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Foreword

The purpose of this brief foreword 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 of the 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-
crobial life. 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 of bacteriology has been the absence of
a clear concept of a bacterium” (Archiv fiir 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 of human 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 of bacteria 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
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Leptothrix

Leptotrichia
Leuconostoc

Leucothrix

Listeria

Luminous bacteria
Lysobacter

Lyticum

Macromonas
Maduromycetes
Manganese-oxidizing bacteria
Marinomonas
Megasphaera
Methanobacillus
Methanogenic bacteria
Methanolomonas
Methylobacterium
Methylococcus
Methylomonas
Methylosinus
Methylotrophs
Microbacterium
Micrococcus

Mobiluncus

Moraxella

Morganella
Mpycobacterium leprae
Mpycobacterium—medical
Mpycobacterium—nonmedical
Mycoplasma and related genera
Mycoplasma-like organisms
Myxobacteria

Neisseria

Chapter

209
221
19
217
15,
217
106
106
203
133
126
147
155
75
233
230
94
70
67
178
194
136
223
69
175
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25
176
214
218
47
114
159
91
186
33
118
117
118
118
118
18
62
56
39
177
151
54
53
52
88
229
188
126

Senior author

Hans Reichenbach
Lynn Margulis
Eugene Rosenberg
Michel Aragno
Michel Aragno

Jeanne Poindexter
Jeanne Poindexter
James Staley
Monique Gillis
Stephen A. Morse
Francine Grimont
Don J. Brenner
Ronald M. Keddie
Jean M. Schmidt
Sarabelle Madoff
Robert B. Hespell
W.P. Hammes
Michael Teuber

A. William Pasculle
Solly Faine

Eppe G. Mulder
Tor Hofstad
Wilhelm Holzapfel
Thomas D. Brock
Dorothy Jones
Kenneth H. Nealson
Hans Reichenbach
Klaus Heckmann
Jan la Riviére
Michael Goodfellow
Kenneth H. Nealson
Michel J. Gauthier
Auli Haikara
Bernhard Schink
William B. Whitman
Richard Hanson
P.N. Green

Richard Hanson
Richard Hanson
Richard Hanson
Mary E. Lidstrom
Matthew D. Collins
Miloslav Kocur
Carol Spiegel

Gary V. Doern
John L. Penner
Thomas M. Shinnick
Robert C. Good

S. Hartmans
Shmuel Razin
Bruce C. Kirkpatrick
Hans Reichenbach
Stephen Morse

Page

3785
3965
446
3917
344,
3917
2176
2176
3710
2591
2495
2775
2922
1654
4093
4068
2022
1535
1482
3281
3568
2612
3983
1508
3247
1595
625
3256
3865
3934
1115
2310
3046
1993
3393
719
2350
2342
2350
2350
2350
431
1355
1300
906
3276
2849
1271
1238
1214
1937
4050
3416
2495

VYolume

Iv
Iv

Iv
I’
Iv
III
III
Iv
III
III
III
III
II
Iv
Iv
II
II
II
Iv
Iv
III
Iv
II
Iv
II

Iv
Iv
Iv
II
II1
III
II
Iv

I11
III
11
III
III

II
II

Iv
I11
II
II
II
II
Iv
Iv
I11



Genus or group

Neorickettsia
Nevskia

Nitrifying bacteria
Nitrobacter
Nitrogen fixers
Nitrosococcus
Nitrosolobus
Nitrosomonas
Nitrosospira
Nitrosovibrio
Nocardiaceae
Nocardiopsis
Oceanospirillum
Ochrobactrum
Oscillochloris
Paracoccus
Paramecium symbionts
Pasteurella
Pectinatus
Pediococcus
Pedomicrobium
Pelobacter
Pelodictyon
Pelosigma
Peptostreptococcus
Phenylobacterium
Photobacterium
Phototrophs
Phyllobacterium
Pillotina

Pirellula
Planctomyces
Planococcus
Plesiomonas
Porphyromonas
Prochlorales
Propionibacterium
Propionigenium
Prosthecobacter
Prosthecomicrobium
Proteobacteria
Proteus
Providencia
Pseudocaedibacter
Pseudomonadaceae

Pseudomonas—pathogenic
Pseudomonas—plant associated

Pseudonocardiaceae
Psychrobacter
Renibacterium
Rhizobium
Rhodocyclus
Rhodospirillum
Rickettsia

Chapter

122
232

17
113

22
137
137
137
137
137

51

48
172
134
206
115
214
180

91

68
106
186
195
235

83
116
157

13
134
221
203
203

79
158
197

99

37
219
103
103
100
151
151
214
160
161
162

42
174

57
107
129
101
122

Alphabetical List of Genera and Groups

Senior author

Gregory Dasch
Peter Hirsch
Eberhard Bock
Eberhard Bock
Robert R. Eady
Hans-Peter Koops
Hans-Peter Koops
Hans-Peter Koops
Hans-Peter Koops
Hans-Peter Koops
Michael Goodfellow
R.M. Kroppenstedt
Bruno Pot

Jean Swings
Beverly K. Pierson
Henk Van Verseveld
Klaus Heckmann
Reggie Lo

Auli Haikara
Norbert Weiss
Jeanne Poindexter
Bernhard Schink
Hans Triiper

Peter Hirsch
Takayuki Ezaki
Jirgen Eberspacher
J.J. Farmer III
Elena N. Kondratieva
Jean Swings

Lynn Margulis
James Staley
James Staley
Dieter Claus

J.J. Farmer III
Haroun N. Shah
Luuc R. Mur

C.S. Cummins
Bernhard Schink
James Staley
James Staley

Jozef De Ley

John L. Penner
John L. Penner
Klaus Heckmann
Norberto J. Palleroni
Norberto J. Palleroni
Milton N. Schroth
T.M. Embley

Elliot Juni

T.M. Embley
Gerald Elkan

H.G. Triiper
Johannes F. Imhoff
Gregory Dasch

Page

2407
4089

414
2302

534
2625
2625
2625
2625
2625
1188
1139
3230
2601
3754
2321
3865
3331
1993
1502
2176
3393
3583
4098
1879
2335
2952

312
2601
3965
3710
3710
1769
3012
3608
2105

834
3948
2160
2160
2111
2849
2849
3865
3071
3086
3104

996
3241
1312
2197
2556
2141
2407

Xxxi

Volume

111
v
I
I
I
III
I
I
11
III
II
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Iv
I
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III
v
v
II
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III
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v
v
II
11
III

III
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v
II

v
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III
II
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Iv
ITI
III
III

v
II
II1
III
III
111
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Genus or group

Rickettsiales
Rickettsiella
Rochalimaea
Roseburia
Roseobacter
Rothia

Rubrivivax
Ruminococcus
Saccharothrix
Salmonella
Saprospira
Selenomonas
Seliberia

Serpens

Serratia

Shigella
Siderocapsa
Simonsiella
Sphaerotilus
Sphingobacterium
Spirillum
Spirochaeta
Spiroplasma
Sporocytophaga
Sporohalobacter
Sporolactobacillus
Sporomusa
Sporosarcina
Staphylococcus
Stella
Stomatococcus
Streptobacillus
Streptococcus—medical
Streptococcus—oral
Streptomycetaceae
Streptosporangiaceae
Succinimonas
Succinivibrio
Sulfate reducers

Sulfolobales

Sulfur bacteria (colorless)
Sulfur oxidizers
Syntrophobacter
Syntrophomonas
Syntrophospora
Syntrophus
Thermoanaerobacter
Thermoanaerobium
Thermococcales
Thermodesulfobacterium
Thermoleophilum
Thermomicrobium
Thermomonosporaceae

Chapter

121
123
122
94
102
38
129
83
44
146
200
92
125
173
150
145
236
139
136
198
130
191
89
199
84
79
93
79
63
104
58
226
65
64
41
47
222
222
24,
183
29
16
218
96
96
96
96
85
85
30
183
208
207
46

Senior author

Emilio Weiss

J.C. Williams
Gregory Dasch
Robert B. Hespell
Tsuneo Shiba

K.P. Schaal

J.F. Imhoff
Takayuki Ezaki
D.P. Labeda

Léon Le Minor
Hans Reichenbach
Robert B. Hespell
Jean M. Schmidt
Robert B. Hespell
Francine Grimont
Haruo Watanabe
Hans H. Hanert
Daisy Kuhn

Eppe G. Mulder
Barry Holmes
Noel Krieg

E. Canale-Parola
Joseph G. Tully
Hans Reichenbach
Aharon Oren
Dieter Claus

John Breznak
Dieter Claus

W.E. Kloos

Heinz Schlesner
Erko Stackebrandt
James R. Greenwood
Kathryn L. Ruoff
Jeremy M. Hardie
Felicitas Korn-Wendisch
Michael Goodfellow
Robert B. Hespell
Robert B. Hespell
Friedrich Widdel

Andreas H. Segerer
Lesley A. Robertson
Jan la Riviére
Michael J. MclInerney
Michael J. McInerney
Michael J. Mclnerney
Michael J. MclInerney
Mahendra K. Jain
Mahendra K. Jain
Wolfram Zillig
Friedrich Widdel

J.J. Perry

J.J. Perry

R.M. Kroppenstedt

Page

2401
2471
2407
2022
2156

850
2556
1879
1061
2760
3676
2005
2490
3237
2822
2754
4102
2658
2612
3620
2562
3524
1960
3631
1893
1769
2014
1769
1369
2167
1320
4023
1450
1421

921

1115.

3979
3979
583,
3352
684
385
3934
2048
2048
2048
2048
1901
1901
702
3352
3780
3775
1085

Volume
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11
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Genus or group

Thermoplasma
Thermoproteales
Thermosiphon
Thermotoga
Thermus
Thiobacillus
Thiobacterium
Thiodendron
Thiomicrospira
Thiosphaera
Thiospira
Toxothrix
Treponema
Ureaplasma
Veillonella
Verrucomicrobium
Vibrio
Vibrionaceae
Weeksella
Wolbachia
Wolinella
Xanthobacter
Xanthomonas
Xenorhabdus
Xylophilus
Yersinia
Yersinia pestis
Zoogloea
Zymomonas

Chapter

32

28
211
211
205
138
218
106
138
138
218
227
192

88

95
210
157
156
198
123
190
119
160
155
163
152
153
220
112

Alphabetical List of Genera and Groups

Senior author

Andreas H. Segerer
Robert Huber
Robert Huber
Robert Huber
R.A.D. Williams
J. Gijs Kuenen
Jan la Riviére
Jeanne Poindexter
J. Gijs Kuenen

J. Gijs Kuenen
Jan la Riviére
Peter Hirsch
James N. Miller
Shmuel Razin
Paul Kolenbrander
Heinz Schlesner
J.J. Farmer III
J.J. Farmer III
Barry Holmes
J.C. Williams
Anne Tanner
Juergen Wiegel
N.J. Palleroni
Don J. Brenner
Anne Willems
Edward J. Bottone
Thomas J. Quan
Patrick R. Dugan
Hermann Sahm

Page

712

677
3809
3809
3745
2638
3934
2176
2638
2638
3934
4026
3537
1937
2034
3806
2952
2938
3620
2471
3512
2365
3071
2922
3133
2863
2888
3952
2287
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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-
léron” (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’Oléron”, 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’Oléron” (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 (De Vos and De
Ley, 1983). By means of hybridizations 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 Vitis vin-
ifera, displaying symptoms of bacterial 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 of leaves, 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; Ridé, 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 (Ridé,
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 Xylophilus 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 of 0.4 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% CaCO,, 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%
CaCQ,, 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 5g
Galactose 10g
K,HPO, 30lg
NaH,PO, 455¢g
NH,Cl lg
MgSO,-7H,0 05g
Ferric ammonium citrate 0.05g
CaCl, 0.005 g

Distilled water 1 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 t0 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°C; 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 Xylophilus.
Most typical is the extremely slow and poor
growth on most media at the optimal growth
temperature of 24°C. 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 um by 0.6 to 3.3 um. 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, D-glucose,
use of L-glutamine as sole carbon and nitrogen
source, and no production of H,S 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 AP1 to AP6 (103 tests in to-
tal) could be used to distinguish Xylophilus
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 1. 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

o+

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 Xylophilus 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 Xylophilus 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, Xylophilus ampe-
linus strains have Tm(e) values from 78 to 81°C
(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 D-glucose, D-galactose, L-glutamic acid, Na
succinate, Na fumarate, K, Na tartrate, Na L-
malate, Na, 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 Xylophilus 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 Pré-
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 Moraxella 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 1. Proposed subdivision of the genus Acinetobacter
into genospecies.

Number of
Genospecies Proposed species name strains®

1 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 Iwoffii } .

9 34
10 4
11 4
12 3
13-17 20¢

aThe 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.

vGenospecies 8 and 9 cannot be differentiated solely on the
basis of phenotypic properties (Bouvet and Grimont, 1986).
<Genospecies 13-17 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
Jeanjean (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 10¢
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
(Koburger, 1964) and fresh meat (Eribo and Jay,
1985). Acinetobacters 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 microflora of chicken
carcasses. Members of the genus are responsible
for 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-Bérézin et al., 1987). Hos-
pital reservoirs of the organism may include wa-
terbaths, disinfectants, room humidifiers, peri-
toneal dialysis fluid, wet mattresses,
respirometers, 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, 1975).
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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. Lig-
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) 2g
KNO, 2g
MgSO,:7H,0 02g

dissolved in 0.04M KH,PO,-Na,HPO, buffer (pH 6.0)
containing 20 ml per liter of Hutner’s mineral base
(Cohen-Bazire et al., 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 10g
Casein pancreatic digest 15 g
Peptone Sg
NaCl S5g
Desiccated ox-bile 1.5g
Fructose 5g
Sucrose S5g
Mannitol Sg
Phenylalanine 10g
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 um 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, 1975;
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 B-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 Juni (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 of the genus are therefore particularly suit-
able organisms for studying a variety of unusual
biochemical pathways, and they may also have
arole 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 @ 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 distinct groups. 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 10¢ 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 pAV 1 (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 oil/water emulsions, and pro-
duction of fuel oil/water 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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The Family Azotobacteraceae

JAN HENDRIK BECKING

The family Azotobacteraceae is represented by
two genera, Azotobacter (Beijerinck, 190la,
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, values of DNA-rRNA hybrids
showed that Azotobacter and Azomonas are
closely related to one another and to the Pseu-
domonas fluorescens TRNA branch. The latter
branch or group belongs to the Superfamily I in
the nomenclature of De Ley and coworkers (see
Chapter 100; De Smedt et al., 1980; and De Vos
etal., 1985) or the gamma group/subdivision or
subclass of the purple bacteria as defined by
Woese et al. (1985a, 1985b) or the Proteobac-
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 a num-
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 (D6-
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
(Ruinen, 1961), but an unambiguous proof us-
ing "N, 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. insignis, 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 um 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-8-hydroxybutyrate is produced (Fig. 1).
Cells are Gram-negative to Gram-variable
(rarely). Endospores are not formed. Microcysts
are formed in one genus (4zotobacter). 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. 1. Azotobacter chroococcum. Thin section through cells
demonstrating the presence of large, poly-8-hydroxybutyr-
ate globules as reserve material. Many cells occur in pairs
in the so-called diplococcus stage. Transmission electron
micrograph. Bar = 0.5 um.
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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 (Tchan 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; Tchan 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 1901b, 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. paspali 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,,).
Azomonas: Microcysts not formed; GC content
is 52-59 mol% (T,).
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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 of the 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 (CaCOQ,) to assure an alkaline reaction, 4
drops (0.12 ml) of a 10% aqueous K,HPO, so-
lution, and 4 drops of a 10% aqueous MgSO,
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-
30°C. 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 4. 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 (NaCl, when HCI 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 Azotobacteraceaec medium, Wino-
gradsky’s nitrogen-free medium can be used. It
has the following composition (g/1): KH,PO,
50.0, MgSO,7 H,O, 25.0; NaCl, 25.0;
FeSO,-7H,0, 1.0; Na,MoO,-2 H,O, 1.0; and
MnSO,-4H,0, 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 CaCO, per liter of distilled
water (see Tchan 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 agar/per 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 100-
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 4.
vinelandii.

Excretion of water-soluble, yellow-green,
fluorescent pigment occurs in A. virnelandii and
A. paspali and that of red-violet or brownish-
black pigment in A. nigricans, A. armeniacus,
and sometimes 4. 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 um long X 1.5-
2.3 um 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 AZzo-
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 A4. 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
(1901a, 1901b) 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 1 liter

Glucose 200¢g
CaCo, 20.0 g
K,HPO, 1.0g
MgSO,-7H,0 05¢g

Adjust to pH 7.2-7.6.

In some cases it is advisable to also add trace elements,
especially molybdenum (NaMoO,:2 H,0, 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 um.

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 1 liter
Glucose 200¢g
K,HPO, 08¢g
KH,PO, 02¢g
MgSO,:7H,0 05g
FeCl,-6H,0 0.10 g (or 0.05 g)
CaCl,*2H,0 005¢g
or CaCO, 20.0g
NaMoO,-2H,0 0.05g
Agar 200¢g
Adjust to pH 7.4-7.6.

With Ca(Cl,, the agar medium is translucent;
with CaCO, 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 CaCO; 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 4. 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 4. chroococcum)
varying in numbers between 102 and 10¢ 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 of 7.0-7.4,
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 4. 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 4. beijerinckii), non-
motile cells. Cells are bluntly rounded rods in
shape, occurring singly or in pairs. Mean cell
dimensions are 4.1-4.9 um long X 1.5-2.7 um
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-filled cells, cysts, and germinating
cysts in some of the strains. Living preparations; phase con-
trast micrographs. Bar = 10 um.
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latter species. In 4. 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 yum X 1.7-2.0 um. 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 4. 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 = 1 cm.

with caprylate as sole source of carbon, but A4.
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 um long X 1.7-2.7 um 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, 1t is brown or blackish-brown) and its cells
are nonmotile (motile in 4. 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 (1955) 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 p-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 4.
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.

Tchan (1953) described a variant of A. bei-
Jjerinckii, named A. beijerinckii subsp. acido- to-
lerans, which could grow and fix dinitrogen at
a pH of 4.75. Later, Tchan 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 ug/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. achromo-
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 4. chroococcum, but with CaCl, (in-
stead of CaCQ;) 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
pm long X 1.5-2.4 um 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. Bortels
(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 4. 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 of Indonesia 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. beijerinckii
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, 1951b)
I Distilled water 100 ml
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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 = 10 um.

Mannitol 05g
or ethanol 1.0 ml
K,HPO, 0.5g
Sodium benzoate 1.0g

Adjust to pH 7.5-8.0.

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 4. 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 4. 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 of L-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% (wt/vol) 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, 1951Db).

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 ug/ml.

The presence of 4. 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 um long X 1.3-1.7 um
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wide; sometimes shorter rods of 3.2-4.2 um
long X 1.6-1.9 um 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 (D6bereiner, 1970), a N-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 (Ddbereiner, 1970)

Distilled water 1 liter

K,HPO, 0.05¢g
KH,PO, 0.15g
MgSO,-7H,0 020¢g
CaCl, 0.02¢g
CaCO, 1.0g
Na,MoO,-2H,0 0.002 g
FeCl, (10%, aqueous solution) 1 drop
Bromthymol blue (0.5%, ethanol solution) 10 ml
Sucrose 20g
Agar 20g

Adjust the pH to ca. 7.0.

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 17 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 ym long and
1.3-1.7 um wide, but occasionally exceptionally
long rods (up to 60 um X about 2.0 um) 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 um long, whereas other
colonies have cells 3-4 um in length (Thompson
and Skerman, 1979). Cells of older colonies on
nitrogen-free agar may reach a length of 60 um
(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 al. (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, Tchan et al. (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 4. 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-
palum species tested for this bacterium (D6b-
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. agilis 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 4. 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 4. agilis and A.
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insignis, but not by A. macrocytogenes. Finally,
maltose is readily utilized by 4. 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 um long and 2.0-2.8
um wide; sometimes giant cells up to 10.0-13.5
um long have been observed (Fig. 6). The cells
are motile by means of peritrichous flagella. No
microcysts are formed. A nondiffusible pigment
1s 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 20g
K,HPO, 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 4. 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% K,HPO,, and 1.5% agar, and in-
cubated at 20°C, A4. 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 = 10 um.

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

Derx (1951b) designed specific methods for
the enrichment of Azomonas agilis by elimi-
nating, so far as possible, the development of
the more common Azotobacter species and of
other Azomonas species. The underlying prin-
ciple of Derx’s method is that Azomonas 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 4zomonas agilis. The following
enrichment medium gave good results.

Selective Medium for Azomonas agilis (Derx,
1951b)

Water sample (canal, river, or lake water) 100 ml
Ethanol 1 ml
K,HPO, 0.05¢g
Sodium benzoate 10g

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 Azomonas 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 4. agilis in contrast to strains of A.
insignis. Growth experiments using A4. 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 um in length and 1.7-
2.6 um in width. On average, they measure 3.1
X 1.9 um (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, D-glucose
and D-fructose (Thompson and Skerman,
1979).

This species was first isolated and described
by Derx (1951a). 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 4. in-
signis from these water sources:

Selective Medium for Azomonas insignis (Derx,
1951a)

Water sample 100 ml
Calcium formate 05¢g
Ethanol 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. insignis
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
K,HPO, (0.05%) and ethanol (0.5-1.0%, 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 4. 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,HPO, 0.02%

Ethanol 1.0% (or about 0.25 ml)
or

Water sample 25 ml

K,HPO, 0.02%

Ethanol 1.0% (or about 0.25 ml)
Sodium benzoate 1.0%

The water samples are placed in 100-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%
K,HPO, 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 4. 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 O (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 O 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
Tchan’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
um in length and 1.6-2.1 um 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 um) cells, also phys-
iological properties are important. The type
strain showed no utilization of starch and rham-
nose, but mannitol is utilized. Moreover, 4. ma-
crocytogenes strains can be differentiated from
other Azomonas species by the utilization of
mannitol (negative in 4. agilis and A. insignis)
and maltose (not utilized by A. insignis and
most strains of 4. agilis), and by its nonutili-
zation of malonate (utilized by both A4. 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 4zomonas 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 4zo-
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 Azomornas 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 4zotobacter. More-
over, the exceptionally high respiratory quo-
tients of Azotobacter species obtained by man-
ometric methods were remarkable; Qo, values
of 20,000 ul O,/h or 4,000-5,000 u1 O,/mg 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 O, 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,”
1.e., a protection by some steric arrangement of
the components (Dalton and Postgate, 1969a).
In the latter mechanism, during O, stress, ni-
trogenase binds to a 2Fe-2S protective protein,
also called Fe/S II, to give an O,-stable complex
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that is protected from O, 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 4zo-
tobacter vinelandii. Their results suggested that
the flux of electrons to the nitrogenase complex,
rather than cellular oxygen consumption (qO,),
stabilizes nitrogenase activity against O, inac-
tivation in aerobically growing A. vinelandii.

From the observations mentioned above, it
may be concluded that the mechanism of O,
control and the absence of a serious inhibition
of functioning nitrogenase by O, 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 Mg?* 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 C,H, and CN); and it re-
duces H* ions to gaseous H, even when N, 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 N, to NH, and, for this
function, it needs adenosine triphosphate
(ATP). In vitro, 16 ATP molecules are con-
sumed to convert one N, to two NH; molecules,
and eight electrons are also involved:

N, + 8H* + 16 ATP 8¢~
2NH, + H, + 16 ADP

Actually, the reduction of N, to two NH; 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 H,. 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 ATP/mole N, fixed was observed.

In other growth experiments, Dalton and
Postgate (1969a) observed that, at 0.03 atm O,,
nitrogen-limited, continuous cultures of A.
chroococcum fixed about twice as much N,/g
carbon source utilized than at atmospheric pres-
sure (i.e., 0.20 atm O,), confirming earlier
growth experiments by other authors (Becking,
1971). The specific effects of different O, 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 1,
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. Of the 10 A. chroococcum
strains tested, only three were unable to utilize
vanadium as a substitute for molybdenum in
nitrogenase and, in 19 out of the 20 4. 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 UW10 (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 4. chroo-
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coccum, 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.
vinelandji 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 4. 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 O,, 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 A4. vine-
landii. Assimilatory nitrate and nitrite
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 of Nif™ 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 nif- mu-
tants of Azotobacter were described for 4. 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 nif* pseudo-
revertants of some particular nif- 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 of Mo (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
(pRD1) that carries the entire nif cluster of K.
prneumoniae. 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 nif genes 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 (4. vinelandii
and A. chroococcum) have been identified.

A group of genes spanning 25-30 kb of DNA
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 promotors 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 nif4d gene from K.
prneumoniae 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 nif4
activation of nif genes might also be conserved
among diazotrophs. Two nitrogen fixation reg-
ulatory regions, nif4 and nfrX, 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 of them 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;
Daobereiner and Day, 1976).

However, Azotobacter inoculants (mainly A.
chroococcum) also may produce crop responses.
Especially in the USRR in the years 1958-1960,
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 Shinde, 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 Blachére, 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 solani on
agar plates and Azotobacter isolates were tested
for their ability to control R. solani 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 Glomus fas-
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-
culatus 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 of barley (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 of bacterization 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 Azotobacter/Azomonas species,
i.e., mutants which could excrete excess am-
monia in addition to being able to reduce N, 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 um, have been observed in native ma-
terial and are assumed to belong to this genus
(Jorgensen, 1977, Klas, 1937; Nelson et al,,
1989Db), 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
of hydrogen 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., 1989Db).

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 (Jergensen 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 cm) is covered with
a few centimeters of sand. CaSO, (approxi-
mately 20 g) and K,HPO, (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 cm 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 O,. A similar
freshwater enrichment inoculated with mud
from a sulfur spring and maintained on a light-
dark cycle (10 h:14 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 “puff balls” 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. 1d). 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 uM) 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
of full air (O, 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 Na,S or Na,S,0,. Suc-
cessful isolations and sustained maintenance
have also been accomplished using agar-gelled
but otherwise unsupplemented thiosulfate-min-
eral medium (Nelson and Castenholz, 1981b).
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 O,) 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 um)

500 ml
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Fig. 1. 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-81-1c, chemoautotrophic
growth, gradient medium. Note re-
fractile S° globules. Bar = 5 um. (b)
Freshwater strain OH-75-2a (similar
to B. alba), stationary phase, liquid
DTA medium. Some filaments are
devoid of refractile S° globules. Non-
refractile inclusions are probably
PHB (see Fig. 4). Bar = 5 um. (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 um. (Mi-
crograph courtesy of H. W. Jannasch
and C.O. Wirsen.) (d) Freshwater
strain OH-75-2a aggregated in tufts
typical of its aerated growth. Bar =

1 mm.
Solution 2:
Distilled water 200 ml
Agar 9.0¢g
Solution 3:
NH,NO, 0.06 g
Trace elements (SL8, Pfennig and Biebl, 0.75 ml

1981)

Mineral stock 50 ml

The mineral stock contains (per liter): K,HPO,, 0.52g;
Na,MoO,, 0.05 g; FeCl;*6H,0, 0.29 g; Na,S,0; (sodium
pyrosulfite), 0.75 g; phenol red, 10 ml of a sterile solution
(0.5%, Gibco).

Autoclave solutions 1, 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,,, 1; thiamine, 200; biotin, 1;
folic acid, 1; paraaminobenzoic acid, 10; nicotinic acid,
100; inositol, 1; 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): 1) 7.5 ml of 200
mM Na,S,0; (2 mM). 2) 3.75 ml of freshly neutralized
200 mM Na,S (1 mM). This is autoclaved as a basic
solution, which is quite stable against autooxidation,
and then neutralized with an equimolar quantity of ster-
ile HCIl just prior to use. 3) 15 ml of 1 M NaHCO, (20
mM). To make this stock autoclave 8.4 g of NaHCO,
(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-
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ditions (99.5% N,, 0.5% CQO,), 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% O,;
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; NaHCO, concentration low-
ered to 2.0 mM) supplemented with freshly
neutralized Na,S was solidified in the bottom
ofa 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, NaHCO, 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 O, and H,S
in a gradient culture after 47 h of growth at

0 50 100 150 200 250 25°C. The medium was cured 41 h prior to
0 LK_. ..... r— — A — inoculation. Dotted line, location of Beggia-
s, toa plate (300 wm vertical thickness).
-15 W A Dashed line, top of initial H,S butt (8.5
—_ N mM). Depth represents distance below air-
E \ agar interface. Note different concentration
~ -301 a I scales. “H,S” designates sum of soluble sul-
e \ fide species (e.g., [H,S] + [HS] + [S)).
2 -as s .
S N N
—60- AN L
-75 . . .
0 1250 2500 3750 5000

a—a H,S 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 200um 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, 1981b; Strohl and Lar-
kin, 1978a; Williams and Unz, 1985). A rep-
resentative medium is shown here:

DTA Medium
ND stock solution (Castenholz, 1988) 50 ml
(NH,),SO, 0.13 g

Sodium acetate 0.68 g
K,HPO, 0.027 g
Na,S,0,°5H,0 0.50 g
Ca(Cl, 0.10g
Distilled water 950 ml
Agar 8-12¢g
ND stock solution

Distilled Water 1,000 ml
NTA (nitrilotriacetic acid) 20g
Micronutrient solution 10 ml
FeCl, solution (0.29 g/liter) 20 ml
CaS0,-2H,0 1.2g
MgSO,-7H,0 20g
NaCl 0.16 g
Na,HPO, l4¢g
KH,PO, 0.72 g
Micronutrient solution

Distilled water 1,000 ml
H,SO, (concentrated) 0.5 ml
MnSO,-H,0 228 ¢
ZnSO,-7H,0 0.50 g
H,BO, 0.50g
CuSO,-5H,0 0.025 ¢
Na,Mo0,-2H,0 0.025 g
CoCl,-6H,0 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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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 CO,-methanol bath).

Identification

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

15 30 45 60
CONCENTRATION (uM)

rounded by a nonunit membrane (Strohl et. al.,
1982). Beggiatoa spp. can be differentiated from
other S°-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 um to approximately 120 um 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 um 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 um 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 um 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-3-hydroxybutyr-
ate (PHB) or S° (Figs. 1a and b). Trichomes may
exceed 1 cm 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 um; Klas, 1937; Jergensen, 1977; Nelson et
al., 1989b) are disk-shaped with cell lengths (5-
25 um) ranging from 0.10-0.90 X cell width
(see Fig. 1c). At least some of the wider fila-
ments (e.g., Fig. 1c) 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; O, presumed outer membrane layer; S, globule of S
PHB, poly-8-hydroxybutyrate granule. (a) Note large PHB
inclusion and rudimentary S° globule typical of cells grown
in acetate-supplemented mineral medium. (b) Note small
PHB inclusion and large S° 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., 1981b, 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
(Gide 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 S°
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 S°-globule
envelope appears to be composed of a single
protein layer 4~5 nm thick (Strohl et al., 1981b).
The extraction of S° 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” S°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 S°, it is difficult to determine
whether the rudimentary inclusions completely
lack S°.

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 of freshwater 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. A dem-
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 O, 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 S° 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 O, and H,S (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 O, and H,S 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 H,S and O,
fluxes within a vertical distance of 300um 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 of H,S
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in uninoculated control medium (Nelson et al.,
1986a). Given also the values for diffusion coef-
ficients, instantaneous rates of H,S and O, 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
H.S 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 H,S
and O, 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 O, consumption and
total biomass production (Nelson, 1989). By
contrast, the other strain (MS-81-1c) 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 H,S
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 O, demonstrated by Mpgller et al. (1985).
Likewise, the sharp lower boundary of these
plates is taken as presumptive evidence of a neg-
ative chemotactic response to excess H,S. 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;
Moller 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 H,S-O, in-
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terface if it must pass down through a cyano-
bacterially produced O,-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, 1975) as long as it has the capacity to
quantitatively harvest the H,S 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 H,S 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,, 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, 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,;, of
0.66. The companion cluster contains H. sub-
glaciescola and D. aesta and forms at an S,, 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 of the members of this
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. elongata™ ATCC 33173 ATCC 33174  Vreeland et al., 1980
H. halodurans ATCC 29686 DSM 30433 Hebert and Vreeland, 1987
H. subglasciescola UQM 2926 UQM 2927 Franzmann et al., 1987

H. halmophilum NCMB 1971, ATCC 19717 —
Closely related strains
Bal ATCC 43985 -

Strain NRCC 41227 ATCC 43984

Franzmann et al., 1988

Rafaeli-Eshkol, 1968; Huval et al., unpublished
observations

Matheson et al., 1976; Huval et al.,
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 sublines 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
etal., 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 M in defined media (Vreeland et al., 1980;
Vreeland and Martin, 1980). The Halomonas
species actually require the Na* cation but not
the Cl- anion, consequently sodium can be sup-
plied as NaBr, NaNO,, Na,SO,, 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 of the 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% w/v NaCl)
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 7.5
Proteose peptone #3 5.0
Peptone 1.0
Yeast extract 1.0 1.0
NaCl 0-178.2 80
MgSO,-7H,O0 20
K,HPO, 0.5
Na citrate 3.0
ASW? 26.0
Agar 15 15 20
pH 7.0 7.0 7.2
Organic lake water (Antarctic) 1 liter
Distilled water 1 liter 1 liter

aAll values in grams per liter of final medium.
vASW, 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 CaCl, (Vreeland et al.,
1984). The basal defined medium has the fol-
lowing composition:

Basal Defined Medium
MgClL-6H,0 0.026 M
KCl 001 M
(NH,),SO, 0.031 M

This basal salts solution is made as a 10X stock for use
in both medium and wash solutions. The completed
medium also contains:

CaCl, 0.001 M
K,HPO, 0.0029 M
Carbon source 0.01 M
NaCl 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
(100X 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-
omophilum have not yet been grown on this
medium. H. subglasciescola has been grown on
a defined medium described by Franzmann et
al. (1987). This defined medium contains:

Medium of Franzmann et al. (1987)

NaCl 80¢

MgSO,-7H,0 95¢g
KCl 50g
CaCl, 02¢g
(NH,),SO, 0.lg
KNO, 0lg
Yeast extract 10g
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,HPO, 50 mg
KH,PO, 50 mg
Distilled water 20 ml

Vitamin mix (filter-sterilized):

Cyanocobalamin 10 mg
Biotin 2.0 mg
Thiamine 10 mg
Ca pantothenate 5.0 mg
Folic acid 2.0 mg
Nicotinamide 5.0 mg
Pyridoxine HCl 10 mg
Distilled water 100 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 1 liter
Nitriloacetic acid 100 g
MgSO,-7H,0 29.7 g
CaCl,-2H,0 33¢g
NaMoO,-2H,0 12.7 mg
FeSO,-2H,0 99.0 mg
EDTA* 130 mg
ZnSO,-H,0* 550 mg
FeSO,-7H,O0* 250 mg
MnSO,-H,0* 80 mg
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CuSO,-5H,0* 20 mg
CoCl,*6H,0* 10 mg
Na,B,0,-10H,0* 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 1-
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°C 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 (C,,,), 3-hydroxydodecanoate
(3-OH C,,,), cis-9-hexadecanoate (C,q,s), hex-
adecanoate (C,q,), heptadecanoate (C,,,), 13-
methyltetradecanoate (Me + C,,,), and trans-
9-octadecanoate (C,q,») as their major fatty
acids.

Finally, recently completed studies (Hebert
and Vreeland, 1987; Huval and Vreeland, un-
published observations) of the effect of NaCl 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 Halomonas, 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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>