococcus, 1321 
Streptococcus, 1426, 1438 
Vibrio, 2996 
Yersinia, 2677 

Peritrichous flagellation, 243 
Periwinkle 

mycoplasma-like organism, 4052, 
4056 

Spiroplasma, 1963, 1967, 1971 
wilt disease, 4030, 4034 

Permafrost, Kurthia, 1655 
Permeaplast, cyanobacteria, 2087 
Permease 

Halomonas, 3187 
Lactobacillus, 1568 

Peroxidase 
Bdellovibrio, 3409 
Spirillum, 2567 
Thermoleophilum, 3783 

Peroxidase-anti peroxidase 
procedure, Renibacterium, 1314 

Perry (beverage) 
Leuconostoc, 1510 
Zymomonas, 2287 

Pertussis, 743, 746, 2530-2532, 
2536, 2538-2539 

Pertussis toxin, 645-646, 2530-
2531, 2535-2537 

Pertussis toxin gene, 2539 
Pertussis toxin receptor, 2537 
Pesticide degradation 

Cytophagales, 3663 
Klebsiella, 2782 
Nocardiaceae, 1203 

Pesticin, 2894, 2896 
Pet food, 2274 
pet genes, cyanobacteria, 2089 
PET operon, 201 
Petroleum disposal, 455 
Petroleum-degrading bacteria, see 

Rydrocarbon-oxidizing bacteria 
Pfeifferella, 3332 
Pfennig's medium, 

Ectothiorhodospira, 3222, 3226 
pgk gene, Zymomonas, 2296 
PGL-1, Mycobacterium leprae, 

1273, 1277-1278 
pR, medium, 170 
pR dependence, 162 

colorless sulfur bacteria, 391 

pR tolerance, 86-87 
Phaeodactylum tricornutum, 

caulobacters associated with, 
2182 

Phage 
acetic acid bacteria, 2280 
Acinetobacter, 3140 
Actinomyces, 857, 887 
Aeromonas, 3028-3029 
Alteromonas, 3064 
anaerobes, 300 
Azotobacteraceae, 3162 
Bacillus, 1679-1681, 1711, 1729-

1731,1758-1759 
Bdellovibrio, 3402-3403 
Bifidobacterium, 828 
Brochothrix, 1620 
Brucella, 2385 
Caedibacter, 3874 
Campylobacter, 3505 
Caryophanon, 1788 
Cellulomonadacea, 1323 
Citrobacter, 2748 
Clostridium, 1869 
Corynebacterium, 645, 1161 
cyanobacteria, 2080, 2085 
Cytophagales, 3656-3657 
Deleya, 3194 
Desuljovibrio, 613 
dimorphie prosthecate bacteria, 

2179 
Erwinia, 2904-2905 
Erysipelothrix, 1638 
Escherichia coli, 2707-2708, 

2714, 2723 
Hafnia, 2683,2768,2817,2819, 

2930 
Kurthia, 1658, 1660 
Lactobacillus, 1570-1573 
Lactococcus, 1486, 1488-1490, 

1493-1496 
Leuconostoc, 1526-1527 
Listeria, 1608-1609 
Morganella, 2858 
Mycobacterium, 1229 
myxobacteria, 3418, 3451-3452 
Neisseria, 2498 
Nocardia, 1189 
Nocardiaceae, 1206 
Oerskovia, 1330-1331 
phytopathogenic pseudomonads, 

3122 
Promicromonospora, 1334-1335 
Propionibacterium, 837, 841 
Providencia, 2853 
Pseudomonadaceae, 3081 
Pseudonocardiaceae, 1018 
rhizobia, 2209 
Salmonella, 2763, 2768-2769 
Saprospira, 3683 
Sporosarcina, 1779 
Staphylococcus, 1394, 1398-1399 
starter culture contamination, 

1494-1496 
Stomatococcus, 1321 
Streptococcus, 1460 
Streptomycetaceae, 943 
Thermomonosporaceae, 1105 
Veillonella, 2043 
Vibrio, 2975 
Yersinia, 2870, 2894 

Phage ",12, Comamonas, 2588 



Phage r/J29, Bacillus, 1680-1681 
Phage r/J105, Bacillus, 1678, 1680 
Phage r/J3T, Bacillus, 1678-1680 
Phage r/JC31, Streptomycetaceae, 

971 
Phage r/JFSW, Lactobacillus, 1572 
Phage pli, Bacillus, 1679-1680 
Phage 1672, Hafnia, 2819 
Phage AS-l, cyanobacteria, 2085 
Phage B2, Lactobacillus, 1572 
Phage BLA, Bacillus, 1711 
Phage change, Bordetella, 2537-

2538 
Phage conversion, Salmonella, 2761 
Phage CPI5, Bacillus, 1678 
Phage CP51, Bacillus, 1727 
Phage CP54, Bacillus, 1727 
Phage H2, Bacillus, 1678-1679 
Phage lambda, Escherichia coli, 

2707,2723 
Phage MAC-I, Bdellovibrio, 3409 
Phage MPI3, Bacillus, 1678 
Phage MX-I, myxobacteria, 3451-

3452 
Phage MX-4, myxobacteria, 3452 
Phage MX-8, myxobacteria, 3452 
Phage N-l, cyanobacteria, 2085 
Phage P78, Acinetobacter, 3140 
Phage PBLI, Bacillus, 1711 
Phage PBL2, Bacillus, 1711 
Phage PBU, Bacillus, 1711 
Phage PBLO.5, Bacillus, 1711 
Phage PBSl, Bacillus, 1678, 1681 
Phage PBSX, Bacillus, 1680 
Phage PL-l, Lactobacillus, 1572 
Phage PMB 1, Bacillus, 1681 
Phage PMB 12, Bacillus, 1681 
Phage resistance, Lactococcus, 1494, 

1496 
Phage SE6, Pseudonocardiaceae, 

1018 
Phage SPß, Bacillus, 1678-1679 
Phage SP6, Bacillus, 1680 
Phage SPlO, Bacillus, 1681 
Phage SPI5, Bacillus, 1681 
Phage SP82, Bacillus, 1680-1681 
Phage SPO 1, Bacillus, 1680-1681 
Phage SP02, Bacillus, 1680 
Phage SPP1, Bacillus, 1678 
Phage T4, Escherichia coli, 2707 
Phage T7, Escherichia coli, 2707 
Phage TM4, Mycobacterium, 1229 
Phage TPI3, Bacillus, 1678, 1681 
Phage TPI8, Bacillus, 1678 
Phage typing, 142 

Bacillus, 1708, 1763 
Brucella, 2387-2388, 2393 
Campylobacter, 3498 
Corynebacterium, 1180 
Enterobacter, 2811 
Enterococcus, 1467 
Escherichia coli, 2707 
Klebsiella, 2788 
Morganella, 2849 
Oerskovia, 1331-1332 
Promicromonospora, 1336 
Proteus, 2849, 2851 
Providencia, 2849 
Pseudomonas, 3094 
Salmonella, 2770 
Serratia, 2841 
Staphylococcus, 1398 

Streptomycetaceae, 970-971 
Yersinia, 2872 

Phage Z, Bacillus, 1680 
Phagocytes, 651, 653 

Rickettsia, 2438 
Phagocytic system, pathogens that 

invade, 648-649 
Phagocytosis, 649 

of Chlamydia, 3699 
coiling, 653, 3284-3285 
random, 3884 

Phagolysosome, Coxiella, 2471-
2472,2477 

Phagolysosome fusion, 653 
inhibition by Chlamydia, 3699 
Mycobacterium leprae, 1273 

Phagosome, 651 
Cowdria, 2452 
Ehrlichia, 2447 
Legionella, 3284-3285 
Wolbachia, 2479 

Phagovar, 128-129, 142 
Phallodrillinae symbionts, 3894 
Pharmaceuticals 

bifidus factor, 829 
Methylobacterium, 2343-2344 
Pseudomona~ 3089 

Pharyngitis 
Actinomyces, 850, 862 
Chlamydia, 3694 
Streptococcus, 1438, 1452 
Yersinia, 2870 

Pharynx 
Comamonas, 2585 
Haemophilus, 3309, 3311, 3315 
Neisseria, 2509 
Staphylococcus, 1371 

Phase (taxonomic definition), 129 
Phase variation, 649-650 

Bordetella, 2534 
Coxiella, 2472, 2474-2475 
Moraxella, 650 
Salmonella, 2762-2763 
Shigella, 2757 

Phaseolotoxin, phytopathogenic 
pseudomonads, 3114-3115 

Phasmid phAEl, Mycobacterium, 
1229 

Phasmid phAE 19, M ycobacterium, 
1229 

Phenanthrene degradation 
hydrocarbon-oxidizing bacteria, 

453 
Mycobacterium, 1224 

Phenazine antibiotic production, 
Nocardiopsis, 1152 

Phenazine pigment, Pseudomonas, 
3091 

Phenazine-l-carboxylic acid, 
Pseudomonas, 3091, 3093 

Phenethyl alcohol production, 
Psychrobacter, 3243 

Phenol red-lactose agar, 
Enterobacter, 2805 

Phenol utilization 
Acinetobacter, 3141 
anaerobes, 303 
Arthrobacter, 1286 
Bacillus, 1665-1666 
Comamonas, 2584 
denitrifying bacteria, 565 
hydrogen-oxidizing bacteria, 3925 
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Nocardiaceae, 1205 
Pseudonocardiaceae, 1000, 1016 
sulfate-reducing bacteria, 3363, 

3369, 3371 
sulfidogenic bacteria, 587, 610 
syntrophic bacteria, 2052, 2055 
syntrophic culture, 289 

Phenolase, Mycobacterium leprae, 
1277 

Phenotypic characteristics, 130 
integration with phylogenetic 

data, 39-41 
Phenotypic diversity, 19-41,202-

203 
Phenylacetamidase, 202 
Pheny1acetic acid production 

Bacteroides, 3604 
Eubacterium, 1914 
Listeria, 1606 
Porphyromonas, 3610, 3614-3615 

Phenylacetic acid utilization 
Desu/fotomaculum, 1795 
Enterobacter, 2808-2810 
Klebsiella, 2786 
Kurthia, 1659 
Psychrobacter, 3243 
sulfate-reducing bacteria, 3371 
syntrophic bacteria, 2052 

Phenylalanine deaminase 
Edwardsiella, 2741 
Enterobacteriaceae, 2923 
Escherichia, 2698 
Hafnia, 2818 
Plesiomonas, 3036 
Proteus, 2850 
Rahnella, 2931 
Shigella, 2755 
Sporosarcina, 1779 
Streptobacillus, 4024 
Vibrio, 2973 
Xenorhabdus, 2934 
Yersinia, 2865 

Phenylalanine dehydrogenase, 
Sporosarcina, 1779-1781 

Phenylalanine monooxygenase, 
Chromobacterium, 2595 

Phenylalanine production 
Paracoccus, 2330 
Pseudomonas, 3081 

Phenylalanine utilization 
Arthrobacter, 1285 
Phenylobacterium, 2338-2339 
Psychrobacter, 3243 
rhizobia, 2201 

Phenylethyl alcohol agar 
Staphylococcus, 1381 
Streptococcus, 1453 

Phenylethyl alcohol utilization, 
Xanthobacter, 2379 

Phenylmethylether utilization, 
homoacetogens, 517 

Phenylobacterium, 27, 2130, 2335-
2341 

Phenylobacterium immobilis, 2335-
2341 

3-Phenylpropanoic acid, 486 
Pheromone, 62 
Phillips' selective medium, 

Actinobacillus, 3345 
Philodendron, Erwinia, 2910,2913 
Phleixanthophyll, 956-957 



1-110 Index Volumes I-IV 

Phloem sieve tube, myeoplasma-like 
organism, 4050-4063 

Phloem-inhabiting baeteria, 4031, 
4033-4035, 4042-4044 

Phloretin hydrolase, Erwinia, 2909 
Phloroglueinol degradation 

Eubacterium, 1916 
Pelobacter, 3397 
sulfidogenie baeteria, 610 

Phloroglueinol reduetase, 
Eubacterium, 1916 

Phloroglucinolcarboxylate 
utilization, Pelobacter, 3397 

pho genes, Zymomonas, 2296 
Phony disease, peaeh, 4030, 4033-

4034, 4038-4039, 4041 
Phormidium, 5,26,268,538,2081, 

3821-3822 
eaulobaeters associated with, 2181 

Phormidium foveolarum, 3261 
Phormidium geysericola, 3802 
Phormidium luridum, 3466 
Phosphatase, 141 

Aquaspirillum, 2571 
Bacillus, 1688 
Brochothrix, 1625 
Kurthia, 1660 
Listeria, 1603 
Lysobacter, 3266 
Oceanospirillum, 3232, 3234 
Spirillum, 2569 
Sporosarcina, 1779 
Thermomonosporaeeae, 1103 
Treponema, 3552 
Verrucomicrobium, 3808 
Xanthobacter, 2373 
Xenorhabdus, 2934 

Phosphate aeetyltransferase, 
myeoplasma, 1943 

Phosphate sensitivity, dimorphie 
prosthecate baeteria, 2189 

Phosphate-buffered medium, 
Propionigenium, 3949 

Phosphatidylserine synthase, 
Clostridium, 1831 

Phosphine-oxidizing baeteria, 340 
Phosphinothricin, 977-978 
Phosphoamidase, Listeria, 1603 
Phosphodiamidase, Comamonas, 

2587 
Phosphoenolpyruvate earboxykinase 

Butyrivibrio, 2030 
Cytophagales, 3649, 3657 
Ectothiorhodospira, 3227 

Phosphoenolpyruvate carboxylase 
Corynebacterium, 1163, 1165 
eyanobaeteria, 2094-2095 
Ectothiorhodospira, 3227 
methylotrophs, 439 
myxobaeteria, 3465 
Neisseria, 2505 
reaetion, 58 
Xanthobacter, 2376 
Zymomonas, 2292 

Phosphoenolpyruvate 
phosphotransferase 

Clostridium, 1830 
Lactobacillus, 1568 

Phosphofruetokinase 
Chloroflexus, 3765 
Clostridium, 1830, 1839 
myxobaeteria, 3465 

ß-Phosphogalaetosidase 
Enterococcus, 1470 
Lactobacillus, 1568 

6-Phospho-ß-galaetosidase, 
Pseudonocardiaeeae, 10 16 

Phosphoglucomutase, Micrococcus, 
1306 

6-Phosphogluconate dehydrogenase 
Bacteroides, 3595, 3602 
Bifidobacterium, 821, 824-826 
Chloroflexus, 3765 
cyanobacteria, 546, 2094 
Enterococcus, 1470 
Leuconostoc, 1523-1524 
Listeria, 1606 
methanotrophs, 2355 
methylotrophs, 438 
Serratia, 2841 
Xanthobacter, 2376 

6-Phosphoglueonate pathway, 
Lactobacillus, 1561 

Phosphoglycerate kinase, anaerobes, 
305 

Phosphohalopterin-l, 779-780 
Phosphohexulose isomerase, 

methylotrophs, 440 
Phosphoketolase 

Lactobacillus, 1561, 1566 
Leuconostoc, 1520 

Phospholipase 
Acinetobacter, 3139 
Alteromonas, 3063 
Bacillus, 1757, 1760 
Butyrivibrio, 2030 
Clostridium, 1831 
Fusobacterium, 4118 
Leptospira, 3571, 3574 
Listeria, 1609 
Streptomycetaceae, 979 

Phospholipase A2, Cytophagales, 
3664 

Phospholipase C 
Bacillus, 1688 
Clostridium haemolyticum, 1872 
Staphylococcus, 1395 

Phospholipase D, Corynebacterium, 
1178-1181 

Phospholipid, 134, 136 
Actinomadura, 1063 
aetinoplanetes, 1042-1044, 1047 
Amycolata, 1063 
Amycolatopsis, 1063 
Arthrobacter, 1291 
Bacillus, 1676 
Cellulomonadaeeae, 1323-1324 
Cellulomonas, 1325 
Clostridium, 1818 
Corynebacterium, 1172 
Cytophagales, 3655 
Halobacteriaceae, 777-778, 788-

797 
Halomonas, 3186 
methanotrophs, 2355-2357 
Micrococcus, 1306 
Mycobacterium, 1226-1227 
myxobaeteria,3447 
Nocardiaeeae, 1188, 1190, 1201 
Nocardioides, 1063 
Nocardiopsis, 1063, 1141-1142, 

1146-1148 
Oerskovia, 1333 
Planococcus, 1781-1782 

Promicromonospora, 1337-1338 
Pseudonocardiaeeae, 997-998 
Saccharothrix, 1063, 1066 
Streptomycetaeeae, 921-922, 952-

953 
Streptosporangiaceae, 1115-1116, 

1126 
Thermococcales, 704 
Thermomonosporaceae, 1090, 

1096, 1102 
Phosphoramidon, 979 
5' -Phosphoribose 

pyrophosphokinase, 
Corynebacterium, 1166-1167 

Phosphoribulokinase 
Alcaligenes, 2551 
Beggiatoa, 3177-3178 
methanotrophs, 2357 
sulfur bacteria, purple, 3215 

Phosphorus limitation, 203 
Phosphorus requirement, 155-157 
Phosphotransaeetylase 

Butyrivibrio, 2030 
Clostridium, 1828, 1838 
homoacetogens, 526 
Spirochaeta, 3529 
sulfidogenie bacteria, 609 

Phosphotransbutyrylase 
Butyrivibrio, 2030 
Clostridium, 1822, 1824, 1839 

Phosphotransferase system (PTS), 
249 

Bacillus, 1704 
Corynebacterium, 1162-1163 
Enterococcus, 1470 
Escherichia, 2700 
Lactobacillus, 1568 
Staphylococcus, 1385-1388, 1390 
Streptomycetaceae, 979 

"Photobacter," 2114 
Photobacter splendidum, see Vibrio 

splendidus 
Photobacterium, 29, 103, 312, 625, 

2116,2941,2944,2948,2952, 
3001-3005 

Photobaeterium agar, Vibrionaeeae, 
2948 

Photobacterium angustum, 2939, 
2947,2956, 2958, 2979-2982, 
3001-3005 

Photobaeterium broth, 
Vibrionaeeae, 2948 

Photobacterium fischerii, see Vibrio 
fischeri 

Photobacterium leiognathi, 625, 
627-631, 634, 2116, 2939, 
2947,2956-2958,2971,2979-
2982, 3001-3005 

Photobacterium logei, see Vibrio 
logei 

Photobacterium mandapamensis, 
2116 

Photobacterium phosphoreum. 625-
631,633-634,2116,2939, 
2947,2956-2958,2969,2971, 
2979-2982, 3001-3005 

Photoheterotrophy, eyanobaeteria, 
2061 

Photokinesis, 99, 250-251 
Photolithotroph, 154, 156 

carbon dioxide fixation, 58-59 
Photoorganotroph, 154, 156 



Photophobia, 250-251 
Photophobotaxis, Heliobacteriaceae, 

1990 
Photoreceptor, 253 
Photoresponse, 250-252 
"Photorhizobium, " 2197, 2201 
Photorhizobium thompsonum, 536 
Photosensitization, 91 
Photosynthesis, 5, 13 

anoxygenic, 80, 95-97, 313-316, 
318-323, 2081-2082, 3200-
3216 

Chlorobiaceae, 3586-3589 
Chloroflexus, 3767-3769 
cyanobacteria, 2058, 2060, 2062, 

2079-2082,2094,3819,3829 
diversity, 60-61 
energy supply pathway, 106 
evolution, 12, 328 
genetics, 2089 
HeJiobacteriaceae, 1981-1982 
machinery, 314-318 
mechanisms,314-318 
oxygenic, 95-97, 313-315, 318-

323 
Prochlorales, 2105-2106, 2108 
purple nonsulfur bacteria, 2150 
purple sulfur bacteria, 3200-3216 
Rhodocyclus, 2556-2559 

Photosynthetic membrane, 316 
Photosynthetic reaction center, 314-

318 
Chloroflexus, 3768 
sulfur bacteria, purple, 3212-3213 

Photosystem I, 315-316 
cyanobacteria, 2079 

Photo system 11, 315-316 
cyanobacteria, 2079, 2082 

Phototaxis, 99, 250-253 
cyanobacteria, 2061 
Isosphaera, 3724, 3728 
myxobacteria, 3440 

Phototroph, 55, 140, 154,312-328 
anaerobic, 80-81 
diazotrophic, 540 
diversity, 60-61 
evolution, 313 
metabolism, 60-61 
physiological and ecological 

corollaries of photosynthesis, 
318-323 

Phragmidiothrix, 2612, 2615 
Phthalate degradation, denitrifying 

bacteria, 565 
Phycobilin, cyanobacteria, 2093 
Phycobiliprotein, 315-317, 321 

cyanobacteria, 2058, 2060, 2091, 
2093 

Phycobilisome, 133,317,322 
cyanobacteria, 2060, 2091, 2093 

Phycocyanin, cyanobacteria, 2096 
Phycoerythrin, cyanobacteria, 2060 
Phyllobacterium, 27, 661, 2127-

2128,2133,2201,2214,2385, 
2601-2604 

Phyllobacterium myrsinacearum, 
2603 

Phyllobacterium rubliacearum, 2603 
Phylloquinone, 135 
Phyllosphere 

Azotobacteraceae, 3144 
Beijerinckia, 2256 

myxobacteria, 3420 
Phyllospongia, cyanobacteria 

symbiont, 3822 
Phylogenetic classification, 3-8 
Phylogenetic coherency, 39-41 
Phylogenetic marker, 129 
Phylogenetic parameter 

correlation of individual, 32 
integration with phenotypic data, 

39-41 
Phylogenetic patterns, 129-130 

comparison, 32-37 
Phy10genetic tree, 11-12 

Archaea, 14 
bacteria, 15 
construction, 8-9 
eubacteria, 3776 
Wolinella, 3513-3514 

Phylogeny, 19-41 
Phytoalexin, 2913 
Phytohormone 

mycoplasma-like organism
infected plants, 4052 

phytopathogenic pseudomonads, 
3115-3116 

Phytomonas, see Xanthomonas 
Phytopathogenic pseudomonads, 

495 
fluorescent group, 3105-3108 
foliar, 3117-3118 
genetics, 3109-311 7 
habitats, 3117-3120 
identification, 3122-3123 
isolation, 3120-3122 
mechanism of pathogenesis, 

3109-3117 
nonfluorescent group, 3105, 3108-

3109 
preservation, 3123 
systematics, 3104-3109 

Phytophthora rot, 1055 
Phytotoxin, phytopathogenic 

pseudomonads, 3111, 3114-
3115 

Pi symbiont, see Pseudocaedibacter 
falsus 

Pickles 
Lactobacillus, 1545-1546 
Leuconostoc, 1514 
Pediococcus, 1503 

Picolinic acid utilization, 
Arthrobacter, 1286 

PID, see Pelvic inflammatory 
disease 

Pierce's disease, grapevine, 4030, 
4032-4034, 4037, 4039-4041 

Pig, see Swine 
PigbeJ, see Necrotic enteritis 
Pigment, 90, 132, 135 

acetic acid bacteria, 2279 
Actinobacillus, 3347 
actinomycete, 957 
actinoplanetes, 1045-1048 
Aeromonas, 3013, 3025, 3028 
Alcaligenes, 2549 
Alteromonas, 3048-3049, 3051, 

3055-3057, 3062 
Aquaspirillum, 2572 
Archaeoglobus, 707 
Aureobacterium, 1357 
Azotobacteraceae, 3145, 3147, 

3149-3151, 3153-315~ 3157-
3159 
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Bacillus, 1757 
Bacteroides, 3593-3594, 3599-

3600, 3603 
Beijerinckia, 2259, 2261-2263 
Blastobacter, 2174 
Brevibacterium, 1353 
Campylobacter, 3494, 3496 
Chlorobiaceae, 3587 
Chloroflexus, 3755, 3762-3763, 

3766-3769 
Clavibacter, 1358, 1362 
Clostridium, 1832 
Comamonas, 2585 
cyanobacteria, 2058, 2060-2061, 

2096 
Cyanophora, 3842, 3844 
Cytophagales, 3632, 3634, 3638-

3639, 3655-3656, 3659 
Deinococcaceae, 3736-3737 
Derxia, 2608-2610 
Ectothiorhodospira, 3225-3227 
Eikenella, 2669-2670 
Enterobacter, 2802, 2805, 2807 
Enterobacteriaceae, 2924 
Enterococcus, 1465, 1467-1468 
epiphyte, 660 
Erwinia, 668, 2901, 2908 
Erythrobacter, 2485-2488 
Escherichia, 2698, 2722 
Flavobacterium, 3620-3621, 3623, 

3627 
Frateuria, 3198 
Haliscomenobacter, 3690 
Ha1obacteriaceae, 769-770, 783, 

788, 799-800 
halophilic cocci, 1780 
Heliobacteriaceae, 1981, 1984, 

1987, 1990 
Heliothrix, 3764 
Herpetosiphon, 3799-3800, 3802 
Hydrogenobacter, 3927 
hydrogen-oxidizing bacteria, 364-

365, 3925 
Isosphaera, 3728 
Klebsiella, 2784-2785, 2787 
Leuconostoc, 1522-1523 
Lysobacter, 3264 
Marinomonas, 3062 
methanotrophs, 2350, 2356 
Methylobacterium, 2344-2347 
Microbacterium, 1364-1365 
Micrococcus, 1300, 1303, 1305 
Mycobacterium, 1219-1220, 1238, 

1258-1260 
myxobacteria, 3440, 3447-3448 
Neisseria, 2496-2497,2514-2515 
Nocardiopsis, 1150, 1152 
Phenylobacterium, 2339 
photosynthetic, 60-61 
phytopathogenic pseudomonads, 

3105, 3109, 3121 
Pirellula, 3720 
Planococcus, 1781 
plant pathogenic coryneforms, 

666-667 
Plesiomonas, 3036 
Porphyromonas, 3609, 3612-3613 
Prochlorales, 2105 
Propionibacterium, 840 
Pseudomonadaceae, 3081 
Pseudomonas, 669, 3087, 3090, 

3096 
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Pseudonocardiaceae, 1010 
purpIe nonsulfur bacteria, 2146-

2148 
Rhodocyclus, 2558 
Saccharothrix, 1065 
Saprospira, 3684 
Serratia, 2822,2824,2831,2837-

2839 
Spirochaeta, 3534 
Sporosarcina, 1777 
Staphylococcus, 1369, 1386-1387 
Streptomycetaceae, 941, 949, 951, 

954-956, 963, 965-966 
Streptosporangiaceae, 1120, 1127-

1132 
su1fate-reducing bacteria, 3364, 

3367 
sulfur bacteria, purpIe, 3208-

3209, 3211 
sulfur-reducing bacteria, 3385, 

3387 
Thermomicrobium, 3777 
Thermomonosporaceae, 1086, 

1089,1093,1101,1103 
Thermus, 3746, 3748-3749 
Veillonella, 2043 
Vibrio, 2974, 2999-3000 
Xanthobaeter, 2372-2373 
Xanthomonas, 669 
Xenorhabdus, 633, 2934 
Xylophilus, 3135 
Yersinia, 2894, 2896 

Pi1i, 92-93, 643-644, 651; see also 
Fimbriae 

Escherichia eoli, 643-644, 651 
Moraxella, 650 
myxobacteria, 3436 
Neisseria, 650, 2502-2503 
Seliberia, 2493 
Sulfoloba1es, 689 

Pi li form appendage, 1542 
Pilimelia, 219-220, 1029-1055 
Pilimelia collumellifera, 1048 
Pilimelia terevasa, 1048 
Pilin, 643, 650 
Pillotina, 3965-3977 
Pillotina ealotermitidis, 3965-3977 
Pilotinaceae, 3965 
Pimaricin, 977 
Pimelate utilization 

Alcaligenes, 2549 
Azotobacteraceae, 3153 
Comamonas, 2586 
Nocardiaceae, 1204-1205 
rhizobia, 2200 

Pimelobaeter, 921, 1284 
Pimelobacter jensenii, see 

Nocardioides jensenii 
Pimelobacter simplex, see 

Nocardioides simplex 
Pimelobacter tumescens, see 

Terrabacter tumescens 
Pin site infection, Bacillus, 1753-

1754 
Pineapple 

Enterobacter, 2802 
Erwinia, 2907,2910 
pink disease, 2273 

Pink disease, pineapple, 2273 
Pink-pigmented bacteria, 2485 

facultatively methyltrophic, 2342-
2347 

Methylobacterium, 2342-2347 
Roseobaeter, 2156 

Pinta, 3537-3538 
Pipecolic acid production, 

Alcaligenes, 2550 
Pipemidic acid resistance/ 

sensitivity, Shigella, 2758 
Piperacillin resistance/sensitivity 

Aeromonas, 3028 
Citrobaeter, 2750 
Enterocoecus, 1476 

Pirellula, 30, 2173-2174, 3710, 
3712-3713,3715,3717-3720 

Pirellula marina, 3710, 3713, 3720-
3721 

Pirellula staleyi, 3716,3720,4089 
Piroplasma, 4009 
Pisu's medium, Corynebacterium, 

1178 
Pitted keratolysis, Microeoceus, 

1307 
Placenta, Brucella, 2391 
Plagiopyla nasuta, 3884-3885 
P1ague, 151,640,2679,2687,2888, 

2891,2895 
Planctomyees, 15, 30, 33, 35, 87, 

2401, 3710-3717 
Planctomyces bekefii, 3711-3712, 

3716-3718 
Planctomyces brasiliensis, 3716, 

3718 
Planctomyees crassus, 3711 
Planctomyees gracilis, 3711 
Planetomyces guttaeformis, 3711-

3712, 3716-3718 
Planetomyces limnophilus, 3712-

3713,3716,3718 
Planctomyees maris, 3716-3718 
Planctomyces staleyi, see Pirellula 

staleyi 
Planetomyees stranskae, 3711-3712, 

3716-3718 
Planctomycetales, 3710-3711 
Planktonic prokaryote, 262-272 

a1ternating with sessi1e state, 268-
269 

transport, 262-263 
Planobispora, 24, 1115-1134 
Planobispora longispora, 1120, 

1124, 1129, 1133 
Planobispora rosea, 1120, 1124, 

1129, 1133 
Planocoeeus, 25, 1300, 1320, 1370, 

1667,1769-1770,1781-1782 
Planoeoccus citreus, 1668, 1670, 

1769, 1780-1782, 1784, 1787 
Planococcus halophilus, see 

Marinococcus halophilus 
Planocoecus kocurii, 1780-1782 
Planomonospora, 24, 1115-1134 
Planomonospora parontospora, 

1120-1121, 1129, 1133 
Planomonospora venezuelensis, 

1120-1121, 1129 
"Planosarcina ureae, " see 

Sporosarcina ureae 
Plant, 1544-1545; see also specijic 

plants 
acetic acid bacteria, 2272 
actinoplanetes, 1035, 1037-1040 
Agrobacterium, 2214-2228 
Arthrobacter, 1286 

Azotobacteraceae, 3144, 3154, 
3163-3165 

cellulolytic bacteria, 460 
Clavibacter, 1359-1363 
Clostridium, 1832 
Corynebacterium, 1158-1159 
Curtobacterium, 1363-1364 
cyanobacteria, 2063 
Cytophaga1es, 3641, 3644 
dimorphic prosthecate bacteria, 

2181 
Enterobacter, 2802 
Enteroeoceus, 1466 
Escherichia coli, 2703 
extract preparation, 4037 
Frankia, 1071-1080 
Frankiaceae, 1069-1080 
frost injury, 3116-3117 
genetic engineering, 2225, 2380 
isolation of bacteria in vascular 

tissue, 4035-4039 
Klebsiella, 2776-2777 
Laetobacillus, 1545 
Lactocoecus, 1483-1485 
Leuconostoc, 1484, 1514-1517 
Listeria, 1597-1598 
Methylobacterium, 2342-2345 
Microcoeeus, 1301 
MLO, 1967 
Mollicutes, 4054-4055 
mycoplasma, 1938, 1948 
myxobacteria, 3418 
Noeardia, 1194 
Oerskovia, 1331 
Pedioeoeeus, 1484, 1503 
Phyllobacterium, 2601-2604 
Pseudomonas, 3089, 3095 
Pseudonocardiaceae, 999 
Serratia, 2824-2826 
Spiroplasma, 1960, 1967-1971, 

1975 
Streptomycetaceae, 931, 933, 

937-940, 949 
surface sterilization, 1969, 4035-

4037 
viruses, 2227 
Xanthobaeter, 2368 

Plant growth regulator 
Azospirillum-associated, 2248 
mycop1asma-like organism

infected plants, 4052 
Plant litter, 94 
Plant pathogen, 659-670; see also 

speeijie diseases; specijic plants 
Actinomycetes, 814 
Enterobacteriaceae, 2677 
Erwinia, 485-486, 2682, 2899-

2914 
fastidious bacteria of vascular 

tissue, 4030-4044 
Pseudomonadaceae, 3071, 3075-

3076, 3081 
pseudomonads,3104-3123 
Pseudomonas, 3078 
Xanthomonas, 500, 3073, 3079 
Xylophilus, 3133-3135 

Plantaricin A, 1569-1570 
Plantaricin B, 1570 
P1ant-associated pseudomonads, 

310~ 310~ 3117-3120 
Planthopper, mycoplasma-1ike 

organism, 4053 



Plaque purification technique, 
Coxiella, 2474 

Plasmalogen, 135 
Plasmid 

acetic acid bacteria, 2280 
Acinetobacter, 3140-3141 
Agrobacterium, 2218-2219 
Alcaligenes, 2547, 2550-2551 
anaerobes, 300 
Bacillus, 1678-1679, 1681-1683, 

1705, 1711, 1713, 1715-1716, 
1723-1726, 1731, 1752 

Beggiatoa, 3177 
Bijidobacterium, 826-828 
Borrelia, 650, 3565-3566 
Brochothrix, 1620 
Butyrivibrio, 2031 
Caedibacter, 3871-3872, 3874 
Campylobacter, 3499 
Chlamydia, 3692, 3696 
Citrobacter, 2746-2747 
Clostridium, 1819-1820 
Corynebacterium, 1161, 1180 
Coxiella, 2471, 2477 
cyanobacteria, 2080, 2084-2087 
Deinococcaceae, 3733-3734 
Desuljovibrio, 613 
dimorphic prosthecate bacteria, 

2178-2179 
Edwardsiella, 2739 
Enterobacter, 2804 
Enterococcus, 1400, 1470-1475 
Erwinia, 2904-2905, 2907, 2914 
Escherichia coli, 648-649, 2707-

2708,2711,2713-2714,2717, 
2723-2724, 2758 

Francisella, 3991 
Halobacteriaceae, 801 
hydrocarbon-oxidizing bacteria, 

453-454 
hydrogen-oxidizing bacteria, 345, 

351, 359, 376 
Klebsiella, 2779-2780, 2782, 2788 
Kurthia, 1660 
Lactobacillus, 1540, 1559, 1569-

1571 
Lactococcus, 1488-1490, 1496 
Legionella, 3293 
Leuconostoc, 1526 
Listeria, 1608-1609 
methy1otrophs, 440-441 
Micrococcus, 1307 
Morganella, 2857 
Mycobacterium, 1229-1230, 1246 
mycoplasma, 1942 
mycoplasma-like organism, 4061 
Neisseria, 2498 
Nocardiaceae, 1206 
Paracoccus, 2322 
Pediococcus, 1504 
Phenylobacterium, 2339 
phytopathogenic pseudomonads, 

3110-3112,3115 
Plesiomonas, 3031-3032 
Providencia, 2854 
Pseudomonas, 3074, 3087-3089 
Pseudonocardiaceae, 1018 
rhizobia, 2203, 2209 
Salmonella, 2763, 2768, 2770 
Serratia, 2830 
Shigella, 647, 2717, 2755, 2757-

2758 

stability, 181 
Staphylococcus, 1394, 1396, 

1398-1403 
Streptococcus, 1400 
Streptomycetaceae, 979-980 
Streptosporangiaceae, 1130 
Sulfolobales, 696 
Thermomonosporaceae, 1105 
under freeze-thaw stress, 183 
Veillonella, 2043 
Xanthomonas, 669 
xenosome, 3883 
Yersinia, 652, 2867-2869, 2873, 

2879, 2892, 2895-2896 
Zymomonas, 2294, 2296 

Plasmid AgK84, Agrobacterium, 
2223-2224 

Plasmid Am324, Enterococcus, 1474 
Plasmid AtK84b, Agrobacterium, 

2224 
Plasmid ColE 1, Escherichia coli, 

2707 
Plasmid F, Escherichia coli, 2707 
Plasmid FCLV7, cyanobacteria, 

2087 
Plasmid group P-I, Pseudomonas, 

3089 
Plasmid GV3850, 2225-2226 
Plasmid HG I, Alcaligenes, 2550 
Plasmid JMP4, Alcaligenes, 2551-

2552 
Plasmid KT21O, Zymomonas, 2296 
Plasmid MOL28, Alcaligenes, 2551 
Plasmid M0L30, Alcaligenes, 2551 
Plasmid NAH, Pseudomonas, 3089 
Plasmid p1258, Staphylococcus, 

1401-1402 
Plasmid P-2, Pseudomonas, 3089 
Plasmid P-9, Pseudomonas, 3089 
Plasmid pAD1, Enterococcus, 1474, 

1476 
Plasmid pAL8, Mycobacterium, 

1230 
Plasmid pAL5000, Mycobacterium, 

1229 
Plasmid pAMa1, Enterococcus, 

1402 
Plasmid pAMß, Lactococcus, 1490 
Plasmid pAMß 1, Staphylococcus, 

1401 
Plasmid pAMAl, Enterococcus, 

1474 
Plasmid pAMA2, Enterococcus, 

1474 
Plasmid pAM322, Enterococcus, 

1474 
Plasmid pAM323, Enterococcus, 

1474 
Plasmid pAM373, Enterococcus, 

1474-1475 
Plasmid pAQ1, cyanobacteria, 2087 
Plasmid pAQE2, cyanobacteria, 

2087 
Plasmid pAQEIO, cyanobacteria, 

2087 
Plasmid pAQEI7, cyanobacteria, 

2087 
Plasmid pBC7, Bacillus, 1682 
Plasmid pBCI6, Bacillus, 1402, 

1679, 1682 
P1asmid pBG, Sulfolobales, 696 
Plasmid pBLlO, Bacillus, 1682 
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Plasmid pBR 60, Alcaligenes, 2547 
Plasmid pBR322, 2724-2725 
Plasmid pC194 

Bacillus, 1725-1726 
Staphylococcus, 1399-1402 

Plasmid pC221, Staphylococcus, 
1401 

Plasmid pC223, Staphylococcus, 
1401 

Plasmid pCA43, Staphylococcus, 
1403 

Plasmid pCCH 1, cyanobacteria, 
2086 

Plasmid pCEIO, Staphylococcus, 
1403 

Plasmid pCRG1600, Staphylococcus, 
1399 

Plasmid pCT20, Staphylococcus, 
1403 

Plasmid pDU1, cyanobacteria, 2084 
Plasmid pDU2, cyanobacteria, 2084 
Plasmid pDU3, cyanobacteria, 2084 
Plasmid pES, Staphylococcus, 1401 
Plasmid pE194, Staphylococcus, 

1399-1400, 1402 
Plasmid pE1764, Staphylococcus, 

1401 
Plasmid pE2222, Staphylococcus, 

1401-1402 
Plasmid pECAN 1, cyanobacteria, 

2087 
Plasmid pECAN8, cyanobacteria, 

2087 
Plasmid pHG I, hydrogen-oxidizing 

bacteria, 376-377 
Plasmid pI258, Staphylococcus, 

1403 
Plasmid pIJ702, 

Thermomonosporaceae, 1105 
Plasmid pIM 13, Bacillus, 1682 
Plasmid pIP401, Clostridium, 1820 
Plasmid pIP501 

Enterococcus, 1471 
Staphylococcus, 1401 

Plasmid pIP855, Staphylococcus, 
1401 

Plasmid pJH2, Enterococcus, 1474 
Plasmid pJIR25, Clostridium, 1820 
Plasmid pJP4, hydrogen-oxidizing 

bacteria, 377 
Plasmid pJRD215, Mycobacterium, 

1230 
Plasmid pK545, Staphylococcus, 

1401 
Plasmid pKBX, cyanobacteria, 2087 
Plasmid pLR7, Mycobacterium, 

1229 
Plasmid pLSI9, Bacillus, 1682 
Plasmid pLS20, Bacillus, 1679, 

1682 
Plasmid pMK148, Staphylococcus, 

1401 
Plasmid pMOL28, hydrogen

oxidizing bacteria, 378 
Plasmid pNE13I, Staphylococcus, 

1401-1402 
Plasmid pOB1, Enterococcus, 1474 
Plasmid pOM1, Butyrivibrio, 2031 
Plasmid pPC1, Staphylococcus, 

1394 
Plasmid pPD1, Enterococcus, 1474 
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Plasmid pRI405, Staphylococcus, 
1401 

Plasmid pRR3, Mycobacterium, 
1230 

Plasmid pS 169, Staphylococcus, 
1401 

Plasmid pS 1 71, Staphylococcus, 
1401 

Plasmid pS 194, Staphylococcus, 
1399 

Plasmid pSE176, cyanobacteria, 
2087 

Plasmid pSH2, Staphylococcus, 
1401 

Plasmid pSH8, Staphylococcus, 
1401 

Plasmid pSK 1, Staphylococcus, 
1403 

Plasmid pSN2, Staphylococcus, 
1399 

Plasmid pSS2, cyanobacteria, 2087 
Plasmid pSVl, Streptomycetaceae, 

979 
Plasmid pSX267, Staphylococcus, 

1401, 1403 
Plasmid pTl27, Staphylococcus, 

1401 
Plasmid pTl69, Staphylococcus, 

1401 
Plasmid pTl81, Staphylococcus, 

1398-1401 
Plasmid pTAR, 665 
Plasmid pTB20, Bacillus, 1682 
Plasmid pUBIOI, Staphylococcus, 

1401 
Plasmid pUBI09, Staphylococcus, 

1401 
Plasmid pUBIIO 

Bacillus, 1726-1727 
Staphylococcus, 1399-1402 

Plasmid pUB112, Staphylococcus, 
1401-1402 

Plasmid pUC1, cyanobacteria, 2086 
Plasmid pUCI04, cyanobacteria, 

2086 
Plasmid pUC30, cyanobacteria, 

2086 
Plasmid pUH24, cyanobacteria, 

2086-2087 
Plasmid pUH25, cyanobacteria, 

2087 
Plasmid pXB7, cyanobacteria, 2087 
Plasmid pXOl, Bacillus, 1679, 

1682,1751 
Plasmid pX02, Bacillus, 1679, 

1682, 1751 
Plasmid pXOll, Bacillus, 1679 
Plasmid pXOI2, Bacillus, 1679, 

1682 
Plasmid QpHl, rickettsiae, 2436 
Plasmid QpRS 

Coxiella, 2477 
rickettsiae, 2436 

Plasmid R, Edwardsiella, 2742 
Plasmid Rl, Escherichia coli, 2708 
Plasmid R68, Zymomonas, 2294, 

2296 
Plasmid Ri, 664-665, 2219-2220, 

2226 
Plasmid RP4, 183 

Zymomonas, 2294, 2296 
Plasmid SAL, Pseudomonas, 3089 

Plasmid SCPl, Streptomycetaceae, 
979 

Plasmid Ti, 665, 2219, 3115-3116 
Agrobacterium, 664, 2215-2224, 

2226 
Phyllobacterium, 2603 

Plasmid TOL, 181 
Pseudomonas, 3089 

Plasmid pTBI9, Bacillus, 1682 
Plasminogen activator, see 

Fibrinolysin 
Plasmolysis, Halomonas, 3186-3187 
Plastic degradation, 

Streptomycetaceae, 927, 933 
Plastoquinone, 135 
Plate count, 174-175,407 
Plate count (PC) agar, Lysobacter, 

3262, 3264 
Platelets, Ehrlichia, 2445 
Plating technique, purification of 

myxobacteria, 3428-3429 
Platomycin A, 1131 
Platomycin B, 1131 
Plaut-Vincent's angina, see 

Vincent's angina 
Playracin A 2315, 1054 
Plectonema, 26, 538, 545, 2085 
Plectonema boryanum, 546, 3261 
Pleomorphism 

BartoneIla, 3999 
Coxiella, 2471-2472 
dimorphie prosthecate bacteria, 

2177,2185-2186,2189 
Pleosporales, cyanobacteria 

symbiont, 3822 
Plesiomonas, 29, 2114, 2116, 2938, 

2942-2944, 2948, 2964, 2988, 
3005, 3028-3038 

Plesiomonas shigelloides, 2115, 
2676-2677, 2757, 2939, 2941-
2943, 2945, 3028-3038 

PLET medium, Bacillus, 1758 
Pleuracin A 17002, 1054 
Pleural empyema, Streptococcus, 

1438 
Pleural fluid 

Actinomyces, 862 
Bacteroides, 3598 
Mycobacterium, 1249 
Neisseria, 2513 
Pseudomonas, 3095 
Staphylococcus, 1380 

Pleuritis 
Actinomyces, 850, 865 
Gemella morbillorum, 1651 
Streptosporangiaceae, 1122 

Pleurocapsa, 26, 238, 326, 538, 
2071-2072, 2081 

Pleurocapsalean cyanobacteria, 234-
238, 324-326 

Pleurocapsales, 69, 2059, 2069, 
2071-2072, 3822, 3825 

Pleuromutilin resistance/sensitivity, 
Aegyptianella, 4010 

Pleuropneumonia 
Actinobaeillus, 3344 
mycoplasma, 1944, 1946 
necrotizing, see Necrotizing 

pleuropneumonia 
swine,3344 

Pleuropulmonary infection 
Fusobaeterium, 4116 

Veillonella, 2035 
Plum, leaf scald disease, 4030, 4033, 

4038, 4041 
Plum dormancy breaking 

mycoplasma-like organism, 
4060 

PMS medium, see Pyruvate 
mineraal salts medium 

PMYA II media, Flavobaeterium, 
3623 

Pneumocin, 2788 
Pneumonia 

Acinetobaeter, 3138 
Aetinobacillus, 3342-3343 
Aeromonas, 3020 
Bacillus, 1753-1754 
Bordetella bronehiseptiea, 2530 
cattle, 3342 
Cedeeea, 2925 
Chlamydia, 3691, 3694, 3701-

3702 
Corynebaeterium, 1181-1183 
Eikenella, 2671 
Enterobacteriaceae, 2679 
Eseheriehia eoli, 2718, 2721 
Haemophilus, 3304, 3306, 3309, 

3312 
Hemophilus, 643 
hypersensitivity, see 

Hypersensitivity pneumonia 
Klebsiella, 2677, 2775, 2777-2778 
Legionella, 3281-3297 
Microeoeeus, 1307 
mycoplasma, 1944, 1946 
Neisseria, 2511 
Pasteurella, 3332-3333 
porcine necrotizing, 3312 
Pseudomonas, 3089, 3093 
Rhodococcus, 1195 
Rothia, 862 
Staphyloeoeeus, 1374 
Streptoeoeeus, 1433, 1453 
Vibrio, 2994 
Yersinia, 2870, 2888, 2891 

Pneumonie plague, 2888 
Pneumonitis 

Aetinomyees, 862 
Chlamydia, 3692, 3698 
hypersensitivity, see 

Hypersensitivity pneumonitis 
mouse, 3692, 3698 

Podangium, see Melittangium 
Podzol, dimorphic prosthecate 

bacteria, 2181 
Pogonophoran symbionts, 3892-

3893, 3897 
Poinsettia 

Curtobaeterium, 1363 
leaf spot, 1363 
pathogen, 667 
stern canker, 1363 

Polar bear, phototrophs, 327 
Polar cap, Cardiobacterium, 3339 
Polar fibrillar organelle, Thiovulum, 

3945 
Polar flagellation, 243 
Polar membrane 

Aquaspirillum, 2571 
Spirillum, 2565 

Polar organelle, spirochetes, large 
symbiotic, 3967-3970, 3972 

Polenta, Serratia, 2822 



Pollutant degradation, 
methanotrophs, 2361 

Pollutant mineralization, dimorphic 
prosthecate bacteria, 2191 

Pollution indicator 
Bdellovibrio, 3410 
lichen, 3830 
myxobacteria, 3474 
Spirillum, 2567 

Polyalcohol utilization, 
Pseudomonas, 3094 

Polyalkanoic granule, Zoogloea, 
3958 

Polyamine, 139 
"Achromobacter, " 2548 
Alcaligenes, 2547-2548 
Chlorof/exus, 3769 
Comamonas, 2586 
Erythrobacter, 2487 
Halobacteriaceae, 776 
methanogens, 728 
Phenylobacterium, 2340-2341 

Polyangium, 480, 501, 3256, 3267, 
3418-3421, 3424-3426, 3431, 
3434-3435, 3439-3440, 3452-
3459, 3463, 3468, 3471-3473 

Polyangium aureum, 3472 
PolyangiumJumosum, 3473 
Polyangium luteum, 3472 
Polyangium parasiticum, 3456, 3473 
Polyangium spumosum, 3473 
Polyangium thaxteri, 3458-3461, 

3472-3473 
Polyangium vitellinum, 3417, 3448, 

3456, 3463, 3472 
Polycellulosome, 471, 473, 476 
Polychaete symbionts, 3894, 3897 
Polychlorinated biphenyl 

degradation 
Acinetobacter, 3141 
Alcaligenes, 378, 2551 

Polychlorinated phenol degradation, 
Nocardiaceae, 1206 

Polyclonal antibody, Mobiluncus, 
907-908 

Polycyclic aromatic hydrocarbon 
degradation 

Methylobacterium, 2347 
Mycobacterium, 1224, 1232 
Nocardiaceae, 1203 

Polycyclic ether antibiotic 
production, 
Thermomonosporaceae, 1106 

Polyene production, 1053 
Streptomycetaceae, 977 

Polyethylene glycol utilization 
Acinetobacter, 3141 
Pelobacter, 3393-3394, 3396-3398 

Polygalacturonase 
Erwinia, 2912 
Klebsiella, 2781 

Polygalacturonate lyase 
Clostridium, 1824 
Cytophagales, 3663 
Lachnospira, 2031 
Thermomonosporaceae, 1103 

Polygalacturonate utilization, 
Bacteroides, 3604 

Polygalacturonic acid trans
eliminase, Klebsiella, 2781 

Polyglucose, 337 
colorless sulfur bacteria, 398 

Polyglutamate production 
Bacillus, 1682 
Xanthobacter, 2368, 2375 

Polyhedral body, Prochlorales, 2107 
Poly-ß-hydroxyalkanoic acid, 

sulfate-reducing bacteria, 3372-
3373 

Poly-ß-hydroxybutyrate, 89, 213 
Alcaligenes, 2550 
Alteromonas, 3054 
Aquaspirillum, 2570-2571 
Azospirillum, 2239, 2241-2242 
Azotobacteraceae, 3145 
Beggiatoa, 3176-3177 
Beijerinckia, 2259-2260, 2264-

2265 
Caryophanon, 1787-1788 
Chlorof/exus, 3765 
colorless sulfur bacteria, 396 
Comamonas, 2584, 2586-2587 
commercial production, 3961 
Deleya, 3193-3194 
Derxia, 2609 
dimorphic prosthecate bacteria, 

2178 
Ectothiorhodospira, 3227 
Gemella, 1648 
Halobacteriaceae, 800 
Herpetosiphon, 3799 
hydrogen-oxidizing bacteria, 377, 

3925 
Leptothrix, 2614 
Lysobacter, 3263-3264 
Marinomonas, 3054 
methanotrophs, 2357 
Methylobacterium, 2346-2347 
myxobacteria, 3443 
nitrite-oxidizing bacteria, 424 
Nitrobacter, 2305-2306 
Nitrococcus, 2307 
Oceanospirillum, 3230, 3234 
Photobacterium, 634, 2985, 3001-

3002 
phytopathogenic pseudomonads, 

3105 
Pseudomonas, 3074-3075, 3092 
purple nonsulfur bacteria, 2150 
Saprospira, 3683 
Sphaerotilus, 2614,2616-2617 
Spirillum, 2567 
Stella, 2168-2169 
Vibrio, 634 
Vibrionaceae, 2944 
Xanthobacter, 2373 
Zoogloea, 3079, 3953, 3958-3961 

Poly-ß-hydroxybutyrate utilization, 
Streptomycetaceae, 945 

Poly-ß-hydroxyvaleric acid, 
hydrogen-oxidizing bacteria, 
377 

Polymastix symbionts, 3856 
Polymerase chain reaction (PCR) 

assay 
Coxiella, 2477 
cyanobacteria, 2090 
Mycobacterium, 1224, 1278-1279 
mycoplasma, 1951 
rickettsiae, 2424, 2427-2428, 

2441-2442 
Polymicrobial infection 

actinomycosis, 861 
Enterococcus, 1476 
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Polymyxin B resistance/sensitivity 
Bacillus, 1713 
Bacteroides, 3517 
Bi,fidobacterium, 823, 829 
Campylobacter, 3501, 3517 
Caryophanon, 1788 
Citrobacter, 2749 
Cytophagales, 3645, 3659 
Erythrobacter, 2488 
Flavobacterium, 3627 
Gemella, 1643, 1645 
HaJnia, 2820 
Halobacteriaceae, 789-797 
L-forms, 4076 
Lysobacter, 3266 
methanogens, 757 
Methylobacterium, 2346 
Moraxella, 3279 
Morganella, 2849 
Mycobacterium, 1218 
Proteus, 2849 
Providencia, 2849 
Pseudomonas, 3096 
Roseobacter, 2157 
Spiroplasma, 1969 
Staphylococcus, 1384 
Vibrio, 2974-2975, 2985, 2991 
Wolinella, 3517 
Xanthobacter, 2375 

Polymyxin production, Bacillus, 
1688, 1757 

Polymyxin pyruvate-egg yolk
mannitol-bromothymol blue
agar (PEMBA), Bacillus, 1760 

Polynitroxin production, 
Saccharothrix, 1066 

Polynucleobacter necessarius, 3866, 
3878-3881 

Polyol dehydrogenase, acetic acid 
bacteria, 2279-2280 

Polyol utilization 
acetic acid bacteria, 2279 
Thermus, 3748 

Polypectate agar, Clostridium, 1809 
Polypeptide A/287, 1054 
Polyphasic taxonomy, 130 
Polyphosphate granule, 132, 321 

Beggiatoa, 3176 
Corynebacterium, 1172 
dimorphic prosthecate bacteria, 

2178 
Lysobacter, 3263 
myxobacteria, 3443, 3458 
Nitrobacter, 2306 
Stella, 2168 
sulfur bacteria, colorless, 2642-

2643,2650 
Xanthobacter, 2373 

Polyphosphate hydrolysis, 
Cytophagales, 3658 

Polysaccharide 
capsular, 53 
cell wall, 54, 137 
Haliscomenobacter, 3690 
Leptothrix, 2614 
manganese-binding, 2312 
Neisseria, 2503-2505 
Streptococcus, 1458 
Zoogloea, 3952-3955, 3957-3961 

Polysaccharide AM-2, acetic acid 
bacteria, 2280 

Polyserositis, Haemophilus, 3312 
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Polysulfide production, 
Ectothiorhodospira, 3227 

Polysulfide utilization, sulfidogenic 
bacteria, 594 

Polythionate accumulation, sulfur 
bacteria, purple, 3214 

Polythionate utilization, sulfidogenic 
bacteria, 594 

Polyurethane degradation, 
Pseudonocardiaceae, 1001 

Pomoideae, Erwinia, 2910 
Pontiac fever, 3281-3282, 3284 
Poplar pathogen, 667 
Porcelain beads, rhizobia storage, 

2206 
Porcine necrotizing pneumonia, 

3312 
Porin, Neisseria, 2499-2500 
Pork finger, 1631 
Porphyranase, Cytophagales, 3663 
Porphyridiaceae, cyanobacteria 

symbiont, 3822 
Porphyrin 

Bacteroides, 3605 
Haemophilus, 3321-3322 
Porphyromonas, 3609, 3616 

Porphyrin requirement, 157 
1,3-Porphyrinedione, 569 
Porphyromonas, 30, 37, 861, 863, 

1437, 3596-3597, 3600, 3608-
3616 

Porphyromonas asaccharolytica, 
3608-3610, 3613, 3615 

Porphyromonas endodontalis, 3608-
3610,3613, 3615 

Porphyromonas gingivalis, 3608-
3611,3613, 3615-3616 

Postal regulations, 183 
Potassium, compatible solute in 

Halobacteriaceae, 799 
Potassium cyanate, growth in 

Morganella, 2857 
Shigella, 2755 

Potassium cyanide test 
Citrobacter, 2747-2748 
Vibrio, 2973 

Potassium hydroxide test, Bacillus, 
1758 

Potassium limitation, 203 
Potassium requirement, 155-157 
Potassium/hydrogen anti port 

(KHA) system, Escherichia, 
2700 

Potato 
Azotobacteraceae, 3164 
blight, 150 
Clavibacter, 1359 
Clostridium, 1832-1833 
Erwinia, 2901,2906-2913 
methanogens, 736 
phloem-inhabiting bacteria, 4031 
scab, 662, 814, 937-940,949 
Streptomycetaceae, 937-940, 949 

Potato agar 
Azospirillum, 2239, 2241-2242 
Herbaspirillum, 2239 

Potato dextrose agar, Rhodococcus, 
1197 

Potato mash medium, Clostridium, 
1808 

Potato pathogen, 661, 667 

Potato tuber, Clostridium medium, 
1809 

Potato witches' broom mycoplasma
like organism, 4057, 4059-4060 

Potomac horse fever, 2445-2447 
Poultry, see also Bird 

Acinetobacter, 3138 
Bacteroides, 3598 
Escherichia coli, 2716,2720 
Haemophilus, 3305, 3311-3312, 

3320-3321 
Janthinobacterium, 2596 
Psychrobacter, 3242 
Serratia, 2827 

Pour-plate technique, 174 
PPD, see Purified protein derivative 
PPES-II medium 

Erythrobacter, 2485-2486 
Roseobacter, 2156 

PPFM bacteria, see Pink-pigmented 
bacteria, facultatively 
methyltrophic 

PPW, see Preenrichment peptone 
water 

PPYE broth, see Proteose peptone
yeast extract broth 

Pragia, 2115, 2931-2932 
Pragiajontium, 2675, 2923-2924, 

2931-2932 
PRAS medium, see Prereduced 

anaerobically sterilized medium 
Precipitin test, Streptococcus, 1455 
Predation, 164-165, 167,256 
Preenrichment peptone water 

(PPW), Listeria, 1599 
Prefilter, 173 
Prephenate dehydratase, Neisseria, 

2507 
Preputial sac, Haemophilus, 3313 
Prereduced anaerobically sterilized 

(PRAS) medium, anaerobic 
Gram-positive cocci, 1881 

Prereduced anaerobically sterilized 
(PRAS) one-fourth-strength 
Ringer solution, Fusobacterium, 
4118 

Prereduced anaerobically sterilized 
(PRAS) salt solution, Wolinella, 
3514 

Prereduced anaerobically sterilized 
(PRAS)-chopped meat broth, 
anaerobic Gram-positive cocci, 
1882-1883 

Prereduced blood agar, anaerobic 
Gram-positive cocci, 1888 

Presentation cell, 1672 
Pressed yeast medium, 

Pseudonocardiaceae, 1002-1003 
Pressure tolerance 

marine vibrios, 2954 
Planococcus, 1782 

Prevotella, 861,863, 3595-3596 
Prevotella melaningenica, 857 
Pril-xylose-ampicillin agar 

Aeromonas, 3025 
Vibrionaceae, 2948 

Primary fermenter, 277-278 
Primary metabolite, 197, 199 
Primary production, 95-97 
Primula yellows mycoplasma-like 

organism, 4057-4058 

Pringsheim's soil medium, 
Spirillum, 2562 

Priority of publication, 127 
Pristinamycin, 978 
Probiotic, Lactobacillus, 1553, 1570 
Prochloraceae, 2105 
Prochlorales, 2105-2110 
Prochloron, 26, 2105-2110, 3821-

3822 
Prochloron didemni, 35, 2105 
Prochlorophyte, 313 

cyanobacteria, 2058 
photosynthesis, 316-323 

Prochlorothrix, 26, 2105-2110 
Prochlorothrix hollandica, 35, 2105-

2110 
Prochlorotrichaceae, 2105 
Proctitis 

Campylobacter, 3490-3491 
Neisseria, 2511 
Plesiomonas, 3031 

Proctocolitis, Campylobacter, 3491 
Prodiginine, 

Thermomonosporaceae, 1093 
Prodigiosin, 91, 956-957 

Alteromonas, 3048, 3055, 3057 
hydrocarbon-oxidizing bacteria, 

454 
Serratia, 2822, 2824, 2831 

Progesterone reductase, 
Eubacterium, 1921 

Proheterocyst, 232 
Prokaryote 

ancestral, 10 
evolution, 11-16 
relation to eukaryote, 9-10 

Proliferation mycoplasma-like 
organism, 4052-4053 

Proliferative ileitis 
Campylobacter, 3490, 3502 
swine, 3490, 3502 

Proline dehydrogenase, Clostridium, 
1834 

Proline oxidase, 250 
Proline reductase, Clostridium, 

1834-1835 
Proline utilization 

Arthrobacter, 1285 
Enterobacter, 2808 
Neisseria, 2507 
Photobacterium, 3002 
Psychrobacter, 3243 
rhizobia, 220 I 
Thermus, 3748 

Promicromonospora, 24, 1323-1325, 
1334-1338 

Promicromonospora citrea, 1326, 
1331, 1334-1338 

Promicromonospora enterophila, 
1330-1331, see Oerskovia 
enterophila 

Promicromonospora sukumoe, 
1334-1338 

Promoter 
anaerobes, 301 
Bacillus, 1684 
Chlamydia, 3698 
cyanobacteria, 2090-2093 
methanogens, 753 
nif, 548 
nifgenes, 3163 
Xanthobacter, 2378 



Zymomonas, 2296-2297 
Pronase, Streptomycetaceae, 979 
Propane utilization, Mycobacterium, 

1225 
Propanediol production 

Clostridium, 1820, 1824, 1833 
homoacetogens, 1933 

Propanediol utilization 
homoacetogens, 1930, 1933 
Kurthia, 1659 
Pelobacter, 3397 
rhizobia, 2200 
Sporomusa, 2019 
sulfidogenic bacteria, 609 

Propanol production, 82 
cellulolytic bacteria, 479-480 
Clostridium, 1827, 1829, 1868 
Treponema, 3553 

Propanol utilization 
Beijerinckia, 2258 
Desulfotomaculum, 1795 
homoacetogens, 1930, 1933 
hydrogen-oxidizing bacteria, 3925 
Kurthia, 1659 
methanogens, 720, 731, 736, 739 
Pelobacter, 3396-3397 
Psychrobacter, 3243 
Sporomusa, 2018-2019 
sulfate-reducing bacteria, 3363 
sulfidogenic bacteria, 602, 608 
sulfur-reducing bacteria, 3381, 

3387 
Xanthobacter, 2372-2373, 2376 

Propene utilization 
Mycobacterium, 1224-1225 
Xanthobacter, 2378-2379 

Propiogenum, 30 
Propionate kinase, Clostridium, 

1836 
Propionate utilization 

Agrobacterium, 666 
Arthrobacter, 1285 
Azotobacteraceae, 3149 
Chloroj/exus, 3765 
Ectothiorhodospira, 3227 
Frankia, 1073-1074 
Kurthia, 1659 
Photobacterium, 634 
Psychrobacter, 3243 
purple nonsulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyc/us, 2558 
Saccharothrix, 1065 
sulfate-reducing bacteria, 3363, 

3367 
sulfidogenic bacteria, 584, 587-

588, 607 
sulfur-reducing bacteria, 3381 
syntrophic bacteria, 2048, 2053, 

2055 
syntrophic coculture, 279-280, 

282, 286-287 
Vibrio, 634 

Propionibacterium, 24, 38, 134, 304, 
607, 834-846, 886, 910, 1178, 
2000, 3948 

Propionibacterium acidipropionici, 
556, 563, 836, 839-840 

Propionibacterium acnes, 556, 840-
844, 2038 

Propionibacterium amylaceum, 839 

Propionibacterium arabinosum, 
836-839 

Propionibacterium avidum, 840-844 
Propionibacterium casei, 839 
Propionibacterium coccoides, 834, 

839-840 
Propionibacterium coloratum, 839 
Propionibacterium freudenreichii, 

304, 835-840 
Propionibacterium globosum, 838-

839 
Propionibacterium granulosum, 

840-844 
Propionibacterium japonicum, 839 
Propionibacterium jensenii, 836-840 
Propionibacterium lymphophilum, 

844 
Propionibacterium orientum, 839 
Propionibacterium pentosaceum, 82, 

835-839 
Propionibacterium peterssonii, 835-

839 
Propionibacterium pituitosum, 839 
Propionibacterium propionicum, 

844-846, 851, 853-855, 861-
862,871,873-874,876-878, 
880, 882-883, 885, 888-889 

Propionibacterium raffinosaceum, 
836-837 

Propionibacterium rubrum, 836-839 
Propionibacterium sanguineum, 839 
Propionibacterium shermanii, 165, 

836-840 
Propionibacterium technicum, 836, 

838 
Propionibacterium thoenii, 836-840 
Propionibacterium zeae, 835-838 
Propionic acid production, 82 

Bacteroides, 3595, 3597, 3600 
Brochothrix, 1618 
Clostridium, 1800, 1814, 1823-

1824, 1829, 1832, 1867-1868, 
1871-1873, 1876-1877 

Cytophagales, 3658 
Fusobacterium, 4121 
Haloanaerobiaceae, 1898 
homoacetogens, 1933 
Megasphaera, 2000-2001,2043 
Mobiluncus, 910 
Pectinatus, 1997, 1999-2000, 

2002 
Pelobacter, 3397-3398 
Porphyromonas, 3612 
Propionibacterium, 834-835, 840, 

842, 844-845 
Propionigenium, 3948-3951 
purple nonsulfur bacteria, 2150 
Selenomonas, 2009-2011, 3979 
Sporomusa, 2015, 2019 
Succinimonas, 3980 
sulfate-reducing bacteria, 3367 
syntrophic bacteria, 2055 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Treponema, 3553 
Veillonel/a, 2036, 2041 

Propionigenium, 3948-3951 
Propionigenium modestum, 306, 

2019,3948-3951 
Propionispira arboris, 535-536, 834 
Propylamine transferase, 

Sulfolobales, 693 
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Propylene glycol utilization, 
Methylobacterium, 2347 

1,2-Propylene utilization, 
Clostridium, 1827 

Proskauer-Beck broth, 
Mycobacterium, 1249 
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Prostate, Gardnerel/a vaginalis, 918 
Prostatitis, Staphylococcus, 1374 
Prosthecate bacteria, 264, 2131, 

2160-2165 
Asticcacaulis, 2176-2192 
Caulobacter, 2176-2192 
dimorphic,2176-2192 
Hyphomicrobium, 2176-2192 
Hyphomonas, 2176-2192 
Pedomicrobium, 2176-2192 
Stel/a, 2167-2169 
Thiodendron, 2176-2192 
Verrucomicrobium, 3806-3808 

Prosthecobacter, 2160, 2176 
Prosthecobacter fusiformis, 2164-

2165 
Prosthecochloris, 102, 323, 2163, 

3585 
Prosthecochloris aestuarii, 537, 

1981, 3585, 3587-3588 
Prosthecochloris phaeoasteroidea, 

3587 
Prosthecomicrobium, 27, 49, 2131, 

2160-2164,2176,3806,3808 
Prosthecomicrobium enhydrum, 

2164 
Prosthecomicrobium hirschii, 2160, 

2163-2164 
Prosthecomicrobium litoralum, 2164 
Prosthecomicrobium pneumaticum, 

2163-2164 
Prosthecomicrobium 

polyspheroidum, 2164 
Prosthecomicrobium spinosum, 2164 
Prosthetic joint infection, 

Staphylococcus, 1374 
Prosthetic valve endocarditis, 

Staphylococcus, 1374-1375 
Protaminobacter rubrum, 2342 
Protease, 203 

Bacillus, 1672, 1688-1689, 1709, 
1716,1718-1720,1730,1757 

Bdellovibrio, 3403 
Butyrivibrio, 2030-2031 
Clostridium, 1804-1805, 1814, 

1874 
Deinococcaceae, 3736 
Legionel/a, 3285 
Lysobacter, 3256, 3268-3272 
myxobacteria, 3465-3467, 3474 
Neisseria, 2507 
Pseudonocardiaceae, 1016 
Serratia, 2829-2830 
Thermomonosporaceae, 1106 
Xenorhabdus, 633 

Protease inhibitor, Alteromonas, 
3064-3065 

Protective antigen 
anthrax, 1750-1751 
Clostridium, 1870 

Protein A, Staphylococcus, 1376, 
1385, 1394, 1403-1405 

Protein A coagglutination test, 
Klebsiella, 2788 

Protein kinase, Sulfolobales, 695 
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Protein kinase C inhibitor, 
Nocardiopsis, 1151-1152 

Protein profile, 138 
Actinomyces, 879, 883-884 
Carnobacterium, 1578 
Clostridium, 1816 
Comamonas. 2586 
Deinococcaceae, 3741 
Herpetosiphon, 3799 
Lactobacillus, 1560 
Lactococcus, 1489 
Leuconostoc, 1524 
Listeria, 1604 
myxobacteria, 3449-3450 
rickettsiae, 2433-2435 
Spiroplasma, 1974 
Streptomycetaceae, 971-972 
Xylophilus. 3135 
Zymomonas, 2290 

Protein secretion, Bacillus, 1688-
1689 

Protein synthesis, Chlamydia. 
3697-3698 

Protein T, myxobacteria, 3449 
Protein transport, denitrification 

enzymes, 568 
Protein U, myxobacteria, 3449 
Proteinase 

Cytophagales, 3664 
Lactobacillus, 1568 
Lactococcus, 1491 
Porphyromonas. 3615-3616 
Serratia, 2826, 2841 
Staphylococcus, 1394 
Thermus, 3751 

Protein-free medium, Leptospira. 
3576 

Proteins 
Actinobacillus, 3348 
anaerobic Gram-positive cocci, 

1888 
Anaplasma, 4016 
Bacteroides, 3517, 3520 
Bi/idobacterium. 819, 829 
Campylobacter, 3498, 3517, 3520 
Corynebacterium, 1180 
Escherichia coli. 3874 
halophiles, 2331 
Holospora, 3872, 3874 
methanotrophs, 2357-2359 
Methylobacterium, 2343, 2347 
Mobiluncus, 912 
myxobacteria, 3449 
phytopathogenic pseudomonads, 

3112 
Propionibacterium, 839 
Wolinella, 3516-3517, 3519-3520 
Yersinia pestis, 2895 

Proteobacteria, 35-36, 313, 2403, 
2405, 3512 

alpha subgroup (rRNA IV), 26-
27, 33, 36, 345, 399, 558, 563, 
2113,2126-2133,2141,2156, 
2169, 2201, 2254, 2302, 2335, 
2338-2341, 2377, 2404, 2407, 
2545, 2556, 2562, 2585-2586, 
2601, 2625, 2646, 3903 

beta subgroup (rRNA III), 27-38, 
139, 345, 369, 372, 399, 559-
560,563,2113,2122-2127, 
2141, 2495, 2544, 2548-2549, 

2556-2557, 2562, 2579, 2586, 
2588, 2605, 2625, 2646, 3903 

gamma subgroup (rRNA land 
11), 28-29, 33, 36, 399, 560-
563, 2113-2114,2404,2479, 
2545, 2586, 2625, 2646, 2676, 
2933,3144, 3181-3182, 3189-
3190, 3198, 3235, 3902, 3910 

gamma-3 subgroup, 2118-2123 
delta subgroup, 29-30, 33, 36, 
39~ 585, 2133-213~ 335~ 
3365-3366,3379,3417,3468 

epsilon subgroup, 33, 36 
evolutionary pathway, 2942 
phototrophs, 328 

Proteolipid antigen, Treponema, 
3541 

Proteolytic activity, Flavobacterium, 
3621 

Proteose peptone medium, 
Haemophilus, 3314-3315 

Proteose peptone-yeast extract 
(PPYE) broth, Zoogloea, 3957 

Proteose peptone-yeast extract
glucose (PYG) broth, 
Porphyromonas, 3611 

Proteus, 28, 62-64, 244, 399, 590, 
2114,2646,2673,2680-2681, 
2684, 2849-2853, 2857, 2922, 
2929, 2931, 3027, 4120 

L-forms, 4068-4070,4072, 4074-
4077 

Proteus hydrophilus, see Aeromonas 
hydrophila 

Proteus ichthyosmia, see Aeromonas 
hydrophila 

Proteus melanovogenes, see 
Aeromonas hydrophila 

Proteus mirabilis, 63, 255, 2115, 
2675-2677, 2684, 2768, 2849-
2852, 2857, 3030 

L-forms, 4075 
Proteus myxofaciens, 2675, 2678, 

2684, 2849, 2851, 2853 
Proteus penneri, 2675, 2684, 2849-

2852 
Proteus rettgeri, 2685 
Proteus salmonicida, see Aeromonas 

salmonicida 
Proteus shigelloides, see 

Plesiomonas shigelloides 
Proteus vulgaris, 2115, 2675-2677, 

2684, 2849-2852, 2857, 3030, 
3512, 3514, 3903 

Prothecochloris, 30 
Prothecochloris aestuarii, 3384 
Prothionamide resistancej 

sensitivity, Nocardiaceae, 1202 
Proticin, 1688 
Protist, associated with large 

symbiotic spirochetes, 3976-
3977 

Protoactinorhodin, 956-957 
Protocatechuate utilization 

Beijerinckia, 2262 
Enterobacter, 2808, 2810 
Klebsiella, 2786 

Protocin, 1688 
Protocooperation, 164 
Protoheme 

Bacteroides, 3597 

Porphyromonas, 3609, 3612-3613, 
3616 

Protometer, 251-252 
Protominobacter, 432 
Protomonas extorquens. see 

Methylobacterium extorquens 
Proton motive force 

ammonia-oxidizing bacteria, 418 
anaerobes, 304-306 
colorless sulfur bacteria, 386 
motility and, 242-244 
sessile prokaryotes, 271 

Proton reducer, 346 
Proton translocation 

Paracoccus denitrificans, 2325, 
2327-2328 

by redox arms and loops, 304-
306 

Proton-reducing bacteria, 303-304 
Protoplasmic cylinder, 244 

Borrelia, 3560 
Spirochaeta, 3524-3526 
Treponema, 3538 

Protoplast, 4069-4070 
Protoplast fusion 

Corynebacterium. 1161 
Lactobacillus, 1571 
Lactococcus, 1490-1492 
Staphylococcus, 1399 

Protoplast L-form, 4075 
Protoplast transformation, 

Lactococcus, 1491-1492 
Protoporphyrin 

Bacteroides. 3597 
Porphyromonas, 3609, 3613, 3616 

Protoxin, Bacillus, 1719-1720, 
1724-1725 

Protozoa, 640 
methanogens-associated with, 723 
symbionts, 3855-3861 

Providencia, 2115, 2680-2681, 
2684-2685, 2834, 2849, 2852-
2857, 2922, 2929, 2932 

Providencia alcalijaciens, 2675, 
2684-2685, 2849, 2853-2854, 
2856 

Providencia friedericiana, see 
Providencia rustigianii 

Providencia heimbachae, 2675, 
2685, 2849, 2853-2854, 2856 

Providencia inconstans, 2684 
Providencia rettgeri. 2675, 2685, 

2849, 2853-2856 
Providencia rustigianii, 2675, 2685, 

2849, 2853-2854, 2856 
Providencia stuartii, 2675, 2684-

2685, 2849, 2853-2857 
prt genes 

Bacillus, 1689 
Lactococcus. 1491 

Prunus, Agrobacterium, 2215 
psa genes, cyanobacteria, 2089 
psb genes, cyanobacteria, 2089-

2090, 2092-2094, 2096 
psc genes, Agrobacterium, 2219 
Pseudoamycolata, 1141 
Pseudoanabaena, 26, 326, 538, 

2073,2081, 3725 
Pseudoappendicitis syndrome, 

Yersinia, 2869-2871,2879 
Pseudobacteremia, Bacillus, 1754 
Pseudobacterium, 4114 



Pseudocaedibacter, 3875, 3878 
Pseudocaedibacter conjugatus, 3875, 

3878, 3880 
Pseudocaedibacter falsus, 3865, 

386~ 3875, 387~ 3880 
Pseudocaedibacter glomeratus, 3875, 

3878 
Pseudocaedibacter minutus, 3875, 

3878 
Pseudoeatalase 

Aerococcus, 1506 
Lactobacillus, 1562 
Pediococcus, 1504-1505 

Pseudoceliulolytic baeteria, 478-479 
Pseudoepidemic, 2828-2829 
Pseudolyticum, 3875-3876 
Pseudolyticum multiflagellatum, 

3876, 3878 
Pseudomembrane, diphtherie, 1181 
Pseudomembranous eolitis, 

Clostridium difficile, 1871 
Pseudomeningitis, Bacillus, 1755 
Pseudomethylotroph, 431 
Pseudomona flava, see 

Hydrogenophaga flava 
Pseudomonadaeeae, 5, 536, 662, 

2938, 2940-2941, 3071-3082, 
3086-3087, 3238, 3952, 3958 

plant pathogenie, 668-670 
Pseudomonadales, 2940 
Pseudomonas, 27-28, 37, 55, 81, 83, 

87, 89, 94, 243, 264, 268, 387, 
415, 432, 435-436, 452-455, 
554, 563-565,662, 783, 1301, 
2115,2118,2135,2217,2236, 
2243,2321,2323,2493, 2545, 
2579, 2585-2588, 2834, 3046, 
3071-3074,3076-3079,3190, 
3198, 3620, 4032 

eeliulolytic, 494-495 
fluorescent, 3089-3091 
human- and animal-pathogenic, 

3086-3097 
L-forms, 4068, 4070, 4076 
manganese-oxidizing, 2318 
plant pathogenie, 495 
plant-pathogenic, 669, 3086 
rRNA group I, 3088, 3090, 3095-

3097 
rRNA group II, 3088, 3092, 3096 
rRNA group III, 3088 
rRNA group IV, 3088 
rRNA group V, 3088 
symbiotic, 3856 

Pseudomonas acidovorans, see 
Comamonas acidovorans 

Pseudomonas aeruginosa, 53, 77, 
91, 136, 142, 183,202,255, 
335, 399, 554, 561, 564-569, 
590, 646-647, 956, 1570, 2385, 
2548, 2646, 2929, 3031, 3072-
3077, 3087-3095, 3104, 3109, 
3118,3121-3122,3287,3528, 
3903 

Pseudomonas agarici, 3077, 3088, 
3105 

Pseudomonas alboflora, 494 
Pseudomonas alboprecipitans, 3077 
Pseudomonas alcaligenes, 561, 564, 

2586, 3077-3078, 3088, 3095-
3096 

Pseudomonas allicola, 2124, 3109 

Pseudomonas aminovorans, 436, 
2128 

Pseudomonas amygdali, 3105 
Pseudomonas andropogonis, 63, 

2124, 3077, 3108-3109, 3114; 
see also Acidovorax 
andropogonis 

Pseudomonas angulata, 3077 
Pseudomonas antirrhini, 3119 
Pseudomonas asplenii, 3088, 3108 
Pseudomonas atlantica, 2117, 2120, 

3047 
Pseudomonas aureofaciens, 561, 

564, 568-571, 3076 
Pseudomonas avenae, 561, 2123, 

3088,3108 
Pseudomonas azotocolligans, 536, 

2129, 2254 
Pseudomonas azotoformans, 561 
"Pseudomonas" bathycetes, 2119, 

3190-3191,3193 
"Pseudomonas" beijerinckii, 2119, 

3190,3193-3194 
Pseudomonas betle, 2120 
PseNdomonas bipunctata, see 

Macromonas bipunctata 
Pseudomonas boreopolis, 2120 
"Pseudomonas butanovora, " 561 
Pseudomonas campransoris, 2120 
Pseudomonas carboxydoflava, 561 
"Pseudomonas carboxydoflava, " see 

Hydrogenophaga pseudoflava 
Pseudomonas carboxydovorans, 83, 

363, 2129-2130 
Pseudomonas carboxyhydrogena, 

364 
Pseudomonas caricapapayae, 3105 
Pseudomonas carrageenovora, 2117 
Pseudomonas caryophylli, 561, 

3077,3088,3108-3109 
Pseudomonas caviae, see Aeromonas 

caviae 
Pseudomonas cepacia, 2011, 2336, 

2360, 3077, 3088, 3096-3097, 
3104-3105,3108-3110,3118-
3122,3514 

Pseudomonas chlororaphis, 561, 
564, 571, 956, 3076-3077, 3094 

Pseudomonas cichorii, 564, 3076-
3077, 3088, 3105-3106, 3119-
3120, 3122 

"Pseudomonas" compransoris, 2128, 
2131 

Pseudomonas coronafaciens, 3105 
Pseudomonas corrugata, 3105 
Pseudomonas cruciviae, 2120 
"Pseudomonas cutirubra, "770, 773 
Pseudomonas delafieldii, 3077, 

3087; see also Acidovorax 
delafieldii 

Pseudomonas denitrificans, 81, 561, 
563-564, 2654, 3957, 3959 

Pseudomonas diazotrophicus, 536, 
539,2128 

Pseudomonas diminuta, 137,2128, 
2133,2254,2340,2360, 3077-
3078, 3080, 3088 

"Pseudomonas dissolvens, " see 
Enterobacter dissolvens 

Pseudomonas doudoroffii, 2953, 
3046 

Pseudomonas "echinoides, " 93 
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Pseudomonas elongata, 2120 
Pseudomonas facilis, 3075, 3077, 

3088; see also Acidovorax facilis 
Pseudomonas faecalis, 132 
Pseudomonas fermentans, see 

Aeromonas hydrophila 
Pseudomonas flava, 355, 3075 
Pseudomonas fluorescens, 29, 469, 

480,494-495, 561, 564, 660, 
668, 1527, 2118, 2602, 3074-
3077, 3088, 3091, 3094-3095, 
3105-3108, 3116-3117, 3144, 
3287 

Pseudomonas fluorescens cellulosa, 
2298 

Pseudomonas formicans, see 
Aeromonas caviae 

Pseudomonas fragi, 2597, 3077-
3078, 3088 

Pseudomonas fuscovaginae, 3105 
Pseudomonas gardneri, 2120, 3077 
Pseudomonas geniculata, 3077 
Pseudomonas gladioli, 3077, 3088, 

3105, 3108-3109, 3118, 3121 
Pseudomonas glumae, 559,2124, 

3108,3122 
Pseudomonas glycinea, 3119 
Pseudomonas grifaciens, 2117 
"Pseudomonas" halosaccharolytica, 

2119,3190,3193-3194 
Pseudomonas hibiscicola, 2120 
"Pseudomonas 

hydrogenothermophila, " 3075, 
3924,3930 

Pseudomonas hydrogenovora, 363-
364, 366-369, 374 

Pseudomonas indigofera, 561, 564, 
956, 3075 

Pseudomonas lemoignei, 559, 3074 
Pseudomonas lemonnieri, 956-957 
Pseudomonas lindneri, see 

Zymomonas mobilis 
Pseudomonas lundensis, 3077 
Pseudomonas maculicola, 3119 
Pseudomonas mallei, 561, 3072, 

3076-3078, 3086, 3088, 3096-
3097 

Pseudomonas maltophilia, see 
Xanthomonas maltophilia 

Pseudomonas mangiferaeindicae, 
2120 

Pseudomonas marginalis, 561, 
3105-3106,3118-3119,3122 

"Pseudomonas" marina, see Deleya 
marina 

Pseudomonas meliae, 3105 
Pseudomonas mendocina, 561, 564, 

3075, 3077-3078, 3088, 3091, 
3095, 3379-3383, 3388 

Pseudomonas mendonica, 588-589, 
607 

Pseudomonas mesophilica, see 
Methylobacterium 
mesophilicum 

Pseudomonas methanica, 2342, 
2350-2351 

Pseudomonas mors-prunorum, 2908 
Pseudomonas mucidolens, 561,564, 

3077 
Pseudomonas multivorans, see 

Pseudomonas cepacia 
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Pseudomonas natriegens, see Vibrio 
natriegens 

Pseudomonas nautica, 561, 563, 
2120, 3046 

Pseudomonas nigrifaciens, see 
Alteromonas nigrifaciens 

Pseudomonas nitroreducens, 561 
Pseudomonas oleovorans, 3077 
"Pseudomonas oxalaticus, " 2545 
Pseudomonas palleronii, see 

Hydrogenophaga palleronii 
Pseudomonas paucimobilis, 536, 

2129 
Pseudomonas pavonaceae, 2120 
Pseudomonas perjectomarinus, see 

Pseudomonas stutzeri 
Pseudomonas phaseolicola, 3114 
Pseudomonas pickettii, 561, 3077-

3078, 3088, 3097 
Pseudomonas pictorum, 2120 
Pseudomonas piscicida, 2117, 3047 
Pseudomonas plantarii, 561, 3118 
Pseudomonas pseudoalcaligenes, 

561, 564,2118,2586, 3077-
3078, 3088, 3095-3096, 3105, 
3108, 3238 

Pseudomonas pseudojlava, see 
Hydrogenophaga pseudojlava 

Pseudomonas pseudomallei, 77, 561, 
3075, 3077-3078, 3086, 3088, 
3096-3097 

Pseudomonas punctata, see 
Aeromonas caviae 

Pseudomonas putida, 181, 399, 452, 
454, 564, 706, 2646, 3072-
3077, 3088, 3091, 3094-3095, 
3106-3109, 3287, 3903 

"Pseudomonas putrefaciens, " 561, 
563, 3047, 3065 

Pseudomonas pyrrocinia, 3077, 
3088 

Pseudomonas radiora, see 
Methylobacterium radiotolerans 

Pseudomonas reptilivora, 3095 
Pseudomonas resinovorans, 3077 
Pseudomonas rhodos, see 

Methylobacterium rhodinium; 
Methylobacterium rhodinum 

Pseudomonas rubeorifaciens, 494 
Pseudomonas rubescens, 2117 
Pseudomonas rubrilineans, 3108 
Pseudomonas rubrisubalbicans, 

2123-2125, 2579, 2591, 3108 
Pseudomonas ruhlandii, 3078-3079; 

see also Alcaligenes 
xylosoxidans 

Pseudomonas saccharophila, 346, 
363-364, 366-369, 374, 536, 
539, 2123, 2125, 3075, 3077, 
3088 

Pseudomonas salanacearum, 495 
Pseudomonas salinaria, see 

Halobacterium salinarium 
Pseudomonas septica, 3095 
Pseudomonas shigelloides, see 

Plesiomonas shigelloides 
Pseudomonas smaragdina, 3095 
Pseudomonas solanacearum, 480, 

559, 2123-2124, 2544, 2546, 
2605, 3077-3078, 3088, 3104-
3105, 3108-3115, 3118-3119 

Pseudomonas stutzeri, 57, 165, 277, 
536, 539, 554, 556, 561, 564, 
567-572, 2323, 2359, 3072, 
3075-3078, 3088, 3090, 3095 

Pseudomonas synxantha, 3077 
Pseudomonas syringae, 564, 660, 

668-669, 1544,2118,2909, 
3072, 3076-3077, 3086, 3088, 
3104-3111,3114-3119,3122 

Pseudomonas taeniospiralis, see 
Hydrogenophaga taeniospiralis 

Pseudomonas taetrolens, 3077 
Pseudomonas testosteroni, see 

Comamonas testosteron i 
"Pseudomonas thermophila, " 344, 

3920, 3924, 3929-3930 
Pseudomonas tolaasii, 3105, 3118 
Pseudomonas trifolii, see Erwinia 

herbicola 
Pseudomonas vesicularis, 2128, 

2133,2340-2341,3077-3078, 
3080, 3088 

Pseudomonas viridijlava, 564, 3088, 
3105-3107,3110,3116,3119 

Pseudomonas viscoisissima, 494 
Pseudomonas viticola, 2120 
Pseudomonas vitiswoodrowii, 2120 
Pseudomonas woodsii, 3108 
Pseudomonic acid, 756 
Pseudomurein, 54, 138 

methanogens, 729, 731, 734, 749-
750 

structure, 752 
Pseudonocardia, 24, 922, 924, 996-

1021, 1070, 1117, 1126, 1140, 
1142, 1147-1148 

Pseudonocardia compacta, 999, 
1001, 1004, 1006, 1013-1014 

Pseudonocardia spinosa, 999, 1001, 
1004, 1006 

Pseudonocardia thermophila, 479, 
501, 997, 999, 1001, 1004, 
1006, 1010-1014, 1017, 1020 

"Pseudonocardia thermospinosa, " 
999 

Pseudonocardiaeeae, 24, 922, 996-
1021,1062,1085,1117,1199, 
1203 

Pseudooligosaeeharide, 1052 
Pseudoparenehyma, methanogens, 

730, 739-740 
Pseudopodium, Sulfolobales, 689 
Pseudosporangia, 1128-1131 
Pseudotuberculosis, 1182, 2863-

2864, 2866 
Pseudovitamin B12, methanogens, 

745 
Psittacosis, 3691, 3694 
PSM medium, dimorphie 

prostheeate baeteria, 2191 
PSS medium, see Peptone

succinate-salt medium 
Psychotria nairobiensis, 

Janthinobacterium, 2596 
Psychrobacter, 29, 2115, 2120, 2122, 

2495, 3241-3245 
Psychrobacter immobilis, 2120, 3245 
Psychrophile, 83, 104, 161, 163 

Bacillus, 1666 
cyanobacteria, 2062 

Psylla, myeoplasma-like organism, 
4053 

PT agar, myxobacteria, 3433 
PT box, 491 
Pterin 

denitrifying bacteria, 569 
Halobaeteriaceae, 779-780 
Sulfolobales, 695 

pth genes, 662 
Xanthomonas, 670 

PTS system, see Phosphotransferase 
system 

ptz gene, phytopathogenic 
pseudomonads, 3115 

Publieation 
effeetive, 127 
priority of, 127 

Puckered area, Gemmata, 3723-
3724 

Puerperal fever, anaerobic Gram-
positive coeci, 1880 

pul genes, Klebsiella, 2781 
Pulcherrimin, 956-957 
Pullorum disease, 2677 
Pullulan hydrolysis, Sporosarcina, 

1779 
Pullulanase 

Clostridium, 1820, 1838 
Klebsiella, 2781 
thermoanaerobie saccharolytic 

bacteria, 1907 
Thermus, 3750 

Pulp mill aeration pond 
Ancalomicrobium, 2160-2161 
Prosthecomicrobium, 2160-2161 

Pulpmill waste 
Comamonas, 2584, 2588 
Stella, 2167 

Pulque 
Leuconostoc, 1510 
Zymomonas, 2287-2289 

Pulse-field gel electrophoresis, 
Haemophilus, 3324 

Pumilin, 1688 
Puneh actinomycosis, 860 
pur genes, Bacillus, 1683-1684 
Pure eulture, 78, 151-152, 168,276 

preparation, 175-177 
Purified protein derivative (PPD), 

1240-1241 
Purine nuc1eotide 

pryophosphorylase, 
Corynebacterium, 1166-1167 

Purine requirement, 157 
Purine synthesis, Yersinia pestis, 

2896 
Purine utilization 

Clostridium, 1804, 1812-1813, 
1822, 1832, 1835 

Eubacterium, 1914, 1917 
Veillonella, 2036-2037 

Purple agar, Micrococcus, 1304 
Purple bacteria, 12, 15,80,323-

328, 2402-2403 
alpha subgroup, 433, 2160-2164, 

2322, 2444, 3080 
beta subgroup, 433, 3080 
Chromobacterium, 2591-2598 
gamma subgroup, 433, 3080, 

3176,3331,3379 
Janthinobacterium, 2591-2598 
photoresponse, 252 
photosynthesis, 312-316, 318-323 
Rhodocyclus, 2556-2559 



Purple membrane, 313-314 
Halobacteriaceae, 799 

Purple nonsulfur bacteria, 60, 2141-
2152,3211 

alpha subgroup, 2179 
Purple photosynthetic bacteria, see 

Proteobacteria 
Purple sulfur bacteria, 60, 80-81, 

96-97, 294, 3175, 3200-3216, 
3583-3584, 3586, 3756 

ciliate symbionts, 3883 
photosynthesis, 318-323 

Purpuromycin, 1054 
Pus 

anaerobic Gram-positive cocci, 
1880 

Comamonas, 2585 
Push-block technique, subculture of 

L-forms, 4071 
Pustule, Yersinia, 2870 
Putrescine utilization 

Alteromonas, 3062 
Deleya, 3195 
Enterobacter, 2808-2809 
Klebsiella, 2786 
Marinomonas, 3062 
Psychrobacter, 3243 
Serratia, 2836 
Vibrio, 2977 

Putrid infusion, Oceanospirillum, 
3233 

PW medium, xylem-inhabiting 
bacteria, 4038 

PY medium, see Peptone-yeast 
extract medium 

Pyarthrosis, Staphylococcus, 1375 
PYE medium, see Peptone-yeast 

extract medium 
Pyelonephritis 

Bacillus, 1753 
Corynebacterium, 1182 
Escherichia coli, 2709 
Gemella, 1651 
Staphylococcus, 1375 

Pyemia, Staphylococcus, 1374 
PYF medium, see Peptone-yeast 

extract-fructose medium 
PYG broth, see Peptone-yeast 

extract-glucose broth 
PYGV medium 

manganese-oxidizing bacteria, 
2316 

Planctomyces, 3715 
Pyoarthritis, Staphylococcus, 1374 
Pyobacillosis, sheep, 3343 
Pyochelin, denitrifying bacteria, 566 
Pyocin, Pseudomonas, 2499 
Pyocin sensitivity, Neisseria, 2499 
Pyocyanine, 91, 956-957 

Pseudomonas, 3091, 3093 
Pyoderma, Staphylococcus, 1374 
Pyomelanin, Pseudomonas, 3093 
Pyomyositis, Yersinia, 2870 
Pyonephitis, Oerskovia, 1333 
Pyorubrin, Pseudomonas, 3093 
Pyoverdin, Pseudomonas, 3093 
PYR broth, Streptococcus, 1456 
pyr genes, Bacillus, 1683 
Pyramidon utilization, 

Phenylobacterium, 2335 
Pyrazinamidase 

Corynebacterium, 1178-1179 

Mycobacterium, 1259-1261 
Yersinia, 2688, 2872-2873 

Pyrazinamide, treatment of 
tuberculosis, 1242 

Pyrazine, Serratia, 2831, 2838 
Pyrene degradation, Mycobacterium, 

1224, 1232 
Pyridindolol, 979 
Pyridine degradation, Nocardiaceae, 

1203 
Pyridine nucieotide:ferredoxin 

oxidoreductase, Clostridium, 
1839 

Pyridoxal-5-phosphate requirement, 
Kurthia, 1660 

Pyridoxine requirement 
Clostridium, 1806 
Enterococcus, 1468 

Pyrimidine requirement, 157 
Pyrimidine utilization, Clostridium, 

1835 
Pyrimine, Serratia, 2831 
Pyrite oxidation, 392, 405 
Pyrobaculum, 84, 393, 677-682 
pyrobaculum islandicum, 84, 588-

589, 678, 681 
Pyrobaculum organotrophum, 678-

681 
Pyrococcus, 85, 301, 702-707 
Pyrococcus furiosus, 702-704 
Pyrococcus woesei, 702-705 
Pyrodictium, 31, 54, 65, 84-85, 393, 

677-682, 704, 707-708 
Pyrodictium abyssi, 678, 681 
Pyrodictium brockii, 678, 681 
Pyrodictium occultum, 14, 161, 

588-589, 678, 681-682 
Pyrogallol utilization 

Eubacterium, 1916 
Pelobacter, 3397 
sulfidogenic bacteria, 610 

Pyrogallol-phloroglucinol isomerase, 
Eubacterium, 1916 

Pyrogenic toxin, Streptococcus, 1460 
Pyrolysis gas-liquid 

chromatography, Bacillus, 1666 
Pyrolysis mass spectrometry, 

Bacillus, 1666 
a-Pyrone production, acetic acid 

bacteria, 2279 
Pyrophosphatase, sulfidogenic 

bacteria, 591 
Pyrosome, bioluminescent bacteria, 

631 
Pyroverdine, denitrifying bacteria, 

566 
Pyrrolidonyl arylamidase 

Aerococcus, 1504 
anaerobic Gram-positive cocci, 

1888 
Enterococcus, 1467-1468 
Gemella, 1650 
Pediococcus, 1504 
Staphylococcus, 1384, 1386-1387 
Streptococcus, 1433, 1450-1451, 

1456 
Pyrrolnitrin, 3474 
Pyrroloquinoline quinone, 

methylotrophs, 435-437 
Pyruvate carboxylase 

Ectothiorhodospira, 3227 
reaction, 58 
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Pyruvate decarboxylase, 
Zymomonas, 2289-2290 

Pyruvate dehydrogenase 
Clostridium, 1830 
methanotrophs, 2354-2355 
Staphylococcus, 1389 
sulfidogenic bacteria, 609 
Zymomonas, 201 

Pyruvate kinase, anaerobes, 305 
Pyruvate mineral salts (PMS) 

medium, Heliobacteriaceae, 
1988 

Pyruvate oxidase 
Enterococcus, 1469 
Lactobacillus, 1562 

Pyruvate synthase 
Butyrivibrio, 2030 
Chlorobiaceae, 3589 
Ectothiorhodospira, 3227 
methanogens,745 
Pelobacter, 3398 

Pyruvate utilization, 56, 3215 
ammonia-oxidizing bacteria, 2634 
Ancalomicrobium, 2164 
Archaeoglobus, 710 
Arthrobacter, 1285 
Azospirillum, 2241 
Bacillus, 1711 
Beggiatoa, 3177 
Chlorobiaceae, 3589 
Clostridium, 1831, 1834, 1836 
Curtobacterium, 1363 
Cytophagales, 3658 
Desulfotomaculum, 1794, 1797-

1798 
Gemmata, 3724 
Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
Heliobacteriaceae, 1983-1984, 

1988 
homoacetogens, 1930 
Kurthia, 1659 
Lactobacillus, 1549 
Listeria, 1606 
Megasphaera, 2001 
Methylobacterium, 2347 
Micrococcus, 1304 
Pelobacter, 3397 
Photobacterium, 634, 3002 
Propionigenium, 3950 
Prosthecomicrobium, 2164 
Psychrobacter, 3243 
purple nonsulfur bacteria, 2149-

2150 
rhizobia, 2200, 2210 
Rhodocyclus, 2558-2559 
Rochalimaea, 2444 
Selenomonas, 2009-2010 
Serpens, 3238 
Spirillum, 2567 
sulfate-reducing bacteria, 3367, 

3369 
sulfidogenic bacteria, 588, 609-

610, 612 
sulfur bacteria, colorless, 2649 
sulfur bacteria, purple, 3207 
sulfur-reducing bacteria, 3381, 

3387 
syntrophic bacteria, 2052 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
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Thermodesu/fobacterium. 3390-
3391 

Thermus. 3748 
Veillonella. 2034. 2036. 2041 
Vibrio.634 
Wolbachia. 2478 

Pyruvate:acceptor oxidoreductase. 
syntrophic bacteria. 286-287 

Pyruvate:methy!vio!ogen 
oxidoreductase, Archaeoglobus. 
710 

Pyruvate-ferredoxin oxidoreductase 
anaerobes, 302-303 
Clostridium, 1822 
nitrogen-fixing bacteria, 546 

Pyruvate-flavodoxin oxidoreductase, 
nitrogen-fixing bacteria, 545-
546 

Pyruvate-formate lyase 
Butyrivibrio. 2030 
Clostridium. 1824, 1839 

Pyruvate-yeast extract (PYE) 
medium, Heliobacteriaceae, 
1989 

Pyruvic acid production 
Bacillus. 1704 
Chlorojlexus. 3765 
Clostridium. 1876 
Gemella. 1649 
Listeria. 1606 
Staphylococcus. 1388 
Streptomycetaceae, 968 

PYVM medium, dimorphie 
prosthecate bacteria, 2191 

Q 

Q fever, 2436, 2472-2477 
Q-cycle pathway, Paracoccus 

denitri/lcans. 2328 
Qmod medium, Frankia. 1073 
Quarg, 1483, 1492, 1513 
Queensland tick typhus, 2408, 

2415-2416 
Quellung reaction 

Klebsiella. 2788 
Streptococcus. 1458-1459 

Quercetin degradation, 
Eubacterium. 1916 

Quinate utilization 
Enterobacter. 2808, 2810 
Klebsiella. 2786 
Lactobacillus. 1549, 1566-1567 
Nocardiopsis. 1150, 1152 
phytopathogenic pseudomonads, 

3107 
rhizobia, 2201 
Serratia. 2837, 2839 

Quinoline utilization, sulfidogenic 
bacteria, 610 

Quinolone resistancejsensitivity 
Campylobacter. 3499 
Coxiella. 2474 
dimorphie prosthecate bacteria, 

2178 
Yersinia. 2878 

Quinone, 135; see also 
Menaquinone 

Clostridium. 1801 
Dermatophilus. 1347 
Erythrobacter. 2486 
Escherichia. 2700 

Kurthia. 1654, 1658 
Legionella. 3292 
Paracoccus. 2324 
Rhodocyclus. 2556 
Sulfolobales, 689, 691-692, 694 
Thermoplasma. 716 

Quinone antibiotic production, 1053 
Quinoprotein, methylotrophs, 435-

437 

R 

R body, 3868-3869 
Caedibacter. 3871-3872, 3874-

3875 
Rhodospirillum. 3872 

R factor, 3074 
Citrobacter. 2749-2750 
Vibrio. 2985 

R8 medium, Pseudonocardiaceae, 
1004 

R phage, Brucella. 2387 
RjC phage, Brucella. 2387 
RjM system, See Restrictionj 

modification system 
RjO phage, Brucella. 2387 
Rabbit 

Actinobacillus. 3344 
Actinomyces. 866 
Butyrivibrio. 2022 
Coxiella. 2473 
Escherichia coli. 2721 
Francisella. 3989 
Haemophilus. 3305, 3313 
Listeria. 1595 
Plesiomonas. 3033 
Rickettsia. 2408, 2410, 2412, 

2418, 2422 
Simonsiellaceae, 2660 
Treponema. 3537-3538 

Rabbit dung agar 
Herpetosiphon. 3792 
myxobacteria, 3426 

Rabbit fever, see Tularemia 
Rabbit ileal loop assay 

Plesiomonas. 3033 
Shigella. 2755 

Rabbit tick, Spiroplasma. 1963, 
1966, 1968 

Raccoon 
Rickettsia. 2421 
Staphylococcus. 1373 

Racemase, Bacillus. 1671 
Radial cluster, Seliberia. 2490 
Radiation resistance, 90 

Bacillus. 1686-1687 
Brochothrix. 1620 
Deinococcaceae, 3732-3738, 

3740-3742 
Listeria. 1607 
Methylobacterium. 2347 
Micrococcus. 3740 
Psychrobacter. 3242, 3244 

Radiation sterilization, 173 
Radioactive tracer study, 

prokaryote-invertebrate 
symbiosis, 3895-3897 

Radioimmunoassay (RIA) 
Legionella. 3288 
Yersinia. 2892 

Radioimmunoprecipitation assay 
Coxiella. 2476 

rickettsiae, 2437-2438 
Radiometrie method, culture of 

Mycobacterium. 1250, 1254-
1255 

Raffinose utilization 
Actinomyces, 889 
anaerobic Gram-positive cocci, 

1889 
Arcanobacterium. 889 
Arthrobacter. 1285 
Azotobacteraceae, 3153 
Bi/ldobacterium. 821, 825 
Brochothrix. 1625 
Buttiauxella. 2926 
Carnobacterium. 1577 
Cedecea. 2926 
Citrobacter. 2748 
Clostridium. 1804, 1810, 1870, 

1874, 1876 
Edwardsiella. 2741 
Enterobacter. 2807-2809 
Enterobacteriaceae, 2924 
Enterococcus. 1468 
Escherichia. 2698 
Hajnia.2818-2819 
Haloanaerobiaceae, 1899 
Klebsiella. 2785 
Kluyvera. 2926 
Lactobacillus. 1563-1565 
Lactococcus. 1485 
Leuconostoc. 1522 
Lysobacter. 3265 
Nocardiaceae, 1205 
Pediococcus, 1504 
Photobacterium, 2980 
Plesiomonas. 3036 
Promicromonospora. 1337 
Propionibacterium. 845 
Pseudonocardiaceae, 1013 
rhizobia, 2200 
Rothia.889 
Saccharothrix. 1064 
Serratia. 2837, 2839 
Shigella. 2755-2756 
Staphylococcus. 1384, 1386-1387 
Streptococcus, 1427-1428, 1430, 

1432-1435, 1458 
Streptomycetaceae, 944 
thermoanaerobic saccharo!ytic 

bacteria, 1908-1909 
Thermotoga. 3810 
Treponema. 3551 
Vibrio. 2974, 2980 
Yersinia. 2864-2865 

Raffinose-histidine agar, 
Streptomycetaceae, 945 

Ragweed, stunt disease, 4031 
Rahnella. 2115, 2931-2932 
Rahnella aquatilis. 2675, 2799-

2800, 2923-2924, 2931-2932 
Rape virescence mycoplasma-like 

organism, 4060 
RAP-ID ANA system, Bacteroides. 

3601 
RapID NH system, Haemophilus. 

3322 
Rapid test 

Carnobacterium. 1578 
Escherichia coli. 2699 
Neisseria. 2514-2515 
Staphylococcus, 1384-1385 

Raspberry, Frateuria. 3198 



Rat 
Actinomyces, 858, 866 
Coxiella, 2473 
Ehrlichia, 2449 
Lactobacillus, 1541 
methanogens, 734 
Mycobacterium, 1239 
Plesiomonas, 3034 
Rickettsia, 2408, 2410, 2412-

2413,2415,2417,2420 
Streptobacillus, 4023-4024 

Rat-bite fever, 2562, 2565, 4023-
4024 

Ratoon stunting disease, sugarcane, 
4030 

rbc genes, cyanobacteria, 2089, 2095 
RC-B865, Erythrobacter, 2486 
RCM, see Reinforced clostridial 

medium 
Rearrangement reactions, anaerobes, 

301 
Rebeccamycin production, 

Saccharothrix, 1066 
rec genes 

Bacillus, 1677 
cyanobacteria, 2086 

Receptor, see also specific receptors 
Chlamydia, 3699 
rickettsiae, 2438 

Receptor-dependent chemotaxis, 
247 

Receptor-independent chemotaxis, 
249-250 

Recombinant DNA techniques, 200 
cellulases, 469-470 

Recombination 
cyanobacteria, 2084-2086 
Mycobacterium, 1229 

Recreational water, Aeromonas, 
3017,3021-3022 

Recrudescent typhus, 2408 
Rectum 

Mobiluncus, 912-913 
Neisseria, 2509-2513 
Streptococcus, 1452 
Vibrio, 2964 

Recycling fermenter, 158 
Paracoccus, 2323-2325, 2330 

Red blood cells 
Aegyptianella, 4009-4011 
Anaplasma, 4011, 4013-4016 
Anaplasmataceae, 3994-4016 
Bartonellaceae, 3994-4016 
Eperythrozoon, 4007-4008 
Haemobartonella, 4006, 4009 

Red leg, 3020 
Red litmus milk test, 

Agrobacterium, 666 
Red maple, leaf scorch disease, 

4031 
Red shift, 319, 322 
Red sore disease, 3020 
Red water, 3202 
Red-diaper syndrome, 2828 
Redi, E, 150 
Redmouth bacterium, 2865 
Redmouth disease, fish, 2677, 2689 
Reduced ferredoxin:carbon dioxide 

oxidoreductase, Clostridium, 
1830 

Reduced transport fluid (RTF) 
Actinomyces, 872 

Streptococcus, 1422-1423 
Reductant, 175 

cultivation of sulfate-reducing 
bacteria, 3353 

Reductase, Paracoccus denitrificans, 
2325 

Reduction-modifiable protein, 
Neisseria, 2500-2501 

Redwood tank, Klebsiella, 2776 
Regan-Lowe medium, Bordetella, 

2532 
Reindeer 

Butyrivibrio, 2022 
Erysipelothrix, 1630 

Reinforced clostridial medium 
(RCM), 1808 

Bifidobacterium, 822-823 
Reiter's syndrome 

Chlamydia, 3701 
Enterobacteriaceae, 2679 

Relapsing fever, Borrelia, 650, 
3561-3566 

Related Vibrio, 3489 
Relatedness, 129 
Relative humidity, 85 
Renibacterium, 24, 1294, 1312-

1316, 1320, 1323-1324 
Renibacterium salmoninarum, 

1312-1316 
Renobacter, 27 
Renobacter vacuolatum, 372, 536, 

2359, 4096-4097 
Repeated fed-batch culture, 158 
Repellent, 246, 252 
Replacement transduction, Bacillus, 

1678 
Replica plating, 175, 181 
Reproductive cell 

Bdellovibrio, 219-222 
dimorphic prosthecate bacteria, 

2176,2186 
intracellular, 219-223 
Rhodomicrobium, 228-231 
Seliberia, 2490 

Reptiles 
Chlamydia, 3692 
Edwardsiella, 2738-2739 
Morganella, 2857 
Providencia, 2856 

Reservoir 
BartoneIla, 3998 
Bordetella pertussis, 2538-2539 
Brucella, 2388-2389, 2395 
Legionella, 3294-3295 
Salmonella, 2766 

Resident microorganism, see 
Autochthonous microorganism 

Resorcin utilization, 
Azotobacteraceae, 3153 

Resorcinol degradation, anaerobes, 
303 

Resorcinol utilization, sulfate
reducing bacteria, 3375 

Respiration 
anaerobic, 56-58, 80-81 
anaerobic dark, 2083 
bioluminescence and, 626 
cyanobacteria, 2083 

Respiratory therapy equipment, 
Legionella, 3295 

Respiratory tract 
Actinobacillus, 3342 

Index Volumes I-IV 1-123 

anaerobic Gram-positive cocci, 
1879 

Bacteroides, 3597-3598 
Bordetella, 2531-2532 
Cardiobacterium, 3339 
Corynebacterium, 1181 
Eikenella, 2668 
Enterobacteriaceae, 2680-2681 
Ewingella, 2926 
Fusobacterium, 4115 
Gemella, 1644 
Hemophilus, 643 
Moraxella, 3277 
mycoplasma, 1938 
Ochrobactrum, 2602 
Pasteurella, 3331-3332, 3334 
Plesiomonas, 3031 
Proteus, 2851 
Salmonella, 2766 
Staphylococcus, 1371 
Stomatococcus, 1320 
Streptococcus, 1421, 1450, 1453 
Tatumella, 2932 
Vibrio, 2960 

Respiratory tract infection, 3277 
anaerobic Gram-positive cocci, 

1880 
Chlamydia, 3691, 3694, 3702 
Citrobacter, 2745 
Enterobacter, 2801 
Fusobacterium, 4116 
Morganella, 2858 
mycoplasma, 1944, 1947 
Providencia, 2854 
Pseudomonas, 3086, 3089, 3093, 

3095 
Serratia, 2828 
Streptococcus, 1452 
Vibrio, 2990 

Resting form, 68-69, 85-86, 89-90, 
210-214; see also Cyst 

Coxiella, 2471 
cyanobacteria, 2074 
Cytophagales, 3651 
Heliobacteriaceae, 1985, 1987 
Herpetosiphon, 3795 
Rhodomicrobium, 228-231 

Restriction endonuclease, 2723-
2724 

Herpetosiphon, 3803 
myxobacteria, 3474 
Streptomycetaceae, 978 
Sulfolobales, 695 
Thermomonosporaceae, 1106 
Thermus, 3750 

Restriction fragment length 
polymorphism (RFLP), 1276 

Campylobacter, 3498 
Legionella, 3293 
methanotrophs, 2358 
Moraxella, 3278 
mycoplasma, 1950 
mycoplasma-like organism, 4059 
phytopathogenic pseudomonads, 

3108, 3110 
rickettsiae, 2409, 2419, 2435 
Serratia, 2841 
Streptomycetaceae, 972 
Xanthomonas, 669 

Restrictionjmodification (RjM) 
system 

Bacillus, 1731 
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Corynebacterium, 1161 
cyanobacteria, 2085 
Lactococcus, 1495 

Reticulate body 
Chlamydia, 70-71,222-223, 

3691, 3694-3696 
Cowdria, 2452 

Reticulostimulatory properties, 
Propionibacterium, 843-844 

Reticulum, normal flora, 110 
Retinal, 314 
Retrostatin, 979 
Retting, Clostridium, 1808, 1827 
Reuterin, 1539, 1570-1571 
Reversals, Spirochaeta, 3528 
Reverse electron transfer, purple 

sulfur bacteria, 3213 
Reverse gyrase, Sulfolobales, 695 
Reverse transcriptase, myxobacteria, 

3418,3451 
Reverse tricarboxylic acid cycle, 

Chlorobiaceae, 3589 
rjb gene, Salmonella, 2761 
RFC agar, see Rumen fluid 

cellobiose agar 
RFLP, see Restriction fragment 

length polymorphism 
R-form 

Erysipelothrix, 1634-1636 
Salmonella, 2761 

RGCA, see Rumen fluid-glucose
cellobiose agar 

RGD consensus sequence, 
Bordetella, 2535-2536 

RGM medium 
Butyrivibrio, 2026 
Lachnospira, 2026 
Roseburia, 2026 

Rh} gene, Salmonella, 2763 
Rhamnose ut:lization 

Actinobacillus, 3347 
Actinomyces, 889 
Agrobacterium, 2214 
Ancalomicrobium, 2164 
Arcanobacterium, 889 
Arthrobacter, 1293 
Azotobacteraceae, 3147, 3153 
Bacteroides, 3603 
Brochothrix, 1625 
Cardiobacterium, 3341 
Citrobacter, 2748 
Clostridium, 1829 
Curtobacterium, 1363 
Edwardsiella, 2741 
Enterobacter, 2806, 2808-2809 
Enterobacteriaceae, 2924 
Escherichia, 2698, 2931 
Flavobacterium, 3625 
HaJnia, 2818-2819,2931 
Haloanaerobiaceae, 1899 
hydrogen-oxidizing bacteria, 364, 

366 
Klebsiella, 2786-2787 
Listeria, 1602-1604 
Lysobacter, 3265 
Nocardiaceae, 1203 
Nocardiopsis, 1150, 1152 
Obesumbacterium, 2931 
Pectinatus, 1999 
Photobacterium, 2980 
Plesiomonas, 3036 
Prosthecomicrobium, 2164 

Providencia, 2854 
Pseudonocardiaceae, 1010, 10 12 
Psychrobacter, 3243 
rhizobia, 2200 
Rothia, 889 
Saccharothrix, 1064 
Serratia, 2837-2838 
Streptosporangiaceae, 1127, 1132-

1133 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Treponema, 3551 
Vibrio, 2974, 2980 
Yersinia, 2688, 2864-2865, 2895 

Rhapidosome 
Cytophagales, 3653, 3657 
Lysobacter, 3263 
Saprospira, 3683 

Rheumatic fever, 1451-1452, 1459-
1460 

Rheumatoid factor, 2392 
Rhinitis 

atrophie, see Atrophie rhinitis 
Bordetella bronchiseptica, 2530 
Fusobacterium, 4117 
Klebsiella, 2778 

Rhinoceros beetle, cellulolytic 
bacteria, 460 

Rhinoscleroma, Klebsiella, 2778 
Rhizobia, 547,2197-2211,3145 
Rhizobiaceae, 27, 536, 541, 662, 

2127-2128, 2197-2198, 2214 
Rhizobitoxin, phytopathogenic 

pseudomonads, 3114 
Rhizobium, 27, 38, 61, 93, 256, 

539-542, 545, 548-549, 554, 
565,661,670,2127-2128, 
2132-2133,2200-2201,2214, 
2220, 2254, 2347, 2366, 2373, 
2385, 2443, 2545, 2587, 2601, 
3080, 3162-3163, 3835 

Rhizobium capsulata, 547 
RhizobiumJredii, 536, 541, 559, 

2127-2128, 2203 
Rhizobium galegae, 536, 539,2199 
Rhizobium gleae, 541 
Rhizobium "hedysari, " 556, 559 
Rhizobium japonicum, 2202 
Rhizobium leguminosarum, 249, 

536, 539, 541, 559, 2127-2128, 
2199, 2201-2203, 2340, 2545 

Rhizobium loti, 536, 539, 2127-
2128,2199 

Rhizobium lupini, 559 
Rhizobium meliloti, 242-244, 249, 

536, 539, 541, 547, 559, 668, 
2127-2128,2199,2201,2219 

Rhizobium phaseoli, see Rhizobium 
leguminosarum 

Rhizobium trifolii, see Rhizobium 
leguminosarum 

Rhizocoenosis, 542-543 
Rhizoctonia solani, 3164 
Rhizoid growth 

Bacillus, 1759 
Cytophagales, 3632, 3645 

Rhizoplane 
Agrobacterium, 663 
pseudomonads, 3117 

Rhizopoda, 3838 
Rhizosperma, 3833 
Rhizosphere 

Alcaligenes, 2547 
Azotobacteraceae, 3144 
bacterial behavior, 255-256 
Beijerinckia, 2255 
Chromobacterium, 2592 
Derxia, 2611 
Desu/fotomaculum, 1792 
hydrogen-oxidizing bacteria, 350-

351 
Lactobacillus, 1544 
nitrogen-fixing bacteria, 537-539 
Phyllobacterium, 2602 
pseudomonads, 3074, 3104, 3117, 

3119 
Sporolactobacillus, 1770 
Streptomycetaceae, 931 

Rhodanese . 
Chlorof/exus, 3766 
Phenylobacterium, 2340 
sulfur bacteria, purple, 3214 

Rhodobacter, 27, 33, 37, 55, 318, 
546, 548, 563, 565, 568-569, 
2132-2133, 2141, 2147 

Rhodobacter adriaticus, 536, 2142, 
2144, 2147-2149, 2151 

Rhodobacter blastica, 2128 
Rhodobacter capsulata, 2322 
Rhodobacter capsulatus, 399, 536, 

544-545, 571, 590,2128,2132, 
2142-2143, 2147-2152, 2360, 
2646, 3212 

Rhodobacter euryhalinus, 2142, 
2147-2149, 2151 

Rhodobacter rubrum, 252 
Rhodobacter sphaeroides, 243-245, 

250-252, 255, 536, 545, 558, 
568-571, 2128, 2132, 2146-
2152, 2322, 2340, 2487, 2625, 
3783-3784 

Rhodobacter sulfidophilus, 536, 
2128, 2132, 2142, 2144, 2148-
2149,2151 

Rhodobacter veldkampii, 536, 2144, 
2148-2149, 2151 

Rhodobacteriales, 5 
Rhodococcus, 24, 137, 376, 662, 

811,937, 1070, 1117, 1157, 
1160-1161, 1176, 1188-1197, 
1200-1202, 1214-1215, 1227, 
1256, 1285, 1287, 1294, 1351-
1352 

Rhodococcus aichiensis, 1204 
Rhodococcus aurantiacus, see 

Tsukamurella paurometabolum 
Rhodococcus chlorophenolicus, 

1194, 1196, 1204 
Rhodococcus coprophilus, 1195-

1196, 1204 
"Rhodococcus corallina," 1206 
Rhodococcus equi, 1174, 1195, 

1197, 1203-1204,2024 
Rhodococcus erythropolis, 376, 

1192, 1194, 1197, 1204, 1206 
Rhodococcus Jascians, 662, 667-668, 

1192, 1204 
Rhodococcus globerulus, 1204 
Rhodococcus luteus, 1196, 1204 
Rhodococcus marinonascens, 1195-

1196, 1204 
Rhodococcus maris, 1196, 1204 
Rhodococcus rhodnii, 1204 



Rhodococcus rhodochrous, 1193-
1195, 1197, 1204-1206 

Rhodococcus ruber, 1194, 1204 
Rhodocyclus, 28, 37, 318, 2141, 

2556-2559, 4097 
Rhodocyclus gelatinosus, 133, 399, 

537, 2150, 2152, 2360, 2556-
2559, 2625, 2646 

Rhodocyclus purpureus, 540, 2145, 
2150, 2556-2559 

Rhodocyclus tenuis, 537, 2556-2559 
Rhodomicrobium, 27,49, 51, 65, 

68,242,318,323,2128,2131-
213~ 2141, 214~ 216~ 2176 

Rhodomicrobium vannielii, 228-
231, 537, 2142-2143, 2146-
2149, 2151, 2340, 2360 

Rhodomycin,956 
Rhodophytan, 315-317 
Rhodopila, 27, 318, 2128, 2141, 

2147 
Rhodopila globiformis, 537, 2130, 

2144-2145, 2148-2149 
Rhodopin 

Ectothiorhodospira, 3225-3226 
purple nonsulfur bacteria, 2146, 

2148 
Rhodocyclus, 2557 
sulfur bacteria, purple, 3208-

3209, 3212 
Rhodopin glucoside 

Ectothiorhodospira, 3225-3226 
purple non sulfur bacteria, 2148 

Rhodopinal 
purple nonsulfur bacteria, 2146, 

2148 
Rhodocyclus, 2557 
sulfur bacteria, purple, 3208-

3209, 3212 
Rhodopinal glucoside, purp1e 

nonsulfur bacteria, 2148 
Rhodopseudomonas, 27, 37, 318, 

432,435, 565,2133,2141, 
2147,2160,2173,2322,3080 

Rhodopseudomonas acidophila, 346, 
536,2128-2129,2141,2143, 
2146,2148-2151,2360 

Rhodopseudomonas blastica, 536, 
2132, 2148-2149 

Rhodopseudomonas capsulata, 346, 
461, 1329,2340,3212 

Rhodopseudomonas gelatinosa, see 
Rhodocyclus gelatinosus 

Rhodopseudomonas globiformis, 
2360 

Rhodopseudomonas julia, 2148-
2149 

Rhodopseudomonas marina, 536, 
2142, 2144, 2147-2149 

Rhodopseudomonas palustris, 137, 
319, 423, 536, 545, 558, 568, 
2128-2130, 2141-2143, 2147-
2152, 2202, 2302, 2340, 2360, 
2377, 2558, 2625 

Rhodopseudomonas putida, 254 
Rhodopseudomonas rutila, 536, 

2148-2149 
Rhodopseudomonas sphaeroides, see 

Rhodobacter sphaeroides 
Rhodopseudomonas suljidophila, 

3211 

Rhodopseudomonas sulfoviridis, 
536,2142,2144-2145,2147-
2149, 2151, 2340, 3227 

Rhodopseudomonas viridis, 137, 
536,545,2128-2129,2144, 
2147-2150, 2340, 2378, 3212 

Rhodopsin, see Bacteriorhodopsin 
Rhodosamin, 957 
Rhodospirillaceae, 135, 137, 312, 

320-321, 323, 346, 536-537, 
540, 2133, 2141, 2587, 3213 

Rhodospirillum, 27, 33, 318, 546, 
783, 2130-2133, 2135, 2141-
2152, 2243, 2566, 2580, 3080 

Rhodospirillum centenum, 2147-
2149,3872 

Rhodospirillumfulvum, 537, 2128, 
2130, 2142-2143, 2148-2150, 
2360 

Rhodospirillum mediosalinum, 
2142, 2147-2149, 2151 

Rhodospirillum molischianum, 537, 
2128, 2130, 2142, 2148-2149 

Rhodospirillum photometricum, 
537, 2128, 2130, 2142-2143, 
2148-2149 

Rhodospirillum rubrum, 81, 90, 252, 
537, 545, 590, 2095, 2128, 
2130,2142,2146-2152,2238, 
2340, 2360, 2487, 2625, 3212, 
3235 

Rhodospirillum salexigens, 537, 
1982,2128,2130,2142-2143, 
2145, 2147-2149 

Rhodospirillum salinarum, 2142, 
2145, 2147-2148 

Rhodospirillum tenue, see 
Rhodocyclus tenuis 

Rhodothermus marinus, 3747, 3749 
Rhodovibrin, purple nonsulfur 

bacteria, 2148 
Rhopaea verreauxi, Bacillus, 1700 
Rhopalodia, 3841 
Rhopalodia gibba, 3838-3839 
Rhopalodia gibberula, 3838 
Rhubarb, Erwinia, 2901,2910 
Rhynchonympha symbionts, 3856 
Ribitol utilization 

acetic acid bacteria, 2279 
rhizobia, 2200 

Riboflavin, 157 
Riboflavin production, Arthrobacter, 

1294 
Riboflavin requirement 

Carnobacterium, 1574 
Clostridium, 1806 
Enterococcus, 1468 
Erysipelothrix, 1634 
Listeria, 1606 

Ribokinase, Staphylococcus, 1390 
Ribonucleotide reductase, 

Clostridium, 1835 
Ribose utilization 

Arthrobacter, 1293 
Bacillus, 1708 
Bifidobacterium, 821, 825 
Brochothrix, 1618, 1625 
Brucella, 2386 
Chlorof/exus, 3765 
Clostridium, 1814, 1868, 1870-

1871, 1873, 1876 
Corynebacterium, 1163 
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Deleya, 3195 
Enterobacter, 2806 
Enterococcus, 1469 
Frateuria, 3199 
Gardnerella, 918 
Haemophilus, 3318-3319,3321 
Haloanaerobiaceae, 1899 
Isosphaera, 3730 
Klebsiella, 2785 
Kurthia, 1659 
Lactobacillus, 1564-1565 
Lactococcus, 1485 
Leuconostoc, 1522 
Listeria, 1603 
Pectinatus, 1999 
Pediococcus, 1505 
rhizobia, 2200 
Serratia, 2836 
Simonsiellaceae, 2666 
Staphylococcus, 1390 
Streptococcus, 1428, 1433 
sulfur bacteria, colorless, 2649 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Thermomonosporaceae, 1103 
Thermotoga, 3810 

Ribose-5-phosphate isomerase, 
Staphylococcus, 1390 

Ribosidase, Bacillus, 1671 
Ribosomal DNA (rDNA), 20-22 

16S and 23S sequences, 22 
Ribosomal protein, 13 

methanogens,755 
Ribosomal RNA (rRNA), 20-22, 

32, 129-130, 134 
Acetobacteraceae, 2128 
Acidiphilium, 2132 
Acinetobacter, 2120-2121 
Actinomyces, 852-853, 878 
Actinomycetes, 811 
Aerococcus, 1502 
Aeromonadaceae, 2115-2116 
Agrobacterium, 2127-2128 
Alcaligenaceae, 2125 
Alcaligenes, 2544, 2550 
Alteromonas, 2117, 3064 
ammonia-oxidizing bacteria, 

2127, 2625 
anaerobes, 301 
anaerobic Gram-positive cocci, 

1879, 1884-1885 
Ancalomicrobium, 2131, 2160 
Androcidium, 2922 
aphid symbiont, 3908-3910 
Aquaspirillum, 2123, 2130-2131, 

2569, 2579-2580 
Archaeoglobus, 707, 709 
Arthrobacter, 1284-1285 
Azomonas, 2118-2119 
Azorhizobium, 2129-2130 
Azospirillum, 2130-2131, 2236 
Azotobacter, 2118-2119 
Bacillus, 1666-1670 
Bacteroides, 3595 
Bdellovibrio, 2134, 3403 
Beggiatoa, 3176 
Beijerinckia, 2129-2130, 2254 
bioluminescent bacteria, 626 
Bradyrhizobium, 2129-2130 
Branhamella, 2120-2121 
Brevibacterium, 1351 
Brochothrix, 1618 
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Brucella, 2127-2128, 2385 
Butyrivibrio. 2022, 2029 
Campylobacter. 3498 
Cardiobacterium. 2121 
Carnobacterium. 1578 
Caryophanon. 1787 
catalog, 35 
Caulobacter. 2131 
Cellu1omonadaceae, 1323 
Cellulomonas. 1327 
Chlamydia. 2401, 3694 
Ch1orobiaceae, 3583 
Chlorojlexus. 3754 
chloroplast, 26 
Chromobacterium. 2123, 2595 
cistron simi1arities, 2111-2135 
Clostridium, 1818-1819, 1829 
co1orless sulfur bacteria, 399 
Comamonas. 2586, 2588 
Corynebacterium. 1157 
Coxiella. 2435 
cyanobacteria, 2059-2061, 2090-

2091,3819,3837 
Cyanophora. 3844 
Cytophagales, 3631, 3656, 3659-

3662 
data base of sequences, 34 
Deinococcaceae, 3733, 3740 
Deleya.3190-3191 
denitrifying bacteria, 557, 563 
Dermatophilus. 1070, 1347 
Derxia. 2124, 2605 
Desulfotomaculum. 1792, 1797-

1798 
determining cistron simi1arities, 

21 
Dichotomicrobium. 2131 
dimorphic prosthecate bacteria, 

2178-2179 
Ectothiorhodospira. 3222, 3227 
Enterobacteriaceae, 2114-2116, 

2676-2677, 2941 
Enterococcus. 1465 
Erysipelothrix, 1630 
Erythrobacter. 2485 
Escherichia. 2696 
Eubacterium. 1915, 1918 
Fervidobacterium. 3813-3814 
Filibacter. 1784 
Filomicrobium. 2131 
Flavobacterium, 2129 
Francisella, 2121, 3992 
Frankia. 1069-1070, 1076-1078 
Gemella. 1643 
Gemmata. 3721,3724 
Gemmobacter.2132 
Geodermatophilus, 1070 
Ha1oanaerobiaceae, 1893, 1897 
Ha1obacteriaceae, 775, 798 
Halomonadaceae, 2119-2120 
Halomonas, 3184 
He1iobacteriaceae, 1983, 1990 
Heliothrix, 3764 
Herbaspirillum, 2236-2237 
Herpetosiphon, 3787, 3799-3801 
homoacetogens, 1925-1926 
Hyphomicrobium.2131 
Hyphomonas. 2131 
invertebrate symbionts, 3900-

3903 
Isosphaera. 3725 

Janthinobacterium. 2124-2125, 
2591, 2597 

Jonesia. 1338 
Klebsiella. 2788 
Kurthia. 1655 
Lachnospira. 2022, 2029 
Lactobacillus. 1502, 1559 
Legionella. 2121, 3293-3294 
Leptothrix. 2125 
Leuconostoc. 1508, 1525 
Listeria. 1596 
Lysobacter. 3258, 3264 
Marinomonas. 2119 
methanogens, 728-729, 734, 755-

756 
methanotrophs, 2356, 2359-2360 
Methylobacterium. 2126, 2130 
methy1otrophs, 433 
Micrococcus. 1300, 1306 
Moraxella. 2120-2121 
Mycobacterium. 1214, 1220, 1224, 

1227-1229, 1271 
mycop1asma, 1940, 1942, 1944, 

1951 
mycop1asma-1ike organism, 4050, 

4061-4063 
myxobacteria, 2134, 3417, 3468 
Neisseria. 2495 
Neisseriaceae, 2122-2124 
Nocardiopsis. 1143, 1153 
Oceanospirillum.2119-2120, 

3235 
Ochrobactrum, 2127-2128 
Oerskovia. 1331 
Oligella. 2125 
Paracoccus. 2132,2322 
partial sequencing of 1arge 

species, 22-23 
Pasteurella. 3331 
Pasteurellaceae, 2116-2117 
Pediococcus. 1502 
Pedomicrobium. 2131 
Pelobacter. 2134, 3393 
Phenylobacterium. 2130, 2335, 

2338-2340 
phototrophs, 312, 323 
Phyllobacterium. 2127-2128 
as phy10genetic measure, 7-9, 12-

13,24-31 
phytopathogenic pseudomonads, 

3108-3109 
Pirellula. 3720 
P1anctomyceta1es, 3710, 3712-

3713 
Planococcus. 1782 
Plesiomonas. 3030 
Porphyromonas, 3608, 3610 
Prochlorales, 2105-2106 
Promicromonospora. 1334 
Propionibacterium. 845 
Prosthecomicrobium. 2131, 2160 
Pseudomonas. 2118, 2124-2125, 

3074, 3076, 3088 
Pseudonocardiaceae, 996 
Psychrobacter.2120-2121 
Renibacterium. 1312 
rhizobia, 2198, 2201, 2210 
Rhizobium.2127-2128 
Rhodobacter, 2132 
Rhodocyclus. 2556-2557 
Rhodomicrobium. 2131-2132 
Rhodopseudomonas. 2129-2130 

Rhodospirillum. 2130-2131 
rickettsiae, 2436, 2441 
Rickettsia1es, 2402, 2405 
Rochalimaea. 2443 
Roseburia. 2022, 2029 
Rubrivivax. 2125 
Ruminobacter. 2117, 3981 
5S, 22, 2112-2113 
16S, 21-22, 2112-2113 
23S, 2112 
Saccharothrix. 1062 
Saprospira. 3677 
Selenomonas. 2005, 2010-2011 
Serpens. 3238 
Spirochaeta. 3526 
Spiroplasma. 1962 
Sporolactobacillus. 1773 
Sporomusa. 2014 
Sporosarcina. 1778-1779 
Staphylococcus. 1370 
Stella. 2132, 2169 
Stomatococcus. 1320-1321 
Streptococcus. 1425 
Streptomycetaceae, 923 
Streptosporangiaceae, 1117 
su1fate-reducing bacteria, 2133-

2134, 3352, 3365, 3369, 3373 
sulfidogenic bacteria, 585 
Su1fo1obales, 684 
su1fur-reducing bacteria, 2133-

2134, 3379, 3385-3387 
superfamily I, 2114-2117 
superfami1y 11, 2118-2123 
superfami1y III, 2122-2127, 2579 
superfami1y IV, 2126-2133, 2579-

2580 
syntrophic bacteria, 2054 
taxonomy, 2111-2135 
Taylorella. 2125 
thermoanaerobic saccharo1ytic 

bacteria, 1910 
Thermococca1es, 704 
Thermodesulfobacterium. 3390-

3391 
Thermoleophilum. 3780 
Thermomicrobium. 3775 
Thermomonosporaceae, 1085 
Thermoplasma. 712 
Thermoprotea1es, 677, 680-681 
Thermosipho. 3812-3813 
Thermus. 3745, 3747 
Thiobacillus. 2125-2126 
Veillonella. 2010, 2042 
Verrucomicrobium. 3806 
Vibrionaceae, 2115-2116, 2941-

2942, 2945 
Vitreoscilla. 2125 
Wolbachia. 2479 
Wolinella. 3512-3513, 3520-3521 
Xanthobacter. 2129, 2377-2378 
Xanthomonas. 2120-2121 
Xenorhabdus. 2933 
Xylella. 4030 
Xylophilus. 3133, 3135 
Zymomonas, 2129, 2289 

Ribosome 
Escherichia. 2701 
Lysobacter. 3264 
methanogens, 753-756 

Ribosome binding site, 
cyanobacteria, 2090-2091 



Ribulose bisphosphate, 
Halobacteriaceae, 798-799 

Ribulose monophosphate (RuMP) 
pathway 

methanotrophs, 2356, 2359, 2361 
methylotrophs, 431-436, 438, 440 
Mycobacterium. 1224 

Ribulose 5-phosphate kinase, 
prokaryote-invertebrate 
symbiosis, 3894 

Ribulose-bisphosphate carboxylase 
(Rubisco) 

Alcaligenes. 2551 
ammonia-oxidizing bacteria, 2634 
Azospirillum. 2241 
Beggiatoa, 335, 3177-3178 
cyanobacteria, 2082, 2095-2097 
Cyanophora. 3844 
Derxia. 2610 
Ectothiorhodospira, 3227 
manganese-oxidizing bacteria, 

2318 
methanotrophs, 2357 
Methylococcus. 2351 
methylotroph, 336, 431-434 
Mycobacterium, 1224 
Paracoccus, 2328 
prokaryote-invertebrate 

symbiosis, 3894, 3897, 3900, 
3902 

purple nonsulfur bacteria, 2150 
reaction, 59 
Rhodocyclus, 2559 
sulfur bacteria, coloriess, 408, 

2649 
sulfur bacteria, purple, 3215 
Xanthobacter. 2376, 2378 

Ribulose-bisphosphate cycle 
Bacillus. 3926 
Pseudomonas, 3930 
Xanthobacter. 2376 

Ribulose-bisphosphate 
dehydrogenase, methanotrophs, 
2355 

Rice 
Aureobacterium, 1358 
Azospirillum, 2237,2241, 2246 
Azotobacteraceae, 3164 
Bacillus. 1752 
Beijerinckia, 2255, 2265 
Curtobacterium. 1363 
denitrifying bacteria, 561 
Desu/fotomaculum, 1792 
Enterobacter. 2805 
Erwinia. 2909 
Heliobacteriaceae, 1985-1987, 

1990 
Herbaspirillum. 2238 
hydrogen-oxidizing bacteria, 346, 

350 
Klebsiella, 2777 
Methylobacterium. 2343 
nitrogen-fixing bacteria, 542 
phototrophs, 327 
su1fate-reducing bacteria, 3352 
Xanthobacter. 2367-2369 

Rieh medium, Promicromonospora, 
1336 

Richelia. 3821-3822 
Rickettsia. 27 
Rickettsia akari. 2404, 2408, 2415-

2416, 2428-2429, 2435-2436 

Rickettsia australis. 2404, 2408, 
2415-2416, 2428, 2435 

Rickettsia bellii. 2404, 2407, 2410, 
2420-2421, 2431, 2434-2435, 
2437, 2440 

Rickettsia canada. 2404, 2407-2408, 
2410-2411,2427-2428,2434-
2435, 2437-2438 

Rickettsia conorii, 2404, 2408, 
2413-2414,2416-2419, 2428, 
2434-2436, 2438, 2440 

Rickettsia heilongjiangi, 2408, 2417, 
2420 

Rickettsia helvetica. 2404, 2408, 
2417,2419-2420 

Rickettsia japonica, 2404, 2408, 
2416,2436-2437 

Rickettsia montana. 2404, 2408, 
2417-2418, 2435 

Rickettsia mooseri, see Rickettsia 
typhi 

Rickettsia orientalis, see Rickettsia 
tsutsugamushi 

Rickettsia parkeri, 2404, 2408, 
2417-2419,2435 

Rickettsia prowazekii, 2401-2402, 
2404, 2407-2409, 2427-2429, 
2433-2442 

Rickettsia rhipicephali, 2404, 2408, 
2417-2418, 2435 

Rickettsia rickettsii, 2402-2403, 
2408, 2411-2413, 2416-2418, 
2426-2428, 2435-2436, 2438-
2440 

"Rickettsia sharonii, " 2417 
Rickettsia sibirica. 2404, 2408, 

2414-2416, 2418, 2428, 2435-
2436,2438 

Rickettsia slovaca, 2414 
Rickettsia tsutsugamushi. 2403-

2404, 2407-2408, 2421-2422, 
2424-2425, 2427-2436, 2438-
2441 

Rickettsia typhi. 2402,2404, 2407-
2410,2416,2427-2429,2433-
2435, 2437, 2439-2440, 2442, 
4001 

Rickettsiaceae, 2403-2405, 4030 
Rickettsiae, 653, 2402, 2404, 3996 

app1ications, 2440-2442 
direct detection, 2424-2426 
ecophysiology, 2438-2440 
Gimenez stain, 2424-2425 
identification, 2431-2438,2441 
indirect detection, 2426-2428 
isolation, 2422-2431 
scrub typhus group, 2408, 2421-

2422, 2427-2429 
spotted fever group, 2408, 2411-

2421,2427-2429 
typhus group, 2407-2411 

Rickettsia1 antigen, Rickettsia, 2427 
Rickettsiales, 27, 2401-2405,4016 
Riekettsialpox, 2408, 2415 
Rickettsiella. 2404, 2479, 2481 
Rickettsiella buthi. 2480 
Rickettsiella chironomi, 2404, 2480 
Rickettsiella grylli, 2404, 2480 
Rickettsiella phytoseiuli, 2480 
Rickettsiella popilliae. 2404 
Ridley-Jopling classification, 

Hansen's disease, 1272 
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Rifabutin resistance/sensitivity, 
Mycobacterium. 1246 

Rifampicin resistance/sensitivity 
aphid symbiont, 3908 
Chlamydia. 3692, 3697 
Fusobacterium. 4118 
Halobacteriaceae, 789-797 
methanogens, 756-757 
phytopathogenic pseudomonads, 

3122 
Thermotoga, 3811-3812 
Zymomonas, 2294 

Rifampin, treatment of tuberculosis, 
1242 

Rifampin blood agar, 
Fusobacterium.4120 

Rifampin resistance/sensitivity 
Brucella, 2396 
Campylobacter, 3501 
Clostridium. 1867-1868 
Coxiella, 2474 
Legionella, 3286 
Mycobacterium, 1247 
mycoplasma, 1940-1941 

Rifampin selection, Spirochaeta. 
3530-3531 

Rifamycin production 
actinoplanetes, 1055 
Pseudonocardiaceae, 996, 1017, 

1019-1020 
Thermomonosporaceae, 1106 

Riftia symbiont, 29, 350, 399, 402-
403, 2646, 3896, 3900, 3902-
3903 

Rikenella, 37, 3596-3597, 3614 
Rikenella microjusus, 3594, 3597-

3598, 3602, 3604 
RIM medium, Spirochaeta. 3531 
RIM series, Corynebacterium, 1178 
Rimler-Shotts medium 

Aeromonas. 3024 
Vibrionaceae, 2948 

Ringrot, potato, 667 
Ripple phenomenon, myxobacteria, 

3444, 3453-3454 
Ristella, 4114 
Ristocetin, 1020 

L-form induction, 4070 
Ristocetin resistance/sensitivity 

Geme/la. 1645 
myxobacteria, 3467 

Ritter's disease, see Scalded skin 
syndrome 

Rivanol test, Brucella. 2395 
River, 91-92 
Rivularia, see Calothrix 
Rivularian cyanobacteria, 326-327 
R-Iayer, caulobacters, 2178 
Rlk medium, Mobiluncus, 907 
rmp genes, Klebsiella. 2779 
RNA polymerase, 13, 706 

Archaeoglobus. 709 
Bacillus. 1674, 1681-1682, 1686, 

1716, 1718 
Chlamydia. 3697 
Clostridium. 1822 
cyanobacteria, 2091 
Fervidobacterium, 3813 
inhibition by fly factor, 1718 
methanogens, 752-753, 756-757 
mycoplasma, 1940-1941 
myxobacteria, 3450 
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Spirochaeta, 3530 
Sulfolobales, 684, 691 
Thermococcales, 704 
Thermoplasma, 712 
Thermoproteales, 677, 679 
Thermosipho, 3813 
Thermotoga, 3811-3812 

RNA similarity groups, 
Pseudomonas, 3076-3080 

RNA synthesis, Chlamydia, 3697 
RNase 

Aquaspirillum, 2572 
Brochothrix, 1625 
Gemella, 1650 
Kurthia, 1660 
Lysobacter, 3269 
Oceanospirillum, 3234 
Streptococcus, 1439 
Streptomycetaceae, 966 

rnn genes, cyanobacteria, 2090 
Roadside dust, Methylobacterium, 

2344 
Rochalimaea, 27, 2127, 2404, 2424-

2425, 2434-2435, 2442-2446 
Rochalimaea quintana, 2127, 2402, 

2404, 2427, 2434-2435, 2442-
2446, 2545 

Rochalimaea vinsonii, 2404, 2434, 
2442-2446 

Rock 
Blastobacter, 2171-2172 
cyanobacteria, 2063 

Rock salt 
Deleya, 3193 
Halobacteriaceae, 782, 800 

Rocky Mountain spotted fever, 
2408, 2411-2413, 2427, 2440, 
3564 

Rod-coccus growth cycle, 
Arthrobacter, 1283-1284, 1287, 
1289, 1291, 1293-1294 

Rodent 
Bifidobacterium, 820 
Corynebacterium, 1182 
Eperythrozoon, 4005, 4008 
Francisella, 3989 
Grahamella, 4001-4003, 4005 
Haemobartonella, 4005 
Lactobacillus, 1539 
Pasteurella, 3332 
Rickettsia, 2408, 2413-2416, 

2420, 2422 
Serratia, 2824, 2827 
Streptobacillus, 4023 
Yersinia, 2865-2866, 2874, 2889-

2892 
Rodovibrin, sulfur bacteria, purple, 

3208-3209 
Rogosa SI-medium, Leuconostoc, 

1517 
rol genes 

Ri plasmid, 2219 
Ti p1asmid, 2227 

Roll tube cu1ture 
anaerobic Gram-positive cocci, 

1881 
Fusobacterium, 4119 
Treponema, 3545 

Roll-tube count, 175 
Romanowsky stain, Anaplasma, 

4015 
Root 

Azospirillum, 2236-2249 
Herbaspirillum, 2236-2249 
pseudomonads, 3106, 3108 
rhizobia nodules, 2197-2211 
Xanthobacter, 2368 

Root hair, 93 
rhizobia, 2203 

Root necrosis, 4052 
Root nodule, 61, 539, 541-542, 550; 

see also Nodu1e 
Frankia, 814, 1071-1080 
Frankiaceae, 1069 
Pseudonocardiaceae, 999-1000, 

1003 
Ropy milk, 1483 
Rosaramicin, 1055 
Rose, Agrobacterium, 2221 
Rose Benga1 test, Brucella, 2396 
Roseburia, 25, 910, 2022-2031 
Roseburia cecicola, 2024, 2026, 

2029, 2031 
Rosenow broth, Actinomyces, 870 
Rosenthal's medium, Pseudomonas, 

3091 
Roseobacter, 2156-2159,2485 
Roseobacter denitrificans, 2156-

2159 
Roseobacter litoralis, 2156-2159 
Rosette, 51-52 

Blastobacter, 2171-2172,2174 
Gemmata, 3722 
Leucothrix, 3247-3251,3253, 

3255 
Pirellula, 3720 
Planctomyces, 3712, 3714-3718 
Planctomycetales, 3710-3711 
Seliberia, 2492-2493 
spirochetes, large symbiotic, 

3967-3970, 3972 
Zymomonas, 2290 

Rosette disease, sugar beet, 4031 
Rostronympha symbionts, 3856 
Rot (plant disease), 2899-2914 

apples, 2272 
gladio1us, 3109 
onion, 3118 
pears,2272 
phytopathogenic pseudomonads, 

3104,3109,3118-3119 
sugarbeet, 667 

Rotenoid, Spirochaeta, 3534 
Rothia, 24, 850-891, 1758 
Rothia dentocariosa, 855-856, 858, 

862-863, 866, 869, 873-874, 
876, 880, 882-883, 885, 888-
889,2038 

Rotund body 
Fervidobacterium, 3814 
Thermus, 3747-3748 

Rouf and Stokes medium, 
Leptothrix, 2618 

Round body, see also Involution 
form 

Caryophanon, 1787 
RPMI 1640 medium, Enterococcus, 

1468 
rpo genes, Bacillus, 1674 
r-strategist, 89 
RTF, see Reduced transport fluid 
Rubber, Streptomycetaceae, 927, 

933, 945 
RuBP, see Ribulose bisphosphate 

Rubredoxin 
Clostridium, 1830-1831, 1835-

1836 
Spirochaeta, 3529 
sulfidogenic bacteria, 597 

Rubreruthrin, sulfidogenic bacteria, 
597 

Rubrivivax gelatinosus, 2123, 2125 
Rubrobacter radiotolerans, 1284 
Rubus, Agrobacterium, 2221 
Rugamonas rubra, 561 
Rumen, 93, 108,300,2565 

Actinobacillus, 3343, 3345 
actinoplanetes, 1036 
anaerobic Gram-positive cocci, 

1882 
Anaplasma, 4011-4017 
Bacteroides, 3598, 3605 
Bifidobacterium, 816, 820, 822 
Butyrivibrio, 2022, 2024, 2030 
cellulolytic bacteria, 480, 484, 

500-501 
Cellulomonas, 1325 
ciliates, 3883-3886 
Clostridium, 1804, 1825, 1831 
Corynebacterium, 1159 
Desulfotomaculum, 1795 
Eubacterium, 1915-1916 
Fusobacterium, 4116 
homoacetogens, 519, 1926-1927 
Lachnospira, 2023, 2026, 2031 
Lactobacillus, 1539, 1541 
methanogens, 719, 722-723, 733, 

739, 742, 3883-3886 
mycoplasma, 1938 
normal flora, 110 
propionate-forming bacteria, 3948 
sampling, 175 
Selenomonas, 2005-2007 
Succinimonas, 3979-3981 
Succinivibrio, 3979-3981 
sulfate-reducing bacteria, 3352 
sulfur-reducing bacteria, 3382 
syntrophic bacteria, 2049 
Treponema, 3537, 3539, 3544, 

3549-3551 
Wolinella, 3512-3514 

Rumen fluid, preparation of, 727 
Rumen fluid cellobiose (RFC) agar, 

Treponema, 3546 
Rumen fluid medium, 175 
Rumen fluid mixture, artificial, 

Treponema, 3544-3545 
Rumen fluid-amorphous cellulose

agar, anaerobic Gram-positive 
cocci, 1882 

Rumen fluid-g1ucose-cellobiose agar 
(RGCA) 

anaerobic Gram-positive cocci, 
1881-1882 

Gemella, 1647 
Ruminobacter, 2117, 3596-3597 
Ruminobacter amylophilus, 2117, 

3595, 3598, 3602, 3604, 3980-
3981 

Ruminococcus, 25, 88, 93, 486, 
1879, 1883-1884, 1888-1889, 
2024 

Ruminococcus albus, 78, 103, 110, 
166, 303, 461, 467, 471-472, 
479,481,486, 1879, 1884, 
1889, 2024, 2029 



Ruminococcus bromii, 1879, 1889, 
2024 

Ruminococcus callidus, 1884, 1889 
Ruminococcus jlavefaciens, 78, 103, 

110, 466, 472, 479, 486, 1879, 
1881, 1884, 1889,2024,2029 

Ruminococcus gravus, 1884-1885, 
1889 

Ruminococcus lactaris, 1884-1885, 
1889 

Ruminococcus obeum, 1885, 1889 
Ruminococcus pasteurii, 1879, 1886, 

1889 
Ruminococcus torques, 1884-1885, 

1889 
RuMP pathway, see Ribu10se 

monophosphate pathway 
Running water, 98-99 
Runs, Spirochaeta, 3528 
Russet scab, 938, 940, 949 
Rust-spot bacteria, Siderocapsaceae, 

4102-4112 
Rutin glycosidase, phytopathogenic 

pseudomonads, 3107 
Ryall and Moss medium 

Chromobacterium, 2594 
Janthinobacterium, 2594 

Ryegrass, Spiroplasma, 1967 

s 
Santigen, Yersinia, 2878 
S medium, myxobacteria, 3438 
S strain, 277-279 
S system, myxobacteria, 3444 
SA agar, see Skim milk-acetate agar 
SA medium, Mobiluncus, 907 
Sabouraud agar 

Nocardia, 1195-1196 
Thermomonosporaceae, 1093 

sac genes, Bacillus, 1684-1685, 
1689 

Saccharate utilization 
Deleya, 3195 
Enterobacter, 2808 
Klebsiella, 2786 
Methylobacterium, 2347 

Saccharobacter, see Zymomonas 
mobilis 

Saccharomonas anaerobia, see 
Zymomonas mobilis 

Saccharomonas lindneri, see 
Zymomonas mobilis 

Saccharomonospora, 24, 814, 922, 
996-1021,1085-1107,1149 

Saccharomonospora azurea, 999, 
1001, 1015 

Saccharomonospora caesia, 999, 
1014-1015 

Saccharomonospora cyanea, 999, 
1001, 1015 

Saccharomonospora glauca, 1001, 
1004, 1015 

Saccharomonospora rectivirgula, 
1001 

Saccharomonospora viridis, 935, 
996-997, 999, 1001, 1004, 
1015, 1018, 1020 

"Saccharomonospora yunnanensis, .. 
999 

Saccharomyces cerevisiae, 1402, 
3424 

Saccharopolyspora, 24, 922-924, 
970-971,996-1021, 1070, 1090, 
1117,1140,1142,1147 

"Saccharopolyspora aurantiaca, .. 
999, 1002 

Saccharopolyspora erythraea, 997, 
1002, 1015-1016, 1018-1020 

Saccharopolyspora erythreus, 999 
Saccharopolyspora gregorii, 999, 

1002, 1005, 1015-1016 
Saccharopolyspora hirsuta, 974-975, 

996-997,999-1000, 1002, 1005, 
1008-1009, 1015-1016, 1020 

Saccharopolyspora hordei, 997, 999, 
1002, 1005, 1015-1016 

Saccharopolyspora rectivirgula, 934, 
972, 996-997, 999-1000, 1002, 
1005, 1015-1016, 1018-1019, 
1092 

Saccharose utilization 
Clostridium, 1814 
Enterococcus, 1468 
Listeria, 1603 
Megasphaera, 2001 

Saccharothrix, 24, 922-924, 996-
1021, 1061-1067, 1085, 1090, 
1096, 1140-1146, 1149-1151 

Saccharothrix aerocolonigenes, 
1062, 1064-1066, 1097 

Saccharothrix australiensis, 996-
997, 1009, 1061-1066, 1097, 
1143 

Saccharothrix coeruleofuscus, 1062, 
1064-1065, 1087, 1097 

Saccharothrix coeruleoviolacea, 
1087 

Saccharothrix cryophilis, 1062-1066 
Saccharothrix espanaensis, 1066 
Saccharothrix jlava, 1062, 1064-

1066, 1097 
Saccharothrix longispora, 1062, 

1064-1065, 1087, 1097 
Saccharothrix mutabilis, 1062, 

1064-1066, 1097 
Saccharothrix syringae, 1062, 1064-

1066, 1097 
Saccharothrix texasensis, 1064-1066 
Saccharothrix waywayandensis, 

1064-1066 
Safety cabinet, 177-178 
Safety precautions, 177-178 

Bacillus, 1757 
Brucella, 2392 
Coxiella, 2473 
Francisella, 3990 
hydrogen gas, 357-358 
Yersinia pestis, 2896 

Saframycin, 977, 3474 
Sagamicin, 1055 
Saint Paulia (plant), Erwinia, 2912-

2913 
sak gene, Staphylococcus, 1394 
Sakacin A, 1569-1570 
Sake 

acetic acid bacteria, 2268-2269 
Lactobacillus, 1557 

Sa1I,3803 
Salad dressing, Lactobacillus, 1550 
SaH, 978 
Salicin utilization 

Actinobacillus, 3347 
Aeromonas, 3026 
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Agrobacterium, 2214 
Alteromonas, 3061 
Arthrobacter, 1285 
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Bacillus, 1708, 1759 
Bacteroides, 3603 
Bjfidobacterium, 827 
Brochothrix, 1625 
Cardiobacterium, 3341 
Clostridium, 1867-1868, 1870, 

1874 
Edwardsiella, 2741 
Enterobacter, 2806 
Enterobacteriaceae, 2924 
Escherichia, 2698, 2931 
Hafnia, 2683,2818,2931 
Lactobacillus, 1563 
Leuconostoc, 1522 
Marinomonas, 3061 
Obesumbacterium, 2931 
Photobacterium, 2980 
Plesiomonas, 3036 
Proteus, 2684, 2851-2852 
Pseudonocardiaceae, 1012 
Saccharothrix, 1064 
Salmonella, 2768 
Serratia, 2836 
Shigella, 2755 
Simonsiellaceae, 2666 
Streptococcus, 1428, 1430-1433 
Thermotoga, 3810 
Vibrio, 2974, 2978, 2980, 2995 
Xenorhabdus, 2934 
Yersinia, 2873, 2894 

Salicylate degradation, 
Pseudomonas, 3089 

Saline habitat, see also Marine 
environment 

Ha1obacteriaceae, 781-783, 788 
Planctomyces, 3712 
Thiovulum, 3942 

Saline storage, Cytophagales, 3651 
Salinicoccus, 783, 1769, 1783 
Salinicoccus roseus, 770, 1780, 1783 
Salinity tolerance, see SaIt tolerance 
Saliva 

Actinomyces, 857 
lactobacillus count, 1436 

Salmon 
Aeromonas, 3015, 3019-3020 
Neorickettsia, 2453 

Sa1mon poisoning disease, 2445, 
2453-2454 

Salmonella, 56, 136-137,399,642, 
648-652,2115,2385,2646, 
2673, 2677-2679, 2685-2687, 
2696, 2699, 2704, 2715, 2722, 
2738, 2745, 2747, 2760-2772, 
2819-2820,2857,2903,3027, 
3696 

L-forms, 4068, 4070, 4072 
Salmonella bongori, 2675, 2685-

2687 
Salmonella choleraesuis, see 

Salmonella enterica 
Salmonella enterica, 2677, 2748 
Salmonella enterica subsp. arizonae, 

2675, 2686-2687, 2764, 2768 
Salmonella enterica subsp. bongori, 

2764, 2768 
Salmonella enterica subsp. 

choleraesuis, 2675, 2686-2687 
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Salmonella enterica subsp. 
diarizonae, 2675, 2686-2687, 
2764, 2768 

Salmonella enterica subsp. enterica, 
2764,2768 

Salmonella enterica subsp. 
houtenae, 2675, 2686-2687, 
2764, 2768 

Salmonella enterica subsp. indica, 
2675, 2686-2687, 2764, 2768 

Salmonella enterica subsp. salamae, 
2675, 2686-2687, 2764, 2768 

Salmonella enteritidis, 2685 
Salmonella paratyphi, 142 

L-forms, 4075 
Salmonella typhi, 142, 255, 1570, 

2685 
Salmonella typhimurium, 142, 242-

243, 245, 24~ 24~ 251, 255, 
2115 

Salmonella-Shigella (SS) agar 
Aeromonas, 3023 
Edwardsiella, 2739-2740 
Eikenella corrodens, 2670 
Hafnia, 2817 
Salmonella, 2767 
Shigella, 2756 
Yersinia, 2874 

Salmonellosis, 2677-2679, 2764-
2766,2771,3997 

Salmonid fish 
bacterial kidney disease, 1312 
Carnobacterium, 1574 
Cytophagales, 3634 
Vibrio, 2998, 3000 
Vibrionaceae, 2947 

Salpingitis 
Actinobacillus, 3343 
Brucella, 2391 
Chlamydia, 3701 
mycoplasma, 1944 
Neisseria, 2450,2510 

Salt brine, 86 
Salt complex medium, 

Marinococcus, 1783 
Salt evaporation pond, 

cyanobacteria, 2062 
Salt flat, Ectothiorhodospira, 3222 
Salt lake, 162 

ammonia-oxidizing bacteria, 2632 
Ectothiorhodospira, 3222 
phototrophs, 327 

Salt marsh 
Achromatium, 3937 
actinoplanetes, 1034-1035 
Beggiatoa, 3171 
Chlorobiaceae, 3585 
methanogens, 724 
purple nonsulfur bacteria, 2142 
Spirochaeta, 3526, 3531 
Sporosarcina, 1774 
sulfur baeteria, purple, 3202 
Vibrio, 2999 

Salt pan, 87 
Salt pit, Pirellula, 3718 
Salt pond 

Heliothrix, 3757 
Planetomycetales, 3711 

Salt requirement, 86, 155, 162-163 
Alteromonas, 3047, 3052-3054, 

3060, 3063 

ammonia-oxidizing baeteria, 
2631, 2633 

Archaeoglobus, 707, 710 
Chlorobiaceae, 3587 
Deleya, 3193 
Haloanaerobiaceae, 1898 
Halobacteriaceae, 788-797 
Leptospira, 3573 
Marinomonas, 3047, 3052-3054 
methanogens, 736-737, 741-742 
Photobacterium, 634, 2952-2953, 

2981-2982, 3002 
Pseudonocardiaeeae, 1009, 10 15 
purple nonsulfur bacteria, 2143, 

2147 
Roseobacter, 2157 
Spirochaeta, 3534 
Sporosarcina, 1776 
sulfate-redueing baeteria, 3371 
sulfur baeteria, colorless, 2639-

2640 
sulfur-reducing bacteria, 3381 
Vibrio, 634, 2952-2953, 2970, 

2972, 2978-2983, 2989, 2992-
3001 

Vibrionaceae, 2941, 2944-2945 
Salt toleranee, 65, 86, 162-163 

Alteromonas, 3053-3054 
ammonia-oxidizing bacteria, 

2629, 2632 
Ancalomicrobium, 2164 
Aquaspirillum, 2569 
Azospirillum, 2244 
Azotobaeteraeeae,3157 
Bacillus, 1669, 1699, 1761-1762 
Brevibacterium, 1351 
Brochothrix, 1619, 1625 
Campylobacter, 3492-3498 
cyanobacteria, 2062 
Cytophagales, 3647 
Deleya, 3189-3195 
Ectothiorhodospira, 3222-3228 
Enterococcus, 1467-1468 
Erysipelothrix, 1635 
Erythrobacter, 2486 
Gemella, 1649 
Halomonas, 3182,3184-3187 
homoacetogens, 1927 
Lactococcus, 1489 
Leptospira, 3568 
Leuconostoc, 1514 
Listeria, 1607 
Marinomonas, 3053-3054 
methanotrophs, 2352 
Mycobacterium, 1258, 1260-1261 
Oceanospirillum, 3232, 3234 
Paracoccus, 2330 
Phenylobacterium, 2336 
Planococcus, 1782 
Prosthecomicrobium, 2164 
Pseudonocardiaeeae, 1012-1013 
Saccharothrix, 1065 
Serratia, 2832 
Spirillum, 2567 
Streptococcus, 1456-1458 
Streptomycetaceae, 937, 966, 969 
sulfate-redueing baeteria, 3353 
sulfur baeteria, eolorless, 2651 
Thermoeoecales, 703 
Thermotogales, 3810, 3812 
Thermus, 3746-3747 
Vibrio, 2977-2983 

Salted food, 86 
Salted products, Halobacteriaceae, 

768-769, 772 
Saltem, Halobacteriaceae, 772 
Saltwater medium, sulfate-reducing 

baeteria, 3361 
Sampling, 173-174 

hydrogen-oxidizing baeteria, 
thermophilie, 3921 

oral Streptococcus, 1422 
Sand flat 

Beggiatoa, 3171 
Chloroflexus, 3756 

Sandfly, see Arthropod vector 
Sandstone deterioration, see 

Monument deterioration 
Sap 

coJleetion, 4037 
composition, 4032 
flow, 4032 
phloem, 4032-4033 
xylem, 4032-4033, 4035 

SAPI agar, Saprospira, 3680 
SAP2 agar 

Cytophagales, 3640-3641, 3646, 
3649 

Saprospira, 3680 
SAPI liquid medium, Saprospira, 

3681 
Sappinia symbionts, 3855 
Saprophyte 

Actinomycetes, 811-812 
Erwinia, 2901 
Gordona, 1194-1195 
Nocardia, 1194 
plant-assoeiated pseudomonads, 

3106 
Pseudomonadaceae, 3074-3075 
Rhodococcus, 1194-1195 
Tsukamurella, 1194-1195 

Saprospira, 30, 3631, 3676-3686 
Saprospira albida, 3676-3683 
Saprospiraflammula, 3678, 3681, 

3683 
Saprospira flexuosa, 3676, 3678, 

3683 
Saprospira gigantea, 3676, 3678 
Saprospira grandis, 3676-3686 
Saprospira lepta, 3676, 3678 
Saprospira nana, 3676, 3678 
Saprospira puncta, 3676, 3678 
Saprospira spiroidea, 3678, 3682-

3683 
Saprospira thermalis, 3678, 3680, 

3682-3685 
Saprospira toviformis, 3678, 3680-

3681,3685 
Saproxanthin 

Cytophagales, 3655 
Herpetosiphon, 3802 
Saprospira, 3684 

Sarcina, 25, 51,453,1817,1883-
1885, 1888-1889 

L-forms, 4068 
Sarcina constellatus, 1884 
Sarcina intermedius, 1884 
"Sarcina litoralis, "770, 773 
Sarcina maxima, 52, 1800, 1889-

1890 
Sarcina morrhuae, see Halococcus 

morrhuae 
Sarcina parvulus, 1884 



Sarcina pleomorphus, 1884 
"Sarcina pulmonum, " 1774 
"Sarcina ureae, " see Sporosarcina 

ureae 
Sarcina ventriculi, 1800, 1880, 

1889-1890 
Sarcinae, 1879-1890 
Sarcosine utilization 

Alteromonas, 3062 
Arthrobacter, 1285 
Deleya, 3195 
Marinomonas, 3062 
rhizobia, 2201 
Sporomusa, 2019 

Sarkamycin, 978 
SASP, see Small acid-soluble 

proteins 
Satellite colony, Streptococcus, 1433 
Satellitism, 141 
Sauerkraut, 1552 

Lactobacillus, 1545-1546, 1548 
Leuconostoc, 1514, 1527 
Pediococcus, 1503 

Sausage 
Brochothrix, 1617, 1620-1621 
Carnobacterium, 1574 
Kurthia, 1654-1655 
Lactobacillus, 1512, 1548, 1572 
Leuconostoc, 1511-1512 
Listeria, 1598 
Pediococcus, 1503-1504 
Staphylococcus, 1403 

Sawdust, Mycobacterium, 1244 
SAY-MLO, 4062-4063 
Sayur-Asin, 1514 
S-B medium, Bordetella, 2532 
SC medium 

Clavibacter, 1360, 1362 
xylem-inhabiting bacteria, 4038 

Scab, 937-940, 949 
phytopathogenic pseudomonads, 

3104 
potato, 814 

Scab material, Dermatophilus, 1347 
Scalded skin syndrome, 1374, 1396 
Scallop, Vibrio, 2999 
Scanning electron microscopy, 

Siderocapsaceae, 4106, 4112 
Scarabaeid beetIe, Spiroplasma, 

1965 
Scariet fever, 1396, 1460 
See nt gland, Staphylococcus, 1373 
Seeptor Staphylococcus MICjID 

Panel, 1384 
Schaal agar, Thermomonosporaceae, 

1093 
Schaedler agar 

an aerobic Gram-positive cocci, 
1881 

Cytophagales, 3646 
Sehizokinen, use by Neisseria, 2508 
Sehizomyeetes, 5, 2940 

symbiotie, 3855 
Schizothrix, 5 
Sehlegel's basal mineral medium, 

hydrogen-oxidizing baeteria, 
thermophilie, 392 I, 3924 

Schleifer-Krämer agar, 
Staphylococcus, 1379 

Sehuffner-Verwoort medium, 
Leptospira, 3575 

Schwann cell, Mycobacterium 
leprae, 1273 

Schytonema, 2074, 2076, 2081 
Schzopyrenus ressellii symbionts, 

3859 
Sclerolinum brattstromi symbionts, 

3893 
ScIerotia, Streptomycetaceae, 926 
SCMS medium, Clavibacter, 1361 
Scorpion, Rickettsiella, 2480 
Scotobacteria, 3 I 2 
Screening, desired genotype, 197-

198 
Serotal abscess, Cedecea, 2925 
Scrub typhus, 2407-2408,2421-

2422, 2427, 2440-2441 
SCY medium, Haliscomenobacter, 

3688 
Scytonema, 26, 538, 2074, 2076, 

3822-3824, 3826-3827 
Sea bream, Vibrio, 2999 
Sea lion, Erysipelothrix, 1630 
Sea urchin, Vibrio, 2998 
Seafood, see also Fish; Shellfish 

Vibrio, 2991 
Seagrass, 264 

Cytophagales, 3662-3663 
Seal 

Aeromonas, 3020 
Erysipelothrix, 1630 

Seal finger disease, 163 I 
Seasonal fluctuation 

dimorphie prosthecate bacteria, 
2180 

sulfur bacteria, purple, 3201-3202 
Seawater, see Marine environment 
Seawater agar 

Herpetosiphon, 379 I 
Planococcus, 1781 
Sporosarcina, 1778 

Seawater complete medium, 
bioluminescent bacteria, 633 

Seawater, artificial, 3679, 3719 
Cytophagales, 3639 
instant ocean, 2961-2962 
MacLeod's formula, 2961 
Sporosarcina, 1778 

Seaweed 
Cytophagales, 3632 
Erythrobacter, 2485 
Leucothrix, 3248, 325 I, 3253-

3254 
Oceanospirillum, 3230-3232 
Roseobacter, 2156 
Streptomycetaceae, 936 

Sebacate utilization 
Alcaligenes, 2549 
Azotobacteraceae, 3 I 53 
Comamonas, 2586 
Methylobacterium, 2345, 2347 
Pseudonocardiaceae, 101 7 
rhizobia, 2200 

Sebaldella, 37, 3596-3597 
Sebaldella termitidis, 3595, 3597-

3598, 3602, 3604 
Secondary fermenter, 277-278 
Secondary metabolite, 55, 197, 199-

200 
Secondary production, 95-97 
Secretion vector, Staphylococcus, 

1403-1405 
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Sediment, see also Estuarine 
environment; Freshwater 
environment; Marine 
environment 
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actinoplanetes, 1032, 1034, 1037-
1039 

Aeromonas, 3021 
Alteromonas, 3048, 3050-3051 
Archaeoglobus, 707 
artificial, 3362 
Chlorobiaceae, 3583, 3585 
Clostridium, 1827, 1829- I 830 
Cytophagales, 3632 
Deleya, 3193 
denitrifying bacteria, 558 
Desu/fotomaculum, 1796 
dimorphie prosthecate bacteria, 

2180 
Filibacter, 1783-1784 
Flavobacterium, 3622 
gradients in, 97-98 
Haloanaerobiaceae, 1894-1896 
homoacetogens, 519 
hydrogen-oxidizing bacteria, 346 
manganese-oxidizing bacteria, 

2312,2318 
methanogens, 721, 724 
Methylobacterium, 2343 
Mycobacterium, 1232 
myxobacteria, 3420, 3426 
Pelobacter, 3393-3395 
Pelosigma, 4098 
phototrophs, 327 
Plesiomonas, 3034 
Propionigenium, 3948 
purple non sulfur bacteria, 214 1-

2142 
sampling, 174 
Sporomusa, 2014 
Streptomycetaceae, 936-937 
Streptosporangiaceae, I 122 
sulfate-reducing bacteria, 3352-

3353,3361-3362, 3373 
sulfur bacteria, colorless, 400-

401, 2638, 2646-2648 
sulfur-reducing bacteria, 3382 
syntrophic bacteria, 293, 2049 
Thiobacterium, 3940 
Vibrio, 2999 
Xanthobacter, 2368-2370 

Sedimentation, 262, 270 
Sedoheptulose bisphosphatase, 

methylotrophs, 440 
Seedling agar slant, 2206 
Seeliger-Donker-Voet scheme, 

Listeria, 1604 
Selection, desired genotype, 197-

198 
Selective enrichment, 179- I 80, 198 
Selective medium, 170 

anaerobic Gram-positive cocci, 
1882 

Bacteroides, 35 I 5-3516 
Brucella, 2392 
Klebsiella, 2783-2784 
Leptotrichia, 3984 
Mobiluncus, 906-907 
Moellerella, 2929 
Pseudonocardiaceae, 1003 
Salmonella, 2767 
Se/enomonas, 2007-2008 
Serpens, 3237 
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Succinivibrio. 3979 
Veillonella. 2042 
Wolinella. 3515-3516 

Selenite broth 
Hajnia. 2817 
Salmonella. 2767 

Selenite medium, Edwardsiella. 
2739 

Selenium requirement, 155 
sulfidogenic bacteria, 611 

Selenium-oxidizing bacteria, 339 
Selenomonas. 25, 88, 910, 1996, 

2005-2012,2014,2566,3948 
Selenomonas acidaminophila. 2005, 

2007-2010 
Selenomonas artemidis, 2005-2006, 

2009-2011 
Selenomonas dianae, 2005-2006, 

2009-2011 
Selenomonas jlueggei. 2005-2006, 

2009-2011 
Selenomonas injelix, 2005-2006, 

2009-2011 
Selenomonas lacticifex, 2002-2003 
Selenomonas noxia, 2005-2006, 

2009-2011 
Selenomonas palpitans, 2005, 2007 
Selenomonas ruminantium, 103, 

110, 304, 834, 2005-2006, 
2008-2012, 2036, 3514, 3979 

Selenomonas sputigena, 2005-2006, 
2009-2011,3514 

Seliberia, 27, 2490-2493 
Seliberia carboxydohydrogena, 

2490-2491 
Seliberia stellata, 2490, 2492-2493 
Seilers agar, Aquaspirillum. 2572 
Seminal vesicle, Brucella. 2391 
Semi-solid medium, Campylobacter. 

3501-3502 
Semmelweis, I., 150 
sen genes, Bacillus, 1689 
Sennetsu ehrlichiosis, 2403, 2445-

2447 
Sensing system, 248-249 
Sensitizing antigen, Chlamydia. 

3700 
Sensory signaling, 247-248 
Sephacryl S-IOOO column 

chromatography, purification of 
rickettsiae, 2432-2433 

Sepsis, anaerobic Gram-positive 
cocci, 1880 

Septic shock, Micrococcus. 1307 
Septic thrombophlebitis, anaerobic 

Gram-positive cocci, 1880 
Septicemia 

Acinetobacter. 3138 
Actinobacillus. 3343 
Aeromonas. 3012, 3020 
Campylobacter. 3489-3490 
Carnobacterium, 1574 
Citrobacter. 2745-2746 
Corynebacterium. 1182 
Cytophagales, 3634, 3665 
Edwardsiella. 2738 
Enterobacter. 2802 
Enterobacteriaceae, 2679, 2745 
Enterococcus. 1476 
Erwinia, 2914 
Erysipelothrix, 1632-1634 

Escherichia coli. 649,2677,2718, 
2720 

Gemella, 1646, 1651 
Haemophilus, 3304-3307, 3309 
Hajnia. 2816 
hemorrhagic, see Hemorrhagic 

septicemia 
Klebsiella, 2777 
Lactobacillus. 1544 
Listeria. 1595, 1597 
Neisseria. 2511 
Pasteurella, 3332 
Plesiomonas. 3034 
Pseudomonas, 3095 
Rothia, 862 
Salmonella, 2765 
Selenomonas, 2006 
Serratia, 2828 
Staphylococcus, 1374-1375 
Streptococcus, 1426, 1452 
Veillonella, 2035 
Vibrio, 2958, 2990, 2994, 2997 
Wolinella, 3513 
Yersinia, 2687, 2870, 2872 

Septicemic plague, 2888 
Sequence homology, 7-8 
Sequence information, data base, 
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Seratamolide, Serratia, 2831 
Sereny test, 647 

Aeromonas, 3018 
Escherichia coli, 2716-2717 
Plesiomonas. 3033 

Serial dilution, 176 
Sericesthis pruinosa, Bacillus, 1701 
Serine dehydratase, Clostridium, 

1822 
Serine hydroxymethyltransferase 

Clostridium, 1831 
methanogens,745 
methylotrophs, 439 

Serine pathway 
methanotrophs, 2351, 2355-2357 
Methylobacterium, 2346 
methy1otrophs, 431, 433-436, 

438-439 
Rhodocyclus, 2559 

Serine protease 
Bacillus, 1665, 1689 
Butyrivibrio, 2030 
Lysobacter, 3270-3272 
myxobacteria, 3466 
Porphyromonas, 3616 
Staphylococcus. 1394 
Thermomonosporaceae, 1101, 

1103 
Serine utilization 

Alteromonas, 3062 
Clostridium. 1827 
Enterococcus. 1469 
Legionella, 3291 
Marinomonas, 3062 
Psychrobacter. 3243 
Wolbachia.2478 

Serine-glyoxylate aminotransferase, 
methylotrophs, 439 

Serine-hydroxypyruvate pathway, 
purple nonsulfur bacteria, 2150 

Serology 
Actinobacillus, 3347-3348 
Actinomyces. 887-891 
Aeromonas, 3027-3028 

Anaplasma, 4016-4017 
Bacillus, 1715-1716, 1719, 1729-

1730, 1760, 1763 
Brochothrix. 1620 
Brucella, 2395-2396 
Campylobacter, 3498, 3504 
Chlamydia, 3695, 3705 
Citrobacter, 2746, 2748 
Coxiella. 2475 
cyanobacteria, 2090 
Cytophagales, 3662 
Edwardsiella, 2740 
Enterobacter, 2810-2811 
Erwinia, 2902 
Erysipelothrix, 1638 
Escherichia coli, 2703-2705, 2711 
Flavobacterium. 3626 
Haemophilus.3316-3317 
Hajnia. 2819 
Hansen's disease, 1278 
Klebsiella, 2787-2788 
Legionella, 3293 
Leptospira, 3577-3579 
Listeria. 1604 
Morganella, 2858 
Mycobacterium, 1244-1245 
Neisseria, 2499, 2515-2517 
Nocardia, 1202 
Pasteurella. 3333-3334 
Phenylobacterium, 2340 
phytopathogenic pseudomonads, 

3122-3123 
Plesiomonas, 3031-3032, 3035-

3037 
Propionibacterium, 845 
Proteus, 2850 
Providencia. 2853 
Pseudomonas. 3094 
rhizobia, 2206-2208 
Salmonella, 2769-2771 
Serratia, 2838-2840 
Shigella, 2754, 2756-2757 
Spiroplasma, 1961, 1974 
Streptococcus, 1427 
Streptomycetaceae, 972 
tuberculosis, 1241-1242 
Vibrio, 2976, 2990-2993 
Wolbachia.2478 
Wolinella, 3518 
Yersinia, 2872-2873, 2878-2880 

Serotyping, 137 
Serovar, 128-129 
Serpens, 29, 2118 
Serpens jlexibilis. 2118, 3237-3239, 

3534 
Serratia, 28, 56-57, 453, 563, 660, 

2114-2115,2271,2673,2677-
2681,2685-2687,2817-2819, 
2822-2841, 2926, 3027, 3620 

L-forms, 4068, 4070 
"Serratia anolium. " see Serratia 

marcescens 
"Serratia cutirubra, " 770 
Serratia entomophila, 2675, 2687, 

2823, 2825, 2827, 2833, 2837-
2839 

"Serratia esseyana, " see Serratia 
plymuthica 

Serratia ficaria, 2675, 2686-2687, 
2823-2826, 2831-2832, 2837-
2838, 2840 



Serratia jontieola, 2675, 2687, 
2823-2824, 2829, 2834, 2836-
2837 

Serratia grimesii, 2675, 2685-2686, 
2823-2824, 2827-2828, 2832, 
2837-2838 

Serratia liquejaciens, 2675, 2685-
2686,2797,2819-2820,2822-
2829, 2832-2833, 2835-2838, 
2841 

Serratia mareeseens, 90-91, 132, 
142,480,956,2115,2675, 
2685, 2801, 2822-2841, 3056 

Serratia marinorubra, see Serratia 
rubidaea 

Serratia odorifera, 2675, 2686, 
2823-2824, 2829, 2831-2833, 
2835-2839 

Serratia plymuthiea, 2675, 2686, 
2823-2841 

Serratia proteamaeulans, 2675, 
2685-2686, 2823-2838 

Serratia rubidaea, see Serratia 
plymuthiea 

"Serratia salinaria, " 769-770 
Serum dextrose agar, Brueella, 2384, 

2393 
Serum requirement, Treponema, 

3544-3545 
Serum resistance/susceptibility 

Serratia, 2830 
Yersinia, 2869 

Sesame, Azotobacteraceae, 3164 
Sesame phyllody mycoplasma-like 

organism, 4059 
Sesbania, rhizobia, 2198-2199 
Sessile prokaryote, 91-94, 214-219 

adaptation to sessile state, 267-
269 

advantages of sessile state, 269-
270 

alternating with planktonic state, 
268-269 

definition, 262 
disadvantages of sessile state, 270 
methods of studying, 266-267 
occurrence, 264-266 
physiological responses at 

surfaces, 270-272 
Setaria, Azotobacteraceae, 3164 
Sewage 

Acinetobaeter, 3137 
Aeromonas, 3021-3022 
ammonia-oxidizing bacteria, 

2625, 2632, 2636 
Aquaspiri//um, 2570 
Arthrobaeter, 1286-1287 
Bdellovibrio, 3403, 3405 
Bijzdobaeterium, 820, 822 
cellulolytic bacteria, 460 
Citrobaeter, 2745 
Clostridium, 1807 
Cytophagales, 3663 
Deinococcaceae, 3734 
denitrifying bacteria, 561-562 
dimorphic prosthecate bacteria, 

2180 
Enterobaeter, 2801 
Erysipelothrix, 1630-1631 
Eseheriehia eoli, 2702 
Eubaeterium, 1916-1917 
Hajnia, 2816 

Herpetosiphon, 3787-3788, 3791-
3794 

Kluyvera, 2927 
Laetobacillus, 1545 
methanogens, 725-726, 739 
Microbaeterium, 1364 
Noeardia, 1194, 1196 
Oerskovia, 1331 
Paraeoeeus, 2324 
prokaryote-invertebrate 

symbiosis, 3892, 3898 
purple nonsulfur bacteria, 2141 
Salmonella, 2765 
Sphaerotilus, 2615-2616 
Vibrio, 2960 
Vibrionaceae, 2943 
Wolinella, 3512 
Xanthobaeter, 2367 
Zoogloea, 3952 

Sewage sludge 
Baeteroides, 3598 
Beggiatoa, 3172 
cellulolytic bacteria, 479-480, 

483-484, 489 
ciliates, 3883-3886 
Clostridium, 1826, 1829-1830 
homoacetogens, 518, 1925-1926, 

1929 
methanogens, 724, 733, 739, 742, 

744, 3883-3886 
Pelobaeter, 3393-3394 
Pseudomonadaceae, 3071 
Selenomonas, 2005, 2007 
Stella, 2167 
sulfate-reducing bacteria, 3352 
syntrophic bacteria, 293, 2049 

Sewage treatment 
cellulolytic bacteria, 501 
colorless sulfur bacteria, 404 
dimorphic prosthecate bacteria in, 

2191 
methanogens, 758 
Pelobaeter, 3398 
phototrophs, 327 
purple non sulfur bacteria, 2151-

2152 
Rhodoeyc/us, 2559 
Seliberia, 2490 
Serpens, 3237 
Stella, 2167 
sulfur bacteria, purple, 3216 
Zoogloea, 3952, 3955-3956 

Sex pheromone plasmid, 
Enteroeoeeus, 1472-1475 

Sex-ratio organism, Drosophila, 
1960, 1963, 1972 

Sexually transmitted disease, see 
speeijze diseases 

SF 1854, 1055 
SF agent, 2453-2454 
SF broth, Enteroeoeeus, 1466-1467 
SF-2107, 1054 
S-form 

Erysipelothrix, 1634-1636 
Salmonella, 2761 

SG agar, myxobacteria, 3433 
sgl genes, myxobacteria, 3445 
Shape change, Cytophagales, 3651-

3652,3659,3661 
Shark 

Arthrobaeter, 1286 
Vibrio, 2997 
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Sheath, 51-52, 92 
Bdellovibrio, 219 
Chloronema, 3763 
cyanobacteria, 235, 2059, 2070, 

2073, 2075 
Herpetosiphon, 3796-3798 
Sphaerotilus, 216-217 

Sheathed bacteria, 2612-2623 
Ha/iseomenobaeter, 3688-3690 
Leptothrix, 2618-2623 
Sphaerotilus, 2615-2618 

Sheep, see also Rumen 
Aetinobacillus, 3343-3344 
Aetinomyees, 865-866 
actinoplanetes, 1036 
Anaplasma, 4011-4014 
anthrax, 1746-1748, 1750 
Baeteroides, 3598 
Bijzdobaeterium, 820 
black disease, 1873 
blackleg, 1871 
Borrelia, 3564 
Broehothrix, 1621 
Brueella, 2384, 2388-2390, 2395-

2396 
Butyrivibrio, 2022 
Campylobaeter, 3488-3490 
Chlamydia, 3702 
Clostridium, 1825, 1870 
Corynebaeterium, 1181 
Cowdria, 2445, 2451 
Coxiella, 2473 
Desu/jotomaeulum, 1795 
Ehr/iehia, 2445, 2449-2450 
enteritis, 1239 
Enterobacteriaceae, 2678 
Enteroeoeeus, 1465 
Eperythrozoon, 4007 
Erysipelothrix, 1630 
Eseheriehia eoli, 644, 2720 
Eubaeterium, 1916 
Fusobaeterium, 4116-4117 
Haemophilus, 3305-3306 
Laetobacillus, 1541 
Listeria, 1595, 1597, 1609-1610 
Myeobaeterium, 1239 
mycoplasma, 1944 
Neisseria, 2511 
Pasteurella, 3332, 3334 
Riekettsia, 2417 
Salmonella, 2766 
Simonsiellaceae, 2658-2660, 

2662, 2665-2666 
Staphyloeoeeus, 1372-1374 
streptotrichosis, 1346-1349 
sulfate-reducing bacteria, 3352 
tick-borne fever, 2449-2450 

Sheep blood agar 
Bacillus, 1758, 1760 
Cardiobaeterium, 3340 
Corynebaeterium, 1174, 1177-

1179 
Haemophi/us, 3313 
Vibrio, 2966 
Vibrionaceae, 2948 
Yersinia, 2874 

Sheep ked, Wolbaehia, 2479 
Shell vial culture, isolation of 

rickettsiae in, 2431 
Shellfish 

Aquaspirillum, 2574-2575 
Erysipelothrix, 1630-1631 
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Micrococcus. 1301 
Oceanospirillum. 3230-3231, 

3233 
Plesiomonas. 3032, 3034 
Salmonella. 2765 
Vibrio. 2960, 2990-2991,2996, 

2998 
Shewanella. 29, 38, 2115-2117, 

2945-2946 
Shewanella benthica. 2946 
Shewanella hanedai. 2116, 2946 
Shewanella putrejaciens. 2116, 2946 
Shewanella rubescens. 2116 
Shiga toxin, 644, 2714-2715, 2755 
Shiga's bacillus, see Shigella 

dysenteriae 
Shiga-like toxin, Escherichia coli. 

2714-2716, 2755 
Shigella. 56, 137,647,2115,2673, 

2678, 2683, 2696-2697, 2699, 
2715-2717,2738,2754-2758, 
2763, 2857, 2903, 3701 

L-forms, 4068, 4070, 4072 
Shigella boydii. 2675, 2683, 2748, 

2754, 2756-2757, 3037 
Shigella dysenteriae. 109, 644, 

2675-2676, 2679, 2697, 2748, 
2754-2757, 3037 

Shigellajlexneri. 1570,2675,2677, 
2679, 2697, 2754, 2756-2757 

Shigella sonnei. 133, 142, 2675, 
2754-2757, 2894, 3037 

Shigella-Salmonella agar, see 
Salmonella-Shigella agar 

Shigellosis, 647, 2679, 2754 
Shilo's agar, Lysobacter. 3257 
Shipping fever, 642-643 
Shipping procedures, 183 

Mycobacterium. 1250 
Shipworm 

cellulolytic bacteria, 461 
nitrogen-fixing bacteria, 539 
symbionts, 3899-3901 

shl genes, Serratia. 2829-2830 
Shock, septic, see Septic shock 
Shoot (plant), proliferation, 4034 
Shop typhus, see Murine typhus 
Shortpod mustard, Spiroplasma. 

1967 
Shrew 

Plesiomonas. 3034 
Rickettsia. 2410 
Serratia. 2827 

Shrimp 
A/teromonas. 3049 
Arthrobacter. 1286 
Planococcus. 1781 
Plesiomonas. 3032 
Vibrio. 2960, 2990, 2996, 3000 

Shunt infection, Corynebacterium. 
1182 

Shuttle vector 
Corynebacterium. 1161 
cyanobacteria, 2084, 2086-2087 
Enterococcus. 1472 
Escherichia coli. 2724 
Haemophilus. 3324 
Zymomonas. 2295-2296 

Sialidase 
Clostridium. 1874 
Streptococcus. 1430 

Sialyl transferase, Neisseria. 2502 

Siberian tick typhus, 2414 
Siboglinum poseidoni symbionts, 

3892, 3899-3900 
Sida cordi/olia. phloem-inhabiting 

bacteria, 4031 
Siderobacter brevis. 4103 
Siderobacter gracilis. 4103 
Siderobacter latus. 4103 
Siderocapsa. 4027-4028, 4102-4112 
Siderocapsa anulata. 4103, 4105, 

4110 
Siderocapsa arlbergensis. 4103, 4111 
Siderocapsa botryoides. 4103 
Siderocapsa coronata. 4103 
Siderocapsa eusphaera. 4103-4105, 

4110-4111 
Siderocapsa geminata. 4103-4105, 

4108-4112 
Siderocapsa major. 4103, 4105 
Siderocapsa monoica. 4103, 4105 
Siderocapsa treubii. 4103, 4105-

4108, 4111 
Siderocapsaceae, 4102-4112 
Siderococcus. 4093-4094 
Siderococcus communis. 4105 
Siderococcus limoniticus. 4104-

410~ 410~ 4110-4111 
Siderocystis conjervarum. 4103-

4105,4110-4111 
Siderocystis vulgaris. 4103, 4105-

4107,4111 
Siderophacus corneolus. 4091 
Siderophore 

A/teromonas. 3064 
denitrifying bacteria, 566 
Enterobacter. 2803 
Erwinia. 2913-2914 
Escherichia coli. 648 
Klebsiella. 2779 
Mycobacterium. 1227 
Neisseria. 2508 
Serratia. 2829 
Staphylococcus. 1397 
Yersinia. 2870-2871 

Sieved-soil plate isolation method 
Azotobacteraceae, 3146-3147 
Derxia. 2606 

sig genes, Bacillus. 1675 
Sigma factor, 548, 554 

Bacillus. 1674-1675 
cyanobacteria, 2091 
myxobacteria, 3450 

Sigma symbiont, see Lyticum 
sinuosum 

Signature nucleotide, 39 
Silage 

cellulolytic bacteria, 460 
Clostridium. 1808, 1810 
Lactobacillus. 1545-1547, 1556, 

1572 
Leuconostoc. 1515 
Listeria. 1597 
Pediococcus. 1503 
Propionibacterium. 835 
Sporomusa. 2014 

Silica gel, 169-170 
purification, 2353 

Silicon bin ding, Zoogloea. 3961 
Silkworm 

Bacillus. 1712 
Lactobacillus. 1544 

Sillon, spirochetes, large symbiotic, 
3965, 3967-3969, 3971-3972 

Silt, 92 
Silvering disease, beet, 667 
SIM agar, Shigella. 2756 
Similarity coefficient, 32 

correlative, 131 
triangular, 131 

Simmons' citrate agar 
Budvicia. 2932 
Buttiauxella. 2926 
Eikenella. 2670 
Enterobacter. 2806 
Enterobacteriaceae, 2923 
Kluyvera. 2926 
Leminore/la. 2932 
Micrococcus. 1304-1305 
Pragia. 2932 
Providencia. 2854 
Salmonella. 2768-2769 
Shigella. 2755 

Simonsiella. 49, 2122-2123, 2495, 
2658-2666 

Simonsiella crassa. 2658-2659, 
2665-2666 

Simonsiella muelleri. 2122, 2665-
2666 

Simonsiella steedae. 2658-2659, 
2661, 2665-2666 

Simonsiellaceae, 2658-2666 
Simple life cycle, 209-224 
Sims' medium, Actinobacillus. 3346 
Sinapate degradation, Eubacterium. 

1917 
Sinapinate, 664-665 
Sinapyl a\cohol, 664-665 
Single cell isolation, 176 
Single-cell protein 

cyanobacteria, 2096-2097 
hydrocarbon-oxidizing bacteria, 

448, 455-456 
hydrogen-oxidizing bacteria, 377 
Methylobacterium. 2347 
from natural gas, 2360-2361 
Rhodocyc/us. 2559 
sulfur bacteria, purple, 3216 
Thermomonosporaceae, 1106-

1107 
Single-cycle growth technique, 

Bde/lovibrio, 3407-3408 
Singlet oxygen, 91 
Sinorhizobium. 565,2127,2133, 

2197, 2201-2202 
Sinorhizobium jredii. 2199 
Sinorhizobium xinjiangensis. 2199 
Sinusitis 

anaerobic Gram-positive cocci, 
1880 

Chlamydia. 3694 
Haemophilus. 3306 
Propionibacterium. 844 
Streptococcus. 1438 
Veillonella. 2035 

Siphonales, cyanobacteria symbiont, 
3822 

Siratro 
nitrogen-fixing bacteria, 541 
rhizobia, 2202 

Sisomicin, 1054-1055 
Sisomicin resistance/sensitivity, 

Staphylococcus. 1399 



Sitosterol degradation, 
Mycobacterium, 1231 

in situ hybridization, 140 
SK agar, Staphylococcus, 1381 
Skatoie production, Clostridium, 

1833 
Skim milk agar, actinoplanetes, 

1051 
Skim milk preservation, 

Cytophagales, 3650 
Skim milk-acetate (SA) agar, 

Lysobacter, 3262, 3264 
Skim milk-cattle hornmeal agar, 

actinoplanetes, 1042, 1051 
Skin 

Actinomycetes, 812 
anaerobic Gram-positive cocci, 

1879 
Brevibacterium, 1351 
Corynebacterium, 1158-1159, 

1174-1175, 1182-1183 
diphtheric ulcer, 1181 
Enterobacter, 2801 
Erysipelothrix, 1632, 1636 
Micrococcus, 1300-1302 
normal flora, 111 
Propionibacterium, 834, 840-846 
Proteus, 2851 
Providencia, 2855 
Staphylococcus, 1371-1373, 1381-

1382 
Streptococcus, 1450, 1452 

Skin infection 
Acinetobacter, 3138 
Actinomyces, 860 
Bacillus, 1754 
Chromobacterium, 2593 
Enterobacteriaceae, 2680-2681 
Legionella, 3283 
Nocardia, 1194 
Providencia, 2854 
Streptococcus, 1452 
Yersinia, 2870 

Skin test 
Brucella, 2390-2391 
Mycobacterium, 1231 
tuberculosis, 1241 

Skirrow's medium, Campylobacter, 
3501 

Skunk, Rickettsia, 2410 
SL medium 

Lactobacillus, 1554-1556 
Pediococcus, 1503 

S-layer, 54, 138, 471 
Archaeoglobus, 709 
Bacillus, 1675, 1730 
Cytophagales, 3652 
Deinococcaceae, 3736, 3738-3739 
methanogens, 734, 750, 753 
Sulfolobales, 689, 691 
Thermococcales, 703-704 
Thermoproteales, 679 
Wolinella, 3516 

Sleepy foal disease, 3343 
Sieeve, Herpetosiphon, 3785-3787, 

3795-3797 
Slide agglutination test 

Brucella, 2396 
Erwinia, 2906 
Legionella, 3293 
Propionibacterium, 841 
Staphylococcus, 1384 

Slide culture 
Actinomyces, 875-876 
Streptomycetaceae, 960 

Slight halophile, 86 
Slime, 91, 93 

Agrobacterium, 664 
Azotobacteraceae, 3147, 3155-

3156 
Beijerinckia, 2254, 2256-2258, 

2261-2264 
Borrelia, 3560 
Brochothrix, 1623, 1625 
commercial applications, 2379-

2380 
cyanobacteria, 2059, 2070 
Cytophagales, 3643, 3647, 3652, 

3657 
Derxia, 2607-2609 
Erwinia, 2902, 2904, 2908 
Filibacter, 1784 
Herpetosiphon, 3797-3799 
Lactobacillus, 1548-1550, 1567 
Legionella, 3291 
Leuconostoc, 1511 
Lysobacter, 3257, 3263-3264 
methanogens, 742 
myxobacteria, 3445, 3452-3453 
Nevskia, 4089-4091 
Phenylobacterium, 2338 
Propionibacterium, 837 
Proteus, 2850 
purple nonsulfur bacteria, 2145 
rhizobia, 2198 
Rhodocyclus, 2557 
Saprospira, 3683 
sheathed bacteria, 2613 
Siderocapsaceae, 4108-4109, 4111 
solubilization, 2370 
Staphylococcus, 1376, 1397-1398 
sulfur bacteria, purple, 3208-

3209, 3211 
Thiovulum, 3942-3945 
Xanthobacter, 2368, 2370-2372, 

2374, 2379-2380 
Xanthomonas, 669 
Zoogloea, 3079, 3952, 3957 

Slime mold, 12 
Slime traiI, 246 

Cytophagales, 3636-3638 
Herpetosiphon, 3785, 3796, 3798 
myxobacteria, 3444-3445, 3452 

Slimy head 
Dactylis glomerata, 667 
wheat, 667 

Slit sampier, 174 
Siow grower, rhizobia, 2198-2199, 

2201-2205, 2210 
Siow process, vinegar production, 

2281 
Siow rhodopsin, 253 

Halobacteriaceae, 788 
Sludge, see also Sewage sludge 

Paracoccus, 2324 
Sludge bed reactor, upflow 

anaerobic, 759 
Sludge digester, syntrophic bacteria, 

2049 
Small acid-soluble proteins (SASP), 

Bacillus, 1671 
Smallpox, 151 
Smear 

Bacillus, 1757 
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Mycobacterium, 1250-1252 
Smibert and Claterbaugh isolation 

medium, Treponema, 3548 
Snail 

Aquaspirillum, 2573-2574 
Bacillus, 1728 
Buttiauxella, 2925 
Neorickettsia, 2453 
Rahnella, 2931 
Yersinia, 2866 

Snake 
Aeromonas, 3020 
Edwardsiella, 2737-2739 
Plesiomonas, 3034 

Sneath diagram, 131 
Snow brush, nitrogen-fixing bacteria, 

542 
Snow-making technology, 3117 
SO liquid medium, Cytophagales, 

3648 
SOD, see Superoxide dismutase 
Soda crackers, 1546 
Soda lake 

Ectothiorhodospira, 3222 
phototrophs, 327 

Sodium chloride agar, Micrococcus, 
1304 

Sodium deoxycholate solution, 2983 
Sodium fluoride tolerance 

Bacteroides, 3517 
Campylobacter, 3517 
Wolinella, 3517 

Sodium gradient, homoacetogens, 
527-528 

Sodium motive force, motility and, 
242-244 

Sodium pump 
aerobes, 306 
Halomonas, 3187 

Sodium-proton antiporter, 
homoacetogens, 1927 

Soft chancre, see Chancroid 
Soft drink, acetic acid bacteria, 

2272 
Soft-agar overlay technique, 

Lysobacter, 3261 
Softrot, 659 

Bacillus, 662 
Erwinia, 485-486, 2677, 2682, 

2899-2914 
onion, 3109 
phytopathogenic pseudomonads, 

3109 
Soft-tissue infection 

anaerobic Gram-positive cocci, 
1880 

Citrobacter, 2745 
Eikenella corrodens, 2671 
Erwinia, 2914 
Fusobacterium, 4116-4117 
Mycobacterium, 1247-1248 
Staphylococcus, 1375 
Streptococcus, 1452 
Vibrio, 2995-2996 

Soil, 76, 2565 
acetic acid bacteria, 2275 
acidic, 87 
Acinetobacter, 3137-3138 
Actinomyces, 850, 858, 867, 873-

874 
Actinomycetes, 811-812 
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actinoplanetes, 1029, 1032-1033, 
1035-1040 

Agrobacterium, 663 
Agromyces, 1357 
Alcaligenes, 2547 
alkaline, 87 
Alteromonas, 3047 
ammonia-oxidizing bacteria, 

2625-2626, 2629 
anaerobic Gram-positive cocci, 

1879, 1882 
Ancalomicrobium, 2160 
Arcanobacterium, 858 
Arthrobacter, 1283-1288, 1293 
Aureobacterium, 1358 
Azospirillum, 2237, 2239-2240, 

2242, 2246-2248 
Azotobacteraceae, 3144, 3146, 

3148-3153, 3155, 3158 
Bacillus, 1677, 1679, 1697, 1712-

1713,1716,1727-1728,1747, 
1750, 1753 

Bdellovibrio, 3403, 3405 
Beijerinckia, 2254-2256, 2258, 

2262-2265 
bioluminescent bacteria, 625, 632 
Blastobacter, 2171-2172 
Brochothrix, 1621-1622 
Buttiauxella, 2925 
cellulolytic bacteria, 460, 484, 

489, 493-494 
Cellulomonas, 1325 
Chromobacterium, 2592-2594 
Citrobacter, 2745 
Clostridium, 1807, 1809-1810, 

1812, 1836-1837, 1867-1877 
Comamonas, 2583-2584, 2586, 

2588 
Corynebacterium, 1158-1159 
cyanobacteria, 2062 
Cytophagales, 3632, 3636-3637, 

3639, 3641, 3644, 3662 
Deinococcaceae, 3734-3735 
Deleya, 3189,3191-3193 
denitrifying bacteria, 558-562, 

564-565 
Derxia, 2605-2606, 2610-2611 
Desu/fotomaculum, 1792, 1796 
dimorphic prosthecate bacteria, 

2180-2181, 2183-2184 
Ectothiorhodospira, 3222 
Enterobacter, 2801-2802 
Erwinia, 2901, 2907, 2909-2910 
Eubacterium, 1916 
Flavobacterium, 3622 
Frankia, 1072, 1080 
Geodermatophilus, 1069 
Gordona, 1189, 1194, 1196 
Hafnia, 2816 
Halobacteriaceae, 772, 788 
Heliobacteriaceae, 1981, 1984-

1987,1990 
Herbaspirillum, 2239-2240 
Herpetosiphon, 3787-3788, 3791 
hydrocarbon-oxidizing bacteria, 

448,455 
hydrogen content, 347 
hydrogen-oxidizing bacteria, 346-

350, 370-376 
lanthinobacterium, 2596 
Klebsiella, 2776-2777 
Kluyvera, 2927 

Kurthia, 1656 
Lactobacillus, 1545 
Legionella, 3294 
Leptospira, 3573, 3575 
Listeria, 1597 
Lysobacter, 3256, 3258-3261, 

3267-3268 
manganese-oxidizing bacteria, 

2312 
methanogens, 721, 742 
methanotrophs, 2351 
Methylobacterium, 2342-2344 
methylotrophs, 442 
Micrococcus, 1301 
Mycobacterium, 1215-1217, 

1248-1249, 1273-1274 
myxobacteria, 3418, 3421-3424, 

3431, 3473 
nitrite-oxidizing bacteria, 420 
Nitrobacter, 2302-2303, 2307 
nitrogen-fixing bacteria, 535, 538-

539 
Nocardia, 1195-1196 
Nocardiopsis, 1143-1145, 1150-

1152 
Oerskovia, 1331 
Paracoccus, 2322-2324 
Phenylobacterium, 2335-2336 
phototrophs, 327 
phytopathogenic pseudomonads, 

3118, 3120-3121 
Promicromonospora, 1334-1335 
Propionibacterium, 835 
Prosthecomicrobium, 2160 
Proteus, 2852 
Pseudomonadaceae,3074 
Pseudomonas, 3095, 3097 
Pseudonocardiaceae, 1000-1001, 

1003-1005 
purple nonsulfur bacteria, 2141 
Rhodococcus, 1194-1197 
Rothia, 858 
Saccharothrix, 1062 
Salmonella, 2766 
Saprospira, 3678 
Seliberia, 2490-2491 
Serratia, 2824 
Siderocapsaceae, 4102-4103 
Sporolactobacillus, 1770 
Sporomusa, 2014 
Sporosarcina, 1774-1775 
Staphylococcus, 1373 
Stella, 2167 
Streptomycetaceae, 925-933, 938, 

941-947 
Streptosporangiaceae, 1121-1124 
Sulfolobales, 685-686 
sulfur bacteria, colorless, 391, 

400-401, 2638-2639, 2647-
2648,2651 

syntrophic bacteria, 2049 
thermoanaerobic saccharolytic 

bacteria, 1 90 1, 1 911 
Thermomicrobium, 3776 
Thermomonosporaceae, 1089, 

1093-1094 
Thermoproteales, 677 
Tsukamurella, 1194, 1196 
Xanthobacter, 2367-2370 
Yersinia, 2890 

Soil agar, Streptosporangiaceae, 
1121 

Soil extract, 1335 
Soil extract agar 

actinop1anetes, 1040, 1042, 1051 
Arthrobacter, 1287 
Aureobacterium, 1358 
Gemmata, 3722-3723 
Pseudonocardiaceae, 1006-1007 
Streptosporangiaceae, 1124-1125 

Soil film, 267 
Soil-dilution-p1ate technique, 

actinoplanetes, 1038-1039 
Soil-paste plate method, isolation of 

Azotobacteraceae, 3146-3148 
Solar lake, 107 
Solar pond, 98 
Solar salt, Halobacteriaceae, 782, 

788, 800 
Solar saltern 

Deleya, 3189,3191,3193 
deni trifying bacteria, 558 
Halobacteriaceae, 781-783 
Halomonas, 3182 
Marinococcus, 1782 
Pseudonocardiaceae, 1000 
Salinicoccus, 1783 
Sporosarcina, 1774 
Vibrio, 2998 

Soldier beetle, Spiroplasma, 1965 
Solemya symbionts, 29, 2122, 

3895-3898, 3902 
Solfapterin, 691-692, 695 
Solfatara, see also Geothermal 

habitat 
colorless sulfur bacteria, 392 
methanogens, 723, 736 
origin, 3917 
Sulfolobales, 684-686 
sulfur-reducing bacteria, 3382 
Thermococcales, 702, 705 
Thermoplasma, 712-713 
Thermoproteales, 677 
Thermotogales, 3809-3810, 3812-

3813 
Solid medium, 169-170 
Solid surface, 89 
Solid-liquid interface, 262-272 
Somatic antigen, see 0 antigen 
Son-killer wasp, Androcidium, 2922 
Sorangiaceae, 3472 
Sorangicin, 3439, 3475 
Sorangineae, 3416-3419, 3424-

3425, 3435-3436, 3439, 3442, 
3446-3454, 3458, 3468-3471 

Sorangium, 29, 35, 480, 501, 3256, 
3267, 3422, 3425, 3430, 3432, 
3435, 3438-3442, 3446, 3452-
3456, 3467-3468, 3471-3474 

Sorangium cellulosum, 2134, 3421, 
3436, 3439, 3443, 3448, 3458-
3461, 3465, 3472, 3474 

Sorangium compositum, 3416,3472 
Sorbic acid medium, Lactobacillus, 

1555-1556 
Sorbitol production, Zymomonas, 

2292-2293 
Sorbitol utilization 

acetic acid bacteria, 2278, 2281-
2282 

Actinomyces, 889 
Alcaligenes, 2549 
Alteromonas, 3046, 3062 
Ancalomicrobium, 2164 



Arcanobacterium, 889 
Bijidobacterium, 821, 825 
Brochothrix, 1625 
Cardiobacterium, 3341 
Carnobacterium, 1577 
Cedecea, 2926 
Clavibacter, 1362 
Clostridium, 1827, 1867-1868 
Derxia, 2610 
Edwardsiella, 2741 
Enterobacter, 2807-2810 
Enterobacteriaceae, 2924 
Enterococcus, 1467-1468 
Escherichia, 2698 
Gemella, 1649 
Haemophilus, 3320 
Hajnia, 2818-2819 
Halobacteriaceae, 789-797 
Klebsiella, 2786 
Lactobacillus, 1564 
Marinomonas, 3046, 3062 
Mycobacterium, 1219 
Nocardiaeeae, 1203 
Pectinatus, 1999 
Photobacterium, 2980 
phytopathogenic pseudomonads, 

3107 
Plesiomonas, 3036 
Propionibacterium, 845 
Prosthecomicrobium, 2164 
Pseudonocardiaceae, 1012 
purple nonsulfur bacteria, 2149 
Rhodocyclus, 2558 
Roseburia, 2029 
Rothia, 889 
Saccharothrix, 1064 
Salmonella, 2768 
Serratia, 2837-2838 
Streptobacillus, 4024 
Streptococcus, 1427-1428, 1430-

1432, 1435, 1458 
thermoanaerobic saccharolytic 

bacteria, 1908-1909 
Vibrio, 2974, 2980 
Yersinia, 2894 

Sorbose, commercial production, 
2281-2282 

Sorbose utilization 
Actinobacillus, 3347 
Brochothrix, 1625 
Enterococcus, 1467 
Haemophilus, 3318 
Klebsiella, 2784, 2786-2787 
Yersinia, 2688, 2873 

S-organism, 101, 303 
Sorghum 

Azospirillum, 2237, 2244, 2247-
2248 

Azotobacteraeeae, 3164 
Enterobacter, 2802 
Herbaspirillum, 2238 

Sorghum aphid symbiont, 3910-
3911 

SOS system, Escherichia coli, 2706 
Sotto disease, 1712 
Sourdough, 1546, 1552-1553, 1557, 

1572 
South African tick bite fever, 2413 
Southem blot, mycoplasma, 1950-

1951 
Soy sauce, Pediococcus, 1503 
Soybean 

blight, 3113 
nitrogen-fixing bacteria, 541 
phytopathogenic pseudomonads, 

3119 
rhizobia, 2198, 2202, 2206 

Soybean meal-mannitol nutrient 
medium, Streptomyeetaeeae, 
951 

Soybean-casein-digest agar, Shigella, 
2756 

Soy-yeast-soil extract agar, 
Promicromonospora, 1335 

SP agar, myxobacteria, 3428 
SP2 agar, 3639-3640 
SP6 agar, 3639-3640 

Saprospira, 3679 
SP5 liquid medium 

Cytophagales, 3647-3648, 3650 
Saprospira, 3680-3681 

SP-4 medium, Spiroplasma, 1968-
1969, 1971-1972 

SPA, see Surface array proteins 
SPA antigen, rickettsiae, 2434 
spa genes 

Lactococcus, 1491 
Staphylococcus, 1394 

Spaeer plug, methanogens, 754-755 
Spallanzani, L., 150 
Species, 36-37 

definition, 127-128 
description of new, 128, 143-144 
diversity, 82, 84 

Specific growth rate, 157, 159, 164 
Specimen collection 

anaerobic Gram-positive cocci, 
1880 

Bacillus, 1757 
cyanobacteria, 2063 
Mycobacterium, 1249-1250 
seawater, 2967 
Vibrio, 2963-2964 

Specimen digestion
decontamination, 1252-1253 

Specimen transport, see also 
Transport medium 

Bacillus, 1757 
Vibrio, 2963-2964 

Spectinomycin resistance/sensitivity 
Campylobacter, 3499 
Clostridium, 1871 

Spermosphere, pseudomonads, 3104 
Sphaeriales, cyanobacteria 

symbiont, 3822 
Sphaerobacter, 24 
Sphaerocytophaga, see 

Capnocytophaga 
Sphaeroid body, 3839 
Sphaerophorus, 4114 
Sphaerotilus, 28, 51, 92, 216-218, 

453, 2587, 2612-2623, 3690, 
4027-4028 

Sphaerotilus discophorus, 2614, 
2623 

Sphaerotilus natans, 52,91,217-
218, 453, 2123, 2125, 2612-
2618, 2623 

Sphagnaceae, cyanobacteria 
symbiont, 3822 

Spheroid 
Ca~ophanon, 1787 
Fervidobacterium, 3813-3814 

Spheroidene 
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purple nonsulfur bacteria, 2148 
Rhodocyclus, 2557 
sulfur bacteria, purple, 3212 

Spheroidenone, purple nonsulfur 
bacteria,2146,2148 

Spheroplast, 4069; see also 
Involution form 

Cytophagales, 3651 
Heliobacteriaceae, 1990 

Spheroplast L-form, 4075 
Sphingobacterium, 564, 3620-3627 
Sphingobacterium mizutae, 562 
Sphingomyelinase 

Clostridium, 1831 
Leptospira, 3571 
Listeria, 1610 

Spiee, Enterococcus, 1477 
Spider, Rickettsiella, 2480 
Spilonema, cyanobacteria symbiont, 

3822 
Spinach 

phloem-inhabiting bacteria, 4031 
Spiroplasma, 1967 

Spinal epidural abscess, 
Streptococcus, 1438 

Spinal fluid, see also Cerebrospinal 
fluid 

Mycobacterium, 1249 
tuberculostearic acid, 1257-1258 

Spinate bacteria, 2163 
Spiramycin resistanee/sensitivity 

Gemella, 1645 
Halobacteriaceae, 790-797 

Spirilla 
dinitrogen-fixing, 2236-2249 
Thiospira, 3941-3942 

Spirillaceae, 536, 2938, 2940 
Spirilloid sulfur reducer, 586 
Spirillospora, 219,1115,1126 
Spirillospora albida, 1115, 1120, 

1122, 1129, 1133 
Spirillospora rubra, 1120, 1129, 

1133 
Spirilloxanthin 

Ectothiorhodospira, 3225-3226 
E~throbacter, 2487 
purple nonsulfur bacteria, 2146, 

2148 
Rhodocyclus, 2557 
sulfur bacteria, purple, 3208-

3209, 3212 
Spirillum, 28, 89, 243, 453, 560, 

2562-2569, 3230 
Spirillum 5175, 3380-3381, 3388 
Spirillum bipunctatum, see 

Thiospira bipunctata 
Spirillum desulfuricans, 584 
Spirillum itersoni, 57 
Spirillum lipojerum, see 

Azospirillum lipojerum 
Spirillum marin um, see Vibrio 

marinus 
Spirillum minus, 2562, 2565 
Spirillum ostrea, 3968 
Spirillum pleomorphum, 2562, 

2565, 2570, 2576 
Spirillum pulli, 2562, 2565 
Spirillum sputigenum, see 

Selenomonas sputigena 
"Spirillum virginianum, " 3231 
Spirillum volutans, 64, 2126, 2360, 

2562-2569, 2580, 2625 
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Spirochaeta. 29, 33, 35, 37, 134, 
3524-3534 

Spirochaeta aurantia. 3524-3530, 
3533-3535 

Spirochaeta bajacaliforniensis. 3526 
Spirochaeta halophila. 3524-3527, 

3529, 3532-3534 
Spirochaeta isovalerica. 3524, 3526-

3527, 3529, 3534 
Spirochaeta litoralis. 3524-3527, 

3529, 3532-3534 
Spirochaeta plicatilis. 3524-3525, 

3527-3528, 3531, 3535 
Spirochaeta stenostrepta. 3524-

3527, 3529-3530, 3532, 3534 
Spirochaeta zuelzerae. 3524-3527, 

3529, 3534 
Spirochaetaceae, 3560, 3965 
Spirochaetae, 5 
Spirochete, 11-12, 15,64 

Borrelia. 3560-3566 
Clevelandina. 3965-3977 
Cristispira. 3965-3977 
Diplocalyx. 3965-3977 
free-living saccharolytic, 3524-

3534 
Hollandina. 3965-3977 
Leptospira. 3568-3579 
motility, 244-245 
Oceanospirillum. 3230-3235 
Pillotina. 3965-3977 
symbiotic, 3965-3977 
Treponema. 3537-3554 
viscotaxis, 254 

Spirochetosis, venereal rabbit, 
3537-3538 

Spiromonas cohnii. see Pelosigma 
cohnii 

Spiroplasma. 25,1941,1949,1952, 
1960-1975,4030,4033,4055, 
4059 

Spiroplasma apis. 1962-1963, 1965-
1966,1971 

Spiroplasma citri. 1941, 1945, 1951, 
1960-1961, 1963, 1966-1975, 
4042, 4054, 4057-4058, 4060 

Spiroplasma culicicola. 1963, 1965 
Spiroplasma jloricola. 1961, 1963, 

1965, 1972, 4054 
Spiroplasma kunkelii. 1960, 1963, 

1966-1968, 1970-1971, 1973, 
1975,4057-4058,4060 

Spiroplasma melliferum. 1961-
1963,1965,1971,1973 

Spiroplasma mirum. 1960, 1963, 
1966, 1968, 1970-1971 

Spiroplasma phoeniceum. 1963, 
1966, 1969 

Spiroplasma sabaudiense. 1964-
1965 

Spiroplasma taiwanense. 1964-1965 
Spiroplasmataceae, 1937-1938, 1961 
Spiroplasmavirus, 1970, 1973 
Spirosoma. 30 
Spirotrichonympha symbionts, 3856 
Spirotrichonymphella symbionts, 

3856 
Spirulina. 26, 538, 2073, 2081, 

2097, 3727 
Spirulina alba. 3676 
Spirulina platensis. 2062 

Spittlebug, fastidious bacteria of 
plant vascular tissue, 4034 

Spleen 
BartoneIla. 3998 
Brucella. 2392 
Salmonella. 2760 
Yersinia. 2866-2867 

Splenectomy, 4003 
spo genes, Bacillus. 1671, 1673-

1675, 1681 
Spondylitis, Brucella. 2390-2391 
Sponge 

cyanobacteria symbiont, 3822-
3823, 3835-3836 

Cytophagales, 3662 
sulfur bacteria, purple, 3202 

Spontaneous generation, 149-150 
Sporamycin, 1131 
Sporangioie, 3426, 3448, 3452, 

3454-3456, 3458-3461, 3463-
3464 

Sporangiophore 
Frankia. 1073 
Streptosporangiaceae, 1118, 1120, 

1128, 1132 
Sporangiospore, 68 

Actinoplanes. 69 
Sporangium 

Actinoplanes. 69 
Actinoplanetes, 216, 219-220, 

1029-1033, 1036, 1040, 1042, 
1045-1048 

Bacillus. 1663, 1673, 1698, 1714 
Dermatophilus. 1070 
Frankia. 1070, 1073-1076 
Geodermatophilus. 1070 
multilocular, 811 
Nocardiopsis. 1140 
Streptomycetaceae, 924, 927 
Streptosporangiaceae, 1115-1116, 

1120-1122, 1124, 1126, 1129, 
1133 

Sporaricin, 999, 1020 
Sporaviridin, 1133 
Spore, see also Endospore; Exospore 

Actinomycetes, 811-813 
Actinoplanaceae, 814 
Actinoplanetes, 216, 219-220, 

1029-1035, 1037, 1040-1042, 
1045-1048 

acti vation, 1670 
Bacillus. 67, 1663, 1670-1675, 

1686-1687, 1697-1699, 1705-
1713, 1716-1718, 1729-1732, 
1746-1750, 1757, 1759, 1769, 
3925-3926 

Chamaesiphon. 69 
Clostridium. 67, 1800-1804, 

1807, 1814, 1868, 1926 
Coxiella. 2471-2472 
Dermatophilus. 1070 
Desulfotomaculum. 1792, 1796-

1798 
diversity, 67-68 
Frankia. 814, 1070, 1072-1073, 

1075, 1078, 1080 
Geodermatophilus. 1070 
Haloanaerobiaceae, 1894, 1897-

1898 
halophilic cocci, 1780 
Heliobacteriaceae, 1985-1987, 

1990 

hydrogen-oxidizing bacteria, 
thermophilie, 3920, 3924-3926 

motile, 814 
Nocardiopsis. 1140, 1144-1146, 

1152 
Pseudonocardiaceae, 998-999, 

1001-1002, 1004, 10 10-10 15 
purple nonsulfur bacteria, 2146-

2147 
Saprospira. 3683 
Sarcina. 67, 1889 
Sporolactobacillus. 1772 
Sporomusa. 1926,2014-2018 
Sporosarcina. 1774, 1776-1778 
Streptomyces. 227-228, 813, 1146 
Streptomycetaceae, 923-929, 933-

936, 943, 947, 949-952, 960, 
962-964, 973 

Streptosporangiaceae, 1115-1120, 
1128-1133 

syntrophic bacteria, 2052 
Thermoactinomyces. 67, 70 
thermoanaerobic saccharolytic 

bacteria, 1905, 1907 
Thermomonosporaceae, 1085-

1086, 1092-1094, 1096, 1101, 
1103-1104 

Spore cloud, 1004 
Spore coat, 210 

Bacillus. 1672-1673, 1686 
Spore cortex, Bacillus. 1686 
Spore vesicle, Streptosporangiaceae, 

1115,1117,1128 
Sporichthya. 921-925, 927, 1141 
Sporichthya polymorpha. 927 
Sporocytophaga. 30, 93, 495-497, 

3468, 3631-3632, 3638-3644, 
3649-3657, 3660-3663 

Sporocytophaga cauliformis. 496-
497, 3660-3661 

Sporocytophaga congregata. 496-
497 

Sporocytophaga ellipsospora. 496-
497, 3643 

Sporocytophaga myxococcoides. 
461,480,482,496-497, 3631. 
3634-3635, 3643, 3652-3654, 
3656, 3658, 3663 

Sporocytophaga ochracea. 496-497 
Sporohalobacter. 25, 783, 1800, 

1816-1817, 1893-1899,2014, 
2018 

Sporohalobacter lortetii. 1821, 
1893-1899 

Sporohalobacter marismortui. 1893-
1899 

Sporolactobacillus. 25, 68, 210, 
1663, 1769-1774 

Sporolactobacillus broth, 1770-1771 
Sporolactobacillus growth medium, 

1771-1772 
Sporolactobacillus inulinus. 1770-

1773 
"Sporolactobacillus la evas . .. 1770, 

1772-1773 
"Sporolactobacillus racemicus, .. 

1770, 1772-1773 
Sporomusa. 25, 59, 300, 517-518, 

1800, 1816-1817, 1925-1926, 
2010, 2014-2020 

Sporomusa acidovorans. 520, 1926, 
2015, 2018-2020 



Sporomusa malonica, 517, 2014-
2015, 2018-2019 

Sporomusa ovata, 2014-2019 
Sporomusa paucivorans, 2005-2006, 

2010,2015,2017-2019 
Sporomusa sphaeroides, 2014-2016, 

2018-2019 
Sporomusa termitida, 517, 2015-

2020 
Sporophore 

actinoplanetes, 1048 
Streptosporangiaceae, 1118, 1126 
Thermomonosporaceae, 1104 

Sporosarcina, 25, 68, 210, 783, 
1663,1667,1770,1774-1782, 
1884 

Sporosarcina halophila, 1774-1782 
Sporosarcina sphaericus, 67, 1779 
Sporosarcina ureae, 87, 1667, 1670, 

1769,1774-1781,1784,1787 
Sporovibrio desulfuricans, see 

Desulfotomaculum nigrijicans 
Sporulation, 68 

Actinoplanaceae, 814 
actinoplanetes, 1042 
assessment, 132 
Bacillus, 210-212, 1670-1675, 

1681-1682,1688,1701-1706, 
1708-1724,1729-1730,1747, 
1759 

Clostridium, 1807 
Coxiella, 2471-2472 
Desulfotomaculum, 1797 
myxobacteria, 3463 
Sporolactobacillus, 1772 
Sporosarcina, 1777-1778 
Streptomyces, 228, 813 
Streptomycetaceae, 949-952 

Sporulation medium, Sporosarcina, 
1777 

Spotted fever, 2407-2408, 2411-
2421, 2427-2428 

Spring water 
Janthinobacterium, 2596 
Yersinia, 2880 

Sprue, tropical, see Tropieal sprue 
Sputum 

Cedecea, 2925-2926 
Citrobacter, 2745 
collection, 1249 
Comamonas, 2585 
denitrifying bacteria, 560 
digestion-decontamination, 1252-

1253 
Escherichia, 2722 
Ewingella, 2926 
Gordona, 1189, 1195-1196 
HaJnia. 2816 
Kluyvera, 2927 
Leclercia, 2928 
Legionella. 3287 
Mycobacterium. 1249-1253 
Neisseria, 2513 
Nocardia, 1195 
Oerskovia. 1333 
Rothia. 855 
Tatumella, 2932 
Tsukamurella, 1195-1196 
Yokenella. 2935 

SQ 28,504, Chromobacterium, 2595 
SQ 28,546, Chromobacterium. 2595 

Squalene production, myxobacteria, 
3448 

Squalene utilization, Arthrobacter, 
1286 

Square bacteria, 49 
Squid 

bioluminescent bacteria, 631 
Vibrio, 2998-2999 

SS agar, see Salmonella-Shigella agar 
ssp genes, Bacillus, 1671 
ST5 mineral medium, 

Cytophagales, 3641-3642 
ST6 agar 

Cytophagales, 3641, 3643, 3649 
Herpetosiphon, 3801 

ST6CX agar, Cytophagales, 3641 
STlO agar, Cytophagales, 3642-

3643 
ST21 agar, myxobacteria, 3425, 

3427, 3434, 3441 
ST21CX agar, myxobacteria, 3430 
Stacked disks, Pirellula, 3720 
Stagnant water, Aquaspirillum, 2573 
Stainer-Scholte medium, Bordetella 

pertussis, 2533 
Staining 

Mycobacterium, 1251 
Siderocapsaceae, 4110 

Stalk, 214-216 
Caulobacter, 50, 66-67 
dimorphie prosthecate bacteria, 

2187 
Gallionella, 4083, 4086 
Gemmata, 3724,3726 
myxobacteria, 3455 
Nevskia, 4089-4092 
Planctomyces, 3714-3717 
Planctomycetales, 3710 

Stamping technique, actinoplanetes 
isolation, 1039 

Standard-I-Agar, Carnobacterium, 
1574-1576 

STAPH Trac, 1384 
STAPHY test kit, 1384 
Staphylococcal agglutination test, 

Renibacterium. 1314 
Staphylococci, 1885 
Staphylococcus, 25, 38, 131, 137, 

151, 1300, 1302, 1320, 1450, 
1482, 1655, 1667, 1879 

ecology, 1371-1377 
exported proteins, 1393-1398 
genetics, 1398-1405 
historical aspects, 1369-1371 
identification, 1382-1393 
isolation, 1377-1382 
L-forms, 4068, 4070-4072,4077 
separation from micrococcus, 

1303-1304 
Staphylococcus albus, 1369 
Staphylococcus arlettae, 1371, 1373, 

1382-1383, 1387-1388 
Staphylococcus aureus, 131, 133, 

141-142,861,1176,1369-1379, 
1382-1405, 1439, 1455, 1472, 
1475,1570,1726,1885,2035, 
2927 

chromosomal map, 1403-1404 
L-forms, 4077 
methicillin-resistant, 1374 

Staphylococcus auricularis, 1371, 
1373, 1383, 1386, 1388 
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Staphylococcus capitis, 1371-1373, 
1382-1383, 1385-1386, 1388, 
1392 

Staphylococcus caprae, 1371-1373, 
1379, 1382-1383, 1386, 1388 

Staphylococcus carnosus, 1308, 
1371, 1383, 1387-1388, 1390, 
1392-1393, 1398, 1403-1404 

Staphylococcus caseolyticus, 1371, 
1382-1383, 1387-1388, 1390-
1391 

Staphylococcus chromogenes, 1371, 
1373, 1376, 1379, 1383, 1387 

Staphylococcus citreus, 1369 
Staphylococcus cohnii, 1371, 1373, 

1382-1383, 1387-1388, 1392-
1393 

Staphylococcus delphini, 1371, 1374, 
1383, 1387 

Staphylococcus epidermidis, 861, 
1371-1376, 1382-1383, 1386, 
1389-1393, 1396-1402, 1439 

methicillin-resistant, 1375 
Staphylococcus equorum, 1371, 

1373, 1382-1383, 1387-1388 
Staphylococcus Jelis, 1371, 1373, 

1375, 1383, 1387 
Staphylococcus gallinarum, 1371, 

1373, 1382-1383, 1387-1388, 
1396 

Staphylococcus haemolyticus, 1371-
1372, 1375, 1382-1383, 1386, 
1388, 1392, 1397, 1401 

Staphylococcus hominis. 1371-1372, 
1375, 1382-1383, 1386, 1388, 
1390, 1392, 1399 

Staphylococcus hyicus, 1371, 1373-
1374, 1378, 1383, 1385, 1387-
1388, 1390, 1393, 1397, 1404 

Staphylococcus intermedius, 1371, 
1373-1374, 1378, 1383, 1387-
1390 

Staphylococcus kloosii, 1371, 1373, 
1382-138~ 1387-1388 

Staphylococcus lentus, 1373, 1382-
1383, 1385, 1387, 1391 

Staphylococcus lugdunensis, 1371, 
1382-1383, 1386 

Staphylococcus parvulus, see 
Veillonella 

Staphylococcus saccharolyticus. 
1371, 1382-1383, 1386, 1388, 
1885 

Staphylococcus salivarius, see 
Stomatococcus mucilaginosus 

Staphylococcus saprophyticus, 480, 
1371, 1373, 1375-1377, 1382-
1383, 1387-1388, 1390, 1392 

Staphylococcus schleiferi, 1371, 
1375, 1383, 1386 

Staphylococcus sciuri, 1371, 1373, 
1382-1383, 1385, 1387, 1391-
1392 

Staphylococcus "simians," 1372 
Staphylococcus simulans. 1371, 

1375, 1383, 1387-1388, 1393, 
1401 

Staphylococcus warneri, 1371-1372, 
1375, 1382-1383, 1386, 1388, 
1392 

Staphylococcus xylosus. 1308, 1371, 
1373-1374, 1382-1383, 1387-
1388, 1390, 1392, 1401, 1403 
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Staphyloferrin, 1397 
Staphylokinase, Staphylococcus. 

1394-1395 
Staphylothermus. 85, 677-682, 707 
Staphylothermus marinus. 678, 681 
Star formation, 93 
Stareh hydrolysis, 93, 1132 

Aeromonas. 3027 
Alcaligenes. 2549 
Alteromonas. 3055 
anaerobic Gram-positive eoeei, 

1889 
Archaeoglobus.710 
Arthrobacter. 1292-1293 
Azotobaeteraceae, 3150 
Bacillus. 1669, 1761-1762 
Bi/ldobacterium. 821, 825 
Blastobacter. 2174 
Brochothrix. 1625 
Butyrivibrio. 2028, 2030 
Clostridium. 1804, 1810, 1814, 

1824, 1829, 1831-1832, 1837, 
1874 

Corynebacterium. 1159, 1178-
1179 

Cytophagales, 3658, 3663-3664 
Derxia. 2606 
Flavobacterium. 3624 
Gardnere/la. 918 
Haliscomenobacter. 3690 
Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797, 800 
Herpetosiphon. 3800, 3802 
hydrogen-oxidizing baeteria, 3925 
Jonesia. 1339 
Klebsiella. 2781 
Lactococcus. 1489 
Lysobacter. 3266, 3268 
Marinomonas. 3055 
Microbacterium. 1365 
myxobaeteria, 3467 
Pediococcus. 1505 
Promicromonospora. 1337 
Propionibacterium. 845 
Pseudomonadaeeae, 3081 
Pseudomonas. 3095 
Roseburia. 2029 
Saccharothrix. 1064 
Saprospira. 3685 
Spirochaeta. 3527 
Sporosarcina. 1779 
Streptobacillus. 4024 
Streptococcus. 1427-1428, 1433, 

1458 
Streptomycetaeeae, 927, 933, 944 
Streptosporangiaeeae, 1127-1128, 

1130-1131 
Succinimonas. 3980 
Succinivibrio. 3980 
sulfidogenie baeteria, 587 
thermoanaerobie saeeharolytie 

baeteria, 190 I, 1904, 1906, 
1908-1909 

Thermomonosporaceae, 1102-
1103 

Thermotoga. 3810 
Verrucomicrobium. 3808 
Yersinia. 2894 

Stareh hydrolysis agar, 1761-1763 
Stareh plate, Thermoplasma.713-

714 
Stareh-ampicillin agar 

Aeromonas. 3025 
Vibrionaceae, 2948 

Stareh-casein agar 
Pseudonocardiaceae, 1003 
Saccharothrix. 1062-1063 
Thermomonosporaeeae, 1094-

1096 
Stareh-casein-arginine medium, 

Pseudonocardiaceae, 1005 
Stareh-casein-nitrate agar 

aetinoplanetes, 1038, 1051 
Pseudonocardiaceae, 1003-1004 
Streptomycetaeeae, 945, 947 

Stareh-casein-sulfate agar, 
actinoplanetes, 1040-1041, 
1051 

Starch-manganese carbonate 
medium, Sideroeapsaeeae, 
4104,4106 

Star-shaped aggregate, Seliberia. 
2490-2493 

Star-shaped bacteria, Ste/la. 2167-
2169 

Starter eulture 
eitrate-fermenting bacteria, 1486 
Lactobacillus. 1546-1548, 1552-

1553, 1558 
Lactococcus. 1482-1483, 1487, 

1493-1496 
Leuconostoc. 1513-1514, 1517-

1518, 1527 
Pediococcus. 1504 
phage eontamination, 1494-1496 
production and preservation, 

1487-1488 
Starvation, 89, 255 
Starvation-survival form, 267-269 
Starvation-survival strategy, 

Spirochaeta. 3528 
State (taxonomie definition), 129 
Stationary fixed-film reaetor, 

downflow, 759 
Stationary growth phase, 158 
Stearate utilization 

sulfate-reducing baeteria, 3363 
syntrophie baeteria, 2049 

Steel pipe eorrosion, 406 
Stella. 27, 2132, 2167-2169, 3806 
Stella humosa. 2167, 2169 
Stella maintenanee medium, 2168-

2169 
Stella vacuolata. 2167,2169 
Stellate strueture, manganese-

oxidizing bacteria, 2312 
Stern eanker, Curtobacterium. 1363 
Stern nodule, 541, 2198-2199 
Stentor multi/ormis. 3876 
Stentor polymorphus. 3876 
Sterile eabinet, 169 
Sterile room, 169 
Sterilization 

arthropod, 2423 
Bacillus spores as indicators, 

1687 
equipment, 171-173 
with heat, 171-172 
indicators, 171 
medium, 170-173 
nodule surfaee, 2205 
plant surface, 4035-4037 
seed surface, 2206 
without heat, 172-173 

Steroid produetion, myxobaeteria, 
3448, 3467 

Steroid transformation 
Clostridium. 1821, 1833, 1839 
Comamonas. 2588 
Eubacterium. 1914-1915, 1918-

1921 
Mycobacterium. 1231 
Nocardiaeeae, 1203-1205 

Sterol, aphid symbiont, 3910 
Sterol requirement 

mycoplasma, 1938, 1949 
Spiroplasma. 1974 

Sterol surrogate, 134 
Stewart's disease, maize, 2910 
STG medium, myxobaeteria, 3437 
Stiekland reaetion, 290, 302, 1801, 

1834-1835 
Stigmatella. 29, 68, 3426, 3432, 

3442, 3448, 3452-3453, 3463, 
3471-3472 

Stigmatella aurantiaca. 70-71, 224-
227, 2134, 3416-3422, 3426, 
3432-3437, 3440, 3447-3450, 
3454-3464, 3467-3468, 3472 

Stigmatella cellulosum. 3467 
Stigmatella erecta. 66, 3418-3419, 

3421-3422, 3426, 3454-3455, 
3458-3459, 3461, 3463, 3472 

Stigmatellin, 3475-3476 
Stigonema. 538, 2076, 3822, 3827 
Stigonematalean cyanobacteria, 326, 

328 
Stigonematales, 2059, 2069, 2073-

2076,3827 
STK2 agar 

Cytophagales, 3646-3647 
myxobaeteria, 3432 

Stock eulture, preservation, 182-183 
Stoekhausen, E, 153 
Stokes' medium, Sphaerotilus. 2615 
Stolbur myeoplasma-like organism, 

4057-4060 
Stomaeh 

Helicobacter, 3491 
Lactobacillus. 1538-1540, 1542 

Stomatitis 
Aeromonas. 3020 
diphtheroid, see Diphtheroid 

stomatitis 
Stomatococcus. 24, 51, 1320-1321, 

1323, 1450 
Stomatococcus mUcilaginosus. 52, 

1320-1321 
Stool, see Feces 
Storage granule, homoacetogens, 

1931 
Strain Gralval, 279, 281 
Strain HQGöl, 279 
Strain improvement, 197-203 
Strain MH-IIO, 374-375 
Strain NSF-2, 279 
Strain PA-I, 280-281 
Strain PA-2, 280-281 
Strain SF-l, 279 
Strain THF, 279-280 
Stratified lake, 95-97 
Straw medium, Paramecium with 

endosymbiont, 3869 
Strawberry green petal myeoplasma

like organism, 4056-4057 
Streak plate, 176 



Streak-stab plate, Streptococcus, 
1454 

Streblomastix strix symbionts, 3856 
Strep base, 1423 
Streptoalloteichus, 922-924, 1085, 

1090, 1096, 1141 
Streptoalloteichus hindustanicus, 

1143 
Streptobacillus monilijormis, 3340, 

3342, 4023-4024, 4068 
L-forms, 4023, 4068, 4074, 4077 

Streptococci, 1884 
Streptococcus, 32, 37-38, 131, 151, 

811, 1178, 1369, 1482, 1516, 
1521, 1526, 1655, 1879-1880, 
2035,2510 

group A, 1430, 1451, 1456, 1459-
1460 

group B, 1451-1452, 1456-1457, 
1459-1460 

group C, 1430, 1451-1453, 1456-
1457, 1459-1460 

group D, 1439, 1451, 1453, 1457, 
1459, 1465 

group F, 1428, 1430 
group G, 1428, 1430, 1451-1453, 

1456-1457, 1459-1460 
group H, 1429 
Lancefield serology, 1455-1456 
L-forms, 4068-4073, 4077-4078 
medical, 1450-1461 
nutritionally variant (NVS), 1422, 

1426, 1433-1434, 1439-1440 
oral, 1421-1441 

Streptococcus adjacens, 1426, 1433, 
1435, 1440 

Streptococcus agalactiae, 1401, 
1438,1451-1452,1456-1457, 
1472 

Streptococcus alactolyticus, 1465, 
1467 

Streptococcus anginosus, 1423, 
1426, 1428-1430, 1435, 1438-
1440,1451,1453,1457,1884-
1885 

Streptococcus bovis, 110, 1438, 
1440,1451-1453,1456-1458, 
1465-1467, 1477 

Streptococcus canis, 1452 
Streptococcus cecorum, see 

Enterococcus cecorum 
Streptococcus constellatus, 1426, 

1428-1430, 1435, 1438-1440, 
1885 

Streptococcus cremoris, 165 
Streptococcus cricetus, 1425-1427 
Streptococcus d~rectivus, 1426, 1433, 

1435, 1440 
Streptococcus downei, 1425-1427 
Streptococcus dysgalactiae, 1451-

1452 
Streptococcus equi, 1451-1452 
Streptococcus equinus, 1465, 1467 
Streptococcus equisi milis, 1451-

1452 
Streptococcus faecalis, see 

Enterococcus faecalis 
Streptococcus faecium, see 

Enterococcus faecium 
Streptococcus ferus, 1425-1427 
Streptococcus gordonii, 1423, 1426, 

1429-1432, 1435, 1440 

Streptococcus hansenii, 1421, 1885 
Streptococcus intermedius, 1426, 

1428-1430, 1435, 1437-1440, 
1885 

Streptococcus lactis, see Lactococcus 
lactis 

Streptococcus macacae, 1425-1427 
Streptococcus MG, 1428 
Streptococcus milleri, 1421-1422, 

1425, 1434, 1437-1440 
Streptococcus milleri group, 1426, 

1428-1430 
Streptococcus mitior, see 

Streptococcus oratis 
Streptococcus mitis, 856, 1423, 

1425-1426, 1430-1435, 1440, 
2039 

Streptococcus morbillorum, 1421, 
1643-1644 

Streptococcus mutans, 93, 109, 165, 
1421-1427, 1434-1441, 1472, 
2037-2039 

Streptococcus oratis, 1423, 1425-
1426, 1430-1435, 1438-1440 

Streptococcus parasanguis, 1423, 
1426, 1430-1431, 1435 

Streptococcus parvulus, 1421, 1884-
1885 

Streptococcus pleomorphus, 1421, 
1885 

Streptococcus pneumoniae, 53, 132, 
1402, 1422, 1425-1426, 1432, 
1451-1453, 1456, 1460, 1472 

Streptococcus pyogenes, 132, 1438, 
1451-1453, 1456-1457, 1459-
1460, 1472, 1630 

L-forms, 4074, 4076-4077 
Streptococcus rattus, 1425-1427 
Streptococcus salivarius, 109, 1422-

1428, 1432, 1434-1435, 1438, 
1440,1486,1488,1492, 1547, 
2036, 2038-2039 

Streptococcus salvarius group, 1426-
1428 

Streptococcus sanguis, 856, 1422-
1426, 1429-1435, 1438-1440, 
1472, 1475,2037-2041 

Streptococcus sobrinus, 1423, 1425-
1427, 1435-1437 

Streptococcus suis, 1465, 1467 
Streptococcus thermophilus, 165, 

829, 1426-1428, 1470, 1547, 
1553 

Streptococcus vestibularis, 1422-
1424, 1426-1428, 1435, 1440 

Streptococcus zooepidemicus, 1451-
1452 

Streptokinase, Streptococcus, 1459 
Streptolysin, Streptococcus, 1459 
Streptomyces, 24, 38, 51-52,227-

228, 660, 811-814, 921-980, 
1052-1055, 1090, 1140-1143, 
1149, 1396, 3074 

cellulotytic, 497-498 
Streptomyces achromogenes, 975 
Streptomyces acidiscabies, 938-939 
"Streptomyces acidophilus, " 930 
Streptomyces albidojlavus, 943, 975 
Streptomyces albogriseolus, 480 
Streptomyces alboniger, 955 
"Streptomyces alborubidus, " 931 
Streptomyces alboverticillatus, 979 
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Streptomyces albus, 934-935,941, 
955, 970-971, 975, 978-979 

Streptomyces almquisti, see 
Streptomyces albus 

Streptomyces aminophilus, 975 
Streptomyces antibioticus, 497, 932-

933, 975, 977-978 
Streptomyces antimycoticus, 964 
Streptomyces anulatus, 975 
Streptomyces atroolivaceus, 955, 976 
Streptomyces aurantiacus, 955 
Streptomyces aureofaciens, 938 
"Streptomyces autotrophica, " see 

Amycolata autotrophica 
Streptomyces autotrophicus, see 

Amycolata autotrophica 
Streptomyces avermitilis, 978 
Streptomyces avidinii, 976 
Streptomyces badius, 497, 955 
Streptomyces bikiniensis, 972, 979 
Streptomyces bluensis, 964 
Streptomyces bobili, 976 
Streptomyces caeruleus, 930, 1144 
Streptomyces caespitosus, 978 
Streptomyces calijornicus, 955 
Streptomyces canarius, 955, 975 
Streptomyces candidus, 941 
Streptomyces canescens, 931 
Streptomyces cattleya, 978 
Streptomyces cavourensis, 931 
Streptomyces cellulojlavus, 480 
Streptomyces chartreusis, 978 
Streptomyces chromofuscus, 975 
Streptomyces cinereoruber, 955 
Streptomyces cinnamomensis, 978 
Streptomyces clavuligerus, 976, 978 
Streptomyces coelescens, 975 
Streptomyces coelicolor, 68, 227-

228, 813, 941, 955-958, 970-
971, 975-976, 979 

Streptomyces coeruleorubidus, 978 
Streptomyces cyaneus, 955, 975, 978 
Streptomyces diastaticus, 975 
Streptomyces echinatus, 955 
Streptomyces erythreus, see 

Saccharopolyspora erythreus 
Streptomyces erythrochromogenes, 

978 
Streptomyces erythrogriseus, 976 
Streptomyces eurythermus, 935, 955, 

975 
Streptomyces exfoliatus, 975 
Streptomyces jilipinensis, 979 
Streptomyces jlaveolus, 938 
Streptomyces jlavogriseus, 480, 497, 

932,979 
Streptomyces jlavotricini, 955 
Streptomyces jlavoviridis, 955 
Streptomyces jloridae, 976 
Streptomyces fradiae, 933, 955, 

978-979 
Streptomyces fragilis, 955 
Streptomyces fulvissimus, 975 
Streptomyces galbus, 955, 975 
"Streptomyces gedaensis, " 941 
Streptomyces ghanaensis, 976 
Streptomyces glaucescens, 955 
Streptomyces griseinus, 972 
Streptomyces griseoaurantiacus, 979 
Streptomyces griseojlavus, 935, 975 
Streptomyces griseoruber, 955, 975 
Streptomyces griseoviridis, 975 
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Streptomyces griseus. 813.933-934, 
93~ 940-941, 952-955, 95~ 
960, 971-973, 975-979, 1117, 
1146 

Streptomyces halstedii. 975 
Streptomyces hirsutus. 955 
"Streptomyces horton. " 941 
Streptomyces hydrogenans. 931 
Streptomyces hygroscopicus. 933, 

955, 975-976, 978-979 
Streptomyces ipomoea. 938, 940, 

976 
Streptomyces kanamyceticus. 975-

979 
"Streptomyces karnatakensis, " 964 
Streptomyces lateritius, 955 
Streptomyces lavendulae, 941, 955, 

972, 975-977 
Streptomyces limosus, 933 
Streptomyces lincolnensis, 978 
Streptomyces listeri, see 

Nocardiopsis listeri 
Streptomyces litmocidini, 956, 975 
Streptomyces lividans, 480, 488, 

497,499,933,971,1105-1106, 
1228 

Streptomyces longispora, 955 
Streptomyces longispororuber, 955-

956,975 
Streptomyces luteofluorescens, see 

Actinomadura luteofluorescens 
Streptomyces lydicus, 975 
Streptomyces macrosporus, 935 
Streptomyces malachiticus. 930, 955 
"Streptomyces malachitorectus, " 

955 
Streptomyces massasporeus, 933 
Streptomyces mauvecolor, 976 
Streptomyces michiganensis, 975-

976 
Streptomyces microflavus, 975 
Streptomyces mirabilis, 955 
Streptomyces misionensis, 975 
Streptomyces murinus, 975, 979 
Streptomyces niger, 975 
Streptomyces nigrescens, 975 
Streptomyces nigrijaciens, 955 
Streptomyces nitrosporeus, 480, 933 
Streptomyces nodosus, 978 
Streptomyces noursei, 978 
Streptomyces olivaceoviridis, 975 
Streptomyces olivaceus, 935, 938, 

975 
Streptomyces olivochromogenes, 

480, 497 
Streptomyces olivoreticuli, 979 
Streptomyces olivoviridis, 955 
"Streptomyces orientalis, " see 

Amycolatopsis orientalis 
"Streptomyces pallidus, " 925 
Streptomyces paraguayensis, 941 
Streptomyces parvulus, 975 
Streptomyces peuceticus, 976, 978 
Streptomyces phaeochromogenes, 

955, 975 
Streptomyces prasinus. 955, 975 
Streptomyces preacox, 933 
Streptomyces pristinaespiralis, 978 
Streptomyces purpeofuscus, 955 
Streptomyces purpurascens, 955-

956, 975-976 
Streptomyces purpureus, 975 

Streptomyces ramulosus, 955 
Streptomyces rectus, 935 
Streptomyces rimosus, 941, 955, 

975, 977-978 
Streptomyces rochei, 975 
Streptomyces sampsonii, 938 
Streptomyces scabies, 662, 937-940, 

949 
Streptomyces setonii, 938 
Streptomyces sindenensis, 976 
Streptomyces somaliensis, 940-941, 

976 
Streptomyces spec, 933 
Streptomyces spectabilis, 955, 979 
Streptomyces tanashiensis, 979 
Streptomyces tendae, 955 
Streptomyces tenjimariensis, 977 
Streptomyces thermodiastaticus, 

497, 932, 935 
Streptomyces thermoflavus, 935 
Streptomyces thermofuscus, 935 
Streptomyces thermolineatus, 935 
Streptomyces thermonitri./icans, 935 
Streptomyces thermophilus, 935 
Streptomyces thermoviolaceus, 934-

935 
Streptomyces thermovulgaris, 480, 

497, 934-935 
Streptomyces torulosus, 964 
Streptomyces toxytricini, 955 
Streptomyces venezuelae, 973, 978 
Streptomyces verne, 953 
Streptomyces violaceoruber, 934-

935, 941, 956, 970-971, 976, 
979 

Streptomyces violaceus, 955, 975 
Streptomyces violaceusniger, 975, 

978 
Streptomyces virginiae, 813, 975 
Streptomyces viridochromogenes, 

955, 960, 970, 978 
Streptomyces viridosporus, 480, 

497-498, 932 
Streptomyces willmorei, 941 
Streptomycetaceae, 24, 921-980, 

1117 
Streptomycetes, 811 
Streptomycin production, 813 

Streptomycetaceae, 978 
Streptomycin resistance/sensitivity 

Anaplasmataceae, 3995 
aphid symbiont, 3907 
Bacillus, 1728 
Bartonellaceae, 3995, 3999 
Bi./idobacterium, 829 
Brucella, 2395 
Campylobacter, 3499 
Caryophanon, 1787-1788 
Citrobacter, 2749 
Clostridium, 1871 
Edwardsiella, 2741 
Erythrobacter, 2488 
Flavobacterium, 3627 
Francisella, 3989 
Hafnia, 2820 
Halobacteriaceae, 789-797 
Halomonas, 3185 
Leptospira, 3574 
L-forms, 4077 
Listeria, 1608 
Lysobacter, 3266 
methanogens, 724 

Methylobacterium, 2346 
myxobacteria, 3467 
Neisseria, 2498 
phytopathogenic pseudomonads, 

3111 
Propionibacterium, 841 
Pseudonocardiaceae, 1013 
Psychrobacter, 3245 
Rochalimaea, 2444 
Roseobacter, 2157 
Salmonella, 2770 
Serratia, 2830 
thermoanaerobic saccharo1ytic 

bacteria, 1904 
Vibrio, 2984 
Yersinia, 2878, 2891 
Zymomonas, 2294 

Streptomycin su1fate-thallous 
acetate-actidione agar, 
Brochothrix. 1622 

Streptonigrin, 979 
Streptosporangiaceae, 1029, 1115-

1134 
Streptosporangium, 24, 219, 936, 

1070, 1115-1134 
Streptosporangium albidum, 1128, 

1131-1132 
Streptosporangium album, 1118, 

1128,1132 
Streptosporangium amethystogenes, 

1128, 1132 
"Streptosporangium bovinum, " 1122 
Streptosporangium brasiliense, 1130 
Streptosporangium corrugatum, 

1128,1132 
Streptosporangium fragile, 1128, 

1132-1133 
Streptosporangium indica, 1133 
Streptosporangium karnatakensis, 

1133 
Streptosporangium longisporum, 

1132 
Streptosporangium nondiastaticum, 

1132 
Streptosporangium pseudovulgare. 

1131-1133 
Streptosporangium roseum, 1085, 

1115,1117,1132 
Streptosporangium 

violaceochromogenes, 1131-
1132 

Streptosporangium viridialbum, 
1132 

Streptosporangium viridogriseum, 
1128, 1130, 1132-1133 

Streptosporangium vulgare, 1132 
Streptothrix, see Haliscomenobacter 
Streptothrix dassonvillei, see 

Nocardiopsis dassonvillei 
Streptothrix hyalina, see 

Haliscomenobacter hydrossis 
Streptotrichosis, 814, 1346-1349 
Streptoverticil!ium, 25, 921-980, 

1301 
Streptoverticillium baldaccii, 1117 
Streptoverticillium cinnamomeum, 

965 
Streptoverticil!ium mobaraense, 965 
Streptoverticil!ium netropsis, 965, 

972 
"Streptoverticillium reticulum, " 965 
Streptoverticil!ium septatum, 965 



Stress, cyanobacteria, 2095-2096 
Strigomonas, symbionts, 3856 
"String of pearls" test, Bacillus, 

1758 
String test, Vibrio, 2974, 2983 
Strobilomonas cyaneus, 3838 
Stromatolite, 13, 742,2081 
Strontium binding, Zoogloea, 3962 
Strontium chloride B enrichment 

broth, Edwardsiella, 2739-2740 
Stuart medium 

Actinomyces, 872 
Leptospira, 3575 

Stubborn disease 
citrus, 4042 
Spiroplasma, 1960-1962 

Stunting disease 
bermudagrass, 4030 
Clavibacter, 1359 
legume, 1359 
ragweed, 4031 
Spi roplasma, 1960, 1962-1963, 

1966-1967,1973 
"Stygiolobus, .. 685-686 
"Stygiolobus azoricus," 685-686, 

690-693 
Stylosanthes, rhizobia, 2202 
Styrene oxide utilization, 

Xanthobacter, 2379 
Styrene utilization, Xanthobacter, 

2379 
Subcutaneous infection, 

Fusobacterium, 4116 
Subdural empyema 

Actinomvces, 860 
Eikenelia corrodens, 2671 

Suberate utilization 
Alcaligenes, 2549 
Azotobacteraceae, 3153 
Comamonas, 2586 
Deleva, 3195 
Psychrobacter, 3243 
rhizobia, 2200 

Submerged microscopy, 266 
Submerged process, vinegar 

production, 2281 
Submerged surface, dimorphie 

prosthecate bacteria, 2180, 2191 
Subphrenic abscess, Gemella, 1651 
Subspecies, 128 
Substrate affinity, 78-79 
Substrate level phosphorylation, 

anaerobes, 304-306 
Subsurface brine waters, 

Haloanaerobiaceae, 1896 
Subsurface growth, Serpens, 3238-

3239 
Subtilin production, Bacillus, 1688 
Subtilin resistance/sensitivity, 

methanogens, 757 
Subtilisin, 201 
Subtilisin production, Bacillus, 1689 
Succession, bacteria on surfaces, 

264-265 
Succinamidase, Mycobacterium, 

1219 
Succinamopine, 2217 
Succinate dehydrogenase 

Butyrivibrio, 2030 
Lysobacter, 3265 
Micrococcus, 1306 
Staphylococcus, 1389 

sulfidogenic bacteria, 607 
syntrophic bacteria, 286-287 

Succinate 2,6-dichlorophenol
indophenol reductase, 
Chlorojlexus, 3769 

Succinate minimal medium, 
manganese-oxidizing bacteria, 
2316 

Succinate oxidase, Staphylococcus, 
1391 

Succinate oxidoreductase, 
Pectinatus, 2000 

Succinate-ubiquinone 
oxidoreductase, Paracoccus 
denitrificans, 2328 

Succinate utilization 
Agrobacterium, 663 
Alteromonas, 3061 
anaerobes, 304 
Arthrobacter, 1285 
Azospirillum, 2241 
Chlorojlexus, 3765 
Curtobacterium, 1363 
Deleya, 3194 
Enterobacter, 2806 
Frankia, 1074 
Halobacteriaceae, 789-797 
Heliobacteriaceae, 1988 
Kurthia, 1659 
Listeria, 1606 
Marinomonas, 3061 
Methylobacterium, 2347 
Micrococcus, 1304 
Paracoccus, 2323 
Propionigenium, 3948-3951 
Pseudonocardiaceae, 1017 
Psychrobacter, 3243 
purpIe nonsulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyc/us, 2558 
Rochalimaea, 2444 
Spirillum, 2567 
Sporomusa, 2015, 2018-2019 
sulfate-reducing bacteria, 3370 
sulfidogenic bacteria, 587-588, 

610 
sulfur bacteria, colorless, 2643, 

2649 
sulfur-reducing bacteria, 3381, 

3387 
Xanthobacter, 2373, 2376 
xylem-inhabiting bacteria, 4041 
Xylophilus, 3135 

Succinic acid production, 82 
Actinomyces, 855, 885-886 
anaerobic Gram-positive cocci, 

1888-1889 
Anaerobiospirillum, 3981 
Bacteroides, 3595, 3597, 3600, 

3604 
Bi/idobacterium, 823 
cellulolytic bacteria, 480, 486 
Cellulomonas, 1327 
Clostridium, 1825-1826, 1828, 

1832, 1868 
Cytophaga1es, 3658 
Fusobacterium, 4121 
Gemella, 1649 
Leptotrichia, 3984 
Mobiluncus, 910-911, 913 
Pectinatus, 1999-2000 
purpie nonsulfur bacteria, 2150 
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Ruminobacter, 3981 
Selenomonas, 2009 
Spirochaeta, 3529, 3534 
Streptomycetaceae, 968 
Succinimonas, 3979-3980 
Succinivibrio, 3979-3981 
syntrophic bacteria, 2055 
Treponema, 3553 

1-143 

Succinic acid requirement, 
Wolinella, 3520 

Succinimonas, 910 
Succinimonas amylolytica, 110, 

3979-3981 
Succinivibrio, 88, 910 
Succinivibrio dextrinosolvens, 3979-

3981 
Succinogen, 81 
Succinoglycan degradation, 

Cytophagales, 3658 
Succinyl-CoA:acetate-CoA 

transferase, sulfidogenic 
bacteria, 602 

Succinyl-CoA:acid-CoA transferase, 
608 

Suckling mouse cataract agent, see 
Spiroplasma mirum 

Sucrase, Bacillus, 1684-1685 
Sucrose agar, Lactobacillus, 1556-

1557 
Sucrose peptone medium, 

phytopathogenic 
pseudomonads, 3121 

Sucrose utilization 
Actinobacillus, 3340, 3347 
Actinomyces, 889 
Aerococcus, 1506 
Aeromonas, 3028 
Agrobacterium, 664 
Alcaligenes, 2549 
Alteromonas, 3061 
anaerobic Gram-positive cocci, 

1886-1890 
Arcanobacterium, 889 
Arthrobacter, 1285 
Azospirillum, 2241-2242 
Bacillus, 1684-1685, 1708 
Bacteroides, 3600, 3603 
Bi/idobacterium, 827 
Bordetella, 3340 
Brucella, 3340 
Buttiauxella, 2926 
Butyrivibrio, 2028 
Capnocytophaga, 3340 
Cardiobacterium, 3340-3341 
Cedecea, 2926 
Citrobacter, 2748 
Clostridium, 1829, 1868, 1870, 

1874-1876 
Corynebacterium, 1159, 1163, 

1178-1179 
Deinococcaceae, 3736, 3741 
Edwardsiella, 2740-2741 
Eikenella, 2670, 3340 
Enterobacter, 2807-2808, 2810 
Enterobacteriaceae, 2924 
Erysipelothrix, 1635 
Escherichia, 2698 
Flavobacterium, 3624 
Francisella, 3990 
Haemophilus, 3318-3320,3340 
Hajnia, 2817-2819 
Haliscomenobacter, 3690 
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Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
hydrogen-oxidizing bacteria, 364, 

366 
Kingella, 3340 
Klebsiella, 2786-2787 
Kluyvera, 2926 
Lachnospira, 2024 
Lactobacillus, 1563-1565 
Leptothrix, 2614 
Leuconostoc, 1521-1523 
Lysobacter, 3265, 3268 
Marinomonas, 3061 
Microbacterium, 1365 
Micrococcus, 1304 
Neisseria, 2496-2497,2506,2515 
Nocardiaceae, 1202 
Nocardiopsis, 1152 
Pasteurella, 3340 
Pediococcus, 1504-1505 
Photobacterium, 2980 
Plesiomonas, 3036 
Propionibacterium, 840, 845 
Pseudonocardiaceae, 1015 
rhizobia, 2200, 2210 
Rothia, 889 
Saccharothrix, 1064 
Selenomonas, 2010 
Serratia, 2837, 2839 
Shigel!a, 2755-2756 
Simonsiellaceae, 2666 
Sphaerotilus, 2614 
Sporolactobacillus, 1773 
Staphylococcus, 1384, 1386-1387 
Streptobacil!us, 3340, 4024 
Streptococcus, 1431, 1436 
thermoanaerobic saccharolytic 

bacteria, 190 I, 1908-1909 
Thermomicrobium, 3776 
Thermomonosporaceae, I 103 
Thermus, 3748 
Treponema, 3551 
Vibrio, 2974-2975, 2977-2978, 

2980, 2989, 2991, 2994, 3027 
Xanthobacter, 2365 
Yersinia, 2688, 2864-2865 
Zymomonas, 2290, 2292 

Sudan black stain, Gemella, 1648 
Sufonamide resistance/sensitivity, 

Enterococcus, 1466 
Sugar (agricultural commodity) 

Lactobacillus, 1550-1551 
Leuconostoc, 1515 

Sugar basal broth, Leuconostoc, 
1519 

Sugar beet 
Clavibacter, 1359 
Clostridium, 1837 
Erwinia, 2903, 2910 
pathogen, 667 
phloem-inhabiting bacteria, 4031 
Phyllobacterium, 2602 
rosette disease, 4031 
scab, 937-940, 949 
Sporomusa, 2014 
Streptomycetaceae, 937-940, 949 

Sugar beet root-maggot, Serratia, 
2826 

Sugar pattern 
Actinomyces, 882-883 
actinoplanetes, 1043-1044 
Arcanobacterium, 882 

assay,883 
Nocardiopsis, 1140-1142 
Pseudonocardiaceae, 1009 
Rothia, 882 
Streptomycetaceae, 921-922, 952 
Thermomonosporaceae, 1090 

Sugar phosphate phosphohydrolase, 
Neisseria, 2506 

Sugar transport, 201-202 
Staphylococcus, 1385-1388 

Sugarcane 
acetic acid bacteria, 2273, 2275-

2276 
Azospirillum, 2237, 2246 
Beijerinckia, 2265 
Cellulomonas, 1329 
Klebsiella, 2776 
nitrogen-fixing bacteria, 543 
ratoon stunting disease, 4030 

Sugarcane juice, Zymomonas, 2287 
Sugarcane white leaf mycoplasma

like organism, 4060 
Sulfadiazine resistance/sensitivity 

Chlamydia, 3692 
Edwardsiella, 2741 
L-forms, 4077 
Propionibacterium, 837 
Vibrio, 2984 
Yersinia, 2891 

Sulfamethoxazole resistance/ 
sensitivity, Clostridium, 1867, 
1871 

Sulfamethoxazole-trimethoprim 
resistance/sensitivity 

Streptococcus, 1456 
Yersinia, 2891 

Sulfanamide resistance/sensitivity 
Anaplasmataceae, 3995 
Bartonellaceae, 3995 

Sulfatase, Brochothrix, 1625 
Sulfate production 

sulfur bacteria, colorless, 2641, 
2647 

sulfur bacteria, purple, 3214 
Sulfate reductase, He1iobacteriaceae, 

1984 
Sulfate transport, Alteromonas, 

3064 
Sulfate utilization 

purple nonsulfur bacteria, 2151 
Rhodocyclus, 2557 

Sulfate-reducing bacteria, 12-13, 
57-58, 81, 276-291, 294, 305-
308, 338-339, 448, 461, 583-
613, 721, 1928,2133-2134, 
3379, 3468 

Archaeoglobus, 707-710 
Desulfotomaculum, 1792-1798 
filamentous, 3365 
homoacetogens, 1926 
Rhodocyclus, 2557 
thermophilic, 3390-3392 
thiophi1ic, 3379, 3382-3388 

Sulfide, see also Hydrogen sulfide 
removal as elemental sulfur, 405 

Sulfide dehydrogenase, sulfidogenic 
bacteria, 594 

Sulfide production 
cyanobacteria, 2083 
from elemental sulfur, 594-595 
from sulfate, 591-594 

Sulfide uti1ization, 385 

Chlorobiaceae, 3585, 3588 
co1orless sulfur bacteria, 404 
cyanobacteria, 2082 
Ectothiorhodospira, 3227 
Leucothrix, 3250 
purple nonsulfur bacteria, 2142, 

2149,2151 
Rhodocyclus, 2557-2558 
sulfur bacteria, co1orless, 2638, 

2641, 2643, 2645, 2650-2652 
sulfur bacteria, purple, 3213-3214 

Sulfide-gradient medium, Beggiatoa, 
3172-3173 

Sulfide-quinone reductase, 
cyanobacteria, 2082 

Sulfidogenesis, 304, 306-307 
Sulfidogenic bacteria, 583-613; see 

also Sulfate-reducing bacteria; 
Su1fur-reducing bacteria 

biochemistry, 590-613 
genetics, 613 
nitrogen fixation, 613 
physiology, 590-613 

Sulfite agar, Desulfotomaculum, 
1793 

Sulfite dehydrogenase, colorless 
sulfur bacteria, 388 

Sulfite oxidase, Chlorof/exus, 3766 
Sulfite production, sulfur bacteria, 

colorless, 2650 
Sulfite reductase, 590 

Clostridium, 1830 
Desulfotomaculum, 1798 
sulfate-reducing bacteria, 3370 
sulfidogenic bacteria, 593 
sulfur bacteria, purple, 3214 

Sulfite utilization 
Desulfotomaculum, 1798 
Rhodocyclus, 2557 
sulfate-reducing bacteria, 3363 
sulfidogenic bacteria, 589-590 
sulfur bacteria, co1orless, 2641 
sulfur bacteria, purple, 3213-3214 
sulfur-reducing bacteria, 3381 

Sulfite:acceptor oxidoreductase, 
sulfur bacteria, purple, 3214 

Sulfmyoglobin, 1551 
Sulfohalopterin-2, 779-780 
Sulfolobaceae, 684 
Sulfolobales, 84, 677, 684-696 
Sulfolobus, 31, 54, 93, 335, 337, 

387-393, 399, 406-407, 684-
686, 703-705, 708, 2640, 3935 

Sulfolobus acidocaldarius, 84, 87, 
393, 407, 684-685, 691-696, 
706 

Sulfolobus ambivalens, see 
Desulfurolobus ambivalens 

Sulfolobus brierleyi, 684-685 
"Sulfolobus metallicus, " 685, 696 
Sulfolobus quinone, 694 
"Sulfolobus shibatae, " 685, 695-697 
Sulfolobus solfataricus, 14, 684-685, 

691-695 
Sulfonamide resistance/sensitivity 

Citrobacter, 2749 
Cowdria, 2451 
dimorphic prosthecate bacteria, 

2178 
Mycobacterium, 1247 
Neisseria, 2498 
Propionibacterium, 837, 841 



Salmonella, 2770 
Sulfonilipid, Cytophagales, 3654 
Sulfur (elemental) deposition 

anaerobie phototrophs, 81 
eyanobaeteria, 2082 
purple nonsulfur baeteria, 2151 
sulfur baeteria, eolorless, 396, 

2641 
thermoanaerobie saeeharolytie 

baeteria, 1904-1905 
Sulfur aeeumulation 

Ectothiorhodospira, 3226 
sulfur baeteria, eolorless, 2647, 

2649-2652 
sulfur baeteria, purple, 3211, 

3213-3215 
Sulfur agar, sulfur baeteria, 

eolorless, 2644 
Sulfur baeteria 

eolorless, 2638-2654, 3934-3945 
green, 3201, 3203-3204, 3583-

3589 
morphologieally eonspieuous, 

3934-3945 
purple, 3200-3216, 3583-3584, 

3586 
Sulfur eompound 

dismutation, 595 
interspeeies transfer, 294-295 

Sulfur eycle, 106, 385-386,431, 584 
eolorless sulfur baeteria, 406-408 
light-driven, 101 

Sulfur fermentation, 338 
Sulfur globule, 321 

Achromatium, 3937-3939 
Actinomyces, 886-888 
Beggiatoa, 3171,3175-3177 
Brachyarcus, 4096-4097 
Chlorobiaeeae, 3588-3589 
Leucothrix, 3250 
Macromonas, 3939-3940 
prokaryote-invertebrate 

symbiosis, 3892 
sulfur baeteria, purple, 3214 
Thiobacterium, 3940-3941 
Thiospira, 3941 
Thiovulum, 3942 

Sulfur metabolism 
methanogens, 749 
Sulfolobales, 684-696 

Sulfur oxygenase reduetase, 
Sulfolobales, 694 

Sulfur reduetase 
sulfidogenic baeteria, 594, 597, 

601 
Wolinella, 3521 

Sulfur requirement, 155-157 
Heliobaeteriaeeae, 1984 

Sulfur respiration, 584, 589 
Sulfur slurry, 3383-3384 
Sulfur spring, 92, 98-99 

Achromatium, 3939 
Beggiatoa, 3171-3172 
Chlorobiaeeae, 3583 
Haloanaerobiaeeae, 1894 
Saprospira, 3678 
sulfur baeteria, purple, 320 I 
Thiobacterium, 3940 

Sulfur utilization 
Chlorobiaeeae, 3588 
Chloroflexus, 3766 
Hydrogenobacter, 3929 

prokaryote-invertebrate 
symbiosis, 3891-3903 

Rhodocyclus, 2558 
sulfur baeteria, eolorless, 2641, 

2651 
sulfur baeteria, purple, 3213-3214 
Thermoeoeeales, 702-703 
Thermoproteales, 681 

Sulfuretum, 97, 3202 
Sulfurie-acid-produeing baeteria, 

406,2639,2651 
Su(furococcus, 31 
"Su(furococcus mirabilis, " 685 
"Su(furolobus shibatae, " 685 
Sulfur-oxidizing baeteria, 83, 86, 

332-335, 337-338, 340, 393, 
2121; see also Sulfur baeteria 

invertebrate symbionts, 3901-
3902 

Sulfolobales, 687, 691-694 
thermophilie, 84 

Sulfur-oxidizing symbiont, 3896 
Sulfur-reducing baeteria, 81, 276, 

282, 294, 338, 583-613, 2133-
2134 

Gram-negative, 3379-3389 
spirilloid, 3382-3388 
Sulfolobales, 691, 693 
Wolinella, 3520 

Sumatra disease, clove, 4031, 4034, 
4037, 4041 

Superoxide anion, 87-88, 308 
Superoxide dismutase (SüD), 308 

anaerobes, 308 
Bacillus, 1704, 1710 
Bdellovibrio, 3409 
Borrelia, 3560 
Caulobacter, 2178, 2182 
Chromobacterium, 2593 
Clostridium, 1801 
Enterococcus, 1469 
Frankia, 1075 
Gemella, 1643, 1645, 1649 
Listeria, 1609 
myeoplasma, 1945 
Neisseria, 2505 
Rochalimaea, 2434-2435, 2444 
Spirillum, 2567 
Thermoleophilum, 3783 
Thermomicrobium, 3778 
Zymomonas, 2290 

Superoxol test, Neisseria, 2515 
Supplement B (Difeo), 3313 
Supraoperonic cluster, 

phytopathogenie 
pseudomonads, 3110 

Surfaee, 102; see also Adherenee; 
Sessile prokaryote 

eellulosic, 471-473 
detaehment from, 264 
as habitat, 91-94 
mierobial suecession, 264-265 

Surfaee aetive agent, see Surfaetant 
Surfaee antigen, Salmonella, 2761 
Surfaee array proteins (SPA), 

riekettsiae, 2437-2438, 2440-
2442 

Surfaee protein, Borrelia hermsii, 
650 

Surfaee structures 
myxobaeteria, 3445 
virulenee and, 649-650 
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Surfaee-dependent motility, 244-
246 

Surfaee-volume ratio, 50 
Surfaetant, 246 

Acinetobacter, 3141 
hydroearbon-oxidizing bacteria, 

454-455 
Noeardiaeeae, 1206 
Serratia, 2831 
sessile prokaryotes, 271 

Surfaetant degradation, Pelobacter, 
3398 

Surfaetin, 1688 
Surveillanee, Salmonella, 2771 
Suspended particle, 92 
SW2 agar, 3639 

Saprospira, 3679 
SW5 agar, Cytophagales, 3641, 3647 
Swamp 

eellulolytic baeteria, 460, 484 
eyanobacteria, 2079 
methanogens, 738 
Thermoplasma, 712 

Swarming, 62-63, 131, 245-246 
Campylobacter, 3494 
Caulobacter, 66-67, 214-216 
Cytophagales, 3632, 3634-3638, 

3640, 3646, 3651, 3657 
dimorphie prostheeate baeteria, 

2176-2177,2185-2187,2192 
Gemmata, 3722 
Herpetosiphon, 3787-3790, 3792, 

3798 
Leptothrix, 2613 
Lysobacter, 3264 
myxobaeteria, 67-68, 255, 3418-

3419,3424-3425, 3427-3433, 
3444, 3452-3455, 3462 

Photobacterium, 2982 
Pirellula, 3718 
Proteus, 62-64, 2849-2850 
Rhodomicrobium, 228-231 
Saprospira, 3677, 3680, 3683 
Sphaerotilus, 216-2 I 8 
Stigmatella, 66 
Thiovulum, 3942 
Vibrio, 62-64, 2968, 2974, 2978, 

2982, 2986, 2996, 3000 
Sweet eherry, myeoplasma-like 

organism, 4050, 4052 
Sweet ga1e, nitrogen-fixing baeteria, 

542 
Sweet potato 

Azospirillum, 2237 
Streptomycetaeeae, 938, 940 

Swimming, 62, 64-65, 242-244, 
246, 250, 323 

Spirillum, 2566 
Swimming pool 

Aeromonas, 3022 
Blastobacter, 2171-2172 
Staphylococcus, 1382 

Swine 
Actinobacillus, 3342-3344, 3347 
Actinomyces, 851, 865-866 
anthrax, 1748, 1750 
Bacteroides, 3598 
Bi,fidobacterium, 820, 822 
Bordetella, 2530-2531 
Brochothrix, 1621 
Brucella, 2384, 2388, 2390, 2395 
Campylobacter, 3488, 3490, 3502 
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Chromobacterium, 2593 
Clostridium, 1828 
Coxiella, 2473 
dysentery, 3488, 3537-3538, 3547 
edema disease, 2719 
Edwardsiella, 2738 
Enterobacteriaceae, 2678 
Enterococcus, 1465 
Eperythrozoon, 4005, 4007 
erysipelas, 1629, 1631-1634 
Erysipelothrix, 1630 
Escherichia, 2702, 2719-2720 
Escherichia coli, 644 
Fusobacterium, 4116-4117 
Gemella, 1644 
Haemophilus, 3305, 3312-3313, 

3319-3321 
Lactobaällus, 1539-1542 
Listeria, 1597 
methanogens, 734 
Micrococcus, 1300 
mycoplasma, 1944 
Nocardia, 1194 
Pasteurella, 3332-3333 
Plesiomonas, 3032, 3034 
Rickettsia, 2422 
Salmonella, 2765 
Serratia, 2827 
Simonsiellaceae, 2660 
Staphylococcus, 1372-1374 
Streptobaällus, 4023 
Treponema, 3537-3539, 3547-

3548 
Yersinia, 2866, 2874 

Swiss agent, 2419-2420 
SY liquid medium, Cytophagales, 

3648-3649 
Sycamore, leaf scorch disease, 4031 
Sym plasmid, 541 
Symbiogenetic organelle, 3820 
Symbionin,3910-3911 
Symbiont 

aphid, 3907-3912 
ciliates, 3865-3886 
Clevelandina, 3965-3977 
Cristispira, 3965-3977 
digestion of, 3896 
Diplocalyx, 3965-3977 
Gordona, 1194-11 95 
Hollandina, 3965-3977 
invertebrate, 29 
Methylobacterium on plants, 2344 
methylotrophs, 435 
Pil!otina, 3965-3977 
Rhodococcus, 11 94-11 95 
spirochetes, large, 3965-3977 
Tsukamurella, 1194-1195 

Symbiosis, 100 
actinorhizal plant, 542 
amoeba-Actinomyces, 854 
Azolla-Anabaena, 3830-3835 
bidirectional transfer of small 

molecules, 10 1-102 
cellulolytic bacteria, 461 
colorless sulfur bacteria, 402-403 
consortia, 3583-3585 
cyanobacteria, 542, 2063, 3819-

3844 
Cytophagales-sponge, 3662 
diazotrophs, 539-540 
eukaryote-bacteria, 107-111 
Frankiaceae-plant, 1069-1080 

interspecies hydrogen transfer, 
100-103 

invo1ving Legionella, 3296-3297 
marine invertebrates-prokaryotes, 

3891-3903 
nematode-bacteria, 632 
nitrogen fixation, see Nitrogen 

fixation 
Nocardia, 1194 
protozoa-prokaryotes, 3855-3861 
rhizobio-Iegume,2197-2211 

Symbiosome, 3857-3859 
Syncyanosis, 3820 
Synechococcus, 26, 35, 99, 324, 538, 

540, 549, 2064, 2070-2071, 
2079, 2081-2097 

Synechococcus lividus, 84, 165, 
2081, 3759, 3761-3762 

Synechocystis, 26, 538, 2070, 2081, 
2084, 2086-2091, 2094-2095, 
2105, 3821-3822 

Synechocystis trididemni, 3835 
Synergism, 168 
Synergistic necrotizing cellulitis, 

anaerobic Gram-positive cocci, 
1880 

"Synochococcus lividus, " 2070 
Synovial fluid 

Borrelia, 3565 
Brucella, 2392 
Neisseria, 2513 

Synovitis, Staphylococcus, 1374 
Synthetic oligonucleotides, 

cyanobacteria, 2089-2090 
Synthrophococcus, 25 
Syntrophic coculture, 278-281 

growth and handling, 281-282 
Syntrophism, 100, 166, 276-295, 

303-304 
anaerobic bacteria, 2048-2055 
based on hydrogen transfer, 278-

290 
biochemistry and energetics of 

oxidations, 282-290 
facu1tative, 290 
homoacetogens, 1927 
methanogenS'722-723 
obligate, 277-278, 722-723 
sulfate-reducing bacteria, 3367 
sulfur-reducing bacteria, 3382 

Syntrophobacter, 910, 2048 
Syntrophobacter wolinii, 166, 279-

281, 304, 2050, 2052-2053 
Syntrophococcus, 1925-1926 
Syntrophococcus mutans, 518 
Syntrophococcus sucromutans, 291, 

517, 1925, 2024, 2029, 2048 
Syntrophomonas, 910,2048-2055 
Syntrophomonas sapovorans, 279-

280, 2050 
Syntrophomonas wo/fei, 166, 279-

282, 285-286, 304, 722, 1824, 
2049-2050, 2052-2055 

Syntrophospora, 1816-1817, 1824, 
2048, 2055 

Syntrophospora bryantii, 1821, 
2050, 2052-2055, see 
Clostridium bryantii 

Syntrophus, 281, 2048 
Syntrophus buswellii, 279-281, 304, 

2050, 2052-2054 

Syphilis, 3537-3538, 3540, 3542, 
3564 

Syringate degradation, Eubacterium, 
1917 

Syringol degradation, Nocardiaceae, 
1205 

Syringomycin, phytopathogenic 
pseudomonads, 3114 

Syringotoxin, phytopathogenic 
pseudomonads, 3114 

Syrphid fly, Spiroplasma, 1965 
Systematics, 3-16, 126-129 
Systemic disease, 646-653 
Szik soil, 87 

T 

T form, Salmonella, 2761 
T-162 agent, 2408 
Tabanid fly, Spiroplasma, 1964-

1965 
Tabtoxin, phytopathogenic 

pseudomonads, 311 4-3115 
Tache noire, 2414, 2417 
Taette, 1483 
Tagatose utilization 

Brochothrix, 1625 
Carnobacterium, 1577 
Enterobacter, 2808 
Klebsiella, 2786 
List eria, 1603 

Tagatose-l,6-biphosphate aldolase, 
Lactococcus, 1491-1492 

Tagatose-6-phosphate kinase, 
Staphylococcus, 1390 

Tagatose-6-phosphate pathway, 
Staphylococcus, 1383, 1390 

Tagetitoxin, phytopathogenic 
pseudomonads, 3114 

Taitomycin, 1054 
TAM,744 
Tanning process, acetic acid 

bacteria, 2274 
TANT broth 

Nocardiaceae, 1198 
Rhodococcus, 1197 

tap genes, 247 
Tap water, Mycobacterium, 1245-

1246 
Tap water agar, Oerskovia, 1331 
Taq I, 3750 
Taq II7, 3750 
TaqX I, 3750 
tar genes, 247-248 
Tarozzi medium, Actinomyces, 870-

871 
Tartarate utilization 

Agrobacterium, 666 
Alcaligenes, 2549 
Edwardsiella, 2741 
Enterobacter, 2808, 2810 
Enterobacteriaceae, 2924 
Escherichia, 2698, 2931 
Hajnia, 2818,2931 
Klebsiella, 2786-2787 
Lactobacillus, 1549 
Methylobacterium, 2345, 2347 
Obesumbacterium, 2931 
Paracoccus, 2323 
phytopathogenic pseudomonads, 

3107 
Pseudonocardiaceae, 1016 



purple nonsulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyclus, 2558 
Saccharothrix, 1065 
Salmonella, 2768 
Serratia, 2837-2839 
Vibrio, 2974 
Xylophilus, 3135 
Yersinia, 2894 

Tartronate utilization, rhizobia, 
2200 

Tatlockia, 28, 2122, 3294 
Tatumella, 2115, 2673, 2932 
Tatumella ptyseos, 2675, 2923-

2924, 2932 
Taxa, 127, see also individual taxa 

ancient,34 
highly related, 36-37 
moderately related, 35-36 
relative age of, 37-38 
remotely related, 35 

Taxeobacter, 30, 3264, 3267, 3424, 
3631-3633, 3639, 3651, 3659-
3660, 3662 

Taxeobacter ocellatus, 36, 3636-
3637, 3649, 3656 

Taxis, see also specijic behaviors 
electron transport-dependent, 

250-253 
function, 254-256 

Taxonomie heirarchy, 127-128 
Taxonomy 

Acinetobacter, 3137 
actinomycete, 850-853 
Alteromonas, 3064-3066 
anaerobic Gram-positive cocci, 

1879, 1883-1885 
Azospirillum, 2236-2237 
Bdellovibrio, 3403 
Comamonas, 2588 
definition, 126 
Deleya, 3189-3191 
Erwinia, 2899-2902 
Halobacteriaceae, 768, 771, 773-

781 
Halomonas, 3181-3182 
Herbaspirillum, 2236-2237 
Legionella, 3293-3294 
Leucothrix, 3249-3253 
Lysobacter, 3267 
Marinomonas, 3064-3066 
modern, 129-131 
numerical, 130-131 
Oceanospirillum, 3233-3235 
phototrophs, 312 
polyphasic, 130 
Psychrobacter, 3245 
rhizobia, 2197-2201 
Rhodocyclus, 2557-2558 
ribosomal RNA, 2111-2135 
sheathed bacteria, 2614-2615 
Spiroplasma, 1961-1962 
Streptomycetaceae, 972-977 
Sulfolobales, 684-685 

Taylorella, 28, 2119, 2125 
Taylorella equigenitalis, 2125, 3305 
Tbilisi phage, Brucella, 2387 
TBT medium, see Trypan blue 

tetracycline medium 
TCBS medium 

Vibrio, 2962-2966, 2970, 2991, 
2993-2997, 2999 

Vibrionaceae, 2948 
TCH susceptibility, Mycobacterium, 

1261 
TCY liquid medium, Cytophagales, 

3648 
T-DNA,2215-2228 
TDP, see Thermal death point 
TDT, see Thermal death time 
Tea fungus, 2273-2274 
Tea soil, 87 
Tectibacter, 3876 
Tectibacter vulgaris, 3876, 3878 
Teeth, see also Dental caries; Oral 

cavity 
Lactobacillus, 1536, 1538 
normal flora, 109 
Streptococcus, 1422, 1433-1437 

Tef, 1514 
Teichoic acid, 54, 136-137 

Arthrobacter, 1284, 1290-1291 
Bacillus, 1676 
Brevibacterium, 1352 
Clostridium, 1801 
Enterococcus, 1470 
Jonesia, 1339 
Listeria, 1605 
Staphylococcus, 1382, 1385, 1388 
Streptococcus, 1432-1433 

Teichomycin AI, 1054 
Teichuronic acid, 136 

Bacillus, 1676 
Teicoplanin, 1054 
Tellurate resistance, Pseudomonas, 

3089 
Tellurite giycine agar, 

Staphylococcus, 1381 
Tellurite polymyxin egg yolk agar, 

Staphylococcus, 1379 
Tellurite reduction, Mycobacterium, 

1260 
Tellurite resistance, 142 

Klebsiella, 2783 
Pseudomonas, 3089 

Tellurium-oxidizing bacteria, 340 
Temperature dependence, 65, 161-

162 
colorless sulfur bacteria, 392-393 
cyanobacteria, 2068 

Temperature to1erance, 83-85, 161-
162 

Tempo-mode relationship, 15 
Tendon sheath infection, 

Streptobacillus, 4023 
Tenericutes, 1937 
Tenosynovitis, Tsukamurella, 1195 
Teosinte, Spiroplasma, 1967 
Tequila, acetic acid bacteria, 2269 
Teredinibacter turnerae symbionts, 

3901 
Teredinidae symbionts, 3892, 3899 
Terminal ileitis, Yersinia, 2689 
Terminal oxidase, sulfidogenic 

bacteria, 601-607 
Termite, 107, 111 

actinoplanetes, 1036 
Bacteroides, 3598 
cellulolytic bacteria, 460, 487 
flagellate-prokaryote symbiosis, 

3855,3859 
homoacetogens, 519, 1927 
Lactobacillus, 1544 
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spirochetes, large symbiotic, 
3965-3977 

1-147 

Sporomusa, 2014, 2018-2020 
Streptomycetaceae, 931 

Termobacterium mobile, see 
Zymomonas mobilis 

Terrabacter, 25 
Terrabacter tumescens, 1284-1285, 

1294 
Terregens factor, Aureobacterium, 

1357-1358 
OF Test, see Oxidative-fermentative 

test 
Testosterone utilization 

Comamonas, 2584, 2587 
Nocardiaceae, 1203 
Streptosporangiaceae, 1130-1131 
Therrnomonosporaceae, 1101-

1102 
Tetain, 1688 
Tetanolysin, 1877 
Tetanus, 151, 1877 
Tetrachloroethylene degradation 

methanogens, 759 
Xanthobacter, 2379 

Tetrachloromethane utilization, 
homoacetogens, 1934 

Tetracycline production, 1053 
Tetracycline resistance/sensitivity 

Aegyptianella, 4010 
Aeromonas, 3028 
anaerobic Gram-positive cocci, 

1890 
Anaplasmataceae, 3995 
aphid symbiont, 3907 
Bacillus, 1682, 1749, 1756 
Bartonellaceae, 3995, 3999 
Bijidobacterium, 829 
Borrelia, 3563 
Brochothrix, 1625 
Brucella, 2396 
Campylobacter, 3499 
Carnobacterium, 1577 
Chlamydia, 3692,3702 
Chromobacterium, 2593 
Citrobacter, 2749 
Clostridium, 1868, 1876 
Corynebacterium, 1183 
Cowdria, 2451 
Coxiella, 2474 
Cytophagales, 3665 
dimorphie prosthecate bacteria, 

2178 
Edwardsiella, 2741 
Ehrlichia, 2446-2447, 2451 
Eikenella, 2671 
Enterobacter, 2804 
Enterococcus, 1466, 1474 
Erysipelothrix, 1633 
Erythrobacter, 2488 
Francisella, 3989 
Gemella, 1645 
Hafnia, 2820 
Halobacteriaceae, 789-797 
Halomonas, 3185 
Legionella, 3286 
Leptotrichia, 3984 
L-forrns, 4077 
Listeria, 1608 
Lysobacter, 3266 
methanogens, 724, 757 
Methylobacterium, 2346 
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Mycobacterium. 1247 
mycoplasma-like organism, 4051 
myxobacteria, 3467 
Neorickettsia. 2453 
phloem-inhabiting bacteria, 4042 
Phyllobacterium. 2603 
Plesiomonas. 3038 
Propionibacterium. 841, 845 
Rickettsia. 2410, 2412 
Rochalimaea. 2444 
Roseobacter. 2157 
Salmonella. 2770 
Serratia. 2830 
Staphylococcus. 1400-1401 
thermoanaerobic saccharolytic 

bacteria, 1904 
Veillonella. 2035 
Vibrio. 2984, 2989 
Yersinia. 2878, 2891 
Zymomonas. 2294 

Tetrad 
Aerococcus. 1506 
Deinococcaceae, 3735, 3738-3739 
Neisseria. 2495 
Pediococcus. 1503 

Tetraether lipid, 135 
methanogens, 750, 756 

Tetragenococcus. 1502 
Tetrahydromethanopterin, 307 

Archaeoglobus. 709 
methanogens, 745-748 
sulfidogenic bacteria, 604 

Tetrahydropterin, sulfidogenic 
bacteria, 604 

Tetrahydrospirilloxanthin, sulfur 
bacteria, purple, 3208-3209 

Tetrahydroxybacteriohopane, 
Zymomonas. 2291 

Tetrahymena. Legionella. 3296 
Tetrathionate medium 

Edwardsiella. 2739 
Hajnia.2817 
Salmonella. 2767 

Tetrathionate production 
purple non sulfur bacteria, 2151 
sulfur bacteria, colorless, 2647 

Tetrathionate reductase 
Klebsiella. 2787 
Serratia. 2835 

Tetrathionate reduction 
Salmonella. 2770 
Serratia. 2839 

Tetrathionate utilization 
colorless sulfur bacteria, 388 
sulfidogenic bacteria, 589-590 
sulfur bacteria, colorless, 2643, 

2647,2650-2651 
sulfur bacteria, purple, 3214 

Tetrazolium chloride (TZC) 
medium, phytopathogenic 
pseudomonads, 3122 

Tetrazolium-sucrose (TS) agar 
Leuconostoc. 1516 
Streptococcus. 1516 

Tetrodotoxin, 3019 
Tevnia symbionts, 3903 
Textile, Streptomycetaceae, 927 
TGYM medium, see Tryptone-

glucose-yeast extract
methionine medium 

Thai tick typhus, 2416-2417, 2420 

Thallium acetate medium, 
Leuconostoc. 1517 

Thallium resistance, Serratia. 2832 
Thallous tetrazolium glucose 

(TITG) agar, Enterococcus. 
1466 

Thallous-acetate-tetrazolium-sucrose 
(TTS) agar, Leuconostoc. 1516 

Thallus, Geodermatophilus. 1069 
Thayer-Martin (TM) medium, 

Neisseria. 2512 
Thecamoeba, cyanobacteria 

symbiont, 3822, 3839 
Thermal death point (TDP), 171-

172 
Thermal death time (TDT), 171-

172 
Thermal spring 

Spirochaeta. 3527, 3531 
thermoanaerobic saccharolytic 

bacteria, 1911 
Thermal vent, see also Geothermal 

habitat 
dimorphic prosthecate bacteria, 

2179 
prokaryote-invertebrate 

symbiosis, 3891-3903 
Thermotogales, 3809-3810 
Thermus. 3745 

Thermatoga maritima. 3776 
Thermoactinomyces. 25, 68, 70, 84, 

210, 814, 934-935, 937, 1096, 
1105, 1128, 1149, 1663, 1667 

Thermoactinomyces cellulosae. 480 
Thermoactinomyces dichotomicus. 

67, 1092 
Thermoactinomyces vulgaris. 68, 

1668 
Thermoanaerobacter. 25, 487, 1901-

1911 
Thermoanaerobacter cellulolyticus. 

479 
Thermoanaerobacter ethanolicus. 

461,487,1819,1901-1911 
Thermoanaerobacter finnii. 1816, 

1901-1911 
Thermoanaerobium.25, 1819, 

1901-1911,2048 
Thermoanaerobium brockii, 279, 

1819, 1901-1911 
Thermoanaerobium lactoethylicum. 

1901-1911 
Thermobacteroides. 25 
Thermocline, 95-97 
Thermococcaceae, 702-706 
Thermococcales, 702-706 
Thermococcus. 13, 31, 707 
Thermococcus celer. 14, 702-706 
Thermococcus Iitoralis. 702-703, 

706 
Thermococcus stetteri. 702-704 
Thermodesu/fobacterium. 585-587, 

596, 1792-1793, 3366, 3390-
3392 

Thermodesu/fobacterium commune. 
597, 3390-3392 

Thermodesu/fobacterium mobile. 
536, 585, 593, 596, 3390-3392 

Thermodiscus. 31,677-682,707-
708 

"Thermodiscus maritimus •.. 678, 
681-682 

Thermofilum. 31, 677-682 
"Thermofilum Iibrum •.. 678, 680 
Thermofilum pendens. 14,678,680 
Thermoleophilum. 3780-3784 
Thermoleophilum album. 3776, 

3780-3784 
Thermoleophilum minutum. 3780-

3784 
Thermomicrobium. 30, 35, 3775-

3778,3787 
Thermomicrobium roseum. 3745, 

3754, 3775-3778, 3783, 3801 
Thermomonospora. 24, 498-499, 

932, 1070, 1085-1107, 1126, 
1150 

Thermomonospora alba. 1087, 
1089-1090, 1094, 1099, 1102-
1104 

Thermomonospora chromogena. 
1087, 1089-1090, 1092, 1094, 
1098, 1102-1105 

Thermomonospora curvata. 471-
472,476-477,480,493,498-
499, 1085-1096, 1099-1105, 
1117 

"Thermomonospora jalcata •.. 1089 
Thermomonospora jormosensis. 

1086, 1088-1090, 1094, 1096-
1097, 1099, 1102-1103 

Thermomonospora jusca. 468, 482, 
498-499, 1086, 1088-1090, 
1092, 1094, 1102-1106 

Thermomonospora lineata. 1086 
Thermomonospora mesophila. 499, 

1086, 1088, 1090, 1094, 1099, 
1101-1103, 1105 

Thermomonospora mesouviformis. 
1086, 1088, 1090, 1094, 1097, 
1100, 1102 

Thermomonosporaceae, 1085-1107, 
1115,1117 

Thermonospora. 2725 
Thermonuclease, see Nuclease, 

Staphylococcus 
Thermophile, 13-14, 84-85; 161 

Bacillus. 1666 
colorless sulfur bacteria, 392-393 
cyanobacteria, 2062 
extreme, see Extreme thermophile 
hydrogen-oxidizing, 3917-3931 
Streptomycetaceae, 933-934, 946-

947 
Sulfolobales, 684-696 
Thermococcales, 702-706 
Thermoproteales,677-682 
Thermotogales, 3810 

Thermoplasma. 31,54, 138, 704, 
712-717 

Thermoplasma acidophilum. 14,65, 
695, 712, 716, 729 

Thermoplasma volcanium. 713-717 
Thermoplasmaquinone, 716 
ThermoplasmataJes,712 
Thermopolyspora flexuosa. see 

Microtetraspora flexuosa 
Thermoprotaceae,677 
Thermoproteales, 677-682,691 
Thermoproteus. 31, 84, 301, 588, 

677-682, 704, 708 
Thermoproteus neutrophilus. 589, 

613, 678, 681 



Thermoproteus tenax, 14, 589, 678-
681 

Thermosipho, 30, 3809, 3812-3813 
Thermosipho ajricanus, 589, 3812 
Thermosulfobacterium, 612 
Thermotaxis, 247 
Thermothrix, 387, 554 
Thermothrix thiopara, 390, 562, 

564, 392-393 
Thermotoga, 30, 33, 35, 85, 586, 

589, 707, 3391, 3810-3812 
Thermotoga maritima, 3809-3812 
Thermotoga neapolitana, 3810-

3812 
Thermotoga thermarum, 3809, 3812 
Thermotogaceae, 3809 
Thermotogales, 12-15,3809-3815 
Thermotolerance, Chloroflexus, 

3769-3770 
Thermoviridin, 1020 
Thermus, 30, 33, 84, 3733, 3741, 

3745-3751, 375~ 3783 
Thermus aquaticus, 84, 3740, 3745-

3750 
"Thermus brockianus, " 3749-3750 
"Thermus brackii, " 3750 
"Thermus caldophilus, " 3749 
Thermus filijormis, 3747 
"Thermus flavus, " 3749 
Thermus ruber, 3740, 3745-3746, 

3748-3749 
"Thermus thermophilus, " 200, 3626, 

3745-3749, 3754 
Theta toxin 

Clostridium novyi, 1873 
Clostridium perjringens, 1874 

Thiaminase 
Bacillus, 1688 
Clostridium, 1834 

Thiamine requirement 
Bacillus, 1701, 1708 
Brochothrix, 1619 
Clostridium, 1806 
Corynebacterium, 1160 
Haliscomenobacter, 3690 
Leptothrix, 2614 
Leuconostoc, 1521 
Listeria, 1606 
myxobacteria, 3440 
purp1e nonsulfur bacteria, 2148 
Rhodococcus, 1192 
Roseobacter, 2157 
Sphaerotilus, 2614 
Sporosarcina, 1776 
Staphylococcus, 1392-1393 
Streptosporangiaceae, 1118 
sulfate-reducing bacteria, 3371 
Treponema, 3544-3545 

Thienamycin, 978 
Thin layer chromatography, 

diaminopimelic acid, 843 
Thin pablum agar, actinoplanetes, 

1051-1052 
Thin serum agar medium, 

Grahamella, 4003 
Thiobacillus, 27-29, 84, 93, 141, 

333-337, 387, 389, 398, 401, 
405, 432, 435, 437, 548, 554, 
2125, 2321-2322, 2638-2654, 
3163, 3214, 3935-3936 

Thiobacillus A2, see Thiobacillus 
versutus 

Thiobacillus acidophilus, 391-392, 
399,405,2132,2640,2644, 
2646, 2651 

Thiobacillus albertis, 392, 399, 
2639, 2642, 2646, 2651 

Thiobacillus aquaesulis, 393, 2640, 
2647, 2649 

Thiobacillus capsulatus, 2639, 2645, 
2647 

Thiobacillus concretivorans, see 
Thiobacillus thiooxidans 

Thiobacillus crenatus, see 
Thiobacillus thiooxidans 

Thiobacillus cyanoxidans, see 
Thiobacillus thioparus 

Thiobacillus delicatus, 391, 399, 
2640, 2649 

Thiobacillus denitrificans, 55, 57, 
390-391,399,404,408, 560, 
568, 594,2126,2639,2641, 
2644-2648 

Thiobacillus jerrooxidans, 83, 86, 
337, 339, 385, 391-392, 398-
399, 405-406, 536, 538-539, 
2121,2126,2639,2641,2644, 
2646, 2650, 3214, 3903 

Thiobacillus intermedius, 335, 391, 
395, 399, 2126, 2640, 2646, 
2648-2649 

Thiobacillus kabobis, see 
Thiobacillus thiooxidans 

Thiobacillus lobatus, see 
Thiobacillus thiooxidans 

Thiobacillus neapolitanus, 337, 390-
391, 393-395, 398-399, 408, 
2121, 2126, 2639, 2641, 2646-
2647 

Thiobacillus novellus, 333, 335-336, 
391, 399, 2133, 2640, 2646, 
2648 

Thiobacillus organoparus, 2651 
Thiobacillus perometabolis, 335, 

389, 391, 399, 2126, 2640, 
2642, 2646, 2649-2650 

Thiobacillus prosperus, 2639, 2645, 
2651 

Thiobacillus Q, 335, 2650 
Thiobacillus rapidicrescens, see 

Thiobacillus versutus 
Thiobacillus rubellus, see 

Thiobacillus perometabolis 
Thiobacillus tepidarius, 386, 388, 

393, 399, 2639, 2642, 2646-
2647 

Thiobacillus thermitanus, see 
Thiobacillus thiooxidans 

"Thiobacillus thermophilica, " 3925 
Thiobacillus thiocyanoxidans, 398 
Thiobacillus thiooxidans, 83, 337, 

390,392, 399,405-406,2126, 
2639, 2642-2643, 2646, 2651 

Thiobacillus thioparus, 336, 390-
391, 395-396, 399, 405, 2126, 
2639, 2644, 2646-2647 

Thiobacillus thyasiris, 391, 403, 
2640, 2645, 2649-2650 

Thiobacillus umbonatus, see 
Thiobacillus thiooxidans 

Thiobacillus versutus, 335-336, 
386-395, 399, 559, 2132, 2640, 
2646, 2648 
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Thiobacillus X, see Thiobacillus 
neapolitanus 

Thiobacterium, 387, 389, 3934-
3936, 3940-3941 

Thiobacterium bovista, 3934, 3940 
Tfziocapsa, 28, 131, 318, 323, 335, 

2080-2081, 2121, 3223 
Thiocapsa floridana, 590 
Thiocapsa pjennigii, 319, 537, 3206, 

3211,3215 
Thiocapsa roseopersicina, 166, 537, 

545, 3201, 3206, 3209-3210, 
3213,3215-3216 

Thioctic acid requirement, Listeria, 
1606 

Thiocyanate utilization, sulfur 
bacteria, colorless, 2646 

Thiocystis, 28, 318, 2121, 3201, 
3223 

Thiocystis gelatinosa, 3207, 3209 
Thiocystis violacea, 319, 537, 3202, 

3206, 3209, 3215, 4096, 4099 
Thiodendron, 387, 2176-2192 
Thiodendron mucosum, see 

Thiobacterium bo vista 
Thiodictyon, 28, 96, 131, 318, 2121 
Thiodictyon bacillosum, 3209, 3215 
Thiodictyon elegans, 3203, 3207, 

3209-3210,3215 
Thioglycolate medium 

actinomycetes, 870 
Campylobacter, 3497 
Eikenella corrodens, 2669 
Gemella, 1647 
Pectinatus, 1994 
Propionibacterium, 845 
Staphylococcus, 1380-1381 
Streptobacillus, 4024 

Thioglycollate uti1ization, 
Desulfotomaculum, 1793 

Thiol proteinase 
Porphyromonas, 3616 
Staphylococcus, 1394 

Thiol requirement, cellulo1ytic 
bacteria, 472-473 

Thiolase 
Clostridium, 1822 
Zoogloea, 3960 

Thiomicrospira, 29, 106, 387, 389, 
399, 401, 403, 554, 2121, 2126, 
2638-2654, 3902-3903, 3935 

Thiomicrospira crunogena, 391, 
2639,2653 

Thiomicrospira denitrificans, 390-
391, 408, 556, 562, 2639, 2652-
2653 

Thiomicrospira pelophila, 390-391, 
395-396,399,2121,2639, 
2646, 2652 

Thionin b1ue sensitivity test, 
Brucella, 2384, 2393-2395 

Thiopedia, 51,96, 131, 323, 3201 
Thiopedia rosea, 49, 3201, 3203, 

3207, 3209-3210, 3215-3216 
Thiophysa macrophysa, see 

Achromatium volutans 
Thiophysa volutans, see 

Achromatium volutans 
Thioploca, 387, 401, 2081, 3175, 

3934 
Thioredoxin, cyanobacteria, 2088 
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Thiosphaera, 335, 387, 554, 2638-
2654 

Thiosphaera pantotropha, 389-391, 
396-397,404, 415, 556, 560, 
568, 2322, 2640, 2642, 2653-
2654 

Thiospira, 98, 387, 396, 3934-3935, 
3941-3942 

Thiospira bipunctata, 3934, 3941 
Thiospira winogradskyi, 3934, 3941 
Thiospirillum, 28, 96, 318, 2121 
Thiospirillum jenense, 78, 3200, 

3203, 3205, 3207, 3209, 3212, 
3215 

Thiospirillum winogradskii, see 
Thiospira winogradskyi 

Thiosulfate medium, sulfur bacteria, 
colorless, 2644, 2652 

Thiosulfate oxidase, Chloroflexus, 
3766 

Thiosulfate production, purple 
nonsulfur bacteria, 2151 

Thiosulfate reductase 
Alteromonas, 3064 
Chloroflexus, 3766 
sulfidogenic bacteria, 593-597 
thermoanaerobic saccharolytic 

bacteria, 1908 
Thiosulfate utilization, 335-336 

Archaeoglobus, 710 
Chlorobiaceae, 3589 
Clostridium, 1838 
colorless sulfur bacteria, 388, 408 
cyanobacteria, 2082 
Desulfotomaculum, 1798 
Ectothiorhodospira, 3224 
Hydrogenobacter, 3929 
Leucothrix, 3250 
Paracoccus, 2321-2322 
purple nonsulfur bacteria, 2142, 

2149 
Rhodocyclus, 2557-2558 
sulfate-reducing bacteria, 3363 
sulfidogenic bacteria, 589-590 
sulfur bacteria, colorJess, 2638, 

2641-2644, 2647-2652 
sulfur bacteria, green, 3203 
sulfur bacteria, purple, 3203, 

3213-3214 
sulfur-reducing bacteria, 3381 
thermoanaerobic saccharolytic 

bacteria, 1904, 1908-1910 
Xanthobacter, 2376 

Thiosulfate:acceptor oxidoreductase, 
sulfur bacteria, purple, 3214 

Thiosulfate-mineral medium, 
Beggiatoa, 3172 

Thiothrix, 29, 98, 152, 387, 389, 
396,401,404,3175,3247-
3250, 3253, 3934, 3936 

Thiothrix nivea, 92, 399, 2121, 
2646, 3903 

Thiotrophic symbiosis, 3892 
Thiovulum, 29, 75, 97-98, 102, 387, 

396,399-400,407,2646,3934-
3936, 3942-3945 

Thiovulum majus, 3934, 3942-3945 
Thiovulum minus, see Thiovulum 

majus 
Thiovulum muelleri, see Thiovulum 

majus 
Thiovulumspora, 4096 

Thodococcus coprophilus, 935-936 
Thoracic actinomycosis, 859-860, 

862 
Thread cells, Cytophagales, 3634-

3635, 3651-3652, 3661 
Threonine aldolase, Clostridium, 

1831 
Threonine deaminase 

Bifidobacterium, 828 
Clostridium, 1835 

Threonine dehydratase, 
Chloroflexus, 3766 

Threonine production 
Bifidobacterium, 828 
Corynebacterium, 1166 
Escherichia coli, 2723 

Threonine utilization 
Arthrobacter, 1285 
Fusobacterium, 4121 

Throat 
Hajnia, 2816 
Streptococcus, 1452-1454, 1459 

Thrombophlebitis, septic, see Septic 
thrombophlebitis 

Thyasira symbionts, 403, 3893-
3894, 3900 

Thylakoid, 317, 322 
cyanobacteria, 2060, 2069-2070, 

2082 
Prochlorales, 2107-2109 

Thymidine kinase, Micrococcus, 
1306 

Thymidine phosphorylase, 
Micrococcus, 1306 

Thymine dimer, 90 
5-Thyminyl-5,6-dehydrothymine, 

1687 
Tiacumicin, 1054 
Ticarcillin resistance/sensitivity, 

Listeria, 1608 
Tick, see also Arthropod vector 

Borrelia, 3561-3564 
collection and examination, 2423 
Cowdria, 2445,2451-2453 
Coxiella, 2472-2473 
Ehrlichia, 2445-2446, 2449-2450 
Erysipelothrix, 1630 
hemolymph test, 2423-2424 
Rickettsia, 2410-2420 
Spiroplasma, 1963, 1966, 1968, 

1970-1971 
Wolbachia, 2478 

Tick typhus, 2427; see also specific 
types 

Tick-borne fever, 2445 
sheep and catde, 2449-2450 

Till and Palmer medium, 
Actinobacillus, 3345 

Tillamook agent, 2408, 2417-2419 
Tinidazole resistance/sensitivity, 

Mobiluncus, 911 
Tin-oxidizing bacteria, 339 
Tinsdale agar 

Corynebacterium, 1175-1176, 
1178 

Rhodococcus, 1197 
tip genes, 247 
Tip structure, mycoplasma, 1938-

1939, 1946 
Tissierella, 37, 3596-3597, 3614 
Tissierella praeacuta, 3594, 3598, 

3602, 3604 

Tissue culture 
Cowdria, 2452 
Coxiella, 2474 
Ehrlichia, 2447-2448 
Neorickettsia, 2453 
Plesiomonas, 3033 
rickettsiae, 2429-2431 
Treponema, 3542 

Tissue specimen 
Leptospira, 3578 
rickettsiae, 2423-2426 
Treponema, 3542-3543 

Titanium (III) citrate, 175 
TITG agar, see Thallous 

tetrazolium glucose agar 
TM medium, see Thayer-Martin 

medium; Tomato-meat 
medium 

Tm(e) value, 20-21, 32 
TMAO, see Trimethylamine N

oxide 
TMB utilization, homoacetogens, 

1930 
TMC utilization, homoacetogens, 

1930 
TMYGP broth, Bacillus, 1710 
TNSA, see Trypaflavin-nalidixic 

acid-serum-agar medium 
Tobacco 

Serratia, 2825 
transformation by leaf disc 

method, 2225-2226 
Tobacco hornworm, Bacillus, 1717 
Tobramycin resistance/sensitivity 

Aeromonas, 3028 
Brochothrix, 1625 
Enterococcus, 1474 
Flavobacterium, 3627 
Klebsiella, 2780 
Proteus, 2852 
Providencia, 2856 
Serratia, 2830 
Staphylococcus, 1399, 1403 

Todd-Hewitt broth 
Enterococcus, 1468 
Gemella, 1647 
Streptococcus, 1423 
Wolinella, 3516 

Tofu, Yersinia, 2880 
Toga, Thermotoga, 3810 
m-Toluate medium, Zoogloea, 3958 
Toluene degradation 

denitrifying bacteria, 565 
hydrocarbon-oxidizing bacteria, 

453 
Pseudomonas, 3089 

Tolypothrix, 538 
Tomato 

Azotobacteraceae, 3164 
Clavibacter, 1359 
phytopathogenie pseudomonads, 

3106 
Tomato big bud mycoplasma-like 

organism, 4060 
Tomato juice agar 

Bifidobacterium, 822 
Lactobacillus, 1556 
Leuconostoc, 1519 

Tomato juice factor, 1521 
Tomato pathogen, 661, 667 
Tomato-meat (TM) medium, 

Sporolactobacillus, 1772 



Tongue 
Actinobacillus, 3343 
Actinomyces, 857 

Tonsillitis, Gemella, 1651 
Tonsils 

Actinomyces, 853-854 
Streptomycetaceae, 941 

Topoisomerase, Escherichia coli, 
2705 

Topology tree, eubacteria, 33-34 
Tortoise, Aeromonas, 3020 
Torulopsidosira filamentosa, 3725 
Total count, 175 
Toxemia, Chromobacterium, 2593 
Toxic epidermal necrolysis, see 

Scalded skin syndrome 
Toxie shock syndrome, 

Staphylococcus, 1374, 1376, 
1396 

Toxin, 644-646; see also speci/tc 
toxins 

Aeromonas, 3018-3019 
anthrax, 1750-1751 
Bacillus, 1682, 1702, 1709, 1756-

1759 
Caedibacter, 3871-3872 
Citrobacter, 2745 
Clostridium, 644, 1804, 1833, 

1876 
Corynebacterium, 1178-1180 
Legionella, 3284 
Leptospira, 3574 
Paramecium with symbiont, 

3866-3867, 3871 
Pasteurella, 3333-3334 
Renibacterium, 1314 
Spiroplasma, 1967 
Staphylococcus, 1394-1395 
Streptococcus, 1451 

Toxin neutralization test, rickettsiae, 
2433 

Toxothrix, 4026-4028 
Toxothrix ferruginea, see Toxothrix 

trichogenes 
Toxothrix trichogenes, 91, 4026-

4028 
TPY medium, Bi/tdobacterium, 822, 

824 
Trace element solution, 155 

myxobacteria, 3425 
Trace element solution SL 10, 

Ch1orobiaceae, 3585 
Trace elements, Streptomycetaceae, 

948 
Tracheal cytotoxin, Bordetella, 645, 

2531,2534 
Tracheitis, Enterococcus, 1476 
Tracheobronchitis, Moraxella, 3276 
Trachoma, 647, 3691-3692, 3694, 

3696, 3700-3701 
TRACK XI, Brucella, 2395 
Transaldolase, Bi/tdobacterium, 821, 

826 
Transcription 

Bacillus, 1683-1685 
methanogens, 752 

Transduction 
Acinetobacter, 3140 
Bacillus, 1677-1678, 1727 
Lactobacillus, 1571 
Lactococcus, 1489-1490 

phytopathogenic pseudomonads, 
3110 

Staphylococcus, 1398-1399 
Transfection, Bdellovibrio, 3403, 

3408-3409 
Transfer RNA (tRNA) 

aphid symbiont, 3908 
cyanobacteria, 2090 
mycoplasma,1941-1942 

Transfer RNA (tRNA) gene, 
mycoplasma-like organism, 
4062 

Transferrin receptor, Neisseria, 2508 
Transformasome, Haemophilus, 

3323 
Transformation 

Acinetobacter, 3139-3140 
Azotobacteraceae, 3162 
Bacillus, 1677, 1705, 1725, 1731 
Clostridium, 1820 
Corynebacterium, 1161 
cyanobacteria, 2079-2080, 2086-

2088 
Enterococcus, 1475-1476 
Haemophilus, 3322-3323 
Lactobacillus, 1571 
Leptospira, 3571 
Micrococcus, 1306-1307 
Mycobacterium, 1229-1231 
phytopathogenic pseudomonads, 

3110 
plants, 2225-2227 
Pseudonocardiaceae, 1018 
Rochalimaea, 2444-2445 
Staphylococcus, 1398 
Streptococcus, 1425 

Transformation assay, 
Psychrobacter, 3242, 3244 

Transglycosylase, Neisseria, 2503 
Transient mieroorganism, see 

Allochthonous microorganism 
Translation, methanogens, 757 
Transmission electron microscopy, 

Siderocapsaceae, 4106 
Transport medium, 178; see also 

Specimen transport 
Actinomyces, 870, 872 
anaerobic Gram-positive cocci, 

1880 
Campylobacter, 3500, 3503-3504 
Corynebacterium, 1175 
Neisseria, 2512 
Streptococcus, 1422-1423 

Transport system 
Escherichia, 2700 
Streptococcus, 1453 

Transposable element 
Ac, 2228 
cyanobacteria, 2092 

Transposition, mycoplasma, 1942 
Transposon, 641 

Bacillus, 1724-1725 
conjugative, 1471 
Enterococcus, 1471 
Lactobacillus, 1571 
phytopathogenie pseudomonads, 

3110-3111 
Staphylococcus, 1402-1403 

Transposon mutagenesis 
Haemophilus, 3323-3324 
Zymomonas, 2293-2294 

Transposon Tn5 
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Haemophilus, 3324 
Zoogloea, 3959-3960 

Transposon TnJO, 2706 
Transposon Tn551, Staphylococcus, 

1402 
Transposon Tn554, Staphylococcus, 

1402-1403 
Transposon Tn903, Haemophilus, 

3324 
Transposon Tn916 

Bacillus, 1726 
Enterococcus, 1471-1472 
Haemophilus, 3323-3324 
Lactococcus, 1490 
mycoplasma, 1941-1942 

Transposon Tn917, Enterococcus, 
1471 

Transposon Tn918, Enterococcus, 
1472 

Transposon Tn919 
Enterococcus, 1472 
Lactococcus, 1490 

Transposon Tn925, Bacillus, 1679 
Transposon Tn1545 

Enterococcus, 1472 
Lactococcus, 1490 

Transposon Tn3701, Enterococcus, 
1472 

Transposon Tn4001 
mycoplasma, 1942 
Staphylococcus, 1403 

Transposon Tn4430, Bacillus, 1724-
1725 

Transtracheal aspirate 
Legionella, 3287 
Mycobacterium, 1249 

Transuranium elements, sorption by 
Zoogloea, 3961-3962 

traT gene, Escherichia coli, 648 
Travelers' diarrhea, 2712-2714, 

2854 
Trehalose production 

Cellulomonas, 1327 
Mycobacterium, 1226 
myxobacteria, 3462 
Sulfolobales, 695 

Trehalose utilization 
Actinobacillus, 3347 
Actinomyces, 889 
Aerococcus, 1506 
Agrobacterium, 2214 
Arcanobacterium, 889 
Arthrobacter, 1285 
Bacillus, 1701, 1704-1705, 1708, 

1710 
Bacteroides, 3604 
Bi/tdobacterium, 827 
Brochothrix, 1625 
Cardiobacterium, 3341 
Chromobacterium, 2593 
Clostridium, 1868, 1870, 1876 
Corynebacterium, 1159 
cyanobacteria, 2083 
Edwardsiella, 2740-2741 
Enterobacter, 2806 
Enterobacteriaceae, 2924 
Escherichia, 2698 
Flavobacterium, 3624 
Gemella, 1649 
Haemophilus, 3320 
Hafnia, 2818 
Halobacteriaceae, 789-797 
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hydrogen-oxidizing bacteria, 364, 
366 

Klebsiella. 2785 
Lactobacillus, 1565 
Leuconostoc, 1522-1523 
Morganella, 2857 
Mycobacterium, 1219 
Pediococcus, 1505 
Photobacterium, 2981 
Plesiomonas, 3036 
Promicromonospora, 1337 
Propionibacterium, 845 
Providencia, 2854 
Pseudomonas, 3094 
Pseudonocardiaceae, 10 12 
rhizobia, 2200, 2210 
Rothia, 889 
Selenomonas, 2010 
Serratia, 2836 
Simonsiellaceae, 2666 
Sporolactobacillus, 1773 
Staphylococcus, 1384, 1386-1387 
Streptococcus, 1428, 1430, 1432-

1433 
Streptosporangiaceae, 1133 
thermoanaerobic saccharolytic 

bacteria, 1 908-1 909 
Vibrio, 2974, 2981, 2995 
Yersinia, 2865, 2873, 2894 

Trench fever, 2402, 2442-2446 
Treponema, 29, 33, 1437, 3526, 

3537-3554 
symbiotic, 3856 

Treponema bryantii, 461, 3539, 
3544, 3551-3552, 3554 

Treponema carateum, 3537-3538, 
3541 

Treponema denticola, 3514, 3539, 
3543-3544, 3549, 3551-3553 

Treponema dentium, 109 
Treponema hyodysenteriae, 3526, 

3537-3539, 3541, 3544-3545, 
3547, 3550-3553 

Treponema innocens, 3539, 3544-
3545, 3550-3552, 3554 

Treponema macrodentium, 3548-
3549 

Treponema minutum, 3539,3544, 
3551-3552 

Treponema pallidum, 131, 3537-
3543, 3554 

Treponema paraluiscuniculi, 3537-
3539, 3541, 3554 

Treponema pectinovorum, 3514, 
3539, 3544-3545, 3551-3552, 
3554 

Treponema phagedenis, 3539-3541, 
3543-3545, 3551-3553 

Treponema rejringens, 3539, 3544, 
3551-3553 

Treponema saccharophilum, 3539, 
3544, 3551-3552, 3554, 3965 

Treponema skoliodontum, 3544, 
3551-3552 

Treponema socranskii, 3539, 3544, 
3551-3553 

Treponema succinifaciens, 3539, 
3544, 3551-3553 

Treponema vincentii, 3539, 3543-
3544, 3551-3553 

Treponemal rare outer membrane 
protein (TROMP), 3539 

trg genes, 247 
Triangular similarity index, 131 
Triazine resistance, cyanobacteria, 

2096 
Tribe (taxonomic), 128 
Tribonema, caulobacters associated 

with,2181 
Tributyrin hydrolysis 

Caryophanon, 1787 
Cytophagales, 3659 
Herpetosiphon, 3800 
Kurthia, 1659 
Leptospira, 3573 
Neisseria, 2496-2497 

Tricarballylate utilization 
Enterobacter, 2808 
Klebsiella, 2786-2787 
Serratia, 2837, 2839 

Tricarboxylic acid cycle, 56 
acetic acid bacteria, 2279 
Azotobacteraceae, 3160 
Bdellovibrio, 3409 
Beggiatoa, 3177 
Chloroflexus, 3765 
Corynebacterium, 1163 
Leptospira, 3571 
methanogens, 748-750 
methanotrophs, 2351, 2355, 2361 
Methylobacterium, 2346 
Micrococcus, 1304 
myxobacteria, 3465 
Neisseria, 2506 
Nitrobacter, 2307 
reverse, 58-59 
sulfate-reducing bacteria, 3369 
sulfidogenic bacteria, 602-603, 

612-613 
Thermus, 3748 
xy1em-inhabiting bacteria, 4041 
Zymomonas, 2292 

Trichloroethylene utilization, 
Xanthobacter, 2379 

Trichoderma reesei, 467-468, 491 
Trichodesmium, 538, 2066-2067, 

2083 
Trichodesmium erythraeum, 2064 
Trichodesmium thiebautii, 2064 
Trichome, 2076 

Caryophanon, 1785-1787 
cyanobacteria, 325-328, 2059, 

2064, 2068, 2072-2074, 2076 
Prochlorales, 2108-2109 
Toxothrix, 4026-4028 

Trichonympha symbionts, 3856, 
3859 

Trickle vinegar fermentor, 2281 
Trickling filter, 91, 265 

Zoogloea, 3955 
Trigonelline, phytopathogenic 

pseudomonads, 3107 
Trigonelline utilization 

Enterobacter, 2808, 2810 
Klebsiella, 2786 
Serratia, 2837, 2839 

Trihydroxybenzenoid utilization 
Eubacterium, 1914 
Pelobacter, 3393, 3395 

Trihydroxybenzoic acid utilization, 
purple nonsulfur bacteria, 2150 

Trimethoprim resistance/sensitivity 
Citrobacter, 2749 
Clostridium, 1867, 1871 

Coxiella, 2474 
Moraxella, 3278-3279 
Mycobacterium, 1247 

Trimethoprim-sulfamethoxazole 
resistance/sensitivity 

Aeromonas, 3028 
Alcaligenes, 2547 
Bacillus, 1749 
Campylobacter, 3502 
Corynebacterium, 1183 
Klebsiella, 2780 
Legionella, 3286 
Serratia, 2830 
Shigella, 2757-2758 
Yersinia, 2878 

3,4,5-Trimethoxybenzoate 
utilization, Desulfotomaculum, 
1795 

3,4,5-Trimethoxycinnamate 
degradation, Eubacterium, 1917 

Trimethylamine dehydrogenase, 
methylotrophs, 436-437 

Trimethylamine monooxygenase, 
methylotrophs, 436-437 

Trimethylamine N-oxide (TMAO) 
demethylase, methylotrophs, 
436-437 

Trimethylamine N-oxide (TMAO) 
reductase 

Alteromonas, 3064 
Roseobacter, 2158 

Trimethylamine N-oxide (TMAO) 
utilization 

Campylobacter, 3491-3495, 3498 
methanogens, 719 
purple nonsulfur bacteria, 2147 
su1fidogenic bacteria, 590 

Trimethylamine production, 
methanogens, 719 

Trimethylamine utilization 
methanogens, 719-721 
Methylobacterium, 2345 
methylotrophs, 436 

Trimethylene glycol production, 
Citrobacter, 2744 

Trimyema compressum, 3884-3885 
Triphasic medium, BartoneIla, 3998 
Triphenyltetrazolium chloride 

resistance 
Bifidobacterium, 823 
Campylobacter, 3492, 3494-3498 

Tripie sugar iron (TSI) agar, see also 
Hydrogen sulfide production 

Aquaspirillum, 2572 
Bacillus, 1759 
Campylobacter, 3491, 3493 
Shigella, 2756 
Yersinia, 2877 

Trithionate production, sulfur 
bacteria, colorless, 2647 

Trithionate reductase, sulfidogenic 
bacteria, 593-594, 596 

Trithionate utilization 
sulfidogenic bacteria, 589 
sulfur bacteria, colorless, 388, 

2641, 2650-2651 
Troleandomycin resistancej 

sensitivity, Haemophilus, 3307 
TROMP, see Treponemal rare outer 

membrane protein 
Trophosome, 402-403, 2401-2402, 

3893, 3896-3897, 3899-3900, 
3903 



Tropical canine pancytopenia, 2445 
Tropical legume, rhizobia, 2198-

2199,2202-2203,2206 
Tropical soil, Derxia, 2605 
Tropical sprue, 2678 
Tropical ulcer, Fusobacterium, 4116 
Tropomyosinase, Clostridium, 1872 
Trout 

Aeromonas, 3012-3013, 3015, 
3019-3020 

Carnobacterium, 1574 
Cytophagales, 3645 
eroded mouth disease, 3645 
Listeria, 1597 
Renibacterium, 1312-1316 
Vibrio, 3000 
Yersinia, 2865-2866 

trp operon, Bacillus, 1683-1684 
Tru I, 3750 
Tru 11, 3750 
Truant f1uorescence acid-fast stain, 

Mycobacterium, 1251 
Trypaflavin-nalidixic acid-serum

agar (TNSA) medium, Listeria, 
1600 

Trypan blue tetracycline (TBT) 
medium, phytopathogenic 
pseudomonads, 3121-3122 

Tryptamine utilization 
Enterobacter, 2808 
Janthinobacterium, 2597 
Klebsiella, 2786 

Tryptic casein soy agar, Klebsiella, 
2782 

Tryptic glucose extract (TGE) agar, 
Carnobacterium, 1575 

Tryptic soy agar 
Carnobacterium, 1574 
Haemophilus, 3314 

Tryptic soy broth 
Aerococcus, 1505 
Neisseria, 2513 
Salmonella, 2767 

Tryptic soy broth with ASW 
Alteromonas, 3050 
Marinomonas, 3050 

Tryptic soy digest medium, 
Moraxella, 3277 

Tryptic soy medium, Streptococcus, 
1453 

Tryptic soy-yeast (TSY) agar, 
Sporosarcina, 1775 

Trypticase soy agar 
Acinetobacter, 3138 
Brucella, 2392-2393 
Cardiobacterium, 3340 
Cytophagales, 3645-3648 
Erysipelothrix, 1634 
Psychrobacter, 3242 

Trypticase soy blood agar, 
Veillonella, 2042 

Trypticase soy broth 
actinomycetes, 870 
Corynebacterium, 1176 
Leptospira, 3577 
Treponema, 3550 
Wolinella, 3514 

Trypticase soy medium 
Gemella, 1647 
Pseudonocardiaceae, 1006-1007 

Trypticase-yeast extract-cysteine 
(TYC) sucrose agar, 
Streptococcus, 1423 

Trypticase-yeast extract-glucose 
medium, Propionibacterium, 
837 

Tryptic-soy-sheep blood agar, 
Bacillus, 1759 

Tryptone soy agar, 
Streptomycetaceae, 947 

Tryptone-glucose extract (TGE) 
medium 

Vibrionaceae, 2944 
Zoogloea, 3957 

Tryptone-glucose-yeast extract
methionine (TGYM) medium, 
Deinococcaceae, 3736 

Tryptone-soy agar 
Brevibacterium, 1352 
Escherichia, 2699 
Filibacter, 1784 

Tryptone-starch medium, 
Lysobacter, 3262 

Tryptone-yeast extract (TYE) 
medium 

Nocardiaceae, 1198 
Porphyromonas, 3611 
Psychrobacter, 3242 
Streptomycetaceae, 951 
thermoanaerobic saccharolytic 

bacteria, 1903 
Thermomicrobium, 3775 

Tryptophan, microbiological assay, 
2595 

Tryptophan monooxygenase, 
phytopathogenic 
pseudomonads, 3115 

Tryptophan utilization, 
Comamonas, 2584 

Tryptose agar 
Brucella, 2393 
Listeria, 1598, 160 I 

Tryptose blood agar 
Erysipelothrix, 1637 
Listeria, 1598 

Tryptose broth 
Brucella, 2392 
Listeria, 1598 

TS agar, see Tetrazolium-sucrose 
agar 

TSA-5400 selective medium, 
Treponema, 3547 

TSB agar, see Trypticase soy broth 
agar 

TSBA medium, Phyllobacterium, 
2602 

Tsetse f1y, Wolbachia, 2479 
TSI agar, see TripIe sugar iron agar 
Tsilik marasi, grapevine, 3133-3135 
Tsp45 I, 3750 
TspA 1,3750 
TspE I, 3750 
TspZn I, 3750 
tsr genes, 247-248 
TSTA agar, see Tyrosine sorbitol 

thallous agar 
Tsukamurella, 24, 37, 564, 1157, 

1160, 1188, 1190, 1193-1196, 
1215, 1221, 1227, 1256 

Tsukamurella paurometabolum, 
563,1192-1193,1195-1196, 
1201-1202, 1205 

Tsutsugamushi disease, 2408 
TTl18 agent, 2408 
TTC agar, Clavibacter, 1362 
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TTC tolerance, see 
Triphenyltetrazolium chloride 
tolerance 

Tthl11 I, 3750 
Tthl11 11, 3750 
TTS agar, see Thallous-acetate

tetrazo1ium-sucrose agar 
Tube agglutination test, Brucella, 

2392, 2394-2396 
Tube precipitation test, Gemella, 

1650-1651 
Tube-ovarian abscess, Neisseria, 

2510 
Tuber rot, potato, 1359 
Tuberculin, 1231 
Tuberculin hypersensitivity, 1240-

1241 
Tuberculosis, 151,814, 1214, 1231, 

1238-1261, 4078 
AIDS and, 1240, 1242 
Gordona, 1195 
reinfection, 1240 
Tsukamurella, 1195 

Tuberculostearic acid, 1226-1227, 
1257-1259 

actinoplanetes, 1045 
Corynebacterium, 1172 
Nocardiaceae, 1188 
Nocardiopsis, 1147 
Rhodococcus, 1200 
Streptosporangiaceae, 1126 

Tuberoidobacter, 27 
Tuberoidobacter mutans, 2359 
Tubeworm symbionts, 3891-3903 
Tubules, Cytophagales, 3653 
Tubulin, spirochetes, large 

symbiotic, 3974-3975 
tu! genes, mycoplasma, 1950, 1965 
Tufted fibril group, Streptococcus, 

1426, 1430-1431 
Tularemia, 3987-3992 

ocular-glandular, 3989 
pneumonic, 3989 
typhoidal, 3989 
ulcero-glandular, 3989 

Tulip 
Curtobacterium, 1363 
pathogen, 667 

Tu1ip tree, Mollicutes, 4054 
Tumbling, 99, 243, 246 
Tumor, plant, 659 
Tungsten requirement, 155 
Tunicamycin, 978 
Tunicate, bioluminescent bacteria, 

631 
Turanose utilization 

Carnobacterium, 1577-1578 
Enterobacter, 2808 
Klebsiella, 2786 
Listeria, 1603 
Staphylococcus, 1384, 1386-1387 
Streptosporangiaceae, 1132 

Turbidostat, 160 
Turkey 

Aeromonas, 3020 
bluecomb, 1631 
Erysipelothrix, 1630-1631 
Yersinia, 2865 

Turnip pathogen, 661 
Turtle 

Salmonella, 2766 
Serratia, 2827 
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TV antigen, Erwinia, 2902, 2904 
TWAR strain, Chlamydia, 3702 
Tween hydrolysis 

Aeromonas, 3027 
Alcaligenes, 2549 
Brochothrix, 1625 
Cardiobacterium, 3341 
Cytophagales, 3659 
Erythrobacter, 2488 
Frankia, 1074 
Halobacteriaceae, 789-797 
Kurthia, 1659 
Mycobacterium, 1258-1261 
Pseudomonadaceae, 3081 
Pseudomonas, 3093, 3095 
Pseudonocardiaceae, 1010 
Psychrobacter, 3243 
Renibacterium, 1314 
Roseobacter, 2157 
Serratia, 2837 
Sporosarcina, 1779 
Staphylococcus, 1393 
Thermomonosporaceae, 1103 
Yersinia, 2875 

Twig blight, Erwinia, 2910 
Twig dieback, phytopathogenic 

pseudomonads, 3104 
Twitching, 64 

Acinetobacter, 3139 
TYCSB agar, Streptococcus, 1424 
TYE medium, see Tryptone-yeast 

extract medium 
TYEG medium, thermoanaerobic 

saccharolytic bacteria, 1906 
Tylosin, 978 
TyndalI, John, 152 
Tyndallization, 152 
Type strain, 128, 130 
Typhoid, 151,642,2679,2760-

2761, 2765, 2770-2772; see also 
Mouse typhoid 

fowl, see Fowl typhoid 
Typhoid-like illness, Edwardsiella, 

2738 
Typhus, 2407; see also specijic types 
Tyramine oxidase, Micrococcus, 

1306 
Tyramine production 

Carnobacterium, 1578 
Lactobacillus, 1548, 1550 
Leuconostoc, 1520 

Tyramine utilization, Arthrobacter, 
1285 

Tyrocidin production, Bacillus, 
1688,1757 

Tyrosine agar 
Nocardiopsis, 1145 
Thermomonosporaceae, 1095 

Tyrosine decomposition agar, 1763 
Tyrosine sorbitol thallous (TSTA) 

agar, Enterococcus, 1466 
Tyrosine utilization 

Arthrobacter, 1285 
Budvicia, 2932 
Citrobacter, 2745, 2747 
Corynebacterium, 1159 
Deleya, 3195 
Enterobacter, 2808 
Enterobacteriaceae, 2924 
Klebsiella, 2786 
Leminorella, 2932 
Morganella, 2857 

Nocardiaceae, 1203-1204 
Pragia, 2932 
Pseudonocardiaceae, 10 12 
Psychrobacter, 3243 
Saccharothrix, 1064 
Sporosarcina, 1779 
Thermomonosporaceae, 1102-

1103 
Tyrosine-caseinate-nitrate agar, 

Streptomycetaceae, 949 
Tyrothricin resistance/sensitivity, 

Gemella, 1645 
TZC medium, see Tetrazolrium 

chloride medium 

u 
Ubiquinol oxidase super complex, 

Paracoccus, 2328 
Ubiquinol-cytochrome c

oxidoreductase, Paracoccus, 
2328 

Ubiquinone, 135 
acetic acid bacteria, 2277, 2279 
Alcaligenes, 2547-2548 
ammonia-oxidizing bacteria, 418-

419 
Deleya, 3194 
Ectothiorhodospira, 3222, 3225-

3227 
Lysobacter, 3264 
Methylobacterium, 2347 
Phenylobacterium, 2341 
Psychrobacter, 3244 
Rhodocyclus, 2557 
Roseobacter, 2157-2158 
sulfur bacteria, colorless, 398, 

2639-2640 
sulfur bacteria, purple, 3213 
Xanthobacter, 2373 

Ubiquinone oxidoreductase, 
Paracoccus, 2326 

U9C urea medium, mycoplasma, 
1948 

UGA codon, mycoplasma, 1941 
Ulcer 

Corynebacterium, 1183 
diphtheric, 1181 
Francisella, 3989 

Ulcerative colitis, 
Enterobacteriaceae, 2679 

Ulcerative dermatitis, Aeromonas, 
3020 

Ulcerative enteritis, Clostridium, 
1870 

Ulcerative enterocolitis, 
Edwardsiella, 2738 

Ulcerative lymphadenitis, 
Corynebacterium, 1181 

Ulmic acid agar, Seliberia, 2491 
Vlmus, Erwinia, 2901 
Ulotrichales, cyanobacteria 

symbiont, 3822 
Ultrastructural characters, 

assessment, 131-133 
Ultraviolet resistance 

Bacillus, 1671, 1686-1687 
cyanobacteria, 2085 
Enterococcus, 1474 
myxobacteria, 3458, 3463 

Umbilical cord, Porphyromonas, 
3609 

Undecy1prodiginine, 1089 
Undecylprodigiosin, 956 
Ungu1ate, Anaplasmataceae, 3995 
Unity in biochemistry, 79, 153 
Universal ancestor, 13 
University of Vermont Listeria 

enrichment medium (UVLM), 
1599-1600 

Untrafreezing of culture, 183 
Upstream activator sequence, 548 
Uranium binding, Zoogloea, 3961-

3962 
Uranium-oxidizing bacteria, 332, 

339 
13C-Urea breath test, 

Campylobacter, 3504 
Urea hydrolysis 

Enterobacteriaceae, 2923 
mycoplasma, 1943, 1949 
Plesiomonas, 3036 
Spiroplasma, 1974 
Vibrio, 2992 

Vreaplasma, 25, 1937-1952, 1962 
Vreaplasma urealyticum, 1941, 

1943-1947,1950,1952 
Urease, 141 

Actinobacillus, 3347 
Actinomyces, 886-887 
Agrobacterium, 663 
Alcaligenes, 2549, 2551 
ammonia-oxidizing bacteria, 

2626, 2629, 2631-2632 
anaerobic Gram-positive cocci, 

1885-1888 
Aquaspirillum, 2571 
Bacillus, 1757, 1761 
Bacteroides, 3519, 3599, 3603-

3604 
Bijidobacterium, 828 
Bordetella, 2531 
Brucella, 2393-2394 
Budvicia, 2925, 2932 
Campylobacter, 3493-3497, 3504, 

3519 
Cardiobacterium, 3341 
Clostridium, 1874 
Corynebacterium, 1159 
Edwardsiella, 2741 
Eikenella, 2670, 3519 
Enterobacter, 2807 
Escherichia, 2698, 2722 
Filibacter, 1784 
Flavobacterium, 3624-3625 
Haemophilus, 3312, 3317-3319, 

3321-3322 
Hafnia, 2683, 2819 
halophilic cocci, 1780 
Herbaspirillum, 2243 
lanthinobacterium, 2597 
Klebsiella, 2781, 2784, 2786-2787 
Leminorella, 2932 
Methylobacterium, 2346 
Morganella, 2849, 2856-2857 
Mycobacterium, 1260-1261 
mycoplasma, 1938 
Nocardiaceae, 1203 
Pectinatus, 1999 
Promicromonospora, 1337 
Proteus, 2849-2850, 2852 
Providencia, 2849, 2854 
Pseudonocardiaceae, 10 12, 10 16 
Psychrobacter, 3243 



Saccharothrix, 1064 
Salmonella, 2767 
Selenomonas, 2006, 2012 
Serratia, 2836 
Shigella, 2755 
Sporosarcina, 1774, 1779 
Staphylococcus, 1384, 1386-1387 
Streptococcus, 1427-1428, 1435 
Streptomycetaceae, 966, 968 
Succinivibrio, 3981 
sulfur bacteria, colorless, 2642 
Thermomonosporaceae, 1102 
Verrucomicrobium, 3808 
Vibrio, 2973 
Weeksella, 3625 
Wolinella, 3519 
Xanthobacter, 2371 
Xenorhabdus, 2934 
Xylophilus, 3135 
Yersinia, 2865, 2877-2878 

U reidopenicillin resistance/ 
sensitivity, Klebsiella, 2780 

Urethra 
Mobiluncus, 912 
Neisseria, 2510-2513, 2515 

Urethritis 
Actinomyces, 850, 862 
Chlamydia, 3691, 3694, 3698, 

3701 
Moraxella, 3276 
Staphylococcus, 1375 

U ric acid utilization 
Arthrobacter, 1286 
Bacillus, 1670 
Clostridium, 1804, 1812 
Kurthia, 1658 

Uridine phosphorylase, 
Micrococcus, 1306 

Uridine utilization, Kurthia, 1658 
Urinary antigen, Legionella, 3288 
U rinary tract 

Corynebacterium, 1183 
Eikenella corrodens, 2668 
Enterobacteriaceae, 2679-2681 
Escherichia coli, 643-644 
Leminorella, 2929 
Leptotrichia, 3983 
Micrococcus, 1307 
Proteus, 2851-2852 

Urinary tract infection 
Bacillus, 1755 
Campylobacter, 3490 
Citrobacter, 2745-2746, 2749 
Corynebacterium, 1182-1183 
Enterobacter, 2801 
Enterococcus, 1476 
Escherichia coli, 2707-2710,2718 
Gardnerella, 918 
Klebsiella, 2777-2778 
Morganella, 2858 
Propionibacterium, 844 
Providencia, 2854-2856 
Pseudomonas, 3086, 3089, 3093, 

3095 
Serratia, 2828 
Staphylococcus, 1375 

Urine 
Brucella, 2389, 2392 
Campylobacter, 3504 
Citrobacter, 2745 
Comamonas, 2585 
Coxiella, 2472 

Escherichia, 2699, 2722 
Escherichia coli, 2708-2710 
Flavobacterium, 3622 
Hafnia, 2816 
Kluyvera, 2927 
Lec/ercia, 2928 
Leminorella, 2928 
Leptospira, 3568, 3573, 3575, 

3578 
Mycobacterium, 1250, 1252 
Ochrobactrum, 2602 
Oerskovia, 1333 
Pseudomonas, 3095 
rickettsial antigen, 2427 
Staphylococcus, 1380-1381 
Streptococcus, 1459 
Vibrio, 2960, 2990, 2996 
Yokenella, 2935 

Urinympha symbionts, 3856 
Urogenital tract, see also Genital 

tract; U rinary tract 
Escherichia coli, 2677 
mycoplasma, 1938 
Ochrobactrum, 2602 
Proteus, 2677 
Streptococcus, 1450 

Uronema, 3882 
"Urosarcina dimorpha, " 1774 
UVLM, see University of Vermont 

Listeria enrichment medium 

v 
Vagar, see Vaginalis agar 
V8 agar, Streptomycetaceae, 947 
V antigen, Yersinia, 2868-2869, 

2878, 2895-2896 
V factor, 141 

Actinobacillus, 3347 
cis-Vaccenic acid, Zymomonas, 

2289 
Vaccine 

Anaplasma, 4016 
anthrax, 1746, 1750-1751 
Bacteroides, 3605 
Bordetella pertussis, 2530, 2533, 

2538 
Brucella, 2385, 2387, 2390, 2395 
Campylobacter, 3504-3505 
Chlamydia, 3700 
Cowdria, 2453 
Coxiella, 2473, 2477 
dental caries, 1437 
Dermatophilus congolensis, 1349 
Ehrlichia, 2448 
Erysipelothrix, 1631-1632 
Francisella, 3989-3990 
Haemophilus, 3306-3307 
Klebsiella, 2780 
Leptospira, 3579 
mycoplasma, 1946, 1952 
Neisseria, 2499,2501,2517 
Renibacterium, 1314 
rickettsiae, 2440-2441 
Shigella, 2758 
Streptococcus, 1461 
Treponema, 3541 
tuberculosis, 1241 
typhoid, 2760-2761,2771-2772 
Yersinia pestis, 2896 

Vagina 
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anaerobic Gram-positive cocci, 
1879 

Bijidobacterium, 820, 822 
Fusobacterium, 4115 
Gardnerella, 913 
Lactobacillus, 913, 1543, 1555 
Mobiluncus, 906-907, 912-914 
Pasteurella, 3332 
Propionibacterium, 844 

Vaginalis (V) agar, Gardnerella 
vagi na/is, 919 

Vaginitis 
Haemophilus vaginalis, see 

Vaginosis, bacterial 
nonspecific, see Vaginosis, 

bacterial 
Pseudomonas, 3093 

Vaginosis 
bacterial, 906, 912-913, 918-919 
Lactobacillus, 1543 

Valeric acid production 
Clostridium, 1823, 1827, 1832, 

1867-1868 
Eubacterium, 1918 
Fervidobacterium, 3814 
Fusobacterium, 4121 
Megasphaera, 2000-2002, 2043 

Valeric acid utilization 
Psychrobacter, 3243 
purple nonsulfur bacteria, 2149 
rhizobia, 2200 
Rhodocyc/us, 2558 

Validation Lists, 129 
Valine arylamidase, Nocardiaceae, 

1204 
Valine production 

Bijidobacterium, 828 
hydrogen-oxidizing bacteria, 377 

Valine utilization, Spirochaeta, 
3527, 3529, 3534 

Valinomycin resistance/sensitivity, 
methanogens, 757 

Valvular heart disease, 
Stomatococcus, 1321 

Vampirococcus, 3401-3402 
Vampirovibrio, 2565, 3401-3402 
van Veen medium, 

Pseudonocardiaceae, 1003 
Vanadium-oxidizing bacteria, 340 
Vancomycin, L-form induction, 

4070 
Vancomycin production, 

Pseudonocardiaceae, 996, 1017, 
1019-1020 

Vancomycin resistance/sensitivity 
Aerococcus, 1504 
Aeromonas, 3028 
Bacillus, 1756, 1758 
Bijidobacterium, 829 
Citrobacter, 2749 
Clostridium, 1867-1868, 1871 
Enterococcus, 1476 
Erysipelothrix, 1633 
Erythrobacter, 2488 
Fusobacterium, 4118, 4120 
Gemella, 1645 
Haemophilus, 3315 
Leuconostoc, 1515 
L-forms, 4077 
methanogens, 724, 757 
Moraxella, 3278-3279 
Pediococcus, 1504 
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Propionibacterium. 845 
Rochalimaea. 2444 
Streptococcus. 1451 

Vancomycin-kanamycin blood agar, 
Porphyromonas. 3610 

Vanillate degradation 
Eubacterium.1917 
Pseudonocardiaceae, 1017 

Vanillate production, Serratia. 2832 
Variable major proteins (VMP), 

Borrelia. 3565-3566 
Vascular graft infection 

Staphylococcus. 1374 
Streptococcus. 1438 

Vascular tissue, plant, fastidious 
bacteria, 4030-4044 

veg gene, myxobacteria, 3449 
Vegetables, see also specijic 

vegetables 
Aeromonas. 3017 
Aureobacterium. 1358 
Bacillus. 1752 
Cytophagales, 3662 
Enterobacter. 2801 
Enterococcus. 1477 
Escherichia coli. 2716 
Janthinobacterium. 2596 
Klebsiella. 2776 
Lactobacillus. 1545, 1556, 1572 
Leuconostoc. 1514-1517 
Listeria. 1598 
Serratia. 2825-2826, 2833 

Vegetative cell, 68 
cyanobacteria, 232-234 
myxobacteria, 3418 

Vegetative growth, 210-214 
Vehicular pollution indicator, 

Methylobacterium. 2347 
Veil, Thiovulum. 3942-3945 
Veillonella. 25, 1997,2005,2010, 

2034-2043,3948,4119 
Veillonella alcalescens. see 

Veillonella parvula 
Veillonella atypica. 2035-2036, 

2039-2043 
Veillonella caviae. 2042 
Veillonella criceti. 2042-2043 
Veillonella dispar. 2006, 2010-2011, 

2035-2036, 2039, 2043 
Veillonella parvula. 82, 109-110, 

165, 864, 2006, 2035-2039, 
2042-2043 

Veillonella ralti. 2042 
Veillonella rodentium. 2042 
Veillonellaceae, 1997, 2042 
Ventilation pneumonitis, 934 

Pseudonocardiaceae, 1001 
Ventriculitis 

Bacillus. 1755 
Enterobacter. 2801 
Flavobacterium. 3622 

Verdamicin, 1055 
Vero cell toxin, 644, 2678, 2714 
Vero cells, isolation of rickettsiae in, 

2430-2431 
Verongia. cyanobacteria symbiont, 

3822 
Verrucomicrobium. 30, 35, 2163, 

3806-3808 
Verrucomicrobium spinosum. 3806-

3808 
Verruga, 4000 

Verruga peruana, 3997, 3999 
Vesic1e, Frankia. 550, 1073-1075, 

1077-1078 
Vespid wasp, Spiroplasma. 1965 
Vestimentiferan symbionts, 3891-

3903 
Vetch, nitrogen-fixing bacteria, 541 
V-form 

Corynebacterium. 1160 
Jonesia. 1339 
Promicromonospora. 1337 

Vh2 gene, Salmonella. 2762-2763 
Vi antigen, Salmonella. 2760-2761, 

2763, 2769, 2771 
Via genes, Salmonella. 2761 
"Viable but nonculturable" 

phenomenon, 168 
Viable count, 174-175 

myxobacteria, 3433-3434 
Viande-Levure medium, 

Clostridium. 1808 
Vibrio. 29, 38, 62-64, 168, 244, 

268-270,399,432,453,537-
538, 625, 2114, 2116, 2566, 
2595, 2646, 2938-2949, 2952, 
3005, 3080 

L-forms, 4068, 4077 
Vibrio aestuarianus. 2939, 2956, 

2979-2982, 2998 
Vibrio agar, Vibrionaceae, 2948 
Vibrio aginolyticus. 2995 
Vibrio albensis. 2116 
Vibrio alginolyticus. 2116, 2939, 

2944-2947, 2955-2960, 2963, 
2967-2968, 2971-2974, 2978-
2984, 2992, 2995-2996 

Vibrio anguillarum. 2939, 2956-
2958, 2979-2982, 2997-2998 

Vibrio campbellii. 2939, 2956-2958, 
2979-2982, 2998 

Vibrio carchariae. 2939, 2956, 2960, 
2963, 2971-2974, 2978-2982, 
2984, 2997 

Vibrio cholerae. 93, 109, 142, 255, 
625, 645, 2385, 2738, 2938-
2939, 2941, 2947, 2952-2958, 
2962-2967, 2969-2975, 2978-
2991, 3001, 3026, 3028, 3030 

Vibrio cincinnatiensis. 536, 2939, 
2956, 2960, 2963, 2970, 2972-
2974, 2979-2982, 2984, 2997 

Vibrio coli. see Campylobacter coli 
Vibrio costicola, 1894, 2939, 2956, 

2979-2982, 2998 
Vibrio cuneatus. 2945 
Vibrio cyclosites. see Comamonas 

terrigena 
Vibrio damsela. 2939, 2955-2956, 

2958, 2960, 2963, 2971-2974, 
2977, 2979-2982, 2984, 2995, 
2997, 3027 

Vibrio desu/furicans, 584 
Vibrio diazotrophicus, 536, 2939, 

2956, 2979-2982, 2998 
Vibrio extorquens, 2342 
Vibrio fetus. see Campylobacter 

fetus 
Vibrio fischeri. 625-631, 634, 2116, 

2939, 2953, 2956-2958, 2971, 
2979-2982, 2998-2999, 3001, 
3005 

Vibrio jluvialis. 2939, 2943, 2955-
2958, 2960, 2963, 2971-2974, 
2977, 2979-2982, 2984, 2993-
2994, 3026-3027 

Vibrio furnissii. 254, 2939, 2955-
2958, 2960, 2963, 2971-2974, 
2977, 2979-2982, 2984, 2993-
2994,3026-3027Vibrio 
gazogenes. 2939, 2956, 2959, 
2979-2982, 2999 

Vibrio harveyi. 625, 627-630, 634, 
2116, 2939, 2946, 2956, 2958, 
2971, 2979-2982, 2998-2999, 
3001, 3005, 3903 

Vibrio hollisae. 2939, 2955-2956, 
2958, 2960, 2963, 2970, 2972-
2974, 2979-2982, 2984 

Vibrio jamaecensis. see Aeromonas 
hydrophila 

Vibrio jejuni. see Campylobacter 
jejuni 

Vibrio logei. 625, 2116, 2939, 2956, 
2969, 2979-2982, 2999 

Vibrio marinus. 2116, 2939, 2956, 
2979-2982, 2999 

Vibrio mediterranei. 2939, 2956, 
2979-2982, 2999 

Vibrio metschnikovii. 2939, 2955-
2956, 2958, 2960, 2963, 2970, 
2972-2974, 2979-2982, 2984, 
2996 

Vibrio mimicus. 2939, 2941, 2955-
2958, 2960, 2962-2963, 2969-
2970, 2972-2975, 2978-2982, 
2984, 2989-2991, 3030 

Vibrio mulieris. see Mobiluncus 
Vibrio natriegens. 536, 2116, 2939, 

2956-2957, 2979-2982, 2999 
Vibrio negripulchritudo. 2956 
Vibrio neocistes. see Comamonas 

terrigena 
Vibrio nereis. 2939, 2944, 2957-

2958, 2979-2982, 2999-3000 
Vibrio nigripulchritudo. 2116, 2939, 

2958, 2967-2968, 2979-2982, 
3000 

Vibrio ordalii. 2939, 2945, 2956-
2958, 2979-2982, 2998 

Vibrio orientalis. 625, 2939, 2956, 
2971, 2979-2982, 3000 

Vibrio parahaemolyticus. 271-272, 
2116,2738,2939,2946-2947, 
2953-2963, 2965-2967, 2971-
2974, 2978-2984, 2988, 2991-
2992, 2995-2996 

Bdellovibrio host, 3404-3405 
Vibrio pelagius. 536, 2939, 2944, 

2956-2958, 2979-2982, 3000, 
3063 

Vibrio proteolyticus. 2116, 2939, 
2956, 2958, 2979-2982, 3000 

Vibrio psychroerythrus. 2938 
Vibrio rubentschikii. 584 
Vibrio salmonicida. 2939, 2956, 

2979-2982, 3000 
Vibrio splendidus. 625, 2939, 2956-

2958, 2971, 2979-2982, 3000 
Vibrio sputorum. see Campylobacter 

sputorum 
Vibrio succinogenes. see Wolinella 

succinogenes 



Vibrio tubiashii, 2939, 2956, 2979-
2982, 3000-3001 

Vibrio vulni/lcus, 625, 629, 634, 
2939, 2955-2958, 2960, 2963-
2964, 2971-2974, 2978-2985, 
2992, 2994-2996, 2999 

Vibrionaeeae, 29, 536,2115-2116, 
2135, 2587, 2938-2949, 2954-
2956, 3028, 3030 

Vibrions succinoprodueteurs, see 
Mobiluncus 

Vibriostatie agent 0129 sensitivity, 
Vibrionaeeae, 2941, 2944, 2974, 
2977-2978, 2983 

Vibriostatie agent suseeptibility 
Micrococcus, 1303-1304 
Staphylococcus, 1303-1304 

Victomyein, 1131 
Viili (Finnish ropy milk), 1483 
Vinea witehes' broom myeoplasma-

like organism, 4057 
Vineent's angina, 131,4116 
Vinegar 

aeetie acid bacteria, 2275, 2280-
2281 

eommercial produetion, 2280-
2281 

Lactobacillus, 1550 
produetion, 2268-2271 

Vinegar baeteria, 3079 
Vinyl ehloride utilization, 

Mycobacterium, 1232 
Violaeein, 91, 956-957 

Alteromonas, 3048, 3055, 3057 
antimierobial aetivity, 2595, 2597 
assay, 2591 
Chromobacterium, 2591-2598 

Violet-red-bile-Iaetose agar, 
Escherichia, 2699 

vir genes 
Agrobacterium, 664-666 
Bordetella, 645-646, 2538 
plasmid Ti, 2218-2219 

Virescenee myeoplasma-like 
organism, 4052-4053, 4055, 
4059, 4062 

Virginiamyein resistanee/sensitivity, 
methanogens, 757 

Viriplanin, 1054 
Virulenee faetor 

Aeromonas, 3016-3017 
Bacillus, 1750-1751 
Bordetella, 2533-2537 
Citrobacter, 2746 
Coxiella, 2471, 2474 
Erwinia, 2902 
Erysipelothrix, 1633 
Escherichia coli, 2678, 2709-

2712, 2717-2720 
Francisella, 3991 
geneties, 641-642 
Klebsiella, 2779 
Legionella, 3284-3286 
Listeria, 1609-1610 
Neisseria, 2503, 2507-2508 
Pasteurella, 3333-3334 
Yersinia, 2868-2869 
Yersinia pestis, 2895-2896 

Virus 
myeoplasma, 1942 
plant, 2227 
Spiroplasma, 1970, 1973 

Thermoprotea:Ies, 680 
Virus-like particles 

myeoplasma-like organism
associated, 4061 

Sulfolobales, 696 
Viseosifier, 2380 
Viscotaxis, 254-255 
Vitamin, 157, 165 
Vitamin B solution, 1049 
Vitamin B6 requirement, 

Streptococcus, 1433 
Vitamin B,2, 157 
Vitamin B '2 production, sulfur 

baeteria, purple, 3216 
Vitamin B'2 requirement 

Chlorobiaeeae, 3587 
Clostridium, 1806 
eyanobaeteria, 2064 
Haliscomenobacter, 3690 
myxobaeteria, 3440 
sheathed baeteria, 2613-2614 
Sphaerotilus, 2616 
sulfate-reducing baeteria, 3370 

Vitamin K, 157 
Vitamin solution, purple nonsulfur 

bacteria, 2144 
Vitopine, 2217 
Vitreoscilla, 29, 399, 2125, 2495, 

2646, 3247 
Vitreoscilla beggiatoides, 2122, 2125 
Vitreoscilla filiformis, 2125 
Vitreoscilla proteolytica, 3787, 3802 
Vitreoscilla stercoraria, 50, 1784, 

2125 
Vlamsiekte, grapevine, 3133-3135 
VMP, see Variable major proteins 
vnf genes, 543 
Voges-Proskauer test 

Aeromonas, 3026, 3028 
Bacillus, 1669, 1761-1762 
Brochothrix, 1625 
Cardiobacterium, 3341 
Carnobacterium, 1577 
Citrobacter, 2744 
Corynebacterium, 1159 
Edwardsiella, 2741 
Eikenella, 2670 
Enterobacter, 2806 
Enterobacteriaceae, 2923 
Erysipelothrix, 1635 
Escherichia, 2697-2699, 2722, 

2931 
Hafnia, 2683, 2817-2819, 2931 
Klebsiella, 2683, 2785-2787 
Listeria, 1602 
Obesumbacterium, 2930-2931 
Pectinatus, 1999 
Photobacterium, 2979, 3002 
Plesiomonas, 3036 
Salmonella, 2768 
Serratia, 2834-2836, 2839 
Shigella, 2754-2755 
Sporosarcina, 1779 
Streptobacillus, 4024 
Streptococcus, 1457 
Vibrio, 2955, 2970, 2973, 2975, 

2977-2979, 2991, 3027 
Yersinia, 2688, 2873 

Voges-Proskauer test broth, 1761 
Volcanie habitat 

Archaeoglobus, 707 
Clostridium, 1838 
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thermoanaerobic saeeharolytie 
bacteria, 1901 

Thermoproteales, 677 
Vole 

Ehrlichia, 2449 
Mycobacterium, 1239 
Rickettsia, 2412, 2414-2415, 

2417,2419 
Rochalimaea, 2443 
Serratia, 2824 

Volutin granule, see also 
Polymetaphosphate granule 

Corynebacterium, 1172 
Methylobacterium, 2346 
Saprospira, 3683 
Thiospira, 3941 
Toxothrix, 4027 

Volvox symbionts, 3856, 3859 
VS medium, eiliate, 3870 
Vulvovaginitis, Neisseria, 2509 
VY/2 agar 

Cytophagales, 3646, 3649, 3651, 
3657 

Herpetosiphon, 3788-3790, 3793-
3794 

Lysobacter, 3257 
myxobaeteria, 3418-3419, 3426-

3429, 3431-3432, 3434, 3441-
3442, 3453, 3455-3456, 3460-
3461 

VY/5 agar, Herpetosiphon, 3793 
VYE agar, Yersinia, 2875-2876 

w 
W antigen, Yersinia, 2868-2869, 

2878,2896 
WACCA medium 

Lactococcus, 1486-1487, 1518 
Leuconostoc, 1486-1487, 1518 

Wall body, Isosphaera, 3729 
Walnut, Erwinia, 2910 
Walnut buneh myeoplasma-like 

organism, 4057-4060 
Wang's transport medium, 

Campylobacter, 3503-3504 
Warm springs, hydrogen-oxidizing 

baeteria, thermophilie, 3920 
Warm vent, 105, 401, 3918 
Wasp, Spiroplasma, 1964-1965 
Waste disposal, Cellulomonas, 1329 
Waste lagoon 

Rhodocycius, 2556 
sulfur bacteria, purple, 3202, 3216 

Waste mass, hydrogen-oxidizing 
baeteria, thermophilie, 3920 

Waste treatment 
Chlorobiaceae, 3589 
methanogens, 758 

Waste water, 91 
ammonia-oxidizing baeteria, 2636 
Azotobaeteraeeae, 3157 
Klebsiella, 2776 
Kurthia, 1654 
methanogens, 739 
Pirellula, 3718 
Sphaerotilus, 2615 
sulfur baeteria, eolorless, 391, 

400, 403-405, 2638, 2640-2641 
Zoogloea, 3959, 3961-3962 

WATagar 
Cytophagales, 3639 
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Herpetosiphon, 3791 
myxobacteria, 3424, 3434, 3441 

Water activity, 85-86, 162-163,271 
Water agar 

actinoplanetes, 1038, 1052 
myxobacteria, 3418-3419 
Streptomycetaceae, 944, 949 

Water bath, laboratory, 94 
Water beetle, myxobacteria, 3422 
Water blue sucrose agar, 

Erysipelothrix, 1637 
Water buffalo 

anthrax, 1747, 1749-1750 
Coxiella, 2473 

Water distribution system 
dimorphie prosthecate bacteria, 

2180-2181,2191-2192 
Legionella, 3287, 3294-3296 
manganese-oxidizing bacteria, 

2312,2318 
Methylobacterium, 2344 
Mycobacterium, 1245-1246 
Siderocapsaceae, 4102-4103 
Streptomycetaceae, 936 
sulfur bacteria, colorless, 2639 

Water potential, 85, 162 
Water purification 

cyanobacteria, 2097 
dimorphie prosthecate bacteria, 

2191 
Mycobacterium, 1218 

Water quality, role of Bdellovibrio, 
3410 

Water sampling, 174 
Water stress, 85-86 
Waterlogged soil, nitrogen-fixing 

bacteria, 535 
Wax, Psychrobacter, 3244 
Wax ester, Chlorojlexus, 3766-3767 
Wax oleosome, Chlorojlexus, 3767 
Wayson stain, Yersinia pestis, 2893 
WB-82 agent, 2408, 2417-2419 
WCX agar 

Cytophagales, 3639 
myxobacteria, 3424, 3427 

Weeds, Spiroplasma, 1967 
Weeksella, 3620-3627 
Weeksella virosa, 3621, 3625-3626 
Weeksella zoohelcum, 3621-3622, 

3625-3626 
Well-plate isolation method, 

Treponema, 3549 
Wells,91 

dimorphie prosthecate bacteria, 
2180 

Gallionella, 4082 
Siderocapsaceae, 4102-4103 

Western aster yellows mycoplasma
like organism, 4056-4057, 
4059-4061 

Western blot assay, rickettsiae, 
2434, 2437-2438 

Western X-disease mycoplasma-like 
organism, 4058-4063 

Westiella, 68, 538 
Wet rot, Erwinia, 2900-2914 
Wetwood, elm, 2680, 2802 
Weybridge phage, Brucella, 2387 
Whale 

homoacetogens, 519 
carcass, colorless sulfur bacteria, 

403 

Whale finger disease, 1631 
Wheat 

Azospirillum, 2237, 2241, 2244-
2249 

Azotobacteraceae, 3163-3164 
Clavibacter, 1359-1360 
Enterobacter, 2802 
Erwinia, 2901, 2910 
gumming disease, 1359 
pathogen, 667 

Whey 
degradation by consortia, 758 
methanogens, 739 

whi genes, Streptomycetaceae, 956 
Whipple's disease, 

Enterobacteriaceae, 2679 
Whiskey 

Lactobacillus, 1550 
Leuconostoc, 1510 

Whole-cell sugars 
Actinomadura, 1063 
Amycolata, 1063 
Amycolatopsis, 1063 
Nocardioides, 1063 
Nocardiopsis, 1063 
Saccharothrix, 1063, 1065 

Whooping cough, see Pertussis 
Widal's test, 2771 
Wild animals, see also specific 

animals 
Actinomyces, 865-866 
anthrax, 1748, 1750 
Brucella, 2388, 2395 
Chromobacterium, 2593 
Coxiella, 2473 
Edwardsiella, 2738 
Ehrlichia, 2449 
Erysipelothrix, 1630 
Escherichia, 2702 
Fusobacterium, 4116-4117 
Klebsiella, 2777 
Listeria, 1597 
Micrococcus, 1300 
Mycobacterium, 1248 
myxobacteria, 3421-3422 
Neisseria, 2511 
Neorickettsia, 2453-2454 
Pasteurella, 3332 
Rickettsia, 2408, 2410, 2412, 2416 
Salmonella, 2766 
Serratia, 2824, 2827 
Simonsiellaceae, 2658 
Staphylococcus, 1372-1373 
Streptobacillus, 4023 
streptotrichosis, 1346-1349 
Yersinia, 2865-2866, 2879 

Wild turnip, Spiroplasma, 1967 
Wilkins-Chalgren agar 

Bacteroides, 3599 
Porphyromonas, 3610-3611 

Willow 
Erwinia, 2908, 2910 
phloem-inhabiting bacteria, 4031 

Wilson-Blair bismuth sulfite agar, 
Salmonella, 2767 

Wilt, 495, 4032 
alfalfa, 667 
bean, 667 
Clavibacter, 1359 
corn, 1359 
creeping bentgrass, 4031, 4037 
Curtobacterium, 1363 

Erwinia, 668, 2677, 2682, 2900, 
2914 

legume, 1359 
periwinkle, 4030, 4034 
phytopathogenie pseudomonads, 

3104,3115,3118 
potato, 1359 
Pseudomonadaceae, 669 
tomato, 1359 

Wine 
acetic acid bacteria, 2268 
Lactobacillus, 1549, 1552, 1556, 

1567, 1572 
Leuconostoc, 1508-1510, 1518, 

1526-1527 
Pediococcus, 1518 
Zymomonas, 2287-2289 

Winogradsky, Sergius, 152-153 
Winogradsky column, 2142, 3200, 

3941 
sulfur bacteria, colorless, 3935 

Winogradsky's nitrate medium, 
Rhodococcus, 1197 

Winogradsky's standard salt 
solution, 1287 

Winter dysentery, cattle, 3488 
Witches ring, myxobacteria, 3456 
Witches' broom, 667 
WL differential medium, 

Zymomonas, 2288 
Wolbachia, 2404, 2424-2425, 2477-

2479 
Wolbachia melophagi, 2404, 2478-

2479 
Wolbachia persica, 2404-2405, 

2427, 2429, 2478-2479 
Wolbachia pipientis, 2404, 2478-

2479 
Wolfe's FeS medium, Gallionella, 

4084-4085 
Wolf-pack effect, 51, 68, 226 
Wolinella, 29, 33, 399, 597-598, 

605,910, 3388, 3512-3521 
Wolinella curva, 3489, 3512-3521 
Wolinella recta, 864, 3489, 3512-

3520 
Wolinella succinogenes, 78, 103, 

166,282, 304, 518, 557, 567, 
571, 586, 588, 594-595, 600-
602, 2051, 2565, 2938, 3379-
3382, 3386-3387, 3512-3521 

Woloszynskia pascheri symbionts, 
3859 

Wood 
cellulolytic bacteria, 460, 484 
Cellulomonas, 1325 
Enterobacter, 2802 
Herpetosiphon, 3788, 3791 
Klebsiella, 2776-2777 
myxobacteria, 3420-3423, 3426 

Wood pulping, 405 
Wood tick, Wolbachia, 2478 
Wooden tongue, cattle, 3343 
Woodlice, Streptomycetaceae, 931 
Woolsorter's disease, 1748 
Worfel-Ferguson agar medium, 

Klebsiella, 2784-2785 
Work area, 169 
Working culture, maintenance, 181-

182 
Wort, 2271 



Wort medium, acetic acid bacteria, 
2274-2276 

Wound botulism, 1869 
Wound infection 

Aeromonas, 3015-3016 
Aquaspirillum, 2570 
Bacillus, 1753, 1757 
Cedecea, 2925-2926 
Citrobacter, 2745 

x 

Clostridium, 1870-1873, 1876 
Corynebacterium, 1182-1183 
Cytophagales, 3665 
Edwardsiella, 2738-2739 
Eikenella, 2671 
Enterobacter, 2801, 2803 
Enterobacteriaceae, 2679-2681 
Escherichia, 2697, 2718, 2722 
Ewingella, 2926-2927 
Flavobacterium, 3622 
Hafnia, 2816 
Klebsiella, 2778 
Kluyvera, 2927 
Leclercia, 2928 
Legionella, 3283 
Mobiluncus, 913 
Moellerella, 2929 
Morganella, 2858 
Mycobacterium, 1247 
Ochrobactrum, 2602 
Oerskovia, 1333 
plant, 664, 667, 669 
Plesiomonas, 3031 
Porphyromonas, 3609 
Proteus, 2851-2852 
Providencia, 2854 
Pseudomonas, 3086, 3089, 3093-

3094 
Rahnella, 2931 
Serratia, 2828 
Staphylococcus, 1374-1375 
Streptococcus, 1422, 1433 
Vibrio, 2958, 2960, 2963, 2990, 

2994-2997 
Weeksella, 3622 
Xenorhabdus, 2933 
Yersinia, 2870 
Yokenella, 2935 

X factor, 141 
Xanthacin, myxobacteria, 3452 
Xanthan gum production, 

Xanthomonas, 500 
Xanthine dehydrogenase, 

Clostridium, 1822, 1826 
Xanthine utilization 

Brochothrix, 1625 
Clostridium, 1832 
Nocardiaceae, 1203 
Nocardiopsis, 1152 
Pseudonocardiaceae, 10 12-10 13, 

1016 
Streptomycetaceae, 966 
Streptosporangiaceae, 1130-1131 
Thermomonosporaceae, 1102-

1103 
Xanthobacter, 27, 345, 351, 354, 

432,435,1217,2133,2365-
2380, 2587, 2608 

Xanthobacteragilis, 346, 351, 357, 
363-365,536,2128-2129, 

2366-2367, 2369, 2371-2372, 
2374-2375 

Xanthobacter autotrophicus, 88, 346, 
351-355,363-365,376-377, 
536,539,2128-2129,2368-
2380 

Xanthobacter flavus, 346, 351-352, 
363-365,536, 1218,2128-2129, 
2254, 2367-2379 

Xanthocapsa, 3825 
Xanthomonadin, 91, 3073, 3081 
Xanthomonas, 37, 453, 500, 660, 

662,2115,2118,2120-2121, 
2135,2243,2298,2587,2601, 
3071-3079,3081,3086,3113, 
4032 

plant pathogenic, 669-670 
Xanthomonas albilineans, 480, 500, 

2120, 3079 
Xanthomonas ampelina, see 

Xylophilus ampelinus 
Xanthomonas autotrophicus, 2254 
Xanthomonas axonopodis, 2120, 

3079 
Xanthomonas campestris, 480, 500, 

668-670, 1544,2120,3079, 
3086,3108-3109, 3112 

Xanthomonas fastidiosa, 4033-4042 
Xanthomonasfragariae, 2120, 3079 
Xanthomonas maltophilia, 135, 

2120, 2385, 2585, 3073, 3077, 
3081, 3086, 3088, 3090, 3198, 
4041 

Xanthomonas oryzae, 2802, 2909 
Xanthomonas populi, 3079 
Xanthomonas translucens, 3116 
Xanthophyll, cyanobacteria, 2061 
X-disease mycoplasma-like 

organism, 4050, 4052-4055, 
4059 

Xenobiotic degradation, 168, 197 
Acinetobacter, 3139,3141 
Alcaligenes, 2547,2551-2552 
anaerobes, 303-304 
Arthrobacter, 1286 
Comamonas, 2584, 2588 
denitrifying bacteria, 565 
Escherichia coli, 2725 
homoacetogens, 528-529 
hydrogen-oxidizing bacteria, 377 
methanogens, 759 
Pelobacter, 3393-3398 
Phenylobacterium, 2335-2341 
selection of strains for, 202 
Streptomycetaceae, 933 
Xanthobacter, 2378 

Xenococcus, 238, 538, 2071-2072 
Xenorhabdus, 28, 2115, 2676, 2922, 

2932-2934 
Xenorhabdus beddingii, 2675, 2923-

2924, 2933-2934 
Xenorhabdus bovienii, 2675, 2923-

2924, 2933-2934 
Xenorhabdus luminescens, 625, 

627-630, 632-633, 2675-2676, 
2923-2924, 2933-2934, 2971 

Xenorhabdus nematophilus, 2675, 
2923-2924, 2933-2934 

Xenorhabdus poinarii, 2675, 2923-
2924, 2933-2934 

Xenosome, Parauronema acutum, 
3880, 3882-3883 
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Xeromyces bisporus, 162 
Xerostomia, 2035 
xyl genes 

Bacillus, 1684 
Klebsiella, 2298 
Xanthomonas, 2298 

Xylan degradation 
Bacteroides, 3605 

1-159 

Butyrivibrio, 2022-2028, 2030 
Clostridium, 1823, 1828-1829, 

1831, 1834, 1837 
Eubacterium, 1916 
Herpetosiphon, 3800-3801 
myxobacteria, 3467 
thermoanaerobic saccharolytic 

bacteria, 1901, 1908-1909 
Xylanase 

Bacillus, 1689 
Butyrivibrio, 2030 
cellulolytic bacteria, 469, 474-475 
Cellulomonas, 1329 
Clostridium, 1820, 1834 
Erwinia, 2913 
genetically-engineered, 2725 
Pseudonocardiaceae, 10 16, 1018 
Streptomycetaceae, 932-933, 979 
Thermomonosporaceae, 11 0 1, 

1103, 1105 
Xylella, 29, 2121 
Xylellafastidiosa, 2121,2402,4030 
Xylem-inhabiting bacteria, 4030-

4042 
Xylene degradation 

denitrifying bacteria, 565 
hydrocarbon-oxidizing bacteria, 

453 
Xylitol dehydrogenase, 202 
Xylitol utilization 

Enterobacter, 2808-2810 
Klebsiella, 2786 
Pectinatus, 1999 

Xylophilus, 29, 2120, 2124, 2588, 
3133-3135 

Xylophilus ampelinus, 2120, 2123-
2124, 3079, 3133-3135 

Xylose isomerase 
Klebsiella, 2298 
Streptomycetaceae, 979 
Streptosporangiaceae, 1133 
Xanthomonas, 2298 

Xylose permease, Xanthomonas, 
2298 

Xylose utilization 
Actinobacillus, 3340, 3347 
Actinomyces, 889 
Agrobacterium, 2214 
Alcaligenes, 2549 
anaerobic Gram-positive cocci, 

1889-1890 
Arcanobacterium, 889 
Arthrobacter, 1285, 1293 
Bacillus, 1684, 1708 
Bacteroides, 3603 
Bi./idobacterium, 827 
Bordetella, 3340 
Brochothrix, 1625 
Brucella, 2386, 3340 
Butyrivibrio, 2028 
Capnocytophaga, 3340 
Cardiobacterium, 3340-3341 
Carnobacterium, 1577-1578 
Cedecea, 2926 
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Clostridium, 1804, 1814, 1827, 
1829, 1836, 1868 

Curtobacterium, 1363 
Edwardsiella, 2741 
Eikenella, 2670, 3340 
Enterobacter, 2806, 2808, 2810 
Enterobacteriaceae, 2924 
Erysipelothrix, 1635 
Escherichia, 2698, 2931 
Eubacterium, 1917 
Flavobacterium, 3624 
Frateuria, 3198-3199 
Haemophilus, 3307, 3320-3321, 

3340 
Hafnia, 2818,2931 
Haloanaerobiaceae, 1899 
Halobacteriaceae, 789-797 
hydrogen-oxidizing bacteria, 364, 

366 
Kingella, 3340 
Klebsiella, 2782, 2785 
Lactobacillus, 1564-1565 
Leminorella, 2929 
Leuconostoc, 1522-1523 
Listeria, 1602-1604, 1606 
Methylobacterium, 2345, 2347 
Microbacterium, 1365 
Mycobacterium, 1219 
Nocardiopsis, 1150, 1152 
Obesumbacterium, 2930-2931 
Ochrobactrum, 2602 
Pasteurella, 3340 
Pectinatus, 1999 
Pediococcus, 1505 
Photobacterium, 2981, 3002 
Phyllobacterium, 2602 
Plesiomonas, 3036 
Promicromonospora, 1337 
Proteus, 2851 
Pseudonocardiaceae, 1015 
Psychrobacter, 3243 
rhizobia, 2200, 2210 
Roseburia, 2029 
Rothia, 889 
Saccharothrix, 1064 
Salmonella, 2770 
Serratia, 2837, 2839 
Shigella, 2755-2756 
Staphylococcus, 1384, 1386-1387, 

1390 
Streptobacillus, 3340 
Streptococcus, 1432 
Succinivibrio, 3980 
thermoanaerobic saccharolytic 

bacteria, 1902, 1906, 1908-
1909 

Treponema, 3551 
Vibrio, 2974, 2981 
Yersinia, 2873, 2894 

Xylose-deoxycholate-citrate agar, 
Aeromonas, 3025 

Xylose-Iysine-deoxycholate (XLD) 
agar 

Edwardsiella, 2739 
Hafnia, 2817 
Yersinia, 2874 

ß-Xylosidase 
Bacteroides, 3603 
Butyrivibrio, 2030-2031 
Cellulomonas, 1329 
Enterobacter, 2807, 2810 
Serratia, 2836-2837 

Streptosporangiaceae, 1134 
Thermomonosporaceae, 1105 

Xylulokinase 
Klebsiella, 2298 
Xanthomonas, 2298 

Xylulose utilization, 
thermoanaerobic saccharolytic 
bacteria, 1908-1909 

Xylulose-5-phosphoketolase, 
Leuconostoc, 1520 

y 

Y medium, Yersinia, 2875 
Yakult, 1572 
Yaws, 3537-3538 
YDC medium, Clavibacter, 1358 
Yeast agar, Lysobacter, 3260, 3262, 

3264 
Yeast and beef extract-manganese

iron medium, Siderocapsaceae, 
4104,4106 

Yeast extract agar 
Pseudonocardiaceae, 1005 
Thermomonosporaceae, 1093 

Yeast extract broth (YEB) 
Alteromonas, 3050 
Marinomonas, 3050 

Yeast extract mannitol (YEM) agar, 
rhizobia, 2205-2206 

Yeast extract milk agar (YMA), 
Microbacterium, 1365 

Yeast extract nutrient agar, 
Campylobacter, 3497 

Yeast extract-calcium lactate agar, 
acetic acid bacteria, 2275 

Yeast extract-ethanol agar, acetic 
acid bacteria, 2275 

Yeast extract-galactose (YE-GAL) 
medium, Xylophilus, 3134 

Yeast extract-galactose-calcium 
carbonate (YGq medium, 
Xylophilus, 3134-3135 

Yeast extract-glucose medium, 
Nocardia, 1196 

Yeast extract-g1ucose-citrate (YGq 
broth, Leuconostoc, 1517 

Yeast extract-malt extract agar 
Nocardiopsis, 1144 
Pseudonocardiaceae, 1006 
Saccharothrix, 1063, 1066 
Streptosporangiaceae, 1123, 1125, 

1129-1131 
Thermomonosporaceae, 1095 

Yeast extract-manganese sulfate 
medium, Siderocapsaceae, 
4104,4106 

Yeast extract-peptone agar, 
Clostridium, 1802 

Yeast extract-sodium lactate (YEL) 
medium, Propionibacterium, 
837 

Yeast extract-starch agar, 
actinoplanetes, 1040, 1045 

Yeast glucose agar, Nocardiaceae, 
1198-1199 

Yeast glucose Iitmus milk (YGLM) 
medium, Lactobacillus, 1557-
1558 

Yeast mannitol agar, Agrobacterium, 
2221, 2223 

Yeast water medium, acetic acid 
bacteria, 2274 

Yeast-Iytic enzymes, Lysobacter, 
3263, 3269 

Yeast-malt extract medium, 
Nocardia, 1196 

YE-GAL medium, see Yeast extract
galactose medium 

YEL medium, see Yeast extract
sodium lactate medium 

Yellow affinity substance, 
cellulolytic bacteria, 485 

Yellows disease, 4030-4044, 4050 
grapevine, 4042 
Spiroplasma, 1960 

YEM agar, see Yeast extract 
mannitol agar 

Yersinia, 28, 651-652, 2114-2115, 
2676, 2687-2689, 2699, 2863-
2880, 3331, 3701, 3992 

Yersinia aldovae, 2675, 2688-2689, 
2865 

Yersinia bercovieri, 2675, 2688-
2689, 2865, 2872-2873 

Yersinia enterocolitica, 142, 652, 
2385, 2675, 2678-2679, 2689, 
2745, 2863-2880, 2895, 3027 

Yersinia frederiksenii, 2675, 2688-
2689, 2864, 2866, 2871, 2874 

Yersinia intermedia, 2675, 2688-
2689, 2864-2866, 2869, 2871, 
2878 

Yersinia kristensenii, 2675, 2688-
2689, 2864-2865, 2871 

Yersinia mollaretii, 2675, 2688-
2689, 2865, 2872-2873 

Yersinia pestis, 142, 178, 640, 646, 
652, 2540, 2675, 2679, 2687-
2688, 2863-2864, 2870, 2874, 
2888-2896 

Yersinia philomiragia, see 
Francisella philomiragia 

Yersinia pseudotuberculosis, 142, 
652, 2116, 2540, 2675, 2677, 
2679, 2687-2688, 2863-2879, 
2893-2895, 2912 

Yersinia rhodei, 2675, 2688-2689, 
2865 

Yersinia ruckeri, 2675, 2677, 2688-
2689, 2865 

Y-form, Promicromonospora, 1337 
YGC broth, see Yeast extract

glucose-citrate broth 
YGC medium, see Yeast extract

galactose-calcium carbonate 
medium 

YGLM medium, see Yeast glucose 
Iitmus milk medium 

YGPB medium, Leuconostoc, 1516 
YNA medium, Kurthia, 1657 
YNB medium, Kurthia, 1657 
YNG medium, Kurthia, 1657 
Yogurt 

Lactobacillus, 1542, 1547, 1567, 
1571-1572 

Lactococcus, 1486, 1492 
Yokenella, 28, 2934-2935 
Yokenella regensburgei, 2675, 2683, 

2819,2923-2924,2934-2935 
yopK gene, Yersinia pestis, 646 
YOPP medium, cyanobacteria, 

2065, 2067 
Yops, 2868-2869, 2895-2896 



z 
Z value, 171-172 
ZanI.2297 
Zeaxanthin 

Cytophagales, 3655 
Erythrobacter. 2486-2487 
Flavobacterium. 3627 
Herpetosiphon. 3802 
Proehlorales, 2105 

Zeaxanthin dirhamnoside 
assay,2375 
Xanthobacter. 2372-2373, 2375 

Zein medium, myxobaeteria, 3437 
Zeta toxin, Clostridium novyi. 1873 
Ziehl-Neelsen stain, 136 

Mycobacterium. 1214, 1219-1220, 
1251, 1274 

Zine binding, Zoogloea. 3962 
Zobell's marine broth, dimorphie 

prostheeate baeteria, 2185, 2190 
Zoogleal stage, Seliberia. 2490, 2493 
Zoogloea. 3071-3075, 3079, 3952-

3962 
Zoogloea filipendula. 3952-3962 
Zoogloea ramigera. 91, 562, 3072-

3073, 3079, 3952-3962 
Zoogloeal matrix, 3952-3956, 3958 
Zooplankton, grazing, 270 
Zoospore 

Aetinoplanetes, 216 
Dermatophilus. 1347 
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Geodermatophilus. 1069 
Zoothamnium pelagicum. 3876 
Zopfius. see Kurthia 
Zuberella, 4114 
Zymogenous mieroorganism, see 

Alloehthonous mieroorganism 
Zymomonas. 27, 1997,2128-2129, 

2133, 2254, 2269, 2271, 2287-
2298 

Zymomonas anaerobia. 1833 
Zymomonas congolensis. 2288 
Zymomonas mobilis. 82, 201, 495, 

2273, 2287-2298, 2725 
Zymophilus. 26 
Zymophilus paucivorans. 2002 
Zymophilus raffinosivorans. 2002 




