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Preface

The editors are proud to present Anoxygenic
Photosynthetic Bacteria to students and researchers
in the field of photosynthesis. We feel that this book
will be the definitive volume on non-oxygen evolving
photosynthetic bacteria for years to come, as it is
literally loaded with the most recent information
available in this field. Contributors were given the
freedom to develop topics in depth, and although
this has lead to a lengthy volume, readers can be
assured that nothing of significance in the field of
anoxygenic photosynthetic bacteria has been
neglected.

We have organized the book along ten major
themes: (1) Taxonomy, physiology and ecology, (2)
Molecular structure of pigments and cofactors,
(3)Membrane and cell wall structure, (4) Antenna
structure and function, (5) Reaction center structure
and electron/proton pathways, (6) Cyclic electron
transfer, (7) Metabolic processes, (8) Genetics, (9),
Regulation of gene expression, and (10) Applications.
For each theme, several chapters, written by leading
experts in the field, combine to paint a detailed
picture of the current state of affairs of research in
that area. The editors have also tried to provide
ample cross-references between chapters to help
guide the reader to all ofthe coverage on a particular
topic.

The last time a comprehensive volume on
anoxygenic photosynthetic prokaryotes was pub-
lished was in 1978. This was the landmark volume
The Photosynthetic Bacteria, edited by R. K. Clayton
and W. R. Sistrom, and published by Plenum Press in
New York. That book brought together in one place
the state of current knowledge on the ecology,
physiology, taxonomy, ultrastructure, biochemistry,
biophysics and genetics of this diverse group of
bacteria. As a testament to its value as a reference
book, every copy of The Photosynthetic Bacteria
that any of the three editors of the present volume
have ever seen was tattered from years of almost
constant use and stained with coffee and cell extracts
of various colors. The Photosynthetic Bacteria had a

xxiil

tremendous impact on a generation of scientists in
many disciplines and will remain a classic for many
years to come.

Thus it was with some trepidation that we undertook
what was in essence the same task that faced Clayton
and Sistrom 17 years earlier. The field has changed
dramatically in that time in nearly every one of the
areas mentioned above, perhaps most noticeably in
the area of genetics and related topics. A single
chapter on this subject sufficed in 1978, whereas 14
of the 62 chapters in the present volume have ‘gene’
or ‘genetic’ in the title and nearly every chapter
makes use of information obtained using mutants.

Another area of bacterial photosynthesis that has
seen tremendous progress in 17 years is structural
studies. There is only one protein structure determined
using X-ray diffraction that appears as a figure in the
1978 volume, whereas dozens of structural figures
are included in this volume, including reaction
centers, antenna complexes, electron transfer proteins
and porins. An even more dramatic difference is that
there is only a single, partial amino acid sequence in
the 1978 volume, while there are literally hundreds
of sequences in this book. The emphasis in every
area covered in this book, from taxonomy and ecology
all the way to biophysics has continually shifted
more and more toward analysis at the molecular
level.

This is the second volume in a series titled
‘Advancesin Photosynthesis,” with Govindjee as the
series editor. The series provides an up to date account
of all aspects of the process of photosynthesis. A
statement of the scope of the series and a list of
previous and upcoming titles can be found on the
back cover.

We would like to dedicate this volume to Howard
Gest, who is unquestionably the father of modern
research involving photosynthetic bacteria. He has
also greatly influenced the careers of each of the
editors as either a collaborator, mentor or colleague
and to all of us as a friend.

Special thanks go to Larry Orr, without whose



extraordinary talents and hard work this effort could
never have come to fruition. Larry prepared all the
camera ready copy and is primarily responsible for
the layout and ‘look’ of the book.

XXiv

Finally, we thank our wives, Liz, Nancy and Chris
and children, Larissa, Sam, Scott and Kevin for their
patience and understanding of the time needed to
complete this volume.

Robert E. Blankenship
Michael T. Madigan
Carl E. Bauer
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Color Plate 1. (A) Section through a microbial mat consisting of a top cover of the cyanobacterium Synechococcus underlaid by
Chloroflexus, The cut is about 15 cm across and the water temperature ~60 °C. This is the source of Chloroflexus aurantiacus, strain OK-
70-fl, Kahneeta Hot Springs, Oregon. (B) Upper limits of Chloroflexus as a distinct undermat at ~68 °C. The outflow from the spring is
at about 73 °C, and the siliceous sinter is dominated by Synechococcus until the edges cool to about 68 °C where the Chloroflexus
undermat accretes (more orange on photograph). Buffalo Spring, White Creek drainage, YNP. (C) Chloroflexus as a photoautotroph
(orange-red streamers) growing at a temperature of ~ 64—62 °C on primary sulfide in Badstofuhver, Hveragerdi, [celand. The sulfide is
quite depleted by about 62 °C, at which point the green mat of the cyanobacterium, Chlorogloeopsis ‘high temperature form’ (formerly
referred to as Mastigocladus ‘“HTF’) appears (see Castenholz, 1973a). (D) Heliothrix oregonensis as an aerotolerant mat above a deep
green cyanobacterial layer in a non-sulfidic Kahneeta hot spring (Oregon); temperature ~ 50 °C. (See Chapter 5, pp 89-90, Figs. 1-4.)
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Color Plate 2. (A) Chlorobium tepidum mat (green cover) in highly sulfidic ‘Travelodge Stream’, Rotorua, New Zealand. The
temperature is 45 °C in the foreground, with a pH usually in the range of 5.3-6.2 (see Castenholz et al., 1990). (B) Facultatively
anoxygenic Oscillatoria cf. amphigranulata in small sulfidic spring WH-1 (Cirque-1), Whakarewarera, New Zealand. Temperature at
the grey-green edge of the cyanobacterium was ~56 °C. Thiobacillus-like whitish-yellow streamers occurred upstream to about 68°C (see
Castenholz, 1976). (C) Inverted Chloroflexus mat at about 61-62 °C in Ystihver Stream, Hisavik, North Iceland. The primary sulfide
which supports the photoautotrophic Chloroflexus is lowered within the mat, so that an underlayer of oxygenic cyanobacteria
(Chlorogloeopsis ‘high temperature form”) occurs at about 1 mm below the Chloroflexus (see Jorgensen and Nelson, 1988). (See Chapter
5, pp. 92-98, Figs. 5, 6, 8.)
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Color Plate 3-Upper. (A) Exposed Chromatium tepidum in a nighttime view of a 45-48 °C mat of Hunter’s Hot Springs, Oregon. In
daytime the Chromatium forms an underlayer beneath the brownish-red cyanobacterium Oscillatoria terebriformis, which descends
below the Chromatium at night (see Richardson and Castenholz, 1987). (B) Daytime view of the same area as (A), with O. terebriformis
forming the mat surface, but with Chromatium swarming into the water in the can which is open at both ends, but which had been darkened
by a top lid a few hours earlier. (See Chapter 5, p. 100, Figs. 10-11.)

Color Plate 3-Lower. (A) Phase contrast optical microscope image of Nile Blue stained cells of Bacillus cereus. (B) Same as A, but
activated by 450 nm light showing specific fluorescence of PHA. Spores do not fluoresce and note that not all cells contain PHA. This
is a very specific reaction and can give a quantitative measure of PHA from fluorescence intensity. (See Chapter 60, p. 1247, Fig. 1.)
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Color Plate 4. Structure representations of porins from Rhodopseudomonas blastica and Rhodobacter capsulatus: (A) Space-filling
model of the porin from Rp. blastica DSM 2131 as established at 2.0 A resolution (Kreusch et al., 1994). The view is perpendicular to
the membrane plane, the three pore eyelets are clearly visible. Hydrogens are not considered in this model. (B) Secondary structure of
one subunit of the major porin from Rb. capsulatus 37b4 as viewed from the threefold symmetry axis. The external medium is at the top,
the periplasm at the bottom. The 16 B-strands are given by blue arrows and the 3 short a-helices by orange helices. The long 43-residue
loop inserting into the barrel is obvious. The interface part of the barrel is rather low while the membrane-facing part is high. The ‘rough’
barrel end at the top and the ‘smooth’ barrel end at the bottom can be visualized clearly. (See Chapter 11, p. 224, Fig. 9.)
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Color Plate 5. (Continued from Color Plate 4.) (C) Color-coded projection of one subunit from the Rb. capsulatus 37b4 porin onto the
membrane plane. Aromatic side chains are yellow; positively and negatively charged side chains are red and dark blue, respectively. The
interface and the threefold symmetry axis are at the bottom. Obviously, the rim of the pore eyelet is lined by positively charged side chains
protruding from the interface area of the barrel juxtaposed to negatively charged side chains from the 43-residue loop running into the
barrel interior. Most likely these charges form an electric field that facilitates permeation of polar solutes and hinders nonpolar ones. (D)
Detail of the construction of the pore eyelet of the Rb. capsulatus porin. The amino acid residues are given in the usual color code, the
fixed water molecules by crosses and the calcium ions by balls. Hydrogen bonds are indicated by dashed lines, ‘Fixation® of the water
molecules means that they are clearly visible in the X-ray structure analysis at the high resolution of 1.8 A. This implies that water
molecules are accommodated at the water positions most of the time. Still, these water molecules can move away. It should be noted that
there is a defined network of hydrogen bonded water molecules at the eyelet leaving a rather small nonstructured cross-section in the
center. (See Chapter 11, p. 224, Fig. 9.)
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Color Plate 6. (A) Cytoplasmic view of the LH2 antenna complex from Rhodopseudomonas acidophila. The protein is shown in purple,
with BChl molecules in green and carotenoid in yellow. For further details see McDermott et al. (1995). (B) The LH2 complex from
Rhodopseudomonas acidophila viewed perpendicular to the symmetry axis. The periplasmic surface of the membrane is at the top and
the cytoplasmic surface is at the bottom. The « helical parts of the protein are shown as purple ribbons. BChl B850 molecules are shown

in red, with B800 molecules in green and carotenoids in yellow. For further details see McDermott et al. (1995). (See Chapter 16, p. 343,
Figs. 21-22.)
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Color Plate 7. (A) The photosynthetic reaction center from Rp. viridis. The protein subunits are depicted in form of a smoothed ribbon
diagram with the C subunit in green, the L subunit in brown, the M subunit in blue, and the H subunit in purple. The cofactors are
represented as atomic models with carbon atoms in yellow, nitrogen atoms in blue, oxygen atoms in red, and magnesium and iron atoms
in grey. Figs. 1,2, 10,and 11 were generated with the computer program package O (Jones et al., 1991). (B) Superposition of the reaction
center cofactors from Rp. viridis (green) and Rb. sphaeroides (red). The phytyl side chains of the bacteriochlorophyll and bacteriopheophytin
molecules have been omitted for the sake of clarity. (See Chapter 23, p. 507, Figs. 1-2.)
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Color Plate 8-upper. Orthogonal views of the Q site: Six different structures are superimposed. The color coding is as follows: Q282
(multi-colored: carbon atoms are yellow, nitrogen atoms are blue, oxygen atoms are red), IPRC (green), 2RCR (dark blue), 4RCR
(brown), 1PSS (light blue) and 1PCR (purple). The dashed red lines indicate hydrogen bonds in the Q282 structure. (See Chapter 23, p.
517, Fig. 10.)

Color Plate 8-lower. The ‘water chain’ from the cytoplasm to the Qg site in the reaction centers of Rp. viridis (left) and Rb. sphaeroides
(right), respectively. The protein backbones of the subunits are displayed in green, the water molecules in red. Also shown are the Qg
molecules and the protonatable amino acid residues lining the ‘water chain’. (See Chapter 23, p. 520, Fig. 11.)
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Color Plate 9. Pseudocolored image of bacterial colonies expressing mutagenized LHII complexes, taken at 860 nm, wherein TSM and
conventional CCM are compared. (A) shows a spread of colonies from the conventional seven site CCM library with one positive colony
(indicated by the arrow). This was the only positive colony observed in a set of similar spreads totaling approximately 4000 colonies. (B)
shows a typical spread from the analogous TSM library. Approximately 6% of the colonies are classified as positive. Images were
recorded using a radiometrically calibrated CCD camera. Gray scale values were rescaled and linearly mapped to pseudocolors to
enhance the differences in optical density, i.e., higher ODs are mapped to darker pseudocolors. (C) Color contour map showing the
spectral diversity of a seventeen site combinatorial library affecting amino acid residues near the -subunit BChl (dimer) binding site. The
upper left panel shows a monochrome image taken at 400 nm of a typical spread of colonies. The upper right hand panel shows a color
bar; black corresponds to the lowest absorbance and white corresponds to the highest absorbance. The lower panel is a color contour map
generated by DIS where the horizontal axis corresponds to wavelength (730-890 nm) and the vertical axis is colony number. Each
horizontal row represents a spectrum encoded by pseudocolor. Spectra of BChl binding mutants are enclosed in the gray box. Mutants
are displayed in ‘full deflection’ mode so each row scales from black to white. Nine percent of the colonies (15 out of 168) were judged
to assemble LH antennae. Several categories of spectra are observed: 1) pseudo WT (i.e., dimer peak at 855 nm, monomer peak at 800
nm), 2) pseudo-WT mutants with a 5 nm red shift of the dimer band, 3) pseudo-LHI (i.e., 10 -15 nm shift of the dimer band and reduced
or missing monomer peak), 4) a mutant showing a single peak at 855 nm, and 5) mutants absorbing mainly at 760 nm (due to free BChl
in the membrane) which are classified as ‘nulls’. (See Chapter 61.)
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Color Plate 10. Correlation of sequence data with spectra from a combinatorial mutagenesis experiment on LHII near the g-subunit BChl
(monomer) binding site. This color contour map is displayed in ‘absolute’ mode with the highest absorbance on the image set to white
(OD = 0.72) and the lowest absorbance on the image set to black (OD = 0.05). The top spectra is WT which shows stronger absorption
than these mutants. The amino acid sequence for each mutant is displayed to the right of its spectrum. Only amino acids different from
the WT sequence are listed. The position indicated in red did not include the WT Tyr in the target set. (See Chapter 61.)
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Chapter 1

Taxonomy and Physiology of Phototrophic Purple Bacteria
and Green Sulfur Bacteria

Johannes F. Imhoff
Institut fir Meereskunde an der Universitét Kiel, Disternbrooker Weg 20, 24105 Kiel, Germany
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Summary

Anoxygenic phototrophic bacteria have always attracted scientists because of their coloration and ability to
perform photosynthesis in the absence of air and without producing oxygen. Despite this common feature of
these bacteria, variation in morphological, physiological and molecular properties, including molecular
structures of the photosynthetic pigments and the photosynthetic apparatus, is great. This chapter will give a
short introduction into the diversity of green sulfur and phototrophic purple bacteria, list some important

properties of the species, and indicate important physiological features.

l. Introduction

The most striking and common property of all purple
and green phototrophic bacteria is their ability to
carry out anoxygenic photosynthesis on the basis of
bacteriochlorophyll mediated processes. The various
anoxygenic phototrophic bacteria contain several
types of bacteriochlorophylls and a variety of
carotenoids as pigments, which function in the
transformation of light into chemical energy and
give cultures a distinct coloration varying with the
pigment content from various shades of green,
yellowish-green, brownish-green, brown, brownish-
red, red, pink, purple, and purple-violet to even blue
(carotenoidless mutants of some species containing

bacteriochlorophyll a). Characteristic absorption
maxima of bacteriochlorophylls and major carotenoid
groups of anoxygenic phototrophic bacteria are shown
in Tables 1 and 2. Photosynthesis in anoxygenic
phototrophic bacteria depends on oxygen-deficient
conditions, because synthesis of the photosynthetic
pigments is repressed by oxygen (bacteria like
Erythrobacter longus are exceptions to this rule).
Unlike cyanobacteria (including Prochloron and
related forms) and eukaryotic algae, anoxygenic
phototrophic bacteria are unable to use water as an
electron donor and oxygen is not produced. They use
only one photosystem and require electron donors of
lower redox potential than water. Most charac-
teristically, sulfide and other reduced sulfur

R. E. Blankenship, M. T. Madigan and C. E. Bauer (eds): Anoxygenic Photosynthetic Bacteria, pp. 1-15.
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Table 1. Characteristic absorption maxima of different bacteriochlorophylls in living cells®

Bacteriochlorophyll Esterifying alcohol® Characteristic absorption maxima (nm)
a P,Gg 375, 590, 800-810, 830-890

b P,Gg® 400, 605, 835-850, 1015-1035

c Fd 335, 460, 745-760

d F 325, 450, 725-745

e F 345, 450-460, 715-725

g F 370, 419, 575, 670, 780-790

4 Data are collected from Brockmann and Lipinski (1983), Gloe et al. (1975), Michalski et al. (1987) and Pfennig (1978).
b Bsterifying alcohol: P, phytol; Gg, geranylgeraniol; F, farnesol.
¢In Ectothiorhodospira halochloris and Ectothiorhodospira abdelmalekii phytadienol was found (Steiner et al., 1981; also R. Steiner,

personal communication).

41In Chloroflexus aurantiacus a straight-chain aliphatic stearyl alcohol (C-18) is esterified to the propionic acid side chain (Gloe and

Risch, 1978).

Table 2. Major carotenoid groups of anoxygenic phototrophic bacteria®

Biosynthetic group Major components

Normal spirilloxanthin series Lycopene, thodopin, spirilloxanthin

Rhodopinal series Lycopene, lycopenal, lycopenol, rhodopin, rhodopinal, rhodopinol
Alternative spirilloxanthin series Hydroxyneurosporene, spheroidene, spheroidenone (spirilloxanthin)
Okenone series Okenone

Isorenieratene series B-Carotene, isorenieratene

Chlorobactene series y-Carotene, chlorobactene

# Data are taken from Schmidt (1978).

compounds, but also hydrogen and a number of
small organic molecules, are used as photosynthetic
electron donors. Quite recently even growth with
reduced iron as electron donor has been demonstrated
with some phototrophic purple bacteria (Widdel et
al., 1993).

Besides this common theme of photosynthesis,
anoxygenic phototrophic bacteria are an extremely
heterogeneous eubacterial group, on the basis of
morphological, physiological and molecular data.
According to their phenotypic properties we
distinguish between the green sulfur bacteria, the
green nonsulfur bacteria, the purple sulfur bacteria,
the purple nonsulfur bacteria and the heliobacteria.
On the basis of 16S rRNA analyses major eubacterial
groups have been defined (Woese et al., 1985a).
Among these, one is represented by the cyanobacteria,
one by the green sulfur bacteria, one by Chloroflexus
and ‘relatives’, and one by the phototrophic purple
bacteria and their ‘relatives’. On the basis of their
16S rRNA, the recently discovered Heliobacterium

Abbreviations: Cm. — Chromatium; Ec. — Ectothiorhodospira;
Rb. — Rhodobacter; Rp. - Rhodopseudomonas;, Rs. —
Rhodospirillum

chlorum (Gest and Favinger, 1983) and Heliobacillus
mobilis (Beer-Romero et al., 1988) do not fit into the
aforementioned groups, but are related to certain
Gram-positive bacteria (Woese et al., 1985c; Beer-
Romero and Gest, 1987). Heliobacteria are considered
in Chapter 2 by Madigan and Ormerod.

A quite remarkable group of bacteria, containing
bacteriochlorophyll, but unable to grow photo-
trophically under anaerobic conditions, is represented
by a number of Gram-negative aerobic marine
bacteria (Sato, 1978; Shiba et al., 1979; Nishimura et
al., 1981; Triiper, 1989). The best studied of these
bacteria is Erythrobacter longus (Shiba, 1991), which
can synthesize bacteriochlorophyll a, form intracyto-
plasmic membranes, and has reaction center
complexes similar to those of other purple bacteria
(Harashima et al., 1980; Shimada et al., 1985; Iba et
al., 1988). In contrast to all previously known
phototrophic purple bacteria, synthesis of bacterio-
chlorophyll a and carotenoids in aerobic phototrophs
is stimulated by oxygen (Harashima et al., 1980).
Shiba (1984) demonstrated that Roseobacter
denitrificans (formerly designated as Erythrobacter
strain OCH 114) effectively uses light to increase the
cellular ATP level and the rate of incorporation of
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CO,. According to 16S rRNA analyses, Erythrobacter
longus belongs to the alpha subgroup of the
Proteobacteria, and appears distantly related to other
bacteria of this group, such as Rhodobacter and
Rhodopseudomonas species (Woese et al., 1984a).
These bacteria and also a recently discovered
bacteriochlorophyll containing Rhizobium sp. (Evans
et al., 1990) are treated in separate chapters (see
Chapters 6 and 7 by Shimada and Fleischmann et al.,
respectively). In this chapter we consider the green
sulfur bacteria and the phototrophic purple bacteria.

Il. General Aspects of Taxonomy

Traditionally, differentiation of species, genera and
even families of phototrophic bacteria was based on
a number of morphological properties, such as cell
form and size, flagellation and intracytoplasmic
membrane structures, on pigment composition, DNA
base ratio, and also physiological properties such as
carbon and nitrogen substrate utilization and ability
to respire aerobically and anaerobically in the dark,
among others (Pfennig and Triiper, 1974; Triiper and
Pfennig, 1981; Imhoff and Triiper, 1989). Especially
some significant features of dissimilatory sulfur
metabolism, such as the ability to oxidize sulfide, the
preference to grow photoautotrophically with sulfide
as electron donor (compared to photoheterotrophic
growth), the formation of sulfur globules inside or
outside the cells, and the oxidation of extracellular
elemental sulfur have been used as criteria to
distinguish between major groups of the phototrophic
purple and green bacteria (Molisch, 1907, Baven-
damm, 1924; Pfennig and Triiper, 1971; Imhoff
1984a; Pfennig, 1989a, b; Gibson et al., 1984).
Also, chemotaxonomic methods have been applied
to the taxonomy of phototrophic bacteria and have
supported the heterogeneity of this group. The cellular
composition of polar lipids, fatty acids, and quinones
was found to be useful for their taxonomic charac-
terization. Principal differences in the composition
of these compounds were found among the major
groups, and even the recognition of species was
possible by comparing the composition of these
membrane constituents (Imhoffet al., 1982; Imhoff,
1982, 1984b, 1988, 1991; Hansen and Imhoff, 1985).
The lipids and quinones of phototrophic bacteria are
considered in detail in Chapter 10 by Imhoff and
Imhoff. Also, other molecular information, such as
lipopolysaccharide structure, size and sequence of
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cytochromes ¢, and 16S rRNA oligonucleotide
catalogues and sequence data can be used to determine
similarity and taxonomic relations among species.
The lipid A structure of the lipopolysaccharides
shows significant differences among members ofthe
purple nonsulfur bacteria (Weckesser et al., 1974,
1979; Mayer, 1984); it is quite similar among all the
Chromatiaceae (Meiflner et al., 1988b), though
differences occur between Ec. halophila and less
halophilic Ectothiorhodospira species (Meifiner et
al., 1988c; Zahr et al., 1992). Lipid A was absent
from Chloroflexus (Meiliner et al., 1988a).

With the aid of sequencing techniques of proteins
and nucleic acids, molecular data became available
which were used for the analysis of phylogenetic
relatedness of bacterial strains. The best record of
phylogeny is conserved in the primary sequences of
nucleic acids and proteins, and attempts to compare
phylogenetic relatedness have been made by
quantitative comparison of sequence data of both
kinds of macromolecules. Because of the available
methods, proteins were the first macromolecules
considered in the phylogenetic relationships of
various bacteria. Among the phototrophic prokary-
otes, c-type cytochromes and ferredoxins are two
examples of such proteins. On the basis of primary
sequence and tertiary structure of the c-type
cytochromes a first ‘phylogenetic tree’ of the
phototrophic purple bacteria was constructed
(Dickerson, 1980).

More recently, nucleic acid sequences of the 16S
rRNA have been widely used to trace bacterial
phylogeny. This molecule is universally distributed
among prokaryotes and is considered to be
phylogenetically quite conservative. The method has
developed from a mere comparison of oligonucleotide
catalogues derived by digestion of the molecule with
T1 RNase (Zablen and Woese, 1975). With the
development of techniques to completely sequence
the 16S rRNA molecule, total information of its
nucleic acid sequence is now available for com-
parison. Although this method is superior to all
previous attempts of tracing phylogenetic relations
because of the universal distribution of ribosomal
RNA and the amount of sequence information, it
considers only a single molecule of the whole
bacterium. To judge the systematic position of a
bacterium, the combination of results obtained by
different methods—with the support of 16S rRNA
sequence data—appears to be the best approach.
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lll. General Aspects of Physiology

Besides the unifying property to perform light
dependent and bacteriochlorophyll-mediated energy
transduction, the metabolic capabilities of photo-
trophic eubacteria and, in particular, of phototrophic
purple bacteria, show great diversity. High versatility
is not only found among the different species of this
group of bacteria, but also in single species which
can adapt to a variety of different growth conditions.

Photoautotrophic growth is typical of purple and
green sulfur bacteria, while photoheterotrophic
growth is typical of purple nonsulfur bacteria. All
green sulfurbacteria, almost all purple sulfur bacteria,
and also many representatives of the purple nonsulfur
bacteria grow under photoautotrophic conditions with
either reduced sulfur compounds or hydrogen as
electron donors. Many phototrophic purple bacteria
are able to grow photoheterotrophically using organic
substrates as electron donors and carbon sources.
Also, chemolithotrophic growth (aerobically in the
dark) has been demonstrated in several species
(Madigan and Gest, 1979; Siefert and Pfennig, 1979;
Kémpf and Pfennig, 1980). Chemoheterotrophic
growth in the presence of oxygen is common among
purple nonsulfur bacteria, but is also found in some
purple sulfur bacteria.

While some species are very sensitive to oxygen,
others grow equally well under aerobic conditions in
the dark at the full oxygen tension of air. Under
anaerobic dark conditions, growth of some species is
also supported by respiratory electron transport in
the presence of nitrate, nitrite, nitrous oxide,
dimethylsulfoxide (DMSO), or trimethylamine-N-
oxide (TMAO) as electron acceptors (for reviews
see Ferguson et al., 1987, and Chapter44 by Zannoni
in this volume). In the absence of external electron
acceptors a number of substrates allow for energy
generation and slow growth by a fermentative
metabolism.

In addition to these diverse methods for energy
generation, there is considerable variation in the
utilization of carbon, nitrogen and sulfur compounds
for assimilatory and dissimilatory purposes, as well
as in the enzymatic reactions and pathways involved
in these processes.

Organic carbon sources have principally different
functions under phototrophic, respiratory and
fermentative conditions. Under phototrophic growth
conditions they serve primarily as a source of cellular
carbon, but in addition may function as an electron
source for photosynthetic electron transport. In the
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presence of inorganic electron donors they may be
exclusively photoassimilated. During phototrophic
growth the citric acid cycle serves a biosynthetic
purpose and a complete cycle is actually not required
under these conditions. Indeed, a number of purple
sulfur bacteria lack oxoglutarate dehydrogenase and
a complete citric acid cycle (Kondratieva, 1979).
During respiratory growth the major part of the
carbon source is completely oxidized. Reactions of
the citric acid cycle are involved in substrate oxidation
and one would expect elevated enzymatic activities
of the cycle under these conditions. Indeed, Rb.
capsulatus activities of citrate synthase, isocitrate
dehydrogenase and, in particular, oxoglutarate
dehydrogenase are increased during respiratory
growth (Beatty and Gest, 1981). During fermentative
growth, substrates or storage products are oxidized
incompletely on a large scale. Reduced organic
compounds and/or hydrogen are excreted in order to
achieve redox balance of the cell.

Various purple bacteria show great variation in
their capability to photoassimilate organic carbon
compounds and to grow photoheterotrophically. A
group of metabolically specialized, obligately
phototrophic and strictly anaerobic Chromatiaceae,
including Chromatium okenii, Cm. weissei, Cm.
warmingii, Cm. buderi, Cm. tepidum, Thiospirillum
jenense, Lamprocystis roseopersicina and Thio-
dictyon elegans, photoassimilate only acetate and
pyruvate and this only in the presence of CO, and
sulfide. Endogenous fermentation, as it occurs in
Cm. vinosum (Van Gemerden, 1968), should be
possible, though this has not been demonstrated.
Chemotrophic growth has not been found with
Cm. okenii (Kampf and Pfennig, 1980), but high
respiration rates with intracellular sulfur as the
electron source have been reported (Kristjansen,
1988). Also, Cm. warmingii and Thiocapsa pfennigi,
both unable to grow chemotrophically, oxidize
intracellular sulfur with oxygen as the terminal
acceptor (Kampf and Pfennig, 1986).

Others, such as the small-celled Chromatium
species and the majority of the purple nonsulfur
bacteria utilize a variety of different organic carbon
sources. Intermediates of the tricarboxylic acid cycle
in addition to acetate and pyruvate are generally
used. Other organic acids, amino acids, fatty acids,
alcohols, carbohydrates and even aromatic carbon
compounds support growth of many purple nonsulfur
bacteria. One of these metabolically highly versatile
bacteria is Rb. capsulatus. This species can grow
photoautotrophically with sulfide or hydrogen as the
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electron donor, chemoautotrophically with hydrogen,
photoheterotrophically with a variety of organic
compounds as electron and carbon sources,
chemoheterotrophically at the expense of respiratory
electron transport-driven energy generation with
oxygen, nitrate, nitrous oxide, dimethylsulfoxide or
TMAO as electron acceptors, and finally also by
fermentation of organic substrates.

The diversity of the carbon metabolism of
phototrophic bacteria is also demonstrated by the
assimilation pathway of acetate, which is a substrate
for green sulfur bacteria and almost all phototrophic
purple bacteria. It is assimilated by almost all purple
nonsulfur bacteria (Rp. globiformis does not grow
with acetate) and even by the most specialized
Chromatiaceae. The metabolism of acetate assimi-
lation, however, is quite different among the species.
In many phototrophic purple bacteria the primary
reaction of acetate metabolism is the ATP-dependent
formation of acetyl-CoA, which is the substrate for
further reactions. In Cm. vinosum, as in most purple
bacteria, the two key enzymes of the glyoxylate
cycle, isocitrate lyase and malate synthase, are present
and acetate is assimilated via this pathway. The
cycle is, however, unusual in Cm. vinosum in so far
as malate dehydrogenase is lacking, but the reaction
catalyzed by malic enzyme followed by carboxylation
of pyruvate (pyruvate carboxylase) results in the
formation of oxalacetate. Unlike most of the acetate
assimilating phototrophic purple bacteria Rs. rubrum
does not have an active glyoxylate cycle. Isocitrate
lyase is not present. Conversion of acetate to
oxalacetate by two carboxylation reactions from
acetate to pyruvate (with pyruvate synthase) and
further to oxalacetate is possible (Buchanan et al.,
1967). In Rubrivivax gelatinosus, however, photo-
assimilation of acetate is via the serine-hydroxy-
pyruvate pathway (Albers and Gottschalk, 1976). In
the green sulfur bacteria neither a Calvin Cycle nor
an oxidative tricarboxylic acid cycle are operating
(Kondratieva, 1979; Fuchs et al., 1980a, b). In
Chlorobium limicola pyruvate is formed from Acetyl-
CoA by a ferredoxin-dependent pyruvate synthase.
Further reactions involve carboxylation to oxalo-
acetate (phosphoenolpyruvate synthetase) and
reactions of the reductive tricarboxylic acid cycle
and of gluconeogenesis.

Detailed discussions of the carbon, sulfur, and
nitrogen metabolism of anoxygenic phototrophic
bacteria is given in additional chapters of this volume.

IV. Description of the Groups
A. Green Sulfur Bacteria (Chlorobiaceae)

The phototrophic green sulfur bacteria form a tight
phylogenetic group, separated from other photo-
trophic bacteria and also from known chemotrophic
bacteria (Gibson et al., 1985). They are characterized
by non-motile, spherical, ovoid or vibrio shaped
cells. All species lack flagella; some have gas vesicles.
Only Chloroherpeton thalassium is motile by gliding
and in addition forms gas vesicles; a further difference
from all other species ofthis group is the carotenoid
composition, with jcarotene as major component.
Physiological properties and results of 16S rRNA
analyses led to the inclusion of Chloroherpeton into
this group (Gibson et al., 1985). Some properties of
the green sulfur bacteria are shown in Table 3.

We distinguish green and brown species of green
sulfur bacteria. The green species contain bacterio-
chlorophyll ¢ or d and the carotenoid chlorobactene
and OH-chlorobactene as light-harvesting pigments
(Gloe et al., 1975; Schmidt, 1978). The brown species
have bacteriochlorophyll e and the carotenoids
isorenieratene and p-isorenieratene as light-
harvesting pigments (Liaaen-Jensen, 1965). The
different pigment content is responsible for
differences in the light absorption properties. The
brown species have a broader absorption range,
between 480 and 550 nm, which apparently is of
ecological significance (see Chapter 4 by Van
Gemerden and Mas).

In contrast to the phototrophic purple bacteria,
green sulfur bacteria and green nonsulfur bacteria do
not have intracytoplasmic membrane systems. They
contain special structures called chlorosomes (or
chlorobium vesicles in the older literature), which
are attached to the internal face of the cytoplasmic
membrane, carry the light-harvesting pigments, and
represent large and powerful antenna systems (Cohen-
Bazire et al., 1964; Stachelin et al., 1978, 1980).
Chlorosomes contain the major photosynthetic
pigments of green sulfur bacteria (see Chapter 20 by
Blankenship et al.). The reaction centers of
phototrophic green bacteria are located in the
cytoplasmic membrane at the attachment sites ofthe
chlorosomes. The localization of the small amounts
of bacteriochlorophyll a that are present in these
bacteria is mainly restricted to the reaction centers
and protein complexes of the so-called baseplate,
which connects the chlorosome with the cytoplasmic
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Table 3. Characteristic properties of green sulfur bacteria®

Johannes F. Imhoff

Species Cell Cell Color of Major Major Gas Salt G+C
shape diameter (um)  culture carotenoid BChl vesicles response  content (mol%)

Chlorobium

limicola rod 0.7-1.0 green cl cord - F 51.0-58.1

vibrioforne vibrio 0.5-0.7 green cl cord - 2% 52,0-57.1

phaeobacteroides  rod 0.6-0.8 brown irt, B-irt e - F 49.0-50.0

phaeovibrioides vibrio 0.3-0.4 brown irt, f-irt e - 2% 52.0-53.0

chlorovibrioides  vibrio 0.3-0.4 green cl cord - 2-3% o

tepidum rod 0.6-0.8 green cl c - F 56.5-58.2
Prosthecochloris

aestuarii sphere 0.5-0.7 green cl c - 2-5% 50.0-56.0

phaeoasteroides  sphere 0.3-0.6 brown irt (- - 0.5-2% 52.2
Ancalochloris

perfilievii sphere 0.5-1.0 green o o + F 0
Pelodictyon

luteolum ovoid 0.6-0.9 green cl cord + F 53.5-58.1

clathratiforme rod 0.7-1.2 green cl cord + F 48.5

phaeum vibrio 0.6-0.9 brown irt e + 3% o

phaeoclathratiforme rod 0.7-1.1 brown irt, f-irt ¢ + F 47.9
Chloroherpeton

thalassium rod 1.0 green ¥e G + 1-2% 45.0-48.2

Abbreviations: o — no data available; BChl — bacteriochlorophyll.

carotenoids: ¢l — chlorobactene; irt — isorenicratene; §-irt — S-isorenieratene; y-¢ — j-carotene.
salt response: F — fresh water isolates; numbers give optimum salinity of isolates from brackish or marine habitats.
2 Data were collected from: Gibson et al. (1984); Gorlenko and Lebedeva (1971); Overmann and Pfennig (1989); Triiper and Pfennig

(1981); Wahlund et al. (1991).

membrane (Staehelin et al., 1980; Amesz and Knaff,
1988). Small amounts (about 1% of the total) of
bacteriochlorophyll a have also been found inside
the chlorosomes (Gerola and Olson, 1986).

All green sulfur bacteria (Chlorobiaceae) have
highly similar physiological capacities. They are
metabolic specialists, strictly anaerobic and obligately
phototrophic. All species grow photoautotrophically
with CO, as sole carbon source. In the presence of
sulfide and CO, only acetate and pyruvate are
assimilated as organic carbon sources. CO, is
assimilated via reactions of the reductive tricarboxylic
acid cycle (Evans et al., 1966; Fuchs et al., 1980a, b;
Ivanovsky et al., 1980; see also Chapter 40 by
Sirevag). Sulfide is used as electron donor and sulfur
source and is oxidized to sulfate with the intermediate
accumulation of elemental sulfur globules outside
the cells. Some strains also use thiosulfate and

molecular hydrogen as photosynthetic electron
donors. Most species require vitamin B , as growth
factor.

B. Purple Bacteria

In all purple bacteria the photosynthetic pigments
and the photosynthetic apparatus are located within
a more or less extended system of intracytoplasmic
membranes that is considered as originating from
and being continuous with the cytoplasmic mem-
brane. These intracytoplasmic membranes consist of
small fingerlike intrusions, vesicles, tubules or
lamellae. The major photosynthetic pigments are
bacteriochlorophyll a or b and various carotenoids
of the spirilloxanthin, rhodopinal, spheroidene
(alternative spirilloxanthin), or okenone series
(Schmidt, 1978).
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Molisch (1907) distinguished two types of
phototrophic purple bacteria as belonging to the
order Rhodobacteria. In the Thiorhodaceae, all purple
bacteria that are able to form globules of elemental
sulfur inside the cells were grouped and in the
Athiorhodaceae all purple bacteria which lack this
ability were placed. These two groups have been
maintained for a long time and were renamed later to
Chromatiaceaec (Bavendamm, 1924) and Rhodo-
spirillaceae (Pfennig and Triiper, 1971), respectively.

Later, purple sulfur bacteria became known that
accumulate elemental sulfur outside their cells (Pelsh,
1937; Triiper 1968). They were included in the
Chromatiaceae as the genus Ectothiorhodospira in
the eighth edition of Bergey’s Manual (Pfennig and
Triiper, 1974) but later considered as a separate
family the Ectothiorhodospiraceae (Imhoff, 1984a),
which comprise purple sulfur bacteria that form
sulfur globules outside the cells. Now the Chrom-
atiaceae exclusively comprise those phototrophic
sulfur bacteria able to deposit elemental sulfur inside
the cells (Imhoff, 1984a), which is in agreement with
Molisch’s (1907) definition of the ‘Thiorhodaceae’.

The analysis of 16S rRNA sequences revealed
deep branches among different groups of the
phototrophic purple bacteria as well as the close
relationship of some phototrophic purple bacteria
with certain nonphototrophic chemoheterotrophic
bacteria (Gibson et al., 1979; Stackebrandt and
Woese, 1981). The name Proteobacteria, as a new
class, has been proposed for all purple bacteria and
their purely chemotrophic relatives (Stackebrandt et
al., 1988). The Proteobacteria are subdivided into
four subgroups called o, B, ¥, 8 (Woese, 1987; Woese
et al., 1984a, b, 1985 b). The first three subgroups
contain non-phototrophic as well as phototrophic
representatives; for the & subgroup phototrophic
representatives are so far unknown. So far only one
purely chemotrophic bacterium has been found which
clusters within the closely related species of
Chromatiaceae and Ectothiorhodospiraceae (Adkins
etal., 1993). According to 16S rRNA analyses, both
of these families form fairly well separated groups
within the j~subgroup of the Proteobacteria. In
contrast, the purple nonsulfur bacteria are an
extremely heterogeneic group of bacteria, which
belong to the o-and B-subgroups of the Proteobacteria
and which in many cases are more similar (on a 16S
rRNA data basis) to purely chemotrophic bacteria
than to themselves. Therefore, the use of a true
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family name has been abandoned and the popular
name Purple Nonsulfur Bacteria proposed to be used
for this group (Imhoff et al., 1984, Imhoff and Triiper,
1989).

The o-subgroup contains species of the genera
Rhodospirillum, Rhodopila, Rhodopseudomonas,
Rhodomicrobium, and Rhodobacter in different
branches. Specific high similarities exist between
Paracoccus denitrificans and the Rhodobacter-group
(Gibson et al., 1979), between Nitrobacter wino-
gradskyi and Rp. palustris (Seewaldt et al., 1982),
and between Aquaspirillum itersonii and Azospirillum
brasilense and the Rhodospirillum-group (Woese et
al., 1984a). High similarities between P. denitrificans
and Rb. capsulatus were also revealed by cytochrome
¢, amino acid sequences (Ambler et al., 1979). In
addition, lipid A structures and internal membrane
structures show great similarities between Nb.
winogradskyi and Rp. palustris (Mayer et al., 1983).

The B-subgroup contains the species that have
been rearranged into the genus Rhodocyclus (Imhoff
et al., 1984). Rhodocyclus gelatinosus has been
transferred recently to Rubrivivax gelatinosus
(Willems et al., 1991). This species appears
specifically related to Sphaerotilus natans, while Rc.
tenuis is closely related to Alcaligenes eutrophus
(Woese et al., 1984b). A bacterium that has been
known as the ‘Rhodocyclus gelatinosus-like group’
(Hiraishi and Kitamura, 1984) has been described as
a new genus and species Rhodoferax fermentans
(Hiraishi et al., 1991). Also this genus most likely
belongs to the S-subgroup.

These data support the idea that ancestors of present
day phototrophic prokaryotes are among the most
ancient of eubacteria and they further point to several
lines of development of non-phototrophic bacteria
from phototrophic ancestors.

1. Chromatiaceae

The Chromatiaceae Bavendamm 1924 comprise
those phototrophic bacteria that, under the proper
growth conditions, deposit globules of elemental
sulfur inside their cells (Imhoff 1984a). This family
is a quite coherent group, as shown by the similarity
of 16S rRNA molecules (Fowler et al., 1984) and
lipopolysaccharides (MeiB3ner et al., 1988b). All but
one species (Thiocapsa pfennigii) have the vesicular
type of intracytoplasmic membranes. Many species
are able to grow under photoheterotrophic conditions,
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some species grow as chemolithotrophs, and a few
species also grow chemoheterotrophically (Gorlenko,
1974; Kondratieva et al., 1976; Kdmpf and Pfennig,
1980). Many species are motile by means of flagella,
some have gas vesicles, and only Thiocapsa species
completely lack motility. We distinguish two major
physiological groups of Chromatiaceae, meta-
bolically specialized and versatile species. Among
the specialized species are Chromatium okenii, Cm.
weissei, Cm. warmingii, Cm. buderi, Cm. tepidum,
Thiospirillumjenense, Thiocapsa pfennigii, and the
gas-vacuolated species of the genera Lamprocystis
and Thiodictyon. These species depend on strictly
anaerobic conditions and are obligatory phototrophic.
Sulfide is required; thiosulfate and hydrogen are not
used as electron donors. Only acetate and pyruvate
(or propionate) are photoassimilated in the presence
of sulfide and CO,. They do not grow with organic
electron donors and chemotrophic growth is not
possible. None ofthese species assimilates sulfate as
asulfur source. The versatile species photoassimilate
a greater number of organic substrates and also grow
in the absence ofreduced sulfur sources with organic
substrates as electron donors for photosynthesis.
Most ofthese species are able to grow with sulfate as
the sole sulfur source. They also can grow under
chemolithotrophic conditions. Among these species
are the small-celled Chromatium species, Thiocystis
violacea, Thiocapsa roseopersicina, Lamprobacter
modestohalophilus, and Amoebobacter species.
Characteristic properties of Chromatiaceae are shown
in Table 4.

2. Ectothiorhodospiraceae

The Ectothiorhodospiraceae Imhoff 1984 are
phototrophic sulfur bacteria that, during oxidation of
sulfide, deposit elemental sulfur outside the cells.
They are distinguished from the Chromatiaceae by
lamellar intracytoplasmic membrane structures, by
significant differences in polar lipid composition
(Imhoff et al., 1982), and by the dependence on
saline and alkaline growth conditions (Imhoff, 1989).
Ectothiorhodospira halophila is the most halophilic
eubacterium known and even grows in saturated salt
solutions. All species are motile by polar flagella and
Ectothiorhodospira vacuolata in addition forms gas
vesicles. The slightly halophilic species such as Ec.
mobilis, Ec. shaposhnikovii and Ec. vacuolata and
the moderately and extremely halophilic species
such as Ec. halophila, Ec. abdelmalekii and Ec.
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halochloris form two distinct groups of species
(Stackebrandt et al., 1984; Imhoff, 1989) that should
be separated taxonomically. Some properties of Ecto-
thiorhodospira species are shown in Table 5.

3. Purple Nonsulfur Bacteria

The group of the purple nonsulfur bacteria
(Rhodospirillaceae Pfennig and Triiper 1971) is by
far the most diverse group of the phototrophic purple
bacteria (Imhoff and Triiper, 1989). This diversity is
reflected in greatly varying morphology, internal
membrane structure, carotenoid composition,
utilization of carbon sources, and electron donors,
among other features. The intracytoplasmic mem-
branes are small, fingerlike intrusions, vesicles, or
different types of lamellae. Most species are motile
by flagella; gas vesicles are not formed by any ofthe
known species. Some properties of purple nonsulfur
bacteria are shown in Tables 6 A and B.

The preferred growth mode of all species is
photoheterotrophic under anaerobic conditions in
the light with various organic substrates. Many
species also are able to grow photoautotrophically
with either molecular hydrogen or sulfide as electron
donor and CO, as the sole carbon source. Most of
these species oxidize sulfide to elemental sulfur only
(Hansen and Van Gemerden, 1972). In Rhodobacter
sulfidophilus and Rhodopseudomonas palustris
sulfate is the final oxidation product and is formed
without accumulation of elemental sulfur as an
intermediate (Hansen, 1974; Hansen and Veldkamp,
1973). Three species Rhodobacter veldkampii,
Rhodobacter adriaticus, and Rhodobacter eury-
halinus, are known to deposit elemental sulfur outside
the cells, while oxidizing sulfide to sulfate (Hansen
et al., 1975; Neutzling et al., 1984; Hansen and
Imhoff, 1985; Kompantseva, 1985).

Most representatives can grow under microaerobic
to aerobic conditions in the dark as chemo-
heterotrophs, a few also as chemolithotrophs. Some
species are very sensitive to oxygen, but most species
are quite tolerant of oxygen and grow well under
aerobic conditions in the dark. Under these conditions
synthesis of photosynthetic pigments is repressed
and the cultures are faintly colored or colorless.
Even under phototrophic growth conditions (anaero-
bic/light) many species exhibit considerable
respiratory capacity. Respiration under these
conditions is inhibited, however, by light. The fact
that considerable respiratory activity is expressed
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Table 4. Characteristic properties of Chromatiaceae®

Species Cell Cell Major  Growth Fla- Gas Chemo- Utilization of G+C
shape diameter caro-  factor gella  vesic- litho-  Thiosul-Hydro- Sul- Organic content
(um) tenoids les trophy fate gen fate carbon (mol%)

Thiospirillum

Jenense spiral 2545 rhly B,, + - - - - — - 45.5
Thiorhodovibrio

winogradskyi  vibrio 0.7-2.1  rhsp - + — 0 + 0 [ - 61.0-62.4
Chromatium

okenii rod 4560 ok B, + - - - - - - 48.0-50.0

weissel rod 3540 ok B, ¥ - - - - B - 48.0-50.0

warmingii rod 3540 raro B i + = £ - - - - 55.1-60.2

buderi rod 3545 1 B, + - - - - - - 62.2-62.8

tepidum rod 1.2 sp,Iv. = - 4 - - - — = - 61.5

minus rod 2.0 ok - + - + - -1 - - 62.2

salexigens rod 20-25 sp B,, + - + + -1 = R 64.6

vinosum rod 2.0 sply,th — + - + + + + + 61.3-66.3

violascens rod 2.0 rhyrora — + — + + ¥ + + 61.8-64.3

gracile rod 1.0-13  sply,th — + - + + + + + 68.9-70.4

minutissimum  rod 1.0-1.2  splysrh - + - + + + + + 63.7

purpuratum rod 1.2-1.7 ok o + = o + o 0 + 68.9
Thiocystis

violacea sphere  2.5-3.5 rarorh - + - + + -1 +H-  + 62.8-67.9

gelatinosa sphere 3.0 ok - + - 2 i35 -1 o = 61.3
Lamprocystis

roseopersicina sphere  3.0-3.5 lalo - + * = 0 0 0 — 63.8
Lamprobacter

modesto-

halophilus rod 2025 o B, + #* + + + = + 64.0
Thiodictyon

elegans rod 1.5-20 rarh - - + - - o o - 65.3

bacillosum rod 1.5-20 ra - - * - - 0 0 — 66.3
Amoebobacter

roseus sphere  2.0-3.0 sp B, - + + + - — + 64.3

pendens sphere  1.5-2.5 sp B, - + - + = = + 65.3

pedioformis sphere 2.0 sp (Byy) — + + + - - + 65.5

purpureus sphere  1.9-23 ok o - + 4 + = - + 63.4-64.1
Thiopedia

rosea ovoid 1.0-20 ok B, = + . = = = + o
Thiocapsa

roseopersicina sphere  12-3.0 sp - = = 2 + + + + 63.3-66.3

pfennigii sphere  1.2-1.5 ts - - ~ - - -1 0 - 69.4-69.9

halophila sphere  1.5-2.5 ok B, — - + + + = + 65.9-66.6

Abbreviations: o—not determined; (B,,)— vitamin B, , strongly enhancing growth, but not absolutely required; -1 —hydrogenase present,
but growth with H, not demonstrated. Utilization of organic carbon: minus sign (=) — only acetate and pyruvate (or propionate) are
photoassimilated; plus sign (+) — other carbon sources are used as well. Carotenoids: la — lycopenal, lo —lycopenol, ly — lycopene, ok —
okenone, ra — rhodopinal, rh — rhodopin, ro — rhodopinol, rv — rhodovibrin, sp — spirilloxanthin, ts — 3,4,3',4, tetrahydrospirilloxanthin.
2 Data were collected from: Caumette et al. (1988, 1991); Eichler and Pfennig (1986, 1988); Gorlenko et al. (1979); Kdmpf and Pfennig
(1980); Madigan (1986); Overmann et al. (1992) Schmidt (1978); Triiper and Pfennig (1981).
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Table 5. Characteristic properties of Ectothiorhodospiraceae®

Species Cell shape  Cell diameter Color of culture  Major Major Gas Optimum G+C
(um) carotenoids BChl vesicle  salinity content
range (mol%)
Ectothiorhodospira
mobilis rod-spiral ~ 0.7-1.0 red sp,th a - 3-15% 62.0-69.9
shaposhnikovii  rod-spiral 0.8-0.9 red sp,rh a - 1-3% 61.2-62.8
vacuolata rod 1.5 red sp a + 1-6% 61.4-63.6
halophila spiral 0.8-0.9 red sp a - 15-30% 64.3-69.7
halochloris spiral 0.5-0.6 green rhg*,th b - 14-27% 50.5-52.9
abdelmalekii spiral 0.9-1.2 green - b - 12-20% 63.3-63.8
marismortui pleomorphic
rods 0.9-1.3 red (sp) a - 3-8% 65

Abbreviations: carotenoids: rh — rhodopin, rhg* — rhodopin glucoside and derivatives, sp — spirilloxanthin, (sp) — most probably
spirilloxanthin, ** — most probably similar as in Ec. halochloris.

2 Data were collected from: Imhoff (1984b); Imhoff (1989); Imhoff and Triiper (1981); Imhoffet al. (1981); Oren et al. (1989); Schmidt
(1978).

Table 6A4. Characteristic properties of purple nonsulfur bacteria (Rhodospirillaceae): The genera Rhodospirillum, Rhodopila,
Rhodomicrobium, and Rhodobacter

Species Cell Cell ICM Major Sulfide Growth Salt G+C
shape diameter caro- oxidation factors response content
(um) tenoids to (mol%)
Rhodospirillum
rubrum spiral 0.8-1.0 A% sp, v §° b F 63.8-65.8
photometricum spiral 1.2-1.5 S rv, th - YE F 65.8
molischianum spiral 0.7-1.0 S ly, th - AA F 61.7-64.8
Sulvum spiral 0.5-0.7 S ly, rh - paba F 64.3-65.3
salexigens spiral 0.6-0.7 L sp - glutamate H 64.0
salinarum spiral 0.8-0.9 A sp - YE H 67.4-68.1
mediosalinum spiral 0.8-1.0 A% sp + t, paba, n H 66.6
centenum® spiral 1.0 L o o b,B,, F 68.3
sodomense spiral 0.6-0.7 A sp - complex H 66.2
Rhodopila
globiformis sphere 1.6-1.8 A kts E b, paba F 66.3
Rhodomicrobium
vannielii ovoid-rod 1.0-1.2 L rh,ly,sp + none F 61.8-63.8
Rhodobacter
capsulatus rod 0.5-1.2 v sn, se s° t (b,n) F 65.5-66.8
veldkampii rod 0.6-0.8 A" sn, se S°/Sul b, t, paba F 64.4-67.5
sphaeroides ovoid-rod 0.7 v sn, se se b, t,n F 68.4-69.9
sulfidophilus rod 0.6-0.9 Vv sn, se Sul b, t, n, paba M 67.0-71.0
euryhalinus rod 0.7-1.0 A se §°/Sul b, t, n, paba M 62.1-68.6
adriaticus rod 0.5-0.8 A% sn, se S9/Sul b, t M 64.9-66.7

Abbreviations and references: see Table 6B.
* 1t has recently been proposed to transfer this species to a new genus, as Rhodocista centenaria (Kawaski et al., 1992).

also under phototrophic growth conditions enables Some species also may perform a respiratory
these bacteria (e.g. Rhodobacter capsulatus, metabolism anaerobically in the dark with sugars
Rhodobacter sphaeroides, Rubrivivax (Rhodocyclus) and either nitrate, dimethyl-sulfoxide, or trimethyl-
gelatinosus, Rhodospirillum rubrum) to switch amine-N-oxide as electron sink, or though poorly —
immediately from phototrophic to respiratory with metabolic intermediates as electron acceptors

metabolism when environmental conditions change. (fermentation).
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Table 6B. Characteristic properties of purple nonsulfur bacteria (Rhodospirillaceae): The genera Rhodopseudomonas, Rhodocyclus,
Rhodoferax, and Rubrivivax®

Species Cell Cell ICM  Major Sulfide Growth Salt G+C
shape diameter caro- oxidation factors recsponse  content
(um) tenoids to (mol%)
Rhodopseudomonas’
palustris rod 0.6-0.9 L sp, tv, th Sul paba (b) F 64.8-66.3
viridis rod 0.6-0.9 L neu*, ly* - paba, b F 66.3-71.4
sulfoviridis rod 0.5-0.9 L neu, sp + b, p, paba F 67.8.-68.4
blastica rod 0.6-0.8 L SN, S¢ - Blz' b, n,t F 65.3
acidophila rod 1.0-1.3 L rh, rg, rag - none F 62.2-66.8
marina rod 0.7-0.9 L sp + 0 M 61.5-63.8
julia rod 1.0-1.5 L ) S9/Sul none F 63.5
cryptolactis rod 1.0 L o o n,B,, paba* F 68.8
rosea rod 1.0 L 0 - n F 66.0
Rhodocyclus
purpureus half circle  0.6-0.7 T ra, th - B, F 65.3
tenuis spiral 0.3-0.5 T ly, rh, ra - none F 64.8
Rhodoferax
fermentans curvedrod 0.6-0.9 N sn,se,sp - b,t F 59.8-60.3
Rubrivivax
gelatinosus rod 0.4-0.5 (1 sn, se - b, t F 70.5-72.4

Abbreviations.: 0 — not determined; ICM - structure of intracytoplasmic membrane system: V — vesicles, L — lamellae, S — stacks, T —
tubes, N — none detected. Salt response: F — fresh water species; M — marine species; H — halophilic species. Sulfide oxidation to: S° —
elemental sulfur only; S°/Sul — sulfate with intermediate formation of extracellular elemental sulfur globules; Sul — sulfate without
formation of S°. Vitamins: b — biotin, n ~ niacin, t—thiamine, paba — p-aminobenzoic acid, YE — yeast extract, AA —amino acids;
vitamins in brackets are required only by some strains, paba* — p-aminobenzoic acid stimulatory. Carotenoids: kts — ketocarotenoids,
ly — lycopene, ly* — 1,2 dihydrolycopene, neu — neurosporene, neu* — 1,2 dihydroneurosporene, ra— rhodopinal, rag— rhodopinal
glucoside, rg—rhodopin glucoside, rh—rhodopin, rv —rhodovibrin, se — spheroidene, sn — spheroidenone, sp — spirilloxanthin.

2 Data are collected from: Drews (1981); Eckersley and Dow (1980); Favinger et al. (1989); Hansen (1974); Hansen and Imhoff (1985);
Hiraishi et al. (1991); Imhoff (1983); Janssen and Harfoot (1991); Kompantseva (1985); Kompantseva (1989); Kompantseva and
Gorlenko (1984); Mack et al. (1993); Neutzling et al. (1984); Nissen and Dundas (1984); Schmidt (1978); Schmidt and Bowien (1983);
Stadtwald-Demchick et al, (1990a); Stadtwald-Demchick et al. (1990b); Triiper and Pfennig (1981); Willems et al. (1991).

' Rhodopseudomonas rutila (Akiba et al., 1983) is now considered as a subjective synonym of Rp. palustris (Hiraishi et al., 1992).

One or more vitamins are generally required as
growth factors, most commonly biotin, thiamine,
niacin, and p-aminobenzoic acid; these compounds
are rarely needed by species of the Chromatiaceae
and Ectothiorhodospiraceae, which may require
vitamin B, as sole growth factor. Growth of most
purple nonsulfur bacteria is enhanced by small
amounts of yeast extract, and some species have
complex nutrient requirements.

A number of changes have recently been made
concerning the taxonomy of purple nonsulfur
bacteria, and are noted here. Rhodopseudomonas
blastica has been recognized as a species of the
genus Rhodobacter, Rhodobacter blastica (Kawasaki
et al., 1993). The correct name should be Rhodobacter
blasticus because Rhodobacter is a masculinum
nomen. Rhodobacter marinus has been described as
a new species (Burgess et al., 1994) and in parallel,

not considering this new species, the marine species
of Rhodobacter, Rb. adriaticus, Rb. euryhalinus and
Rb. sulfidophilus have been transferred to the new
genus Rhodovulum with Rhodovulum sulfidophilum
as type species (Hiraishi and Ueda, 1994a).
Rhodopseudomonas rosea has been transferred to
the new genus Rhodoplanes, as Rhodoplanes roseus
and was designated as the type species of this genus
(Hiraishi and Ueda, 1994b). In addition, a new species
of this genus, Rhodoplanes elegans has been
described (Hiraishi and Ueda, 1994b).
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Summary

Heliobacteria are anoxygenic phototrophs that contain bacteriochlorophyll g as their sole chlorophyll pigment.
These organisms are primarily soil residents and are phylogenetically related to Gram-positive bacteria, in
particular to the endospore-forming Bacillus/Clostridium line. Some species of heliobacteria produce heat
resistant endospores containing dipicolinic acid and elevated Ca** levels. Heliobacteria can grow
photoheterotrophically on a limited group of organic substrates and chemotrophically (anaerobically) in
darkness by pyruvate or lactate fermentation; they are also active nitrogen-fixers. Their photosynthetic system
resembles that of photosystem I of green plants but is simpler, containing a small antenna closely associated
with the reaction center located in the cytoplasmic membrane; no chlorosomes typical of the green sulfur
bacteria or differentiated internal membranes typical of purple bacteria are found in the heliobacteria.
Heliobacteria are apparently widely distributed in rice soils and occasionally found in other soils. The ecology
of heliobacteria may be tightly linked to that of rice plants, and the ability of heliobacteria to produce

 This chapter is dedicated to Professor Howard Gest within whose laboratory the heliobacteria were first discovered and whose infectious
enthusiasm for the photosynthetic bacteria has stimulated many current workers in this field.
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endospores probably has significant survival value in the highly variable habitat of rice soils. The unique
assemblage of properties shown by the heliobacteria has necessitated creation of a new taxonomic family of
anoxygenic phototrophic bacteria, the Heliobacteriaceae, to accommodate organisms of this type.

l. Introduction

For well over a hundred years microbiologists have
used the enrichment culture technique successfully
to search for new kinds of bacteria. On very rare
occasions a bacterium may turn up in such a culture
which has properties so unprecedented that a new
taxonomic family has to be created to accommodate
it. Such was the remarkable discovery of Helio-
bacterium chlorum (Gest and Favinger, 1983). The
discovery was made through a combination of
serendipity and insight, and for microbiologists and
biochemists familiar with this field, the event was of
great interest because the new organism was so
unlike any of the known phototrophic bacteria. Hb.
chlorum had a novel type of chlorophyll, BChl g, and
it had neither the chlorosomes of green bacteria nor
the membrane invaginations of most purple bacteria.
And of profound importance was the revelation, on
the basis of 16S rRNA sequences (Woese et al.,
1985), that Hb. chlorum belonged to the Gram-
positive bacteria and was thus phylogenetically related
more to the Bacillaceae than to other phototrophic
bacteria.

Heliobacterium chlorum was isolated from garden
soil on the campus of Indiana University, Blooming-
ton. Subsequently it was discovered that the soil of
rice fields is a rich source of heliobacteria.
Heliobacillus mobilis (Beer-Romero and Gest, 1987),
Heliobacterium gestii (Ormerod et al., 1990), and
several other heliobacteria strains were all isolated
from the same sample of dry, rice field soil from
Chainat province Thailand. Several isolates have
also been obtained from hot springs. Today the
heliobacteria may be viewed as being soil residents
and primarily (but not exclusively) tropical organisms.
They have simple nutritional requirements and are
efficient nitrogen fixers (Kimble and Madigan,
1992a,b). A series of observations on various
heliobacterial strains aroused suspicions that these
organisms might have a resistant resting stage and
eventually it was shown beyond any doubt that at

Abbreviations: BChl-bacteriochlorophyll; Hb.—Heliobacterium;
Hc. — Heliobacillus; Hp. — Heliophilum; RC — reaction center

least some heliobacteria can form heat resistant
endospores (Ormerod et al., 1990).

One of the most striking characteristics of
heliobacteria is the visible absorption spectrum of
the cells (Fig. 1), which is due to the presence of
BChl g (Brockmann and Lipinski, 1983; Michalski
et al., 1987; see Fig. 2 for structure). This molecule,
which was unknown prior to the discovery of
heliobacteria, shows anumber ofinteresting structural
features. For example, BChl g resembles BChl b in
having an ethylidene group on C8 (Fig. 2) which in
the presence of oxygen and light isomerizes to give a
vinyl group. Since BChl g has a second vinyl group
on C3, the product ofthe isomerization is a molecule
which is very similar to chlorophyll a (Brockmann
and Lipinski, 1983; Michalski et al., 1987). This
transition from BChl g to chlorophyll a presumably
accounts for the dramatic change from brownish
green to emerald green in cultures of heliobacteria
exposed to oxygen (Gest and Favinger, 1983). Another
interesting feature of BChl g is the long chain alcohol
esterified to the propionic acid side chain at C177,
which is farnesol (Michalski et al., 1987). In all other
known phototrophs, membrane bound chlorophylls
(the cytoplasmic membrane is the location of BChl g
in heliobacteria) contain a 20C alcohol, either phytol
or the less saturated geranylgeraniol. Farnesol is
only present in the chlorosome BChls of green sulfur
bacteria. The significance of farnesol in the

Relative Absorbance

R

Wavelength (nm)

Fig. 1. Absorption spectra of intact cclls (solid line) and acetone
extracts (dashed line) of Heliobacterium medesticaldum strain
Tcel. Spectra were performed anaerobically (from Kimbleetal.,
1995).
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membrane-bound BChl g of the heliobacteria is
unknown.

The fact that the reaction center of heliobacteria is
ofthe photosystem I type has important physiological
consequences for these organisms. On the one hand,
the highly reducing coenzyme(s) generated by the
RC can drive biosynthetic reactions of a kind which
require powerful reductants. On the other hand, these
reduced coenzymes can react with oxygen to form
toxic radicals. In the light, therefore, heliobacteria
are very sensitive to oxygen and the effect is probably
exacerbated by the presence in their membrane lipids
of a very high proportion of unsaturated fatty acids
(Imhoff, 1988; Beck et al., 1990; Aase et al., 1994).
The structure of the heliobacterial reaction center is
detailed in Chapter 31 by Amesz.

In this chapter we shall concentrate on aspects of
the heliobacteria which are not dealt with in other
chapters, such as taxonomy, physiology, and ecology.
Consideration of the properties of the strains of
heliobacteria that have already been isolated in pure
culture indicates that many of their basic charac-
teristics are very similar. This makes classification of
heliobacteria difficult and there is now an acute need
for a proper consideration of how to proceed with the
taxonomy of this growing family of phototrophic
bacteria. The next section describes the current state
of affairs concerning the taxonomy of this group.

Il.Taxonomy of Heliobacteria

The family Heliobacteriaceae (Beer-Romero and
Gest, 1987) comprises all species of anoxygenic
phototrophic bacteria that contain BChl g. All
organisms that fit this definition lack BChls a, b, ¢, d
or e (Madigan, 1992). At present two genera are
recognized in the family Heliobacteriaceae, Helio-
bacterium and Heliobacillus. The genus Helio-
bacterium contains the species Hb. chlorum, the first
of the heliobacteria discovered (Gest and Favinger,
1983), the endospore-forming species Hb. gestii and
Hb. fasciatum (‘Hb. fasiculum’, Ormerod et al., 1990),
and the thermophilic species, Hb. modesticaldum
(Kimble et al., 1995). However, because of several
unique properties including its phylogenetic position,
the present authors will formally describe Hb.
fasciatum as a new genus of heliobacteria, Helio-
philum (as Hp. fasciatum), in a future publication,
thus this organism will be referred to as such herein.
In addition to containing BChl g, all heliobacteria
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are strict anaerobes, at least when grown photo-
trophically, are rod-shaped or spiral in morphology,
and are motile by either gliding or flagellar means
(Madigan, 1992, and Table 1).

A. General Description

The number of strains of heliobacteria isolated to
date is probably in the region of fifty. Not all of these
cultures have survived. Most heliobacteria are motile
rods or spirilla with flagella, either peritrichous, as in
Hc. mobilis, or polar/subpolar as in Hb. gestii.
Heliobacterium chlorum is unique in being motile
by gliding (Gest and Favinger, 1983). All heliobacteria
that have been examined share a number of
physiological properties. They have a characteristic
absorption spectrum (Fig. 1) and Hb. chlorum, Hb.
gestii, and Hc. mobilis are photosynthetically and
spectroscopically indistinguishable (Table 1).
Heliobacteria utilize a rather limited range of simple
organic substrates as carbon sources photo-
heterotrophically. No heliobacteria have been shown
to grow autotrophically but they can use hydrogen,
and one strain can use H,S (Starynin and Gorlenko,
1993) as reductant in the assimilation of organic
substrates. All heliobacteria require biotin and some
are dependent on a reduced source of sulfur (Beer-
Romero, 1986; Stevenson, 1993).

Although the heliobacteria are phylogenetically
Gram-positive, they do not stain as such. Their cell
wall has no typical lipopolysaccharide components
(Beck, et al., 1990; Aase et al., 1994). Many
heliobacteria show a marked tendency to form
spheroplasts and lyse in the late log or stationary
phase of growth. The extent of this depends on the
strain and in some cases the growth medium. The
phenomenon of lysis may be related to the unusual
nature of the cell wall; no outer membrane is present
in these organisms and their peptidoglycan content is
very low compared to that of other Gram-positive
bacteria (Beer-Romero et al., 1988). That the peptido-
glycan layer of heliobacteria is either not as thick or
as strong as that of other Gram-positive bacteria is
also apparent from the exquisite sensitivity shown to
penicillin by these organisms: Hb. chlorum and Hc.
mobilis are one thousand times more sensitive to
penicillin G than is Bacillus subtilis (Beer-Romero
etal., 1988). Additionally, itis possible that autolysins,
induced around the time of sporulation to free the
spore from the sporangium (as is known to occur in
Bacillus, Joliffe et al., 1981), are also produced by
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Fig. 2. Structure of bacteriochlorophyll g (modified after
Kobayashi et al., 1991).

certain heliobacteria and contribute to premature
lysis. Cell lysis is a nuisance in experimental work
with heliobacteria and some ofthe newer isolates are
more stable in this regard (see below).

A large fraction ofthe heliobacteria that have been
isolated to date have been observed to form
endospores. However, it has been repeatedly observed
that cultures of heliobacteria newly isolated from
enrichment cultures may sporulate heavily on plates
or in liquid medium, but that upon repeated transfer
the occurrence of spores begins to diminish and
eventually becomes very low. Heliobacterium
chlorum and Heliobacillus mobilis have not been
reported to produce endospores. However, because
other species of heliobacteria do sporulate it is
possible that conditions for sporulation of Hb.
chlorum and Hc. mobilishave not yetbeen discovered.
This possibility is supported by preliminary
experiments in the laboratory of one of us (MTM)
which have shown that a small fraction of cultures of
Hb. chlorum and Hc. mobilis tested do survive
pasteurization (80 °C for 15 min), suggesting that
sporulation may occur in these species but only at
low levels. Despite this, microscopic examination of
hundreds of cultures of Hb. chlorum and Hc. mobilis
has never revealed the presence of endospores.

Endospore-formation has been clearly demon-
strated in Hb. gestii and Hp. fasciatum (Fig. 3, and
Ormerod et al., 1990), in the Hc. mobilis-like isolate
of Starynin and Gorlenko (1993), in strain HY3 of
Kelly (Pickett et al., 1994), in the HD7 strain of Hb.
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Fig. 3. Electron micrograph of a raft of Heliophilum fasciatum
cells negatively stained with phosphotungstate.

gestii isolated by Pfennig (personal communication
and own observations), and in the thermophilic
species, Hb. modesticaldum (Kimble etal., 1995). In
liquid cultures of Hb. gestii, disintegrating sporangia
form clumps containing large numbers of spores
(Fig. 4) and in some strains it has been observed that
the sporangia are swollen and spindle-shaped like
those of many clostridia (Ormerod, unpublished).

The process of sporulation has been studied in Hb.
gestii (Torgersen, 1989; Ormerod et al., 1990) and in
strain BR-4 (Starynin and Gorlenko, 1993).
Endospores in Hb. gestii are subterminal and
cylindrical, measuring about 1 X 2um (Figs. 4 and 5),
and are produced in various amounts in aged cultures.
By contrast, spores of Hp. fasciatum are longer than
those of Hb. gestii. Spores of strain BR-4 (Starynin
and Gorlenko, 1993) are similar in morphology to
those of Hb. gestii and Hp. fasciatum and also, as in
these species, located subterminally. Heliobacterial
endospores are heat resistant, withstanding 100 °C
for a few minutes (Ormerod et al., 1990; Starynin
and Gorlenko, 1993). In addition, spores of Hb.
gestii have been shown to contain dipicolinic acid,
the signature molecule of bacterial endospores, as
well as six times the Ca?" content of vegetative cells
(Torgersen, 1989; Ormerod et al., 1990). These
observations indicate that heliobacterial spores are
similar to those of Bacillaceae. Starynin and Gorlenko
(1993) showed that the number of spores produced in
strain BR-4 was greatest at pH 9 and that ripening
and release of the spores from the sporangium was
stimulated by oxygen.

B. New Isolates

In the past few years one of us (MTM) has enriched
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Fig. 4. Phase-contrast micrograph of accumulated endospores of
Heliobacterium gestii with remains of sporangia.

and isolated several new heliobacteria from soil
habitats and hot springs (see Section IVB). Of 16
newly isolated strains, 14 were rod-shaped,
resembling Hc. mobilis, and two were spirilla,
resembling Hb. gestii (Stevenson, 1993). The new
isolates were obtained from soils from the USA and
from Thailand and Iceland, although positive
enrichments (but not pure cultures) were also obtained
with soils from Venezuela, Spain, Japan and Australia.
Most of these isolates have not been thoroughly
characterized except for their carbon and nitrogen
nutrition. In brief, all of them grew photohetero-
trophically on pyruvate or lactate and most also
utilized acetate. Butyrate was used by about half of
the isolates, and one strain of Hb. gestii (strain THAI
15-1 isolated from Thailand paddy soil), also grew
photoheterotrophically on sugars. Strain THAI 15-1
grew on glucose, fructose, galactose and maltose,
but grew to highest cell yield on fructose ofall sugars
tested. These results indicate that sugar-utilizing
heliobacteria exist, although they are apparently not
common. The two Icelandic isolates, one a rod and
one a spirillum, were thermophilic, capable of growth
above 50 °C; four similar strains were isolated from
Yellowstone hot springs (Kimble and Madigan, 1994).
The thermophilic isolates have been described as a
new speices of the genus Heliobacterium, Hb.
modesticaldum (Kimble et al., 1995). As has been
found with recognized species of heliobacteria
(Kimble and Madigan, 1992a), all new isolates grew
on N, as sole nitrogen source as well as on ammonia.
All of the isolates also used glutamine as a nitrogen
source while the sugar-degrading strain THATI 15-1
also grew well on asparagine.

Most of the new isolates of heliobacteria described
above were obtained from enrichment cultures that

Michael T. Madigan and John G. Ormerod

Fig. 5. Electron micrograph of a thin section of an endospore of
Heliobacterium gestii. A multilayered wall similar to that found
in Bacillaceae surrounds a typical cortex (courtesy of Y.A.
Torgersen, 1989).

employed a pasteurization step (80 °C, 15 min)
before incubation. Despite this, many of the pure
cultures obtained were not observed to sporulate.
Although most of the rod-shaped isolates resemble
Hc. mobilis, assignment of any of them to genus and
species rank will require further characterization.

C. The Family Heliobacteriaceae

With the description of the new genus and species
Heliobacillus mobilis by Beer-Romero and Gest
(1987), the family Heliobacteriaceae was established
to group together anoxygenic phototrophs that contain
BChl g. The establishment of family rank for these
organisms was fully justified on the basis of the
phenotypic and ecological properties of the
heliobacteria, and was further confirmed by ribosomal
RNA sequencing studies which showed that these
phototrophs have Gram-positive evolutionary roots,
unlike those of any other anoxygenic phototrophic
bacteria (Woese et al., 1985; Woese, 1987).
Comparisons of the 16S rRNA sequences of Hb.
chlorum, Hc. mobilis, and Hb. gestii, show them all
to be fairly closely related and to belong to the ‘low
GC’ (Bacillus/Clostridium) subdivision of the Gram-
positive bacteria (Woese et al., 1985; Beer-Romero,
1987; Beer-Romero and Gest, 1987; Woese, 1987),
specifically to the Desulfotomaculum group (Redburn
and Patel, 1993; Woese, personal communication to
MTM). Phylogenetic analysis of Hp. fasciatum
(Woese and Madigan, unpublished) showed it to be
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sufficiently distinct from all species of Helio-
bacterium and from Hc. mobilis to have its own
genus, Heliophilum; formal publication of this name
is forthcoming.

In summary (Table 1) heliobacteria can be defined
as (1) anoxygenic phototrophic bacteria that show
evolutionary relationships to Gram-positive bacteria,
(2) that contain BChl g but no other BChls, (3) that
lack the chlorosomes of green sulfur bacteria and
Chloroflexus and the intracytoplasmic membranes
of purple bacteria, (4) that are strictly anaerobic, and
(5) that apparently reside chiefly in soil (see Section
IVA). Otherunifying properties ofnote inTable 1 are
the fact that the G + C content of DNA from
heliobacteria clusters tightly within the range of 50—
55%, all species require biotin as a growth factor,
and all have relatively high growth temperature optima
as compared to most purple or green bacteria.

lll. Physiology
A. Phototrophic Growth

Although the heliobacteria have been known for
only a decade or so, a good deal of research has
already been carried out on them. Much of this
research has understandably been concerned with
the structure and functioning of the unique reaction
center of these organisms, which is of the photosystem
I type. The antenna of heliobacteria is directly
associated with the polypeptides of the RC in the
cytoplasmic membrane and is limited to about 35
molecules of BChl g per RC (see Chapter 31 in this
volume by Amesz). There are indications (Trost,
1990) that a light regulated peripheral antenna is
absent but the results of Beer-Romero (1986) and of
Torgersen (1989) suggest that total BChl content of
the cells varies inversely with the light intensity, as in
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other anoxygenic phototrophs. As a result of the
small size of the antenna, heliobacteria grow best at
high light intensities (Beer-Romero, 1986; see also
Section IVB).

The heliobacterial RC consists of a protein dimer.
The primary electron donor is designated P798 and
the first stable product of the RC is most likely a
reduced ferredoxin-like coenzyme which acts as the
main connecting link between the RC and the
biosynthetic metabolism of the cell. P798 becomes
reduced back to the ground state by a cytochrome,
which is itself reduced by organic or inorganic electron
donors. Examples ofthe latter are molecular hydrogen
(Ormerod, unpublished) and sulfide (Starynin and
Gorlenko, 1993). It is assumed that the RC can also
create a proton motive force through cyclic electron
transfer via the membrane cytochrome bc, complex
(see Chapter 31 by Amesz). This provides the
illuminated cell with a source of energy for motility,
transport, and ATP synthesis.

Flagellated heliobacteria show the ‘shock move-
ment’ typical of phototrophic purple bacteria—they
reverse direction of swimming on encountering
darkness. This phenomenon has been termed
scotophobotaxis (H. Gest, personal communication).
The large, rod shaped cells of Hp. fasciatum associate
to form parallel bundles that move as a unit, by polar
flagella (Fig. 3). The bundles, which consist of a few
to hundreds of rods, show a characteristic rolling
motion (Ormerod et al., 1990), and are scotopho-
botactic, indicating that some form of communication
between individual cells in the bundle may exist.
Microscopic observation ofaggregating cells suggests
that the flagella adhere to each other first, followed
by the body of the cell in longitudinal fashion. An
interesting observation concerning flagella is that in
old cultures of flagellated heliobacteria objects are
present which look like spirilla with pointed ends.
On examination in the electron microscope, these
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Fig. 6. Electron micrograph of an aggregate of cast off flagella fromalysed culture of fb. gestii negatively stained with phosphotungstate.
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can be seen to be accumulations of flagella (Fig. 6).

Phototrophic growth of heliobacteria depends on
anaerobic conditions. Some strains of heliobacteria
have been observed to swim away from oxygen, but
in some strains, exposure to oxygen in bright light
can lead to catastrophic damage to the cell protoplast
in a matter of seconds. This has been observed
microscopically in Hb. gestii and Hp. fasciatum as
the sudden development of transverse striations in
the cell, indicating destruction of the cytoplasmic
membrane. Presumably strong reductants from the
RC react with oxygen to form toxic oxygen species
which destroy the unsaturated fatty acids in the
membrane.

On the basis of 16S rRNA sequences (Woese et al.,
1985) heliobacteria may be considered to be
phototrophic clostridia. The main difference between
the two is, of course, that the clostridia are
chemotrophs and obtain chemical energy for growth
by fermentation of organic substrates while
heliobacteria, which also grow on organic substrates,
are phototrophs, and get energy from light. In view
of the distinct phylogenetic relationship between the
two organisms, we should be on the lookout for
clostridial traits in the carbon metabolism of
heliobacteria. One such trait, fermentative growth
(see Section IIIB), has already been discovered
(Kimble et al., 1994).

With these considerations in mind, we can examine
the possible assimilatory pathways for the various
substrates heliobacteria are known to utilize and
view these against the background of what is known
of heliobacterial enzymes. One heliobacterial
enzyme, malic dehydrogenase has been characterized
(Charnock et al., 1992). Until recently nothing was
known about other heliobacterial enzymes, but
significant findings have been reported by Kelly and
his coworkers (Pickett et al., 1994) and it is now
possible to outline how carbon assimilation may
proceed in heliobacteria.

Pickett et al. (1994) detected activities of pyruvate
and 2-oxoglutarate synthases in cell-free extracts of
heliobacteria. This finding is noteworthy because the
products ofthese two reactions are quantitatively the
most important of all the biosynthetic precursor
metabolites in the cell. Since the two reactions are
driven by reduced ferredoxin (or its equivalent), one
can envisage direct coupling of the RC to carbon
assimilation. Other enzymes detected in heliobacteria
were PEP synthetase, PEP carboxykinase, malate
dehydrogenase, fumarase, fumarate reductase, and
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isocitrate dehydrogenase; enzymes not detected
included citrate synthase, ATP-citrate lyase, aconitase,
pyruvate dehydrogenase, 2-oxoglutarate dehydro-
genase, and ribulose bisphosphate carboxylase.

The range of carbon sources that heliobacteria can
utilize is apparently very limited. The reason for this
is not known, but the failure to observe autotrophic
growth may be due to the apparent lack of key
enzymes of the reductive pentose phosphate (Calvin)
cycle or the reductive tricarboxylic acid cycle in
extracts of cells of heliobacteria. Most heliobacteria
that have been tested can grow on acetate. In the
experiments of Pickett et al. (1994) the fate of the
label from 2-B3C acetate was studied by mass
spectrometry of amino acids obtained by hydrolysis
of cell protein. Alanine and aspartate were labelled
primarily in C,, indicating that acetate assimilation
proceeds initially as in Chlorobium, by reductive
carboxylation to pyruvate and further carboxylation
to oxaloacetate. However, the labeling in glutamate
was in C, and C, with a smaller amount in C,. If
acetate had been assimilated reductively via succinate,
as it is in Chlorobium, the labeling would have been
equally distributedbetween C, and C,. As discussed
by Pickett et al. (1994), the labeling pattern suggests
that acetate assimilation had occurred via citrate,
even though citrate synthase and aconitase could not
be detected in cell free extracts.

In Hb. gestii growth on acetate depends on the
presence of molecular hydrogen (Ormerod, unpub-
lished results). The conversion ofacetate to glutamate
requires reducing power, particularly if it proceeds
via succinyl CoA, and hydrogen can supply the
electrons for this. In heliobacteria that do not require
an electron donor for acetate assimilation (e.g. Hc.
mobilis), oxidation of some of the acetate beyond 2-
oxoglutarate would have to occur to meet this
requirement. How this is done is not clear. It is
probably a sluggish process, as indicated by the fact
that acetate accumulates during growth on pyruvate
(Pickett et al., 1994). Such accumulations are not
encountered in other phototrophic bacteria, such as
purple bacteria, and may reflect the phylogenetic
kinship ofheliobacteria with the clostridia (Woese et
al., 1985). Added 2-"C pyruvate gave a labeling
pattern consistent with a route of incorporation
involving reductive assimilation to glutamate via
succinate. The positions of *C in isoleucine formed
in the presence of labelled acetate or pyruvate
indicated synthesis via citramalate rather than the
usual threonine (Pickettetal., 1994). This mechanism



Chapter 2 Biology of the Heliobacteria 25
A e ‘a4 T
£ S s ¢ 9,
o @ %
B .
N e, 1""“" %
-~ ‘\.
/ PE "J"
_ e
Q\[b H'm”@ . Dl_"'e H.WJI*
b= % .
‘“ e
L

Fig. 7. Photograph of plate cultures of Heliobacillus mobilis (a) Colonies of photoheterotrophically grown cells (b-e) Colonies of
chemotrophically grown cells (b) pyruvate/yeast extract medium; (c) pyruvate defined medium; (d) lactate/yeast extract medium; (e)
yeast extract (only) medium. Plates for chemotrophic growth were incubated anaerobically in darkness for 4 days (N,/CO,/H,

headspace). From Kimble et al. (1994),

has been found in a few other bacteria, including
Chlorobium (Nesbakken et al., 1988).

Hb. gestii can grow photoheterotrophically on
ethanol and CO2 (Ormerod, unpublished results) and
several heliobacteria can grow on butyrate plus CO,,
(see e.g. Madigan, 1992). Ethanol is presumably
oxidized to acetyl CoA with the liberation of 4H
which can then be used for assimilation via pyruvate
synthase. Conversion of butyrate to two molecules
of acetyl CoA would provide enough electrons for
assimilation of only one of these to cell material
(CH,0) via pyruvate synthase. In this case, the rest
ofthe reducing equivalents would have to come from
the oxidation of some of the acetyl CoA. Lactate
seems to be universally utilized by heliobacteria
(Table 1) and its conversion into cell material is
presumably via pyruvate; sugars are used by only a
very few strains (Stevenson, 1993).

In summing up this section it may be said that
heliobacteria grow photoheterotrophically at high
light intensities on a limited range of organic
substrates. Assimilation of these involves reductive
carboxylations driven in large part by reduced
ferredoxin from the RC. The electrons for this may
come from oxidation of the substrates themselves or
from H, or H,S.

B. Chemotrophic Growth

In the original description of Heliobacterium chlorum
Gest and Favinger (1983) concluded that this
organism was an obligate phototroph. This was also
the conclusion of Beer-Romero and Gest (1987)
concerning Heliobacillus mobilis and of Ormerod et
al. (1990) concerning Heliobacterium gestii and
Heliophilum fasciatum. However, during the course
of studies of N, fixation in heliobacteria (see Section
IIIC and Kimble and Madigan, 1992a) it was
discovered that heliobacteria were not obligate
phototrophs, but can grow anaerobically in darkness
at the expense of pyruvate (Fig. 7). Slow dark growth
occurs in rich media containing 60-80 mM pyruvate,
0.2-0.5% yeast extract, and 40 mM of the organic
buffer MOPS (3-N-morpholinopropane sulfonic acid)
(Kimble et al., 1994).

From these experiments it was concluded that (1)
dark growth of Hc. mobilis is pyruvate dependent
(Fig. 7), (2) acidic and gaseous products including
acetate, H, and CO, are produced, and (3) aerobic
chemotrophic growth does not occur. Dark growth
has also been studied by Kelly and his coworkers
(Pickett et al., 1994) in Heliobacterium sp., strain
HY3. They showed that in addition to pyruvate,
lactate could also support dark growth of this strain
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(unlike in Hc. mobilis, see Fig. 7 and Kimble et al.,
1994), and that dark growth of strain HY3 was
almost as fast as phototrophic growth. From an
ecological point of view, dark growth on lactate is
significant because lactate is a common product of
chemotrophic fermentation.

A survey of all known species ofheliobacteria and
several new unclassified strains (see Section IVA)
showed them all capable of pyruvate-dependent dark
growth (Kimble et al., 1994). Growth in darkness
requires strictly anaerobic conditions, as is true of
phototrophic growth, but it has been observed that
heliobacteria exposed to microaerobic conditions in
darkness retain viability for long periods; thus the
strictly anaerobic nature of these organisms is most
pronounced in the light (Kimble et al., 1994).

The energy-generating mechanism(s) ofchemotro-
phic pyruvate-grown heliobacteria appears to be
pyruvate fermentation yielding acetate. Acidic
products produced by dark-grown cells lower the pH
ofeven well-buffered mediaby 1 unit ormore (Kimble
et al., 1994). In addition, cultures of Hc. mobilis
produce H, + CO, from the dark metabolism of
pyruvate whereas Hb. gestii produces CO, butno H,.
Pickett et al. (1994) detected high levels of pyruvate:
ferredoxin oxidoreductase activity in cells of
chemotrophic pyruvate-grown Hc. mobilis and this
is presumably the mechanism ofenergy conservation
and acetate production. Dark diazotrophic growth of
Hc. mobilis has also been achieved but growth rates
and cell yields under these conditions are very low.

Heliobacteria thus have at least one metabolic
strategy for growth in darkness and this makes good
ecological sense considering that they are soil
phototrophs andreceive only intermittent illumination
in nature. However, dark fermentation and growth of
heliobacteria on pyruvate or lactate is also of benefit
to basic researchers as it makes possible molecular
genetic studies of photosynthesis in strains of these
organisms that carry otherwise lethal mutations in
photosynthesis genes.

C. Nitrogen Fixation

The original description of Heliobacterium chlorum
indicated that the organism appeared in enrichment
cultures designed to select for N, -fixing anoxygenic
phototrophs and that pure cultures grew on N, as sole
source of nitrogen (Gest and Favinger, 1983). Since
that time we have surveyed the nitrogen-fixing
potential of heliobacteria (Kimble and Madigan,
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1992a,b; Kimble et al., 1995; Kimble and Madigan
unpublished results) and have shown that all
representatives tested can fix N, but that the efficacy
of the process varies dramatically among species.
Heliobacillus mobilis and a new heliobacterial isolate
that resembles Hc. mobilis, strain AR2P1 (from an
Arkansas, USA, rice soil) grow rapidly on N, and
express high levels of nitrogenase as measured in
vivo (Kimble and Madigan, 1992a; Stevenson, 1993;
Stevenson et al., 1993). Because Hc. mobilis, like
strain AR2P1, was obtained from a rice soil, it is
possible that a significant portion of the photo-
synthetic nitrogen fixation that occurs in paddy field
soils (most of which is known to be due to free-living
nitrogen-fixing bacteria; Buresh et al., 1980) is due
to heliobacteria. By contrast, under the same growth
conditions in which Hc. mobilis grew well on N,,

Hp. fasciatum grew only poorly, suggesting that
conditions for diatrophy may differ among species of
heliobacteria.

All the heliobacteria examined by Kimble and
Madigan (1992a) were subject to regulation of
nitrogenase activity by ammonia. This phenomenon,
called the ammonia ‘switch-off” effect, is a universal
feature ofanoxygenic phototrophic bacteria (Ludden
and Roberts, 1989) and is presumably a means for
rapid inactivation of nitrogenase activity in the
presence of excess ammonia; such regulation serves
to conserve reductant and ATP. Ammonia ‘switch-
off’ of nitrogenase activity in heliobacteria was the
first observation of this form of enzyme control in
Gram-positive bacteria.

An alternative (non-molybdenum) nitrogenase was
detected in cells of Hb. gestii but not in Hb. chlorum
or He. mobilis (Kimble and Madigan, 1992b). In this
study cells of Hb. gestii were transferred repeatedly
in media containing only Fe** as a nitrogenase metal
cofactor; vanadium did not stimulate iron-dependent
growth (Kimble and Madigan, 1992b). Additional
evidence for a Mo-independent nitrogenase system
in Hb. gestii emerged from acetylene (C,H,) reduction
experiments where ethane (C,H,) as well as ethylene
(C,H,) was produced by cell suspensions grown on
N, in the absence of Mo; Csz production was Mo
repressible (Kimble and Madigan, 1992b). This
pattern is typical of alternative nitrogenase systems
of other diazotrophs (Bishop and Premakumar, 1992).
Whether the alternative nitrogenase(s) of Hb. gestii
are ofthe iron-only or vanadium-iron types could not
be resolved in the studies of Kimble and Madigan
(1992b), but a nitrogenase 3 (iron-only type) was
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suggested on the basis of the accumulated evidence.

Alternative nitrogenases apparently function as
backup systems for diazotrophic growth oforganisms
whose habitats are periodically or permanently
deficient in Mo. The alternative nitrogenase of Hb.
gestii may thus have ecological significance for this
organism in its natural habitat, paddy field soil
(Ormerod et al., 1990), where Mo deficiency is often
a problem due to metal leaching under acidic
conditions (Bishop and Joerger, 1990).

IV.Ecology and Isolation of Heliobacteria
A. Habitats of Heliobacteria

The ecology and distribution of heliobacteria in
nature is now becoming clear. On the basis of
isolations made to date beginning with that of
Heliobacterium chlorum (Gest and Favinger, 1983),
virtually all reported isolates of heliobacteria have
been obtained from soils (Beer-Romero and Gest,
1987; Ormerod et al, 1990; Madigan, 1992;
Stevenson, 1993; Stevenson et al., 1993; Pickett et
al., 1994). Indeed, enrichment studies (see below)
suggest that with the exception of the hot springs
isolate of Starynin and Gorlenko (1993), the
Yellowstone hot springs isolates of Kimble and
Madigan (Kimble and Madigan, 1994; Kimble et al.,
1995) and a strain isolated from an Oregon hot
spring by R.W. Castenholz (personal communication
to JGO), soil may be the only habitat of heliobacteria.

In an extensive series ofenrichment cultures carried
out in the laboratory of MTM, positive heliobacterial
enrichments were obtained only from soil. From
over 100 soils tested, 22 were positive for helio-
bacteria. Of some 20 aquatic samples tested in the
same way, including freshwater lakes, ponds, marsh
waters, raw sewage, and several marine and salt
marsh samples, none yielded heliobacteria (Stevenson
et al., 1993). In addition, it should be mentioned that
heliobacteria were never reported (before 1983) from
the thousands of enrichment cultures for anoxygenic
phototrophic bacteria that have been made by various
workers over the years. However, it is possible that
enrichments which had turned green may have
contained heliobacteria that were mistaken for green
algae or cyanobacteria and discarded. Thus, although
all indications are that heliobacteria are terrestrial
phototrophs, more enrichments using selective
methods for heliobacteria but with aquatic samples
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are needed to further support this.

Rice field soils appear to be major habitats for
heliobacteria. Of 16 new isolates obtained in
enrichment studies, 9 were from such soils (Stevenson
et al., 1993). In addition, Heliobacillus mobilis,
Heliobacterium gestii and Heliophilum fasciatum all
originated from rice soils (Beer-Romero and Gest,
1987; Ormerod et al., 1990). Dry paddy field soil in
particular appears to be a good source of heliobacteria
(Ormerod et al., 1990; Madigan, 1992; Stevenson et
al., 1993). This suggests that these strictly anaerobic
organisms have evolved strategies for surviving
drying and any resultant exposure to oxygen;
endospore production is clearly one such strategy. In
recent enrichment studies (Stevenson, 1993) soil
moisture, pH, and ammonia levels were measured in
attempts to define the optimal physicochemical
parameters in soils for heliobacteria. Heliobacteria-
positive soil samples ranged from 0.1-66% in soil
moisture content, 4.2-8.4 in pH, and 0.3-135 ug
ammonia/g dry soil. Thus, dry soils are not required
for recovery of heliobacteria (although most
successful soils were dry), acidic soils can contain
heliobacteria, and, although N, fixation may be of
survival value to heliobacteria, they are also
indigenous to soils containing sufficient ammonia to
repress nitrogenase synthesis. In addition, although
tropical soils (for example, Far Eastern and African
paddy field soils) were the best sources of
heliobacteria, the organisms were also present in
temperate soils (for example Minnesota, Arkansas,
Texas [USA] and Italy) and even in soils from near
the Arctic Circle (Iceland; Stevenson et al., 1993;
Kimble et al., 1995; Kimble and Madigan, unpub-
lished).

Heliobacteria are thus clearly ecologically distinct
from green and purple bacteria, which are generally
found in aquatic environments (Madigan, 1988;
Pfennig, 1989; see also Chapter 4 by Van Gemerden
and Mas, this volume). Although nonsulfur purple
bacteria are present in some soils (Gest et al., 1985),
like purple and green sulfur bacteria, their primary
habitats are aquatic (Madigan, 1988). The ability of
at least some heliobacteria to sporulate is likely
related to their soil habitat, as other endospore-
forming bacteria are primarily soil organisms as
well. Sporulation would allow heliobacteria to survive
the alternate flooding and extreme drying of paddy
field soils, and the changing moisture levels
experienced in most other soils.

It may also be significant to the ecology of
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heliobacteria that all species fix molecular nitrogen
(Kimble and Madigan, 1992a,b). Inrice soils, nitrogen
fixation by heliobacteria may be an important factor
in providing combined nitrogen for rice plants.
Perhaps rice plants excrete organic substances that
are used by heliobacteria in exchange for fixed
nitrogen. If true, this would suggest interesting
agricultural applications for heliobacteria in
improving soil fertility.

B. Enrichment and Isolation of Heliobacteria

Enrichment of heliobacteria begins with soil as
inoculum. Dry soil is suitable, and as discussed
above, may even be desirable. From enrichment
studies (Ormerod et al., 1990; Stevenson, 1993;
Stevenson et al., 1993), it has become clear that
dilute complex media at neutral pH or defined media
containing lactate or acetate are most suitable for
enrichment of heliobacteria. Yeast extract solution
(0.2-0.3% w/v, pH 7) seems to be the best for
primary isolation (Stevenson et al., 1993; Kimble et
al., 1995).

In establishing enrichments for heliobacteria, one
should take some precautions as to anaerobic
conditions. When growing phototrophically, the
heliobacteria are strict anaerobes (Madigan, 1992).
Thus, media prereduced by storage for several days
in contact with the N, : H,: CO, atmosphere of an
anaerobic glove box, or alternatively, boiled for several
minutes and sealed under an anaerobic gas before
autoclaving (Hungate method), are helpful for
obtaining positive enrichments. However, since
heliobacterial spores are oxygen resistant, the job of
removing the oxygen in enrichments can be left to
aerobic heterotrophs in the inoculum; once these
have used up the oxygen, any heliobacteria will
begin to grow. If crude enrichments are obtained,
however, strictly anaerobic conditions must be
maintained thereafter in order to obtain pure cultures
of heliobacteria.

Light and temperature can also be selective
enrichment factors. Heliobacteria cannot grow at as
low a light intensity as purple and green bacteria do,
but they tolerate high light intensities quite well
(Beer-Romero, 1987; Madigan, 1992; Kimble and
Madigan, unpublishedresults; Ormerod, unpublished
observations). Thus 5,000-10,000 lux (incandescent)
illumination is recommended for primary isolations.
Enrichment temperatures around 40 °C should be
used as an additional selective factor forheliobacteria
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(all heliobacteria isolated thus far grow up to at least
42 °C) and to discourage growth of purple bacteria.
A final selective factor which is frequently essential
for isolating heliobacteria from many soils is to
pasteurize the soil sample used in the enrichment.
Pasteurization eliminates problems with competing
organisms, in particular nonsulfur purple bacteria
such as Rhodopseudomonas palustris. It has been
observed that if an enrichment for heliobacteria gets
overtaken by purple bacteria, heliobacteria never
develop (Stevenson, 1993).

Positive enrichments for heliobacteria generally
appear as slimy green clumps ofcells typically located
at the soil/liquid or glass/liquid interface; only weak
growth is usually observed in the bulk medium (in
fact the bulk medium may not become pigmented,
thus one must look carefully for signs ofheliobacteria
before concluding that an enrichment is negative).
Microscopically, pasteurized enrichments generally
contain a variety of sporulating organisms including
heliobacteria and clostridia. Endospore-forming
heliobacteria are usually some of the largest cells in
enrichments and spores, if present, are typically
located either centrally or subterminally (Stevenson
et al., 1993). If an enrichment is suspected of being
positive for heliobacteria, it should immediately be
streaked on plates of the same medium within an
anaerobic chamber and then incubated photosyn-
thetically in anaerobic jars (streaking plates in air
followed by anaerobic incubation rarely yields
heliobacteria). The presence ofheliobacteria on plates
is signaled within 2-3 days by the formation of
greenish or brown-green colonies. These can be
picked and restreaked (anaerobically) to obtain pure
cultures. Most isolates can be purified by this method;
however, some strains have required streaking on
plates of medium solidified with washed agar or
Gelrite®, a nonagar-based solidifying agent, in order
to be obtained in axenic culture. Further details of
enrichment methods for isolating heliobacteria and
recipes for a variety of media for growing pure
cultures ofheliobacteria are given in Madigan (1992)
and in Gest et al., (1985).

Finally, it should be mentioned that because
enrichmentcultures of heliobacteria generally contain
chemotrophic spore-forming bacteria, the chances
of some of these being present as contaminants in
‘purified’ cultures of heliobacteria, even after plating,
must always be considered. Therefore, the presence
of spores in some heliobacterial cultures does not
necessarily indicate the identity of the spores. The
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surest way of determining this is to observe
scotophobotaxis in motile sporangia. When the
microscope light is shaded momentarily, a swimming
heliobacterial sporangium cell usually reverses its
direction. Having ascertained the identity of the
spores, further steps in purification can be carried
out as described above.

C. Contrasts of Heliobacteria with Purple and
Green Bacteria

Any consideration of the ecology of heliobacteria
must take into account other phototrophic bacteria
which can compete with them in one way or another.
Heliobacteria are primarily soil organisms preferring
relatively high light intensities; this clearly separates
them from the classical purple and green bacteria
which are mainly aquatic and able to grow, particularly
in the case of the green sulfur bacteria, at very low
light intensities. Since they are most commonly found
in the soil of rice fields, heliobacteria may have some
sort of special relationship with rice plants. The
considerable quantities of methane produced in rice
field soils would in general preclude the presence of
significant amounts of sulfide in them. The
heliobacteria present in rice soils are therefore
probably not exposed to competition from photo-
trophic sulfur bacteria in this environment. Instead,
competition most likely exists with purple nonsulfur
bacteria, which like heliobacteria live a photohetero-
trophic lifestyle, and with cyanobacteria, which are
common in rice soils (Buresh et al., 1980; Habte and
Alexander, 1980).

Habte and Alexander (1980) showed that purple
bacteria were present in rice field soils, and these
may become dominant in enrichment cultures
inoculated with such soils, especially if a fresh,
moist sample is used. Rice fields are waterlogged
and anaerobic during the growth season, so the ability
to tolerate oxygen shown by some purple bacteria
would scarcely be of advantage here, as it is in
stratified lakes (De Wit and Van Gemerden, 1990). It
may therefore be that the cardinal heliobacterial
property in this regard is spore formation; endospores
would allow for survival of heliobacteria during the
dry season and upon return of flooded conditions
would serve as inoculum for rapid development of a
heliobacterial microflora.

The absorption properties of heliobacteria may
also be of ecological advantage. Absorption spectra
of heliobacteria have a major peak at about 790 nm.
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This absorption peak is unique for heliobacteria and
would allow them to grow beneath a layer of
cyanobacteria. It is also interesting to note that from
a phylogenetic standpoint heliobacteria show closer
relationships to the cyanobacteria than to any group
of anoxygenic phototrophic bacteria (Woese, 1987).
Perhaps the obligately anaerobic heliobacteria and
the oxygen-producing cyanobacteria have more
intimate ecological relationships in rice soil and
other soils than one would at first suspect. The
discovery of such relationships awaits more thorough
understanding of the microbial ecology of photo-
synthesis in the rice soil environment.
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Summary

The filamentous anoxygenic phototrophs are a diverse group of photosynthetic bacteria that are of particular
evolutionary significance. The best known species is the thermophilic Chloroflexus aurantiacus. This organism
is a prominent member of hot spring microbial mat communities. Because it forms a deep division in the
eubacterial line of descent and because it has an interesting combination of characteristics found in very
different and diverse groups of phototrophic prokaryotes, it is of particular significance in addressing questions
of evolutionary importance.

There are several other strains of filamentous photosynthetic bacteria from a wide range ofenvironments that
are substantially different from Cf. aurantiacus yet have enough similarity in fundamental photosynthetic
features to be likely relatives. Sequence data (16S rRNA) are needed to define the phylogenetic range of the
family Chloroflexaceae. Some ofthe interesting biology ofthe diverse filamentous phototrophs is discussed in
this chapter along with the taxonomic and phylogenetic problems they present.

The physiology of Cf. aurantiacus is intriguing in several respects. The recently described autotrophic CO,
fixation pathway involving 3-hydroxypropionate is unlike any other known autotrophic mechanism.
C. aurantiacus is also unique among all groups of phototrophs in lacking the capacity for nitrogen fixation. The
regulation of pigment synthesis in response to changing growth conditions is particularly interesting due to the
presence of two different photosynthetic pigments located in different sub-cellular environments. The fact that
Cf. aurantiacus is a thermophile provides another dimension of complexity to its physiology. It is also quite

resistant to UV radiation. Some of its characteristics may be relicts from Precambrian ancestors.

l. Introduction

The anoxygenic filamentous phototrophic bacteria
are a large and diverse group of microorganisms
(Table 1). They are discussed together in this chapter
primarily for convenience but also because they
share some similarities in structure and metabolism.
Although we are not prepared to argue strongly that
the filamentous character is a particularly significant
trait to the overall taxonomy of this diverse group of
organisms, it does appear that many of these bacteria
may in fact bear a relatively close relationship to
each other. The organisms discussed in this review
include the members of the family Chloroflexaceae
and the other anoxygenic filamentous phototrophs of
uncertain affiliation.

The family Chloroflexaceae includes the genera
Chloroflexus, Oscillochloris, and Chloronema. Only
one species, Chloroflexus aurantiacus, has been
described in substantial detail from the extensive
study ofpure cultures. A new thermophilic species is
currently under study and may be described soon
(Satoshi Hanada, personal communication). We will
review the taxonomy ofthis group and the physiology
of all the genera, including the well-studied Cf.
aurantiacus, the lesser known species of the ‘green

Abbreviations: BChl - bacteriochlorophyll; BPh - bacterio-
pheophytin; Cf. — Chloroflexus; MCLO - Marine Chloroflexus-
like organism

Chloroflexus’ (Strain GCF), the mesophilic Chloro-

flexus, the marine and hypersaline Chloroflexus-like
organisms (MCLOs), and the species of Oscillo-
chloris and Chloronema.

We will also review the other anoxygenic
filamentous phototrophs of uncertain affiliation.
These organisms include the described species
Heliothrix oregonensis (no relationship to the
‘Heliobacteria’), the thermophilic red filamentous
bacteria, and the hypersaline filamentous purple
bacteria.

Our approach will be topical. For each topic
considered, we will first discuss the well-studied Cf.
aurantiacus followed by a review of what is known
about the other filamentous phototrophs.

Much ofthe physiology of Cf. aurantiacus will be
discussed in greater detail in other chapters which
we will cross-reference where appropriate. We bring
a particular perspective to this review. Our objective
is to identify problems ofinterest in the ecophysiology
and evolutionary biology of this group of organisms.
We have long recognized the existence of many
poorly understood and possibly related phototrophic
bacteria that are important to our overall under-
standing of the phylogeny of phototrophs and the
origin and evolution of photosynthesis. We hope to
increase awareness of and interest in the study and
successful isolation of a much greater diversity of
phototrophs to increase the database for the
development of future evolutionary theories.
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Table 1. Anoxygenic filamentous phototrophs’
Organism Morphology Pigments Metabolism Habitat References
Cf. aurantiacus gliding filaments BChl a photoheterotrophy neutral to alkaline thermal see Pierson and
0.5-1.5 ym diam. and¢ some photoautotrophy  springs undermat, surface Castenholz, 1992 for
(sulfide-dependent or ~ mat, or unispecific mat review of references
hydrogen-dependent)
var. mesophilus mats in freshwater Gorlenko, 1976;
stratified lakes Pivovarova and
Gorlenko, 1977
Marine Chloroflexus- gliding filaments BChla photoheterotrophy marine intertidal salt Mack and Pierson,
like organisms 1.0-2.0 ym diam. and ¢ photoautotrophy? marsh sediments 1988
Marine Chloroflexus- gliding filaments BChl ¢ undetermined hypersaline marine mats D’'Amelioetal., 1989
like organisms variable diam. BChla ? often in asociation with Palmisanoetal., 1989

Marine Chloroflexus- gliding filaments

BChl g and photoautotrophy

like organisms 1.2-3.0 ym diam  cord

Heliothrix oregonensis gliding filaments  BChl a
1.5 pm diam.

Thermophilic red gliding filaments BChla

filaments 1.5 ym diam.

Marine purple gliding filaments  undeter-

filaments 0.8-0.9 yum diam. mined

Chloronema gliding filaments BChld
2 um diam.

Oscillochloris gliding filaments  BChl ¢

1.0-5.5 pym diam.

photoheterotrophy?

photoheterotrophy

photoheterotrophy

undetermined

undetermined

undetermined

Microcoleus chthonoplastes

hypersaline marine mats
(a) as distinct layer
beneath surface layer of
cyanobacteria

(b) as surface layer mixed
with Spirulina and
Beggiatoa

Alkaline thermal springs
lacking sulfide. Surface
mat above cyanobacteria

alkaline thermal springs as
undermat below
cyanobacteria and
Chloroflexus

hypersaline mats in
association with
Microcoleus chthonoplastes

planktonic
freshwater

surface of freshwater
sulfide-containing muds
marine?

Stolz, 1983, 1990

Larsen et al., 1991
Pierson et al., 1994

Pierson et al., 1984,
1985

Boomer et al., 1990;
Castenholz, 1984

D’Amelioetal., 1987

Gorlenko, 1988

Gorlenko, 1988
Keppen et al., 1993a

! All the organisms listed in this table are reviewed in more detail in Pierson and Castenholz, 1992.

Il. Taxonomy and Phylogeny
A. Problems With This Group

Establishing a meaningful taxonomy and under-
standing the phylogeny of the filamentous photo-
trophs are two tasks beset with problems unique to
this group of organisms. Itis apparent from ecological
studies and field observations of the natural history
of several habitats that the anoxygenic filamentous
phototrophs comprise a large and diverse group

(Table 1). From this group only one species has been
successfully isolated and sustained in pure culture
and has been subjected to extensive analyses. Other
‘species’ have been studied as natural populations,
in dual or mixed cultures, or in pure cultures which
have beendifficultto maintain and were subsequently
lost, or in cultures that have not been readily available
to many labs. Consequently, the broadly based
phenotypic data needed to construct useful taxa and
the arrays of nucleic acid sequences needed to
construct meaningful phylogenies are lacking. Thus,



34

while abundant data on natural history, microscopy,
and ultrastructure tantalize us with the obvious
recognition of numerous diverse species of interest,
the very limited availability of pure cultures frustrates
our understanding of this group.

B. Taxonomy of Chloroflexaceae

The thermophilic Chloroflexus aurantiacus (Pierson
and Castenholz, 1974a) is still the only genus and
species ofthe Chloroflexaceae that has been described
on the basis of axenic cultures that are readily
available. Chloronema (Dubinina and Gorlenko,
1975) and Oscillochloris (Gorlenko and Pivovarova,
1977) are the two other genera included in this
family. The description of Chloronema was not
based on cultured material. Recently a culture of
Oscillochloris trichoides was isolated and made
available (Keppen et al., 1993). Triiper (1976)
proposed Chloroflexaceae as a family with affinities
to the Chlorobiaceae (green sulfur bacteria) and
included the two families in the suborder Chloro-
biineae. Bacteria in the family Chloroflexaceae were
described as filamentous, phototrophic bacteria with
gliding motility, Gram-negative, flexible cell walls,
and bacteriochlorophyll (BChl) a and BChl ¢, d, or e.

Problems with the description of this taxon exist.
Although Gram staining reactions appear to be
negative, neither the ultrastructural appearance nor
the chemistry of the cell wall of Cf. aurantiacus is
typical of other Gram-negative bacteria (Knudsen et
al., 1982; Jiirgens et al., 1987; see also Chapter by
Weckesser and Golecki). ‘Oscillochloris chrysea’
was Gram-positive and had a thick peptidoglycan
layer with no outer membrane (Gorlenko, 1988,
1989a). Some of the marine Chloroflexus-like
organisms we have been studying stain Gram-positive
or Gram-variable and appear to lack an outer
membrane (B. Pierson, unpublished).

In recognition of the probable significance of the
true filamentous morphology of these phototrophs,
we have referred to them as photosynthetic
flexibacteria (Pierson and Castenholz, 1992). In
Bergey’s Manual of Systematic Bacteriology, Pfennig
(1989) proposed the group ‘multicellular filamentous
green bacteria’ to include the genera Chloroflexus,
Chloronema, Oscillochloris, and Heliothrix. The
genus Heliothrix, however, differssignificantly from
the other three genera in lacking chlorosomes and
BChl ¢, d, or e. Consequently the appropriateness of
this taxonomic grouping as a family is weakened.

Beverly K. Pierson and Richard W. Castenholz

Further difficulties have arisen with the utility of this
proposed grouping due to physiological constraints
included in the description. The description
emphasizes that all members of the group are
facultatively aerobic and preferentially use organic
substrates in their metabolism. It further states that
reduced sulfur compounds are not important electron
donors for laboratory cultures. These proposed taxa
and less formal groupings may be unnecessarily
restrictive atatime when very few laboratory cultures
have actually been available for study. Field studies
of apparently related organisms have revealed a
tolerance for high levels of sulfide, as well as a
capacity for sulfide dependent autotrophy. Studies
on pure cultures have shown that one strain of
Chloroflexus, the GCF strain (Giovannoni et al.,
1987) is not facultatively aerobic.

Our discussion of the range of physiologies present
in filamentous phototrophs presented in this chapter
will support our suggestion that at this time the most
useful grouping of these organisms is as photo-
synthetic flexibacteria or anoxygenic filamentous
phototrophs. The term green non-sulfur bacteria
should be dropped. It is potentially very misleading.
The analogy to purple sulfur and non-sulfur bacteria
breaks down on phylogenetic grounds. The two
‘groups’ of purple bacteria are closely related
phylogenetically, at least as members of the vast
array of Proteobacteria. The two groups of green
bacteria are not. The term filamentous green bacteria
is appropriate when referring to the three genera
Chloroflexus, Chloronema, and Oscillochloris but
not Heliothrix. The term ‘gliding green bacteria’
should be dropped because this would include
Choroherpeton which is not filamentous, but does
glide and is closely related to the green sulfur bacteria
and not to Chloroflexus.

C. Phylogeny and Evolution

On the basis of 16S rRNA catalogs and complete
sequence data, it was concluded that Chloroflexus
aurantiacus forms a very deep division within the
eubacterial line of descent (Oyaizu et al., 1987
Woese, 1987). Other organisms included in the same
grouping with Cf. aurantiacus are Herpetosiphon
aurantiacus, a filamentous gliding non-photo-
synthetic bacterium, and Thermomicrobium roseum,
another non-photosynthetic bacterium. Thermus
thermophilus may also be fairly closely related
(Hartmann et al., 1989). The two most interesting
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aspects of the position of Chloroflexus on the
eubacterial tree are its lack of phylogenetic closeness
to any other groups of phototrophs and the depth of
its branch on the tree. Its position as the deepest
division of all the phototrophs suggests its ancestors
diverged earlier than those of any of the other
phototrophs.

Heliothrix oregonensis has been described on the
basis of studies of natural populations and a co-
culture with the non-phototrophic Isosphaera pallida
(Pierson et al., 1984a). On the basis of 16S and 5S
rRNA sequence data, Heliothrix oregonensis is
phylogenetically close to Cf. aurantiacus and is not
at all close to any of the other phototrophic bacteria
(Pierson et al., 1985; Weller et al., 1992). Heliothrix
oregonensis, however, is not a ‘green’ bacterium
and is excluded from the taxon Chloroflexaceae as
currently defined. Analysis of 5S rRNA from
Oscillochloris  trichoides also supports greater
phylogenetic closeness to the Chloroflexus group
than to any other phototrophic bacteria (Keppen et
al., 1993b). The closeness of Herpetosiphon
aurantiacus to Chloroflexus on the basis of 16S
rRNA analysis reinforces the idea ofthe significance
of filamentous morphology in defining this group
and lends credence to our suggestion that for the time
being all filamentous phototrophs should be grouped
together. However, Thermomicrobium roseum, which
is also in this group, is not filamentous, hence
weakening this argument.

There are several serious problems plaguing these
phylogenetic interpretations, however. Some could
be solved quite readily. First, only two strains of Cf.
aurantiacus have been analyzed for 16S rRNA
sequences. It is desirable to do other strains since
potentially significant phenotypic variations do exist,
for example, between the two most studied strains, J-
10-f1 and OK-70-fl. The facultatively autotrophic
and sulfide-dependent thermophilic strain, GCF
(green Chloroflexus), has not been analyzed.
Sequence data are also lacking for the mesophilic
freshwater strain first described by Gorlenko (1976)
and Pivovarova and Gorlenko (1977) and for
Chloronema and Oscillochloris. Likewise, phylo-
genetic data are lacking for the uncultured marine
strain (Mack and Pierson, 1988) and the hypersaline
strains that are not yet axenic but will be briefly
described in this chapter. With the availability of
PCR technology, a comprehensive phylogenetic
analysis of all of these filamentous anoxygenic
phototrophs could be undertaken and would greatly
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enhance our understanding of the relationships of
these organisms to each other and to other
phototrophs.

The necessity of a more extensive analysis of 16S
rRNA based phytogeny within this group is further
enhanced by two other analyses which are not readily
resolved with the current paucity of phylogenetic
data. The relative position of some groups of
phototrophs in the eubacterial tree has been
challenged recently on the basis of 5S TRNA sequence
data (Van den Eynde et al., 1990). The 5S RNA data
corroborated the close relationship of Cf. aurantiacus
to Thermomicrobium roseum butexcluded Herpeto-
siphon aurantiacus from this group in contrast to the
16S RNA data. Furthermore, the 5S RNA data
produced a tree in which the cyanobacterial-plastid
cluster of phototrophs and the green sulfur bacterial
cluster of phototrophs both formed earlier branches
or deeper divisions than the Chloroflexus cluster.
Analysis of 23S rRNA sequences (Woese et al.,
1990), however, supports earlier 16S rRNA data
suggesting a close relationship between the green
sulfur bacteria and the flavobacterial group and
reinforcing the early branch points suggested by the
16S rRNA data (Woese, 1987). These findings have
particular significance for evolutionary inter-
pretations. Such conflicts must be resolved in order
to interpret phylogeny with confidence. One
important step in solving these problems is to increase
the resolution of the system by including a larger
number of data sets. As it currently stands, the
phylogenetic grouping with Cf. aurantiacus contains
only two unequivocal members, both of which are
thermophiles. Many of the other, perhaps related,
bacteria that are not yet sequenced are not
thermophiles, and it seems likely that thermophily
will not be a unifying characteristic of the group.
More analyses as suggested above could lead to a
larger, more stable grouping, in which the branch
point might be determined with greater confidence.

Further confusion in interpreting phylogenetic
relationships, and certainly in interpreting the
evolution of phototrophs and photosynthesis, has
been introduced with recent analysis ofevolutionary
relationships among the reaction center genes
(Blankenship, 1992). The two fundamental types of
reaction centers are distributed among the various
groups of phototrophs in ways that preclude any
simple linear explanation of the evolution of the
reaction centers within and among the different
groups. Gene duplications followed by lateral gene
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transfer and divergence may account for the extant
distribution of these pigment-protein complexes. Cf.
aurantiacus, despite its apparent early divergence
from the other eubacteria as suggested by the 16S
rRNA data, does not appear to possess an ancestral
reaction center. It would be most interesting to acquire
data on the functional nature and molecular sequence
of the reaction centers from the other filamentous
anoxygenic phototrophs. The details of photosyn-
thetic reaction centers from anoxygenic phototro-
phic bacteria are covered in several chapters of this
book.

Thermophilic Cf. aurantiacus is but one species
within a very large and probably quite diverse group
of filamentous phototrophic bacteria that are likely
to be significant to our understanding of the early
evolution of photosynthesis. Its thermophily and its
frequently cited chimeric nature in photosynthetic
properties may prove to be the exceptions rather than
the rule among these bacteria. We must bear in mind
that these characteristics have been important in
defining the taxa to which Chloroflexus belongs only
because by chance it was the first, and remains so far
the only, species that has been readily isolated and
cultured. The very recent availability ofpure cultures
of O. trichoides will pose new challenges to the
extant taxonomic systems (Keppen et al., 1993a).

lll. Physiology

Most of our understanding of the physiology of the
filamentous phototrophs is based on studies of Cf.
aurantiacus. Studies of other organisms will also be
mentioned where appropriate. The type species Cf.
aurantiacus is a thermophile with an optimum
temperature for growth between 52 and 60 °C
(Pierson and Castenholz, 1974a). It is a common and
abundant inhabitant ofneutral to alkaline hot springs
with or without sulfide over a wide temperature
range up to about 70-72 °C. Occurrence above 66 °C
has been observed only when associated with
cyanobacteria that grow at higher temperatures (see
Chapter 6 by Castenholz and Pierson). It is usually
associated with cyanobacteria. Its distribution in
natural habitats, general ecology, isolation, and
laboratory culture, as well as some aspects of its
physiology have recently been reviewed (Pierson
and Castenholz, 1992; see Chapter 5 by Castenholz
and Pierson). Green Chloroflexus (GCF) is found as
nearly pure mats devoid of cyanobacteria in a limited
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number of hot springs containing sulfide over the
temperature range of 50 to 66 °C (Giovannoni et al.,
1987). Heliothrix oregonensis is also a thermophile
found much less commonly than Chloroflexus in
alkaline hot springs where it is occasionally very
abundant. Its optimum temperature for metabolic
activity is between 50 and 55 °C. All three of these
thermophilic filamentous phototrophs are found
naturally as major visible components of microbial
mats that usually contain various unicellular or
filamentous cyanobacteria. In springs devoid of
sulfide, Chloroflexus commonly forms a distinct
orange layer beneath a surface layer of oxygenic
cyanobacteria. Since no sulfide-tolerant cyano-
bacteria are known above temperatures of 56 °C,
mats with primary sulfide at this temperature and
above are dominated by presumably autotrophic
Chloroflexus which exists as a surface layer or a
unispecific mat up to about 66 °C. Heliothrix often
forms a flocculant surface layer above cyanobacteria
in mats where sulfide is absent. For a short review of
ecological conditions that support these phototrophs,
see Castenholz (1988).

Mesophilic Cf. aurantiacus with a temperature
optimum of 20-25 °C was found as a component of
microbial mats growing on mud containing some
sulfide at the bottom of stratified freshwater lakes
(Gorlenko, 1976; Pivovarova and Gorlenko, 1977).

Marine Chloroflexus-like organisms (MCLOs)
have been observed in a large number of marine and
hypersaline environments containing biogenic sulfide
(Pierson and Castenholz, 1992). They are prominent
members of microbial mat communities containing
other phototrophs such as purple and green sulfur
bacteria and a top layer of cyanobacteria. Such
habitats are characterized by steep and dynamic
microgradients of oxygen, sulfide, and light. Species
of Beggiatoa are frequently found in association
with the MCLOs which may migrate on a diel basis
in response to changing gradients. Although
mesophilic, some of these populations are exposed
to internal mat temperatures above 40 °C in shallow
habitats exposed to full sun in the summer.

Oscillochloris species have been collected
primarily from sulfide-containing freshwater mats
over a temperature range of 10 to 20 °C, often in
association with purple and green sulfur bacteria and
species of Beggiatoa (Gorlenko, 1989a). Cultures of
Oscillochloris trichoides were isolated from the
sediment of a sulfide-containing spring in the
Caucasus (Keppen et al., 1993a).
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Unlike the other filamentous phototrophs, the
known Chloronema species is mesophilic and
planktonic, occurring in freshwater lakes with low
sulfide and high ferrous iron content (Gorlenko,
1989Db). It was found below the chemocline in an
anoxic zone along with species of purple and green
sulfur bacteria.

There are two other anoxygenic filamentous
phototrophs that occur in microbial mat communities.
BChl a-containing filaments form a prominent red
layer deep in microbial mats in some alkaline hot
springs (Castenholz, 1984). Like Heliothrix, these
bacteria lack chlorosomes and BChls ¢, d, or e
(Pierson et al., unpublished). The gliding filaments
appear to be photoheterotrophic and contain abundant
membranes similar in appearance to those of
Ectothiorhodospira species (Boomer et al., 1990).
Ultrastructurally similar filaments occur in hyper-
saline microbial mats in association with the
cyanobacterium Microcoleus chthonoplastes
(D’ Amelio et al., 1987).

A. Carbon Metabolism
1. Heterotrophy vs. Autotrophy

Cf. aurantiacus grows most rapidly as a photo-
heterotroph. Autotrophic capability has been
demonstrated in some strains (Madigan et al., 1974;
Madigan and Brock, 1975), but is slower than
photoheterotrophic growth. Both sulfide (Madigan
and Brock, 1977a) and hydrogen (Holo and Sirevag,
1986) can serve as electron donors for CO, fixation.
Although most strains appear to grow slowly
autotrophically in the lab, sulfide-dependent
photoautotrophy has been demonstrated in natural
hot spring populations of Chloroflexus (Giovannoni
et al., 1987; Jgrgensen and Nelson, 1988).

2. Autotrophic CO, Fixation Pathways

The pathway for CO,fixation has been difficult to
identify (Madigan and Brock, 1977a; Sirevag and
Castenholz, 1979) until recently when it became
clear that Cf. aurantiacus possesses a novel
autotrophic pathway not found in any other
organisms. Initial studies on the nature of this pathway
suggested that acetyl-CoA was formed from CO,
directly and that 3-hydroxypropionate was an
intermediate in the pathway (Holo and Grace, 1987
and 1988; Holo, 1989). Carboxylation of acetyl-
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CoA was suggested as a means to produce pyruvate
(Holo and Grace, 1988).

Further studies on the CO, fixation pathway in Cf.
aurantiacus (DSM 636) which is the same strain
(OK-70-1) studied by Holo and associates, have led
to a postulated pathway in which two carboxylation
steps result in the net formation of glyoxylate which
is assimilated into cellular carbon, and the
regeneration of acetyl-CoA which is the primary
CO, acceptor molecule (Strauss et al., 1992; Strauss
and Fuchs, 1993; Eisenreichetal., 1993; see Fig. 3 in
Chapter 40 by Sirevag). A different pathway has
been proposed from studies of Chloroflexus strain
B-3 (Ivanovsky et al., 1993; see Fig. 2 in Chapter 40
by Sirevag). The two proposed pathways are similar
in their first and last steps, but the intermediary
reactions, including the second carboxylation step,
are different.

In both proposed pathways the first carboxylation
reaction uses acetyl-CoA as the acceptor molecule.
The product of this reaction in the 3-hydroxy-
propionate cycle (Strauss et al., 1992) is malonyl-
CoA, which is converted via 3-OH-propionate to
propionyl-CoA which is the acceptor molecule for
the second carboxylation reaction. In the cycle
proposed by Ivanosky (1993), the first carboxylation
reaction produces pyruvate which is converted to
phosphoenolpyruvate which serves as the acceptor
molecule for the second carboxylation step. In the 3-
hydroxypropionate cycle, propionyl-CoA is carbox-
ylated to methylmalonyl-CoA which is converted to
malyl-CoA, perhaps via succinate and malate.

Consistent with these proposed pathways is the
presence in Cf. aurantiacus of a substantial corrinoid
fraction, 85% of which is in the form of coenzyme
B,, (Stupperich et al., 1990). This corrinoid could be
the prosthetic group of a methylmalonyl-CoA mutase
involved in the reaction sequence from propionyl-
CoA to succinyl-CoA (Stupperich et al., 1990). In
the last reaction of the proposed cycle, the malyl-
CoAis cleaved to glyoxylate, regenerating the acetyl-
CoA (Strauss et al., 1992).

In the cycle proposed by Ivanovsky et al. (1993),
the second carboxylation reaction produces malate
via oxaloacetate. Ivanovsky et al. (1993) have shown
that the terminal reaction producing glyoxylate is
dependent on ATP and CoA. The major differences
inthe two cycles are the pyruvate vs. 3-OH-propionate
routes as the primary carboxylation products and the
oxaloacetate vs. succinate paths to malate following
the second carboxylation step. Further work on the



38

enzymology of each of the specific reactions,
including regulatory sites, is needed to clarify the
pathway of autotrophy in Cf. aurantiacus. Both
proposed CO, fixation pathways represent significant
differences in autotrophic mechanisms from all other
known organisms and point to the importance of Cf.
aurantiacus in studies on the evolution of photo-
synthesis.

No evidence for a reversed TCA cycle, typical of
green sulfur bacteria, or for the Calvin Cycle, typical
of purple bacteria, has been found in Cf. aurantiacus.
However, key enzymes ofthe Calvin Cycle (ribulose-
bisphosphate carboxylase and phosphoribulokinase)
have recently been reported in autotrophically grown
cells of Oscillochloris trichoides, suggesting that the
filamentous green bacteria are metabolically diverse
(Ivanovsky, 1993).

3. Other Aspects of Carbon Metabolism

Heterotrophy and other aspects of carbon metabolism
have recently been reviewed (Pierson and Castenholz,
1992). Suggested pathways for the assimilation of
autotrophically produced glyoxylate into cellular
carbon and other aspects of carbon metabolism are
reviewed in Chapter 40 by Sirevag.

4. Carbon Metabolism in Other Filamentous
Phototrophs

Little is known ofthe carbon metabolism in the other
anoxygenic phototrophic filamentous bacteria. Field
studies revealed photoheterotrophy in the thermo-
philic Heliothrix oregonensis (Pierson et al., 1984;
Castenholz and Pierson, 1989). Photoheterotrophy
appeared to be the dominant form of metabolism in
Cf. aurantiacus var. mesophilus (Gorlenko, 1976).
Both photoautotrophic and photoheterotrophic
activity were demonstrated in a marine Chloroflexus-
like organism in field studies (Mack and Pierson,
1988). Strong light-dependent uptake of '“C-
bicarbonate has been observed in hypersaline
Chloroflexus-like organisms (Pierson et al., 1994),
suggesting sulfide-dependent autotrophy as their
major metabolism in situ.

B. Nitrogen Metabolism
1. Nitrogen Fixation

The process of nitrogen fixation in anoxygenic
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phototrophic bacteria is reviewed elsewhere in this
volume (see Chapter 42 by Madigan and 43 by
Ludden and Roberts). Cf. aurantiacus is mostnotable
for its total lack of nitrogen fixing ability (Heda and
Madigan, 1986), a characteristic that distinguishes it
from all other major groups of phototrophs. While
the antiquity ofthe Chloroflexus divergence remains
in question, this absence of diazotrophy would be
consistent with the idea that the ancestors of
Chloroflexus diverged from the ancestral photo-
trophic bacteria before the evolution or acquisition
of nitrogenase in the phototrophs.

Reports of nitrogen fixation in a recently isolated
strain of Oscillochloris trichoides are of particular
interest (Keppen etal., 1989;Keppen et al., 1993a,b).
No nitrogenase activity occurred in the thermophilic
strains of Cf. aurantiacus, but the strain Dg6 of
O. trichoides had nitrogenase activity when grown
in media with glycine, asparagine or in an atmo-
sphere of N,. Because the phylogenetic closeness
of O. trichoides and Cf. aurantiacus remains to be
determined, we are not certain what the significance
of this finding is to the evolution of nitrogen
metabolism among the filamentous phototrophs.

2. Other Aspects of Nitrogen Metabolism

Studies on nitrogen metabolism in Cf. aurantiacus
(Heda and Madigan, 1986) revealed that nitrate did
not support growth of the strains tested but that NH,*
did. Among organic nitrogen compounds several
amino acids also functioned as nitrogen sources for
some strains, but proline, adenine, and urea did not
serve as nitrogen sources for any of the strains tested
(Heda and Madigan, 1986).

Pathways of nitrogen metabolism have been
relatively little studied in Cf. aurantiacus. The
pathway for ammonia assimilation involves
glutamine synthetase only (Kaulen and Klemme,
1983). The lack of glutamate synthase activity
remains to be clarified (Klemme, 1989).

Amino acid metabolism and regulation have been
the subject of some degree of research. Within the
microbial mat environment a considerable array of
organic substrates is available and Chloroflexus
appears to be able to metabolize several amino acids
for both carbon and nitrogen sources with good
growth on casein hydrolysate or glutamate (Pierson
and Castenholz, 1974) or aspartate (Madigan et al.,
1974). Glutamate (glu), alanine, and isoleucine (ile)
are the main constituents of the intracellular amino
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acid pool when cells are grown on minimal medium
(Klemme et al., 1988). Although the concentration
of glu is high, the ratio ofile to glu is unusually high
in Chloroflexus (Klemme etal., 1990). Two different
enzymes with L-threonine (L-serine) dehydratase
activity were found (Laakmann-Ditges and Klemme,
1986 and 1988). The casein hydrolysate can be
replaced by a mixture of glutamate and the amino
acids of the ‘aspartate’ (met, lys, thr) and the ‘ilv’
(ile, leu, val) groups (Klemme et al., 1990). Aspartate
kinase from Chloroflexus has a complex regulation
system and is strongly inhibited by threonine
(Klemme et al., 1990).

The utilization of amino acids in Chloroflexus
grown in undefined media in batch culture or in
chemostats at different dilutionrates is quite complex.
It is clear that physiological conditions of cultures
will change when grown under these different
conditions as preferential uptake of different amino
acids occurs (Oelze et al., 1991). The relationship of
growth phase in batch culture or the dilution rate in a
chemostat to the uptake of glu is particularly
significant since glu is the precursor to BChl synthesis.
These authors also found that the commonly used
buffer in medium for growing Chloroflexus, gly-gly,
is preferentially consumed by batch cultures in the
later stages of growth. Ser, ala, and glu each stimulated
growth and pigment synthesis (Oelze and Sontgerath,
1992), and ser was the best substrate tested for both
growth and bacteriochlorophyll synthesis.

Much remains to be learned about the enzymology
and regulation of the amino acid and inorganic
nitrogen metabolism in Chloroflexus aurantiacus.
Very little is known about nitrogen metabolism in
any ofthe other filamentous anoxygenic phototrophs.

C. Sulfur Metabolism

Cf. aurantiacus can use a variety of compounds
including cysteine, glutathione, methionine, sulfide,
and sulfate as a source of nutrient sulfur during
photoheterotrophic growth (Krasil’nikova, 1987).
Sulfate is the best source for biosynthesis although
thiosulfate may also be used (Krasil’nikova, 1987;
Kondrat’eva and Krasil’nikova, 1988). High levels
of ATP sulfurylase activity were found with optimal
activity at 60-70 °C (Krasil'nikova, 1987).

The use of sulfur compounds as electron donors in
photosynthesis has been reviewed elsewhere (see
Chapter 39 by Brune). Madigan and Brock (1975)
and Giovannoni et al. (1987) showed that sulfide was
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oxidized to elemental sulfur that adhered to and
accumulated outside the cells during both photo-
heterotrophic and photoautotrophic growth.

Sulfide can also be used as an electron donor for
photoautotrophic growth of Oscillochloris trichoides
(Keppen et al., 1993a) and appears to support
photoautotrophy in the hypersaline marine Chloro-
flexus-like organisms (Pierson et al., 1994).

D. Aspects of Energy Metabolism
1. Phototrophy vs. Chemotrophy

Cf. aurantiacus appears to grow best in nature as a
photoheterotroph. Its growth rates and yields in pure
culture are highest when grown anaerobically in the
light on complex organic media. Aerobic growth in
the dark occurs but is slower and has lower yields
(Pierson and Castenholz, 1974b). Krasil’nikova and
Kondrat’eva (1987) reported that fermentation occurs
anaerobically in the dark and products from the
fermentation of glucose included acetate, pyruvate,
lactate, malate, ethanol, and formate. Even those
strains which will grow photoautotrophically (such
as the GCF strain) grow best as photoheterotrophs
(Giovannoni et al., 1987). The latter strain could
tolerate exposure to oxygen but did not grow
aerobically in the dark, appearing to be an obligate
phototroph.

A thorough analysis of the capacity of Cf.
aurantiacus for anaerobic respiration remains to be
done. Thiosulfate may serve as an electron acceptor
in some strains with the accompanying production
of hydrogen sulfide (Kondrat’eva and Krasil nikova,
1988).

The metabolic versatility of Cf. aurantiacus may
be a definite advantage in its microbial mat habitat in
thermal springs. The mat community usually includes
oxygenic cyanobacteria growing above and within
the Chloroflexus layer. Conditions in such a mat
fluctuate on a diel basis (Revsbech and Ward, 1984).
During the day, such mats are highly oxic. During
darkness and low light periods, the mats become
anoxic. The cyanobacteria may produce a large
variety of organic compounds that can be assimilated
by Chloroflexus both in the light and in the dark
(Anderson et al., 1987; Bateson and Ward, 1988;
Teiser and Castenholz, unpublished data; Ward et
al., 1984). In hot springs containing primary sulfide,
sulfide-tolerant cyanobacteria do not occur at
temperatures above 56 °C and Chloroflexus may
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grow above this temperature (to 66 °C) alone as a
photoautotroph (Castenholz, 1988; see also Chapter
5 by Castenholz and Pierson). Various physio-
logically significant environmental factors such as
oxygen, light, and organic compounds are likely to
have important roles directly or indirectly in
regulating the metabolism of Chloroflexus.

2. ATPase

ATP synthase has been isolated from Cf. aurantiacus
strain A (Microbiology Culture Collection, Moscow
State University). The F, factor was isolated first and
shown to have ATPase activity (Yanyushin, 1988).
Further characterization revealed that it was very
similar to the enzyme isolated from other eubacteria
although the Chloroflexus enzyme had only four
subunits rather than five in the catalytic F, portion
(Yanyushin, 1991). The four subunits are of molecular
masses 62,53,36, and 16 kD in a stoichiometry of 3:
3: 1: 1. The proton-channel F factor was composed
of three subunits. The enzyme was unusually stable
(Yanyushin, 1988). While Chloroflexus appears to
have a few differences in its ATP synthase from
those of other organisms, the enzymes are funda-
mentally similar.

3. Hydrogenase

A hydrogenase that is loosely associated with the
cell membranes occurs in Cf. aurantiacus strain A
(Microbiology Culture Collection, Moscow State
University) (Serebryakova et al., 1989). This
hydrogenase is a constitutive enzyme that removes
electrons from hydrogen during photoautotrophic
growth and releases molecular hydrogen produced
during fermentation of glucose and pyruvate by
cultures grown anaerobically in the dark. Significant
inactivation of cellular hydrogenase did not occur
below 80 °C, reflecting an ability of the cell
environment to stabilize the enzyme (Serebryakova
etal., 1989). Maximum activity of the enzyme was at
65 °C (Serebryakova et al., 1989). The enzyme
contains an iron-sulfur cluster and nickel and has
ferredoxin as its natural electron donor (Serebryakova
et al., 1990). It differs from the sulfide-inactivated
membrane-bound enzyme described by Drutschmann
and Klemme (1985) from strain OK-70-f] and from
the hydrogenase of green sulfur bacteria (Sere-
bryakovaetal., 1990). The hydrogenase was inhibited
by CO and NO but not by C,H, (Serebryakova and
Gogotov, 1991).
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E. Pigmentation

One ofthe most interesting aspects ofthe physiology
of photosynthesis in Cf. aurantiacus lies in the
diversity, synthesis, and regulation of its pigments.

1. Diversity and Function of Pigments

Cf. aurantiacus contains BChl ¢ in its chlorosomes
as the primary light-harvesting pigment. It contains
smaller amounts of BChl a (B800 and B865
complexes) in the membrane which also function in
light-harvesting and in transfer of energy from the
chlorosomes to the membrane-bound reaction centers
which contain BChl a and BPh a. A specialized
BChl a absorbing at 792 nm is associated with the
baseplate of the chlorosome at the attachment site to
the membrane. In addition to the bacteriochlorophylls,
Cf. aurantiacus also contains carotenoids: B-carotene,
y-carotene, and hydroxy-y-carotene-glucoside
comprising 80-95% of the total carotenoids in
anaerobically grown cells and echinenone and
myxobactone constituting 75% of the carotenoids in
aerobically grown cells (K. Schmidt, personal
communication; Schmidt et al., 1980; Halfen et al.,
1972).

Based on analyses of mat layers, the marine and
hypersaline Chloroflexus-like organisms appear to
contain BChl ¢ absorbing between 747 and 755 nm
or BChl d or e absorbing between 710 and 725 nm
plus BChl a (Mack and Pierson, 1988; Pierson et al.,
1994; Palmisano et al., 1989; Des Marais et al.,
1992). Evidence for the same pigments has also been
found in highly enriched cultures (Pierson et al.,
1994). Evidence for {~carotene as a biomarker for
MCLOs in hypersaline microbial mats has been
reported (Palmisano et al., 1989; Des Marais et al.,
1992). Chloronema appears to contain BChl d, but
also contains small amounts of BChl ¢ or e and
presumably BChl a (Gorlenko, 1989b). Oscillochloris
contains BChl ¢ and a (Keppen et al., 1993a).

Heliothrix oregonensis and the red thermophilic
filaments of mats in Yellowstone National Park
contain only BChl a. The latter contain a BChl a
which has absorption maxima at 910 and 807 nm
(Boomer et al., 1990).

The light-harvesting BChl ¢ of Cf. aurantiacus is
actually a diverse assemblage of several different
isomers and is found as esters of five different
alcohols: geranylgeraniol, phytol, and stearol as well
as the non-isoprenoid alcohols cetol and oleol (Fages
etal., 1990).
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Knowledge of the identity, evolutionary origin,
and adaptive variation in the light-harvesting
chlorosome BChls of green sulfur bacteria and
Chloroflexus has been progressing in recent years. It
has become clearer that changes may occur in the
structure of these chlorophylls in a species of
Chlorobium when cultured for prolonged periods
under low light conditions (Broch-Due and Ormerod,
1978; Bobe et al., 1990). Enzymatic methylation of
BChl d may result in conversion to BChl ¢ with a
red-shift in absorption maxima from about 714 nm
to around 740 nm (Bobe et al., 1990). This transition
has been documented in some species of green sulfur
bacteria while maintained in long-term culture at
low light intensities. Because small amounts of BChl
d have been detected in Cf. aurantiacus (Brune et al.,
1987), it is suggested that a similar transition may
have occurred in this species. It is not clear whether
such changes represent adaptive responses or genetic
evolutionary changes. The presence of such
transitions and two major forms of BChl (¢ and d) in
the same organism as well as the isomers and different
alcohol esters provide a diversity of pigment
molecules within Cf. aurantiacus. All of these
pigments are found in the chlorosomes and the
increased alkylation occurring at low light levels
could increase the pigment levels attainable by
providing more hydrophobic character and hence
closer packing ofthe pigment molecules (Bobe et al,
1990).

2. Synthesis and Regulation of Pigments

Synthesis of bacteriochlorophylls in Cf. aurantiacus
is via the C, pathway from glutamate as in the
oxygenic cyanobacteria and green sulfur bacteria
(Swanson and Smith, 1990; Oh-hama et al., 1991;
Kern and Klemme, 1989; Avissar et al., 1989). This
appears to be the more ancestral pathway for the
synthesis of bacteriochlorophylls (Oh-hama et al.,
1991).

Cf. aurantiacus grows under conditions of great
environmental flux (see Section III. D.1 of this
Chapter and Chapter 5 by Castenholz and Pierson).
It is not surprising that these environmental
parameters have a regulatory influence on the
metabolism of Cf. aurantiacus. Pigment synthesis is
affected by oxygen, light, growth rate, and organic
substrates. Photosynthetic activity and growth are
also affected by these parameters. The array of
pigments present in Cf. aurantiacus and the alterations
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that occur to their relative specific contents due to
changes in environmental parameters and stage of
growth and rate of growth, result in highly varied
absorption spectra. Thus, one must consider carefully
the conditions of growth and stage of growth when
reporting spectra for Cf. aurantiacus in culture
(Pierson and Castenholz, 1974b; Kharchenko, 1992).

Natural populations of Cf. aurantiacus adapted to
low light intensities show photoinhibition when
incubated in higher light intensities (Madigan and
Brock, 1977b). In culture, growth rate increased and
bacteriochlorophyll synthesis decreased in response
to higher light intensities (Pierson and Castenholz,
1974b). Other early studies on the effects of light and
oxygen on cultures of Cf. aurantiacus (Sprague et
al., 1981a, 1981b; Schmidt et al., 1980; Feick et al.,
1982) showed that bacteriochlorophyll synthesis is
reduced in the presence of oxygen and is induced
under anoxic conditions, even in the dark. The
structure of the photosynthetic apparatus is also
affected by oxygen. Lowering the oxygen partial
pressure increased the level of BChl ¢ and the number
and size of chlorosomes. However, the change in
ratio of BChl ¢ to BChl a indicated differential
regulation of these two pigments. Increasing light
intensity was accompanied by an increase in growth
rate (Pierson and Castenholz, 1974b; Oelze and
Fuller, 1987).

Using chemostat-grown cultures Oelze and Fuller
(1987) showed that the specific contents of both
BChl a and c increased with decreasing growth rate.

Golecki and Oelze (1987) showed that the number
of chlorosomes and the percentage of cell membrane
surface area covered by baseplates correlated directly
with the specific content of BChl a. As the specific
content of BChl «a increased linearly, the specific
content of BChl ¢ increased exponentially. This
increase in BChl ¢ is structurally accommodated by
increasing the volume ofthe chlorosomes, the density
ofthe BChl ¢ molecules within the chlorosomes, and
the number of chlorosomes (Golecki and Oelze,
1987). While the effects of growth rate, light, and
oxygen on pigment levels and ultrastructure are
complex, results of more recent studies are beginning
to clarify some of the physiological aspects of this
system.

In an effort to elucidate the mechanisms of
regulation by light and oxygen on synthesis of both
bacteriochlorophylls a and ¢, Oelze (1992) has studied
the impact of these factors on parts of the C,
biosynthetic pathway. By using batch cultures and
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serine-limited growth in chemostat cultures, it was
shown that gabaculine, which inhibits the first step in
5-aminolevulinic acid (ALA) synthesis, inhibits BChl
¢ synthesis more than BChl a synthesis. Oxygen
produced the same effect as gabaculine, thus reducing
the BChl c to a ratio. Light also appeared to act as a
control on ALA formation lowering the BChl c to a
ratio.

Other parts ofthe pathway may also be affected by
oxygen since addition of ALA to aerated cultures
produced higher levels of coproporphyrin but not
BChl (Oelze, 1992). Although the site of ALA
synthesis is clearly one important regulatory site for
oxygen and light, there may be other sites too, and
little is known about the mechanism of action oflight
and oxygen or even whether they act directly or
indirectly. It appears that BChl ¢ synthesis competes
with biomass synthesis for some common substrate
such as glutamate (Oelze, 1992) so that when biomass
levels are high, BChl ¢ levels are low. It was further
suggested that coproporphyrinogen excretion might
be a valve to eliminate excess precursors of BChl ¢
when a decrease in chlorosome production would
lead to their accumulation (Oelze, 1992).

The regulation of the protein components of the
chlorosomes may also be affected by oxygen. The
BChl ¢ is thought to be associated with a low
molecular weight (5.7 kDa) protein. This protein is
not synthesized as part of a large polypeptide
precursor that is posttranslationally cleaved into
functional fragments (Theroux et al., 1990). The
authors isolated the gene encoding this protein,
showing it to be a discrete gene (csmA.) whose
expression is regulated by oxygen either transcrip-
tionally or posttranscriptionally. Transcriptional
regulation would involve induction of message
synthesis by anaerobiosis. Posttranscriptional
regulation would require oxygen-dependent digestion
of the csmA messages (Theroux et al., 1990).

A greater understanding of regulation of pigment
synthesis requires isolation of key enzymes in theC,
biosynthetic pathway and study of their regulation.
Regulation of expression of the chlorosomal genes
will also elucidate the possible multiple roles of
oxygen in regulating the synthesis and assembly of
the entire photosynthetic apparatus. The use of
pigment mutants (Piersonetal., 1984b) could enhance
the understanding of the role of pigments in the
assembly of the photosynthetic apparatus.
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F. Physical and Chemical Factors Affecting
Growth and Distribution in the Environment

1. Temperature

Many aspects of thermophily have been studied in
C. aurantiacus and only a few references are cited
here. Optimal activity of several enzymes is between
45 °C and 70 °C. Isolated enzyme activities are
sometimes lower than activities measured in cells.
An amylase has been described with optimum activity
at 71 °C (Ratanakhanokchai et al., 1992).

The photochemical reaction center of Cf. auran-
tiacus has thermal stability (Pierson et al., 1983;
Nozawa and Madigan, 1991), a fact that has made it
applicable to the study of energy-requiring transport
phenomena in membranes from thermophilic
anaerobic bacteria. The reconstituted membranes
containing the thermostable reaction centers can
develop a proton motive force in the presence of
light under anaerobic conditions (Speelmans et al.,
1993). The special pair band within the reaction
center appears to be more sensitive to thermal
denaturation than the accessory pigment band
(Pierson et al., 1983; Nozawa and Madigan, 1991).

Membrane phenomena at high temperatures are
dependent not only on thermal stability of proteins
but on the stability ofthe inherent membrane structure
which is influenced by lipid phase transitions. Oelze
and Fuller (1983) determined the temperature
characteristics of growth and the membrane-bound
enzyme activities of NADH oxidase, succinate 2,6-
dichlorophenolindophenol reductase, ATPase, and
light-induced proton extrusion. Enzyme activities
were maximal at 65-70 °C but membrane phenom-
ena, such as proton extrusion, appeared to be
significantly altered at temperatures above 60 °C.
An apparent lipid phase transition occurred at
suboptimal temperatures (near 40 °C in cells grown
at 50 °C) which could contribute to a decrease in
photosynthetic efficiency.

The presence of the polyamine, sym-homo-
spermidine may contribute to thermal stability of
some components in cells of Cf. aurantiacus
(Norgaard et al., 1983), although this role remains to
be confirmed.

2. Salinity

Marine and hypersaline Chloroflexus-like organisms
occur at salinities ranging from 3.5% (Mack and
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Pierson, 1988) to 15% (Pierson et al., 1994). The
organisms of the latter habitat, when studied in
mixed culture, had an optimum salinity for growth of
10% and did not grow at salinities as high as 15%
even though they are exposed to such high salinities
at least transiently in nature.

3. Radiation
a. Ultraviolet Radiation

Cf. aurantiacus is surprisingly resistant to ultraviolet
radiation (Pierson et al., 1984b, 1993; Pierson, 1994).
Cultures were grown under anoxic conditions in the
light in the presence of continuous UV-C radiation
with near normal growth rates but depressed yields
(Pierson et al., 1993). Cf. aurantiacus grew very
well in a continuous UV-C irradiance of0.01 Wm,
alevel that was lethal to E. coli (Pierson et al., 1993).
Although nothing is yet known of the mechanisms of
UV resistance in Cf. aurantiacus, such tolerance
may represent a relict of specific adaptations to
growth in shallow mat communities early in the
Precambrian prior to the existence of oxygen and a
protective ozone layer (Pierson, 1994; Pierson et al.,
1993).

b. Visible and Near Infrared Radiation

As a phototroph Cf. aurantiacus is dependent on
light to sustain its primary growth in the natural
environment of hot spring microbial mats. With
carotenoids, BChl c and a as important photosynthetic
pigments, these cells seem well-adapted to using
much of the visible and NIR parts of the spectrum.
By using a fiber optic probe to measure spectral
irradiance within the microbial mats (Pierson et al.,
1990), it has been possible to demonstrate which
wavelengths are available to sustain photosynthesis
at a given depth in the mat community where
Chloroflexus cells may be found and to show which
wavelengths are attenuated by specific layers of
bacteria including Chloroflexus. In most mat habitats
wavelengths below 600 nm are attenuated just below
the surface leaving primarily red and NIR wave-
lengths penetrating to the depths at which Cf.
aurantiacus and other Chloroflexus-like organisms
are found (see Figs. 7 and 8 in Chapter 5 by Castenholz
and Pierson). Consequently in the hot spring
environment it appears that Chloroflexus must rely
on the absorption bands at 740, 805, and 865 nm
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from BChl ¢ and a to sustain phototrophic growth.

The marine and hypersaline Chloroflexus-like
organisms are also often found in microbial mats at
depths which are exposed to irradiances containing
only red and NIR wavelengths (Pierson et al., 1994).

When Chloroflexus-like organisms are in plank-
tonic habitats, they are usually found fairly deep in
anoxic zones where all NIR is eliminated. Conse-
quently the photosynthetic activity of members of
the Chloroflexaceae there will be dependent on the
visible spectrum.

G. Motility and Tactic Responses

All of the filamentous bacteria discussed in this
chapter appear to be capable of slow gliding motility,
but few quantitative data are available. Chloroflexus
aurantiacus and the broader filaments of Heliothrix
oregonensis (F-2 and F-1, respectively, Pierson and
Castenholz, 1971) moved at apparently maximum
rates 0f 0.04 um s™' and 0.4 um s, respectively, on
agar in a uniform light field. Heliothrix displays a
clumping phenomenon similar to that of many gliding
filamentous cyanobacteria (see Pierson et al., 1984a).
In the even broader filament type of Oscillochloris
chrysea, gliding rates of 7 ums™' were recorded
(Gorlenko, 1989a). This is a very rapid rate even for
fast gliding species of the cyanobacterial genus,
Oscillatoria.

Tactic behavior has also been observed in many
field populations of Chloroflexus and Chloroflexus-
like organisms, but no rigorous tests of the nature of
the stimulus have been made. Chloroflexus-like
organisms are known to migrate to the surface ofhot
spring mats in darkness (Doemel and Brock, 1974)
and this behavior has been attributed to positive
aerotaxis. Similar behavioral responses may occur
in Heliothrix and the red filamentous bacteria of
many Yellowstone hot springs (Boomer et al., 1990;
Pierson et al., unpublished). On the other hand,
populations of Chloroflexus-like filaments in
hypersaline mats appear to remain in anoxic
underzones below both the sedentary and vertically
migrating cyanobacterial populations (Garcia-Pichel
et al., 1994).

H. Associations with Other Organisms
The little that is known about intimate associations

with other organisms comes from studies of photo-
or chemo-heterotrophic Chloroflexus and the
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photoautotrophic cyanobacteria of hot springs. These
are discussed in Chapter 5 by Castenholz and Pierson.
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Summary

Phototrophic sulfur bacteria often form mass developments in aquatic environments, either planktonic or
benthic, where anoxic layers containing reduced sulfur compounds are exposed to light. This chapter
summarizes a number of reports from the literature, collecting the information on the abundance of these
bacteria as well as on their contribution to primary production. From the point of view of population dynamics,
the abundance of these organisms is the consequence of a certain balance between growth and losses. Both
specific growth rates, and specific rates of loss through several processes are analyzed in several environments,
in an attempt to generalize on the growth status of blooms of phototrophic sulfur bacteria. The information
available indicates the existence of an upper limit for the production of these bacteria in nature, and seems to
suggest the existence of an upper limit for biomass based in the balance between growth and losses.

The chapter also reviews the main variables affecting growth of phototrophic sulfur bacteria in nature, paying
attention both to the in situ status of these variables and to the functional response of the organisms to each of
them. All of this information is integrated in a section in which several case-studies are described, and which
emphasizes the role fluctuations play on competition and coexistence between different phototrophic sulfur

bacteria.

l. Introduction

Phototrophic sulfur bacteria are organisms commonly
foundinilluminated aquatic environments containing
hydrogen sulfide. Since the first observations, made
at the end of last century, their presence has been
repeatedly reported in lakes and sediments all over
the world, and a number of reviews has been published
gathering information on several aspects of their
biology (Pfennig, 1978, 1989; Van Gemerden, 1983;
Van Gemerden and Beeftink, 1983; Madigan, 1988;
Caumette, 1989; Drews and Imhoff, 1991).
Observations on phototrophic sulfur bacteria have
been reported as early as 1888 (Pfennig and Triiper,
1992). Many of the reports constitute casual
observations on their presence and abundance or
short term studies. More recently, communities of
phototrophic sulfur bacteria have been studied for an
extended period oftime, sometimes spanning several
years. In these cases, a great deal of information
regarding that particular environment can be found
in a number of different publications. Such is the
case of Lake Vechten in The Netherlands (Steen-
bergen, 1982; Steenbergen and Korthals, 1982;
Steenbergen et al., 1987) or Lake Cisé in Spain
(Guerrero et al., 1985; Van Gemerden et al., 1985;

Abbreviations: 3-MPA - 3-mercapto propionate; A — affinity;
BChl - bacteriochlorophyll; D — dilution rate; DMDS — dimethyl
disulfide; DMS — dimethyl sulfide; DMSO —dimethyl sulfoxide;
DMSP — dimetyl sulfonio propionate; Ks — saturation constant;
MSH - methanethiol; RuBisCO - ribulose bisphosphate
carboxylate; Y — yield factor; y — specific growth rate; g, —
maximum specific growth rate

Mas et al., 1990; Gasol et al., 1991; Pedrds-Alié and
Guerrero, 1993). Of interest are also the detailed
observations made by different investigators in the
former Soviet Union and compiled by Gorlenko et
al. (1983), as well as the extensive work carried out
in Japanese lakes (Takahashi and Ichimura, 1968,
1970; Matsuyama and Shirouzu, 1978; Matsuyama,
1987) or in several different lakes in the USA (Parkin
and Brock, 1980a, 1980b, 1981).

The present chapter attempts to approach the
ecology of these organisms by, first, providing
background information on their abundance and
activity in natural environments and trying to extract
general patterns from the information available and,
second, by reviewing some relevant data on their
physiology, which allow the interpretation ofa number
of situations commonly found in nature.

Il. Characteristic and Vertical Structure of
the Habitats

Phototrophic sulfur bacteria thrive in two different
types ofenvironments, either in stratified lakes, where
they can occupy the top ofthe anoxic layers, or on the
top millimeters of shallow aquatic sediments, where
they can sometimes be detected in the anoxic zone,
underlying layers of oxygenic phototrophs. Their
development requires the existence of the physical
structure needed to avoid vertical mixing and to
allow the establishment of an illuminated anoxic
compartment. In planktonic environments, this
structure is provided either by thermal stratification,
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as in holomictic lakes, or by differences in density
related to differences in the concentration of solutes,
as in meromictic lakes. In holomictic lakes, thermal
stratification develops during spring and summer
when the sun warms up the surface layers, and
disappears with the coming of cold weather. In
meromictic lakes, stratification is permanent, lasting
for more than one season and, thus, permits a more
permanent community. Both thermal and chemical
stratification provide a stable environment where,
except for gentle variations in the vertical position of
the interface which in most cases can be easily
followed by the organisms, phototrophic sulfur
bacteria enjoy a rather stable situation. An example
of a planktonic community of phototrophic sulfur
bacteria can be observed in Fig. 1 corresponding to
Lake Vilar (Spain). The left panel ofthe figure shows
vertical profiles of oxygen and hydrogen sulfide. The
central panel displays the vertical distribution of
purple and green bacteria. Purple sulfur bacteria are
positioned forming a very narrow band (around 10
cm) atthe interface, while green sulfurbacteria, with
a lower biomass are found underneath. Measurements
of the rates of carbon dioxide fixation and sulfide
oxidation, shown in the third panel, indicate low
activities at the bottom of the plate and comparably
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high activities at the top and at the middle of the
plate. Because biomass at the top is considerably
lower, the specific activity is higher, an observation
which is in agreement with a higher irradiance at the
top of the plate (Guerrero et al., 1985).

Benthic communities, more often referred to as
microbial mats, occur at a different scale. Figure 2
shows a vertical profile of the distribution of
phototrophic sulfur bacteria in a laminated sediment
in Scapa Beach (Orkney Islands), as well as vertical
profiles of oxygen and hydrogen sulfide at different
times ofthe day. Although the overall structure of the
system is quite similar to the structure observed in
planktonic environments, bacteria in sediments face
a rather different situation. As in the case of lakes,
sediments also provide the physico-chemical
conditions required for the development of photo-
trophic sulfurbacteria. However, due to the difference
in scale involved, certain characteristics differ
remarkably between both environments:

a) Sediments, especially in littoral areas, are much
more subject to external factors such as tidal
movements. The presence of the oxic layer often
depends on the activity of oxygenic phototrophs
occupying the upper part of the sediment. Since
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Fig. 1. Vertical profiles of oxygen, sulfide, and turbidity (left panel), irradiance and biovolumes of populations of purple and green sulfur
bacteria (middle panel), and rates of CO, fixation and sulfide oxidation (right panel) in Lake Vilar, Spain. Measurements were performed

at zenith in July, 1982. Redrawn from Guerrero et al. (1985).
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Fig. 2. Vertical profiles of sulfide and oxygen at 1 p.m. (left panel) and 7 p.m. (right panel) in the bloom of Thiocapsa roseopersicina
developing on Scapa Beach, Orkney Islands, Scotland. The middle panel shows the vertical distribution of bacteriochlorophyll a, the
upper maximum represents the present bloom, the maximum at 8—9 mm reflects an earlier, buried, bloom. Redrawn from Van Gemerden

et al. (1989a).

production of oxygen by these organisms depends
on light, these environments display dramatic
variations in the position of the oxic/anoxic
interface. These variations expose phototrophic
sulfur bacteria living there to fluctuations in the
levels of oxygen and hydrogen sulfide that, no
doubt, influence the metabolic profile needed to
successfully colonize these environments.

b) Benthic communities of microorganisms are
characterized by an extremely high population
density in a relatively thin layer. Because microbial
activity is much more concentrated in these
sediments than in planktonic layers, the biological
contribution to the chemical processes occurring
at the interface is also much more important.
When comparing the contribution of biological
processes to the oxidation of reduced sulfur
compounds in oxic/anoxic interfaces, Jgrgensen
(1982) draws attention to the fact that in the Black
Sea where the interface spans 35 meters, the
oxidation of sulfide is mainly abiotic, while in a
microbial mat where the interface occupies only
50 um, the oxidation is mediated predominantly
by microorganisms.

¢) The fact that microbial mats have small vertical
dimensions, are rich in organic matter, and occur
in exposed surfaces, makes these communities
potentially unstable, as they are exposed both to
erosion, and grazing by a number of different
predators. Thus, their occurrence is relatively
precarious, being found in many cases only during
reduced periods of time, or more permanently, in
areas where the existence of extreme conditions
reduces the presence and the impact of invertebrate
predators (Awramik, 1984).

d) The spectrum of light available to phototrophic
sulfur bacteria in planktonic environments is
strongly modified due to absorption by water,
becoming enriched with depth in the yellow-green
part of the spectrum. Sediments, on the contrary,
offer a light climate much more enriched in the
near infrared. These differences in light quality are
likely to influence the composition ofthe microbial
community inhabiting each environment.

As a consequence of these factors, important
differences in the composition of the community of

phototrophic sulfur bacteria might be expected
between planktonic and benthic environments. Many



Chapter 4 Ecology of Phototrophic Sulfur Bacteria

data have been gathered on their occurrence in lakes,
unfortunately, the data available on microbial mats
do not yet allow a generalization in that respect.
However, as will be shown in the following sections,
the physiological characteristics of some organisms
make them good candidates to occupy the sediment
niche.

lll. Distribution and Abundance of Photo-
trophic Sulfur Bacteria in Nature

Somehow, most of the literature available describes
the occurrence of phototrophic sulfur bacteria in
lakes and, only recently, detailed descriptions of
benthic systems have been published. Many old
reports contain little information besides the
mentioning of the organisms, and some estimates of
their abundance, based on total counts under the
microscope. More recent reports also give informa—
tion on the type of Bchl as well as their concentrations.
Information on the major carotenoids, although
extremely interesting from an ecological and
taxonomic point of view, is seldom provided although,
when the organisms have been identified, it can
easily be deduced. After going through a rather
exhaustive examination of the literature, we made a
selection of the cases in which, besides a report on
the occurrence ofa certain organism, estimates ofits
abundance were also provided. The information, for
both planktonic and benthic environments, has been
summarized in Table 1.

A. Planktonic Environments

The systems described are representative for all sorts
of planktonic environments, and display a wide range
of different physico-chemical variables. Habitats for
phototrophic sulfur bacteria can be found ranging
from freshwater, to marine or even hypersaline
environments. Some of these have a karstic origin,
while others are close to the sea shore and thus
exposed to intrusions of sea water. From a preliminary
examination of the cases listed in Table 1, no clear
regularities can be readily deduced.

The depth at which phototrophic sulfur bacteria
occur in lakes is a function of the depth of the oxic/
anoxic interface. In most cases, the latter is a
consequence of the morphometry of the water body,
its exposure to wind, the degree of thermal stability
and the surface to volume ratio (Hutchinson, 1957).
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The depth of the interface is likely to affect both the
quantity and the quality of the light reaching the
bacterial layer. Thus, certain organisms might be
better adapted to the light climates predominant at
higher depths, while others are better suited for
growth closer to the surface. Since carotenoids are
the main photosynthetic pigments responsible for
light harvesting in planktonic environments, the
different organisms listed in Table 1 were grouped
according to their carotenoids. Their distribution
with depth is represented in Fig. 3, in which the
upper panel shows the occurrences reported of each
carotenoid, and the lower panel displays their actual
distribution with depth. In the case of purple sulfur
bacteria, okenone seems to be the most frequent (36
cases), spirilloxanthin, lycopenal and rhodopinal
occurring in a much lower number of cases (10, 7
and 4, respectively). In the case of purple bacteria, no
clear pattern seems to emerge, except perhaps for the
presence of lycopenal- and rhodopinal- containing
organisms closer to the surface. However, the small
number of cases involved does not allow to reach any
firm conclusion. Within the green sulfur bacteria, a
pattern which has already been reported and explained
by Montesinos et al. (1983) emerges clearly. Green
sulfur bacteria containing isorenieratene (brown-
colored species) are usually found at deeper layers
(average 14 m) than their chlorobactene containing
counterparts (average 6 m).

The maximum abundance at which phototrophic
sulfurbacteria are found in planktonic environments
varies within several orders of magnitude. In Table 1
maximum abundance have been expressed either as
the concentration oforganisms or as the concentration
ofphotopigments, in which BChl a and b correspond
to purple sulfur bacteria and ¢, d and e, to green
sulfur bacteria. In order to better visualize how often
these bacteria are found at a certain abundance, the
frequency distribution of the abundance has been
plotted in Fig. 4. In the upper panel, apart from
Mahoney Lake (British Columbia, Canada) in which
population densities reach 4 x 108 cells-ml™, 50% of
the cases lay in the interval between 2.4 x 10* and 4
x 108¢ells'ml™. The lower panel shows the distribution
of BChl which ranges from approximately 10 to
1000 ug-1-',with 50% of the cases being between 35
and 451 pgl”. In some cases, abundance was
available as the amount of BChl per square meter
(Table 2). In some cases values between 1000 and
2000 mg BChl a'm™ have been observed. These
values, as will be discussed in section VII, are close
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Table 1.  Summary of the distribution and abundance of phototrophic sulfur bacteria in natural environments. Data have been sorted by
lakes. Only reports giving an estimate of the abundance have been included
System Organism Depth (m) BChl e BChl-T! cells'ml™! Ref
PLANKTONIC
Arcas—2 Chromatium weissel 9.25 a 100 1.0 10# (1)
Banyoles 111 Chromatium minus 13 a 4 - (2)
Chlarobium phacobacteroides 17 e 20 - (2)
Banyoles [V Chromatium minus 13 a 16 — 2)
Chiorobium phaeobacteroides 15 e 0 (2)
Banyoles VI Chromatium minus 13 a 6 — (2)
Chiorabium phaeobacteroides 15 e 16 - (2)
Belovod Chramatium okenit 10-13 - - 5.0% 107 3)
Biétri Bay Chromatium gracile 35 a 65 — (4,5)
Chraomatium violascens
Chromatiunt vinosum
Chlorabium vibriaforme 4 d 60 - 4,5)
Chlarobium phaeobacteroides 4 e 50 - (4,5)
Pelodictyon
Big Soda Lake Ectothiorhodospira vacuolata 21-22 a 150-200 = (6,7)
Black Sea Chlorobium phaeobacteroides 74 e 1 — i (&)
Thiocapsa roseopersicing 160-200 - - 23 1P (9)
Bol'shoi Kichier Ancalochloris perfilievii 575 - = 1.0 % 108 (28)
Peladictyon luteolum f - - 4.0 x 108 (28)
Buchensee Chioronema giganteum 8 d 15 - (10)
Chemoe-Kucheer Chlorobium 4 - - 5.0% 100 (29)
Chernyi Kichier Pelodictyon luteolum 4 - - 7.5% 108 (28)
Ancalochloris perfilievii 6 = = 2.0 % 106 (28)
Cisi Chromatinm 2 a 450 7.6 % 10* (11,12)
Amuoebabacter 235 - - 7.5% 10° (11.12)
Chilorobium 2-3 c,de 50 7.9%10% (11,12)
Cullera Chlorobium phacovibrioides 4 e 10 - (13
Deadmoose - - a 1355 (14)
Lamprocystis roseopersicing 9-5.2 a 120-250 = (15,16)
Estanyol Nou Chromatium minus 4 a 280 7.3%10° (17
Faro Chlorobium phaeobacteroides 12-15 - - 40%10° (18)
Fayetteville Green Chiorobiym phaeohacreroides 18-20 - - 1.2 108 (19
Fidler Chlorobium limicola 273 c 900 3.0x10° (30
Chlorabium 3 d 4000 4.0 100 31
Fish Thiopedia 10 a 4-5 - (20)
Chlorobium 13 a, d 32 - 20
Pelodictyon 11 d 13 - : (200
Gek Gel Chiorobium phacobacteroides 30.5 - - 35%10° (22)
Hamana - Il [+ 61 - (23)
Haruna - 13-14 a 24 - (23)
Harutori - 36 de 543 - (23)
Holmsjdn Chromatium sp. 4 a 484 — (24)
. 4-45 d 4000 iy _ (24)
Kaiike Chromatium 4.75-6 - - 53x10° (32,33)
Kinneret Thiocapsa roseapersicina 18 - - 1.0x 107 (25)
Chiarobium phaeobacteroides 18 - - 1.0 % 10% (25)
Kisaratsu - 6.2 a 186 - (23)
- 6.2 de 828 - (23}
- 7 - - - (23)
Knaack Clathrochloris 1.75-2.5 c.de 550-575 - (20,26)
Chiorobium
Pelodictyon
Konen’er Amoebobacter roseus 10.75 - 4.0x10° (34)
Kuznechikha Chivrochromatium aggregatim 6 - - 2.6 x 10° (28)
Chloronema giganteum
Laguna de la Cruz Chromatium 16 a 100 27)
Thiocapsa
Chiorohium 16 d, e 300 - (27)
Lesnaya Lamba Pelodictyon clathratiforme 4.3 - - 2.0 10° (39)
Pelodictyon luteolum
Chlarochromatium aggregatum
Chloronema giganteum
Mahoney Amaoebobacter purpureus 6.68 a 20880 4.0x 108 (40)
- 7.5-8.3 a 7090 - (41)
Mary Pelodicrvon 35 d 1o — (21)
Cathrochloris
Chlorobium
Mirror Chlorobium 10-10.5 a,d 145 — (21,20)
Lamprocystis 875 a 14 = (20)
Chromatium
Myshin'er Amoehobacter roseus 13.5 - - 1.0 10 (28)
Thiocapsa
Felochramatium roseum
Mittlerer Buchensee Amoebobacter purpureus 9 a 50 - (42)
Pelodictyon phaeoclathratiforme 9 d.e 100 = (42}
Pelochromatium
Mogilnoye Chiorobium phaeovibrivides 9.5-10.5 E 24% 107 (40)
Pelodicryon phaeum
Prosthecochloris phacoasteroidea 9.5-10.5 - - 4.5 10° (40)
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Table 1. Continued

System Organism Depth (m) BChl g BChl1! cells-ml™! Ref
Mutek Chiorobium limicola 4 c 184 - (44)
Paul Prosthecochloris, Pelodictyon 6.5 d 421 - 20
Peter Chlorobium 10-14 a, d 11 - (21)
Pluss—See Clathrochloris hypolimnica = 5.0%10° (45)
Thiopedia rosea 5 = - 5.0 %108 (45)
Pelochromativm roseum 6 - 5.0x 107 (45)
Pomyaretskoe Chlorobium vibrioforme 325 - - 4.6%107 (46)
Popéwka Mala Chlorobium limicola 4 c 150 - 47
Chlorobium limicola 46 T 538 - {44)
Popowka Wielka Chiorobitm limicola 15 ¢ 3410 - (44)
Puddledock Chlorobium limicola 45 c 410 (48)
Thiopedia rosea 6 a 107 - (48)
Reproe Chlorobium phaeovibrioides 5.75 = - 35% 107 (35)
Rose Pelodictyon, 4 d 550 - 2n
Clathrochloris
Chlorebium
Rotsee Pelochromatium roseum 1.5 - - 29x10° (49)
Thiopedia rosea 7 - - 31x10° (49)
Lamprocystis roseopersicing 7.5-9.5 - = 35x 10t (49)
Schleinsee Chloronema giganteum 6 d 34 = (10)
Solar Lake Chromativym sp. 2528 a 20 - (50)
Chromatium violascens 1-3 - - 1.0 % 10° (51)
Prosthecochloris 3-4.5 - - 2.0 x 106 (51)
Suga - 8.6 a 120 - (23)
- 86 de 148 - (23)
Suigetsu Chromatium 7 - - 900" (36)
- 83 a 81 - (23)
- 8.5 de 100 - (23)
Vae San Juan Amoebobacter roseus 10 - 2 22x 100 (52)
Pelodictyon phaeum 10 - . 6.8 10° (52)
Vasikkalampi pond Chilorobium limicola 4-5 c 300 - (53)
Pelodictyon luteolum
Chlorochromatinm aggregatum
Vechten Thiapedia 6.2 a 3 50-1500 (37
Chloronema 6.2 d 15 7.0x% 10} (37)
Chlarobium phaeobacteroides 76 e 20 - (37
Chloronema giganteum 6 d 30 = (10)
Yelsovo Pelodictyon phaeum 1.5 - - 9.0 x 10 (38)
Vilar Chromartium 42 a 900 3.4x10° (11)
Chilorobium 44 ¢, d,e 200 3.9x 10° (n
Wadolek Chilorobium limicola 6 c 400 - (54)
Waku-lke - 2.5-3 ¢ 79.5 - (23)
Waldsea Chiorobitim sp. 78 d 2325 - (14)
Chlorobium sp. 19 d 2325 - (16)
Zaca Thiopedia rosea 6-8 a 203 - (35)
Systemn Organism Depth (mm) BChl g BChlT? cellsml! Ref
BENTHIC
Ebro Delta Chromatium gracile 254 a 150467 - (56)
Thincapsa roseopersicing
Chromatium sp.
Mellum Thiocapsa roseapersicina 0-13 a 125-310 - (57)
Chromatium
Thiopedia
Ectathiorhodospira
Scapa Bay Thiocapsa roseopersicina 0-5 a - 29x10° (58)
Thiocapsa roseopersicina 2-25 a 900 - (58)
Schiermonnikoog Thiocapsa roseopersicina 3-3.5 a 100 - (59)
Sippewissett Thiocapsa roseopersicina 34 a 242 - (60)
(layer 3) Chromatium
Thincystis
Sippewissett Thiocapsa pfennigii 56 b, ¢ 52,114 - (60}
(layer 4) Prosthecochloris aestuarii
Sippewissett Prosthecochloris aestuarii 6-7 b,c 40, 117 = (60)
(layer 5) Thincapsa pfennigii
Swanbister Bay Thiocapsa roseopersicing 0-3 a 160-500 - (61)
Thiocapsa roseopersicina 0-5 a = 2.4 %107 (58)
Texel Thineapsa roseopersicina 0-5 a - 1.0x 107 (62)
Thiocapsa roseopersicina 255 a 440 — (63)

tmg Cm3-d !, ®platelets'mi™, ¢ most probable number counts, (1) Vicente et al.1991, (2) Garcia-Gil and Abella1992, (3) Sorokin 1970, (4} Caumette et al. 1983, (5)
Caumette]1984, (6) Cloern et al. 1983a, (7) Cloem et al. 1983b, (8) Repeta et al. 1989, (9) Dickman and Artuz1978, (10) Garcia-Gil and Abella 1992b, (11) Guerrero et
21.1985, (12) Pedros—Alié and Guerrero, 1993, (13) Miracle and Vicente1985, (14) Lawrence et al. 1978, (15) Parker and Hammer 1983, (16) Parker et al.1983, (17) Abella et
al. 1983, (18) Sorakin and Donato 1975, (19) Culver and Brunskill 1969, (20) Parkin and Brock 1980b, (21) Parkin and Brock 1980a, (22) Dubinina et al. 1973, (23)
Takahashi and Ichimura 1968, (24) Lindholm et al. 1985, (25) Bergstein et al. 1979, (26) Parkin and Brock 1981, (27) Vicente and Miracle 1988, (28) Gorlenko et al. 1983,
(29) Kuznetsov 1970, (30) Baker et al. 1985, (31) Croome 1986, (32) Matsuyama 1981, (33) Matsuyama and Shirouzu 1978, (34) Gorlenko and Kusnezow 1972, (35)
Gorlenko et al. 1973, (36) Matsuyama 1978, (37) Steenbergen et al. 1989, (38) Gorlenko et al. 1974b, (39) Dubinina and Kuznetsov 1976, (40) Overmann et al. 1991, (41)
Hall and Northcote 1990, (42) Overmann and Tilzer 1989, (43) Gorlenko et al. 1978, (44) Czeczuga 1965, (45) Anagnostidis and Overbeck 1966, (46) Gorlenko et al. 1974a,
(47) Czeczuga 1966, (48) Banens 1990, (49) Kohler et al. 1984, (50) Jargensen et al. 1979, (51) Cohen et al. 1977, (52) Romanenko et al. 1976, (53) Eloranta 1985, (54)
Czeczuga 1968, (55) Folt et al. 1989, (56) Mir et al. 1991, (57) Stal et al. 1984, (58) Van Gemerden et al. 19893, (59) De Wit et al. 1989, (60) Pierson et al. 1987, (61) Van
Gemerden et al, 1989b, (62) Visscher and Van Gemerden 1991a, (63) Visscher et al. 1990
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Fig. 3. Occurrence of blooms of phototrophic bacteria containing
different carotenoids. The upper panel shows the number of
cases in each category, the lower panel shows the depth of the
bloom in the water column. The box encloses the depth interval
at which 50% of the cases are found, the vertical bar indicates the
upper and lower limits of the depth distributions, the hotizontal
line inside the box indicates the average depth ofall cases. Based
on literature data presented in Table 1.

to the theoretical maximum for the biomass of
phototrophic sulfur bacteria.

B. Benthic Environments

Most of the cases collected in Table 1 describing the
presence of phototrophic sulfur bacteria in benthic
environments correspond to sandy sediments close
to the seashore, either beaches or tidal flats. The
presence of these organisms has also been
described in other benthic microbial communities
such as those occurring in hypersaline lagoons like
Laguna Figueroa (Stolz, 1983, 1990) or Laguna
Guerrero Negro (Javor and Castenholz, 1981, 1984;
Jgrgensen and Des Marais, 1986b; D’ Amelio et al,
1989), or in hot springs (Castenholz, 1984, 1988;
Madigan, 1984).

Due to the rapid extinction oflight in the sediments,
developmentofphototrophicsulfurbacteriaisusually
limited to the upper 5 millimeters. The predominant
organism in most systems seems to be Thiocapsa
roseopersicina which can reach between 10¢and 10’
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Fig. 4. Frequency distribution of cell number (upper panel) and
bacteriochlorophyll concentration (lower panel) in blooms of
phototrophic sulfur bacteria. Based on literature data presented
in Table 1.

cellscm™. Since these values correspond to most
probable number viable counts, the actual numbers
might be somewhat higher. Concentrations of
bacteriochlorophyll lay in most cases between 100
and 500 ug-em™. However, the maximum concen-
tration found might depend to some extent on the
resolution of the sampling, with finer resolution
allowing for the detection of more narrow and
concentrated layers.

IV. Contribution of Phototrophic Sulfur
Bacteria to Primary Production

Besides the abundances mentioned in the previous
section, some studies also provide data on CO,
fixation. In some cases, the datahave been integrated
and are provided per square meter on a daily basis. In
very few instances, the contribution to primary
productivity is available on a yearly basis. The
available rates (ug C-m-d™") are shown in the upper
panel of Fig. 5. Although the maximum value of
5750 pg C:m>-d™ measured by Wetzel (1973) in
Smith’s Hole constitutes the highest measure reported
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Table 2. Integrated amount of bacteriochlorophyll in diferent
environments

System mg BChl-m Ref
Big Soda Lake 300-480 (n
Lake Ciso 1000-2000 (2)
Lake Hamana 72 (3)
Lake Haruna 36 (3)
Lake Harutori 587 (3)
Kisaratsu reservoir 25-352 (3)
Knaack Lake 300 4)
Mahoney Lake 780-1050 (5,6)
Lake Suga 79-119 (3)
Lake Suigetsu 138-182 (3)
Lake Waku-Ike 235 (3)
Lake Waldsea 698 (7
Scapa Beach 2000 (8)

(1) Cloem et al. 1983, (2) Mas et al. 1990, (3) Takahashi and
[chimura 1968, (4) Parkin and Brock 1981, (5) Overmann et al.
1991, (6) Hall and Northcote 1990, (7) Lawrence et al 1978, (8)
Van Gemerden et al, 1989

until now, the distribution in Fig. 5 seems to indicate
that maximum rates usually are much lower,
approximately between 50 and 500 ug C-m=>-d-'.

In order to have a better idea of the extent to which
phototrophic sulfur bacteria contribute to the carbon
cycle of their environments, the values available on
their total annual production have been compiled in
Table 3. The data indicate that phototrophic sulfur
bacteria indeed can play a very active role as primary
producers in some environments. However, since the
occurrence of these organisms in anoxic layers
containing hydrogen sulfide probably restricts the
role of aerobic grazers, it is not clear whether the
carbon they fix will have any impact on the overall
trophic structure oftheir environments. Furthermore,
measurements of the content of stable carbon and
sulfur isotopes in consumers of several meromictic
lakes containing abundant populations of photo-
trophic sulfurbacteria seem to rule out the hypothesis
of a food web based mainly on bacterial primary
production (Fry, 1986).

Because photosynthetic activity depends on light,
and in situ irradiances decrease with depth and with
the concentration of algae in the surface layers,
production by phototrophic sulfur bacteria will be
high both in shallow lakes (Lake Cis6, Smith Hole)
and in lakes where, although deeper, contain little
algae (Fayetteville Green Lake). A good correlation
seems to exist between the fraction (in %) ofthe total
primary production due to phototrophic sulfur
bacteria, and the amount of light reaching the anoxic
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Fig. 5. Frequency distribution of the rate of CO, fixation in
blooms of phototrophic sulfur bacteria (upper panel) and the
productivity of these organisms in relation to the light intensity in
% of the surface irradiance reaching the depth of the bloom
(lower panel). Based on literature data presented in Table 1.

layers (Parkin and Brock, 1980a). A similar
correlation can be established between the total
amount of CO, fixed through anoxygenic photo-
synthesis by these organisms (per square meter and
per day) and the amount of light (expressed as % of
the surface irradiance) reaching the layer of
phototrophic bacteria (Montesinos and Van Gemer-
den, 1986)(Fig. 5, lower panel). The good correlation
observed suggests that light is indeed the main factor
controlling primary production in blooms of
phototrophic sulfur bacteria. Extrapolation of a
regression line to 100% of surface irradiance actually
indicates the existence of an upper limit for the
production of phototrophic sulfur bacteria of
approximately 10* mg C-m2d".

This relationship, however, does not necessarily
indicate that phototrophic bacteria are limited by
light in all the cases included in the graph, it only
indicates the existence of an otherwise obvious
stoichiometry between light absorption and carbon
dioxide fixation.
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Table 3. Annual productivity of purple and green sulfur bacteria in various lakes

System

Smith Hole (USA)
Waldsea (Canada)

Big Soda Lake (USA)
Knaack Lake (USA)

Mittlerer Buchensee

(Germany)

Vae San Juan (Cuba)

Organism(s) Productivity Reference
(g Cm2yh (% of total)

i-‘:ii\-‘ctchillc Green Lake (USA) Chlorobium phaeobacteroides 239 83 (1)
Chromatium sp. 35 50 (2)
Chlorobium sp. 32 46 (3,4)

Deadmoose Lake (Canada) Lamprocystis roseopersicina 14 17 (4, 5)
Ectothiorhodospira vacuolata 50 10 (6)
Pelodictyon sp. 17 5 (7)
Clathrochloris sp.
Amoebobacter purpureus — 4 (8)
Pelodictyon phaeoclathratiforme

Lake Vechten (The Netherlands) Chloronema sp. 6 4 (9)
Thiopedia sp. (10)
Chromatium sp.
Amoebobacter roseus 14 3 (11)
Pelodictyon phaeum
Amoebobacter sp. 56 25 (12)

Lake Ciso (Spain)
Chromatium minus

(1) Culver and Brunskill 1969, (2) Wetzel 1973, (3) Lawrence et al. 1978, (4) Parker et al. 1983, (5) Parker and Hammer 1983, (6) Cloern
et al. 1983, (7) Parkin and Brock 1981, (8) Overmann and Tilzer 1989, (9) Steenbergen 1982, (10) Steenbergen and Korthals, (11)

Romanenko et al. 1976, (12) Garcia-Cantizano 1992,

V. Growth Rates in Nature

In situ specific growth rates of phototrophic sulfur
bacteria have been determined following two different
approaches. In one of them, estimates are based on
measurements of carbon dioxide fixation which are
converted into specific growth rates using the
following equation (Tilzer, 1984):

,u=ln(1+§) (1)

in which P is the rate of carbon dioxide fixation and
B is the biomass expressed as carbon. When
measurements are carried out at different depths
within the lake, estimates of g obtained using this
approach constitute a good indication of how the
organism responds to the specific set ofenvironmental
conditions prevailing at each depth. Since this
procedure is based on the assumption that all carbon
fixed results in growth, it tends to overestimate the
growth rate of organisms which synthesize storage
compounds.

Production-based estimates of the specific growth
rates described in the literature are rather close to the

maximum specific growth rates measured in the
laboratory (0.050-0.150 h™). Thus, Montesinos
(1987) found a specific growth rate of 0.074 h™'at the
top ofthe bacterial layer in Lake Cis6 where, although
biomass was rather low, light irradiance was 850
UE-m g7, Similar measurements carried out also in
Lake Cis6 (Garcia-Cantizano, 1992) give specific
growth rates between 0.094 and 0.144 h™!. The much
lower values reported for bacteria in the hypolimnion
of Zaca Lake (0.0030-0.0005 h) (Folt et al., 1989)
can be attributed to the poor light conditions prevailing
or, as the authors suggest, to the failure to locate the
layer of maximum activity at the top ofthe bacterial
plate.

A second approach for measuring growth rates in
situ requires a detailed follow up of the biomass
levels during an extended period of time, together
with a careful analysis of the main loss processes
such as sedimentation or predation which can
effectively decrease population levels (Tilzer, 1984;
Mas et al., 1990). This kind of studies assume that
net biomass changes occur due to the combined
effect of growth and a number of different loss
processes. The overall growth balance is described
by the following equation:
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dB !
L _(u-sr . 2
dt ('u i=zok’) 5 ( )

in which k; are the specific loss rates of the n different
factors taken into account. The measurement ofboth
growth and losses requires samples spaced by at
least several days, and vertical movement of the
interface and the microorganisms during this interval
can occur. Therefore, it is extremely difficult to carry
out this kind of study for different layers within the
bacterial plate, and measurements usually refer to
the population as a whole.

Specific growthrate estimates based on the analysis
of population dynamics are much lower than their
production based counterparts. The analysis of the
dynamics of phototrophic sulfur bacteria in Lake
Ciso reveals that during most of the time loss rates
are unimportant (0.025 and 0.015 d-') and that
population growth rates are also very low (0.063 and
0.037 d'), compensating for what little losses occur
and maintaining a constantly high biomass (1-2 g
BChl a'm™) (Mas et al., 1990). High population
growth rates are only observed when biomass levels
decline after periods ofintense washout which occurs
approximately once a year, during late winter/early
spring. Recovery ofthe initial biomass levels occurs
before summer in a pattern which can be observed
periodically during several years (Fig. 6, upper panel).
In a similar study Montesinos and Esteve (1984)
estimated population growth rates from the increase
in total biomass during summer stratification in four
Spanish lakes. The data obtained (0.008, 0.012, 0.019
and 0.024 d™") were somewhat lower, probably because
the negative effect of loss processes had not been
taken into account.

Considering the facts that the maximum values
found (0.063 d-') are about 40 times lower than the
maximum rates at which the organisms can grow
(= 2.4 d) and that carbon dioxide fixation based
estimates give values close to the maximum growth
rates of the organisms, it appears that only a fraction
of the population is growing at a certain moment.
Measurement of the specific rates of CO, fixation at
different depths within the bacterial plate certainly
indicate that the bacteria in the top few centimeters
ofthe plate are growing (Van Gemerden et al., 1985;
Montesinos, 1987) while the cells in the remainder
of the plate stay in a non-active yet viable state.

Determinations of photosynthetic activity and
specific growth rates in microbial mats have been
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Fig. 6. Integrated values of BChl @ in g'm~2 in Lake Cisé, Spain
(upper panel). Growth, indicated for each year by an vertical
arrow, is apparent only after the population density has been
decreased during the winter months, During the summer, losses
are balanced by growth resulting in rather constant population
densities. A similar phenomenon can be observed when the
population of purple sulfur bacteria on Scapa Beach, Orkney
[slands, Scotland, has been removed artificially, Within a week
the population density is restored. Redrawn from Mas et al
(1990, upper panel) and Van Gemerden et al. (1989b, lower
panel).

hampered by the technical problems involved. Some
attempts have been made to measure photosynthetic
rates in sediment slurries (Pierson et al., 1987), but
besides showing that photosynthesis in the lower
layers was saturated at lower irradiances that in the
upper layers, interpretation of the results is difficult.
Using a completely different approach Van Gemerden
etal. (1989a) scrapped the upper layer ofa Thiocapsa
mat in the beach of Scapa Bay, and followed the
recolonization of the exposed surface with time (Fig.
6, lower panel). The results indicate that growth went
on at a specific rate of 0.306 d!, leveling up at a
biomass of approximately 2 g of BChl a:m2.
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VI. Loss Processes

From a dynamic point of view, population levels are
the consequence of an equilibrium between growth
and losses. In planktonic environments losses by
bacterial death, predation and sedimentation seem to
play a prominent role, which in a few cases has been
quantified. In benthic environments identical or
similar processes are likely to occur although the
studies carried out so far do not provide any
quantitative data on their influence on the different
populations of bacteria.

A. Death

Loss of activity and subsequent death can occur in
populations of phototrophic sulfur bacteria exposed
to adverse conditions during extended periods of
time. One ofthe factors often summoned is exposure
to oxygen (Dickman and Artuz, 1978; Folt et al.,
1989), which is lethal for all green sulfur bacteria as
well as for some of the large-celled Chromatiaceae.
In stratified planktonic environments, exposure to
oxygen occurs only during mixing. In contrast in
benthic communities, in which the oxic/anoxic
interface fluctuates, organisms experience a daily
exposure to oxygen.

Leaving aside the deleterious effects of oxygen,
the main cause of viability loss is insufficient supply
of energy. When irradiance falls below a certain
threshold level, phototrophic sulfur bacteria are
unable to gather enough energy to fuel vital processes
such as turnover of macromolecules, osmotic
regulation or control of their internal pH. As a
consequence, the organisms lose viability, and
eventually die. Observations carried out in the
hypolimnion of Lake Cis6 show that, while cells in
the top and peak of the bacterial plate are 100%
viable, viability at the bottom of the plate decreases
rapidly with depth (Van Gemerden et al., 1985). The
decrease of viability is actually a function of the time
the organisms have been in the dark. Given that the
loss of viability occurs exponentially with depth at a
rate of -0.0142 cm™, and assuming that these bacteria
were sinking at a rate of approximately 1 em-d™!
(Pedros-Ali6 et al., 1989), a death rate of -0.014 d
can be calculated. This value compares well with the
maximum decomposition rates of —0.016 d-!
estimated for Chromatium (Mas et al., 1990).
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B. Predation

Since phototrophic sulfur bacteria live in anoxic
environments containing hydrogen sulfide, and this
compound is toxic for most ofthe potential predators,
it is generally assumed that predation does not play a
very importantrole as aloss process. Yet, the presence
of crustaceans or rotifers on top of the oxic/anoxic
interface feeding on the phototrophic bacteria
underneath, has been repeatedly reported (See
Table 3). In several cases the existence of grazing
was suggested by the red color of the zooplankton
which was placed right on top of the bacterial layer.
In some cases, the existence of grazing was confirmed
either through experiments involving uptake of
radioactively labeled bacteria (Takahashi and
Ichimura, 1968; Sorokin, 1970; Matsuyama and
Shirouzu, 1978) or analyzing the gut content of the
predators (Caumette et al., 1983). None of these
studies, however, provided any indication of the
actual impact of this feeding on dynamics of the
microbial community.

A quantitative study carried out in Crawford Lake
(Mazumder and Dickman, 1989) showed feeding
rates for the major predator, Daphnia, 0of0.3 — 1.6%
of the prey population per hour. Specific loss rates
calculated per hour range between —0.003 and
-0.016 h™'. Extrapolation of these rates to a 24 h
period would yield values between —0.072 and
—0.384 d™'. In a more recent study, Massana et al.
(1994) determined the impact of predation on the
microbial community of Lake Cisé during a bloom
of Daphnia pulex. Their results clearly indicate that
Daphnia feeds mainly on the microaerophilic protist
Cryptomonas phaseolus and only marginally on
phototrophic bacteria due to the presence of
hydrogen sulfide which somehow limits the vertical
distribution of Daphnia to the oxic layers. Even
though phototrophic bacteria constituted only a small
percentage of the diet of this organism, estimated
loss rates for Chromatium and Amoebobacter were
-0.092 d-' and —0.069 d-', respectively. These values
are high compared to previously observed population
growth rates in the same lake (Mas et al., 1990) but
could explain the specific rates of biomass decrease
(-0.100 d™'and -0.041 d™') observed during the
period ofthe bloom (Massana et al., 1994). The study
of the composition of stable sulfur and carbon isotopes
in the different trophic components of several
meromictic lakes containing phototrophic sulfur
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bacteria indicates that these organisms do not
contribute substantially to the carbon and energy
flow of those systems, again suggesting a marginal
role as a food source for the zooplankton living there.
While the vertical distribution of macroscopic
zooplankton is severely limited to the oxic layers,
several groups of ciliates have been described which
are well adapted to life in anoxic environments.
These organisms have been found in coexistence
with phototrophic sulfur bacteria (Dyer et al., 1986)
and can be considered as potential predators (Table 4).
Indications of grazing by ciliates on phototrophic
sulfur bacteria come from the early work of Sorokin
and Donate (1975), who observed the existence of
red digestive vacuoles in several ciliates. More
recently, Finlay et al. (1991) studied the anaerobic
ciliates present in Lake Arcas-2 and estimated, on
theoretical grounds, a consumption ofapproximately
6% of the prey biomass per day (equivalent to
—-0.062 d). In a similar study carried out in Lake
Cisé (Massana and Pedrds-Alid, 1994) a much lower
impact (0.1% of the prey per day) was found, as a
consequence of the low numbers of ciliates present
in that environment. The specific loss rate calculated
from the feeding rates(-0.001 d-') is too low to have
any effect on the population dynamics of the prey.
The ability to prey on phototrophic sulfur bacteria
is not limited to eukaryotic organisms and, in fact, a
couple of prokaryotic organisms have been described
(Guerrero et al., 1986) which seem to attack purple
sulfur bacteria, forming lytic plaques (Esteve et al.,
1992). One of them, an epibiont named Vampiro-
coccus, attaches to the surface of the prey where it
carries out its division. Electron micrographs suggest
that during the process the cytoplasm of the infected
cell undergoes major degradation (Esteve etal., 1983).
The second type described, Daptobacter, enters the
cytoplasm of the prey and divides inside. As in the
previous case, the prey is killed. The presence of
epibionts has been detected in several blooms of
phototrophic sulfur bacteria in which they can infect
a considerable fraction of the population (15—
94%)(Table 4). In the upper parts of the bacterial
plate where cells are active and viability is high, the
percentage of infected cells is very low, virtually
zero. In the layers below, where no light is available
and viability actually decreases with depth, the
percentage of infected cells increases (Guerrero et
al., 1986). This seems to suggest that these bacteria
are not operative at infecting healthy active
individuals, butrather attack cells which are somehow

61

impaired due to prolonged exposure to a limited
energy supply. Thus, because they are preying on the
non-reproductive part of the population, their impact
on population dynamics is likely to be small. A
different hypothesis has been put forward by Clarke
et al. (1993) for the epibiont they found in Arcas-2.
Since the organism does not form lytic plaques and
attaches to healthy cells, they suggest that it actually
grows heterotrophically on the organic carbon
excreted by the phototrophs.

C. Sedimentation in Planktonic Environments

Sedimentation is one ofthe main mechanisms through
which planktonic organisms are removed from the
water column. The extent to which sedimentation
affects population levels depends in fact on the sinking
speed (v)of the organism which, according to Stoke’s
Law

2 1
v=;'g'r2'(pCell_pH20)'H 3)

is a function of its size (r)(expressed as the radius of
a sphere equivalent in volume to the cell), the
difference between the density of the cell (p,,,) and
the density ofthe surrounding water (Pry0); and the
viscosity of water ().

Field measurements carried out during several
months on the volume and density of the two main
phototrophic sulfur bacteria present in Lake Cisd
(Pedrés-Ali6 et al., 1989) allowed for calculations of
the range of sinking speeds these organisms can
experience. In the case of Chromatium, density
remained rather constant between 1.13 and 1.16
pg-um= while cell volumes ranged between 31 and
58 um?. Amoebobacter (referred to as Lamprocystis
in the paper) changed its density between 1.07 and
1.13 pg-um~ and its volume (in this case the volume
of multicellular aggregates) between 31 and 97 um?.
Because sinking speeds, density, and viscosity ofthe
water are affected by temperature, calculations were
performed at the maximum and minimum temper-
atures (4 and 20 °C) measured in the lake. The
calculations predicted maximum sinking speeds of
11.5 ecm-d™! for Amoebobacter and 18.4 cm-d™' for
Chromatium, while minimum sinking speeds were
1.6 and 6 cm-d™ respectively. Actual measurements
of the sinking speeds of the two organisms using
sedimentation traps during a two year period (Pedrés-
Ali6 et al., 1989) gave values of less than 1 em-d™!,
lower than the minimum predicted by Stokes’ Law.
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Table 4. Principal organisms reported to prey on populations of phototrophic sulfur bacteria

Lake Predators Abundance®  Observations Reference
CRUSTACEANS AND ROTIFERS
several lakes Copepods - red color due to grazing on phototrophic bacteria (1)
uptake of '“C labeled bacteria
Fayetteville Daphnia 2-3 red color due to grazing on phototrophic bacteria (2)
Green Lake
Lake Kaiike Acartia 4 uptake of 14C labeled Chromatium (3)
Oithona 727
Paracalanus 13
Brachionus 1126
Biétri Bay Acartia 8 Analysis of the gut content indicates feeding (4)
Brachionus 170 on phototrophic bacteria
Cyclopoids 6
Lake Belovod Daphnia 122-190 migration following the bacterial plate (5)
Copepods 30-56 red color due to grazing on phototrophic bacteria
uptake of 'C labeled Chromatium cells
Lake Ciso Daphnia 80-130 red color due to the presence of hemoglobin (6)
8.8% of Chromatium consumed per day (-0.092 d')®
6.6% of Amoebobacter consumed per day (-0.069 d-')°
Crawford Lake Daphnia 15 0.3-1.6% of prey consumed per hour (7)
equivalent to (-0.003 to -0.016 hy
Devil’s Hole - B red color due to grazing on phototrophic bacteria (8)
CILIATES
Lake Faro Ukrostile sp. I mg ww:l""  red digestive vacuoles (9)
Trachelostyle
Ciso Plagiopyla <2000 0.1% prey consumed per day (-0.001 d"")® (10)
Metopus
Arcas-2 Caenomorpha 50000 6% prey consumed per day (-0.062 d™')® (11)
Lacrymaria theoretical estimate 0.4 gC.m2.d"!
Lagynus
Priest Pot Caenomorpha 10000 Caenomorpha follows prey distribution (12)
PREDATORY BACTERIA
Ciso epibiont - 41% of prey infected? (13,15)
Estanya epibiont - 60% of prey infected® (14)
Estanya epibiont - 94% of prey infected? (15)
Arcas-2 epibiont = 15% of prey infected? (16,17)

aAbundance expressed in number of individuals per liter, ®Specific loss rates calculated from the feeding rate, °Estimates based on
scanning electron microscope observations, 4Estimates based on microscopy counts. (1) Takahashi and Ichimura, 1968, (2) Culver and
Brunskill, 1969, (3) Matsuyama and Shirouzu, 1978, (4) Caumette et al., 1983, (5) Sorokin, 1970, (6) Massana et al., 1994, (7) Mazumder
and Dickman, 1989, (8) Goehle and Storr, 1978, (9) Sorokin and Donato, 1975, (10) Massana and Pedros-Alid, 1994, (11) Finlay et al.,
1991, (12) Guhl and Finlay, 1993, (13) Esteve et al., 1983, (14) Esteve et al., 1992, (15) Guerrero et al., 1986, (16) Vicente et al., 1991,

(17) Clarke et al., 1991

Sedimentation did occur at higher rates during certain
periods, but never exceeded 10 cm-d~'. Sedimentation
loss rates determined during the same period (Mas et
al., 1990) gave maximum values of —0.0149 d-' for
Chromatium and -0.0150 d=' for Amoebobacter.
Similar measurements carried out in Lake Vechten
(Steenbergen et al., 1987) gave higher sinking speeds
(16-27 cm-d") corresponding to a rather high specific
loss rate of —0.22 d'.

Formation of large aggregates would actually
increase theoretical sinking speeds by several orders
of magnitude. It is a rather common observation that

field samples containing dense populations of
phototrophic sulfur bacteria form macroscopic
aggregates when exposed to oxygen, which
subsequently sediment to the bottom ofthe container
in a few minutes. Thus, oxygenation of the layers
where the populations of purple sulfur bacteria reside
might bring up a similar phenomenon which would
result in a rapid clearing of the water column. In the
case of organisms containing gas vesicles, aggregate
formation might constitute a mechanism to increase
the speed at which they can position themselves at
their optimal depth. For individual cells possessing
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flagella, the tendency to sink can be easily overcome
through swimming. The swimming speeds reported
by Chromatium range between 20 and 30 um-s™
(Matsuyama, 1987; Mitchell et al., 1991), meaning
that individual cells could move between 170 and
260 cm-d™. These values probably constitute an
overestimation due to the random component of
bacterial movement; however it indicates clearly that
motile purple sulfur bacteria can easily overcome
their tendency to sink.

VII. Growth Balance, Maximum Biomass and
Production in Phototrophic Communities

In both the studies carried out in Lake Cisé (Mas et
al., 1990) and in Scapa Beach (Van Gemerden et al.,
1989a), apparent growth slows down to a virtual stop
at between 1 and 2 g of BChl a'm?s' This
observation, together with the systematic finding of
lower integrated values of BChl in other systems (see
Table 2), strongly suggests that these values actually
constitute an upper limit for the biomass of
phototrophic sulfur bacteria in nature.

The existence of an upper limit for the biomass of
phototrophic sulfur bacteria can be predicted on
theoretical grounds from the existence of an upper
limit for phototrophic production discussed in
section IV. Steady levels of biomass indicate that
population growth rates match loss rates. An educated
guess ofthe loss rates of phototrophic sulfur bacteria,
based on the estimates reported in the previous
section, is = ~0.1 d™' (corresponding to a half live
time, in the absence of growth, of approximately one
week). Maximum production based on Fig. 5 is 10
g Cm™2d"'. Substituting the values for g and
production in equation 1, results in an apparent
upper limit for biomass of 95 g C:m™. Considering
that the carbon content of the dry weight is
approximately 50% (Van Gemerden, 1968; Gobel,
1978) and that the average content of BChl is approx-
imately 2% of the dry weight (Takahashi and
Ichimura, 1968), maximum levels ofintegrated BChl
turn out to be approximately 4 g BChl-m™. This
value could be somewhat higher in environments,
either planktonic or benthic, subject to lower loss
rates. On the contrary, environments where loss rates
are higher, or where bacteria are not close to the
surface and thus, irradiance is not 100%, will only be
able to support much lower biomass levels.
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Vill. Environmental Factors Affecting Growth
and Survival of Phototrophic Sulfur Bacteria

A. Light
1. In situ Light Climate

Development of phototrophic sulfur bacteria in nature
requires the presence of light. At the same time, due
to their anaerobic nature, these organisms are usually
constrained to live in the anoxic parts of lakes or
sediments, at depths where light penetration is
severely hampered and irradiance is actually very
low, on the order ofa few uEinstein-ms™. On top of
that, the spectral composition of this light is
dramatically modified due to specific absorption of
certain wavelengths by water itself, and very often
by populations ofalgae or other phototrophic bacteria
positioned above. In planktonic systems the infrared
and UV part of the spectrum are rapidly attenuated
due to absorption and scattering, while in sediments,
infrared radiation penetrates deeper. This phenom-
enon is clearly illustrated in Fig. 7, using data from
Lake Kinneret (upper panel) (Dubinsky and Berman,
1979) and from some sediments in San Francisco
Bay (lower panel)(Jgrgensen and Des Marais, 1986a).
While in Lake Kinneret, as depth increases light is
enriched in a narrow band around 550 nm, in the
sediment, at a depth of 1 mm, most of the light
consists of wavelengths above 850 nm. Similar data
available for several other lakes and sediments and
collected in Table 5 indicate a similar behavior. The
higher percent of infrared light penetrating in
sediments seems to be a consequence of both a high
loss of blue wavelengths during the reflection in the
particles of sediment and absorption by oxygenic
phototrophs and little losses in the near infrared due
to negligible absorption by water (Jorgensen and Des
Marais, 1986a, 1988). The consequence of this
differential absorption of light in lakes and in
sediments is that, while organisms living in lakes
have to rely mainly on their carotenoids for light
harvesting, organisms in mats are probably forced to
use the infrared light which is absorbed mainly by
their BChl. Although it is not clear whether some
organisms are better adapted than others to grow
under either set of conditions, the composition of the
light spectrum is a factor which will certainly have to
be taken into account in order to explain the
dominance of certain organisms in mats and in
sediments. Thus, while okenone seems to be very
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Fig. 7. Penetration of light of different wavelengths in a lake and
in a sediment, The upper panel shows the spectral composition of
light at increasing depths in Lake Kinneret, the dotted lines are
based on patterns observed in various lakes. Depth horizons
exceeding 10 m receive light of a very narrow wavelength range
(500-600 nm), The lower panel shows the penetration of light in
sediment of San Francisco Bay. Comparedto lakes, light penetrates
much less, and the spectral composition is shifted to the red part
of the spectrum, Redrawn from Dubinsky and Berman, 1979
(upper panel) and Jgrgensen and Des Marais, 1986 (lower panel).

abundant in aquatic environments (63% ofthe cases)
benthic systems seem to be almost exclusively
colonized by Thiocapsa roseopersicina, which
contains spirilloxanthin. We have not been able to
find anyreferenceintheliterature describingabenthic
system populated by organisms containing okenone.
Itis, therefore, tempting to speculate on the existence
of a relation between the type of carotenoid and the
spectrum of the light to which the bacteria are
exposed.

The adaptive role of carotenoids to grow at the
light spectrum prevailing in certain planktonic
environments has been well documented in Chloro-
biaceae. Brown species of Chlorobiaceae contain
isorenieratene and are predominant in deep bacterial
plates overlaid by algae. On the contrary, green
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Chlorobiaceae are selected in systems in which the
layer of Chlorobiaceae is overlaid by a layer of
Chromatiaceae. This phenomenon is explained by
the absorption spectra ofboth carotenoids. Isorenier-
atene-containing bacteria absorb in the 500-550 nm
band, which are the predominant wavelengths at
higherdepths. Chlorobactene, on the contrary, absorbs
around 450 nm, which are precisely the wavelengths
available after filtering by absorption of a plate of
purple sulfur bacteria close to the surface (Montesinos
etal., 1983).

2. Physiological Responses to Light Limitation

The specific growth rate of phototrophic organisms
changes as a function oflight irradiance according to
a saturation curve whose mathematical description
is still a matter of discussion (Jassby and Platt, 1973;
Iwakuma and Yasuno, 1983). Despite the model
used, the curve is characterized by two parameters,
M, Which gives the maximum specific growth rate
the organisms can achieve when light is saturating,
and a, which is the initial slope of the g vs. irradiance
curve and corresponds to the maximum photo-
synthetic efficiency of the organisms under the
experimental conditions used. Sometimes, instead
of erthe parameter I, isused, whichisin factequivalent
to p__ /o, and which corresponds to the irradiance at
which the organism would reach g if the initial
slope o where maintained all the way to saturation. I,
provides a rough indication of the irradiance below
which growth is light limited. Because phototrophic
organisms do have to invest energy into maintenance
processes, even when growth does not occur, the
growth vs. irradiance curve does not go through the
origin, intersecting the irradiance axis at a certain
irradiance. This irradiance, at which ©=0, gives an
indication ofthe total amount ofenergy the organisms
must spend in maintenance. Extrapolation of the
curve towards the p axis yields a negative value
(usually referred to as g ), whichis actually correlated
to the maintenance threshold and gives an idea of the
extent to which growth of the organism is slowed
down due to allocation of energy to maintenance
processes.

While the adaptation to limiting irradiances has
been extensively studied in phytoplankton, little is
known about phototrophic sulfurbacteria. In general,
they seem able to adapt their light harvesting systems
by increasing their specific content of pigments
(Broch-Due et al., 1978). Recent observations indicate
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Table 5. Penetration of light in lakes and sediments
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System Depth Irradiance Wavelength Reference
(% of surface) max low-high
Lake Fidler
(Tasmania) 2.6m — 638 565-710 (1)
Fayetteville Green Lake 16.0 m 88.2 460-510 404-630 (2)
(USA) 18.0 m 36.5 460-520 404-630
18.5m 24 583 545-630
Mahoney Lake surface 100.0 675 400—700 (3)
(Canada) 6.0 m 8.8 584 513-626
Lake Kinneret 10.0 m 0.75 550 450-650 (4)
(Israel) 16.5m 0.02 550 500600
Lake Vechten 20m — 584 433-720 (5)
{The Netherlands) 6.0 m - 586 483-706
Lake Banyoles 50m 23.0 540 44065630 (6)
(Spain) plate 0.6 540 480630
Lake Vilar 3.0m 3.7 538 4406630141 (6)
(Spain) 5.5m 0.1 538 480-580
Sediment San 0.7 mm 4.7 >1000 [¢] 725—1000 [ (7)
Francisco Bay (USA)
Sediment Guerrero 1.2 mm 43 >1000 [] 875—1000 [e] (7
Negro (USA)
Sediment Limfjorden [ 0.8 mm 21.5 767 680-880 (8)
{ Denmark)
Sediment Limfjorden [*] 0.5 mm 42.8 761 700-860 (8)
(Denmark)

(%) diatom mat, ! Oscillatoria mat, [l upper wavelength provided, %! upper and lower wavelength provided.
(1) Croome 1986, (2) Culver and Brunskill 1969, (3) Overmann et al. 1991, (4) Dubinsky and Berman 1979, (5) Steenbergen et al. 1989,
(6) Montesinos et al. 1983, (7) Jorgensen and Des Marais 1986, (8) Lassen et al. 1993.

that the increase in the specific content of pigments
actually results in an increase in the photosynthetic
efficiency (&) of the organism and do not have a
significant effect on g (O. Sanchez, personal
communication ). The extent to which this increase
in the specific content of pigments occurs, depends
in fact on the organisms. As can be seen in Table 6,
green sulfur bacteria have high specific contents of
BChl with maximum values of 915 and an average
content of 214 pg BChl'mg™ protein, while purple
sulfur bacteria have much lower contents (maximum
85, average 41 ug BChl'mg' protein). Similar
differences are foundin u,, with green sulfurbacteria
having values of 4 around —0.001 h™' and purple
sulfur bacteria around —0.01 h' (see Table 7), ten
times higher, indicating greater maintenance
expenses. As arule, green sulfur bacteria seem to be
better adapted than purple sulfur bacteria to grow at
low irradiances thanks to their higher light harvesting
capacity together with their lower maintenance
requirements. This is actually consistent with the

fact that they are found at higher depths where light
irradiance is likely to be very low, and also with the
rather common mention of their presence right under
the layers of purple sulfur bacteria when coexisting
in the same habitat.

B. Electron Donors

By definition, anoxygenic phototrophic bacteria do
not produce oxygen in photosynthesis because they
lack Photosystem II and, consequently, are unable to
use water as an electron donor. Instead these
organisms use reduced forms of sulfur or hydrogen
gas in the reduction of carbon dioxide. In addition, a
limited number of small organic molecules may
serve the same purpose or may be directly
photoassimilated.

Chemolithotrophy, namely the oxidation of reduced
sulfur compounds as sources of energy, has also been
observed in several Chromatiaceae.
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Table 6. Specific content of bacteriochlorophyll in several phototrophic sulfur bacteria.

Organism g BChl‘mg'protein Reference
CHLOROBIACEAE
Chlorobium limicola (6 strains) 100-190 (1)
Chlorebium limicola 8327 110-220 (2)
Chlorebium limicola 8327 210-915 (3)
Chlorebium limicola 6230 323 (4)
Chiorobium vibrioforme CA4210 60-132 (5)
Chlorobium phaeobacteroides 80-625 (3)
Chlorobium phaeobacteroides MNI1 51-221 (6)
Chlorobium phaeobacteroides 2430 20-124 (6)
CHROMATIACEAE
Chromatium vinosum D 25-75 (7)
Chromatium vinosum CA1812 28-42 (5)
Chromatium vinosum DSM185 50-85 (8)
Chromatium vinosum DSM185 35 (9)
Chromatium vinosum DSMI185 24-85 (1)
Thiocapsa roseopersicina 5-28 (5)
Thiocapsa roseopersicina 29-33 (11)

(1) Cohen—Bazire, 1963, (2) Broch—Due, 1978, (3) Montesinos, 1982, (4) Schmidt, 1980, (5) Matheron, 1976, (6) Overmann, 1992, (7)
Takahashi et al., 1972, (8) Van Gemerden, 1980, (9) Mas and Van Gemerden, 1992, (10) O. Sanchez, personal communication. (11) De

Wit, 1989

Table 7. Maintenance rate requirements of various purple and green bacteria. The value of u_is the ordinate intercept of the p-light curve

Organism U, Reference
CHROMATIACEAE
Clromatium vinosum D -0.007 (1)
Chromatium vinosum DSM 185 -0.010 (2)
Chromatium vinosum DSM 185 -0.025 (3)
Thiocapsa roseopersicina K2 -0.010 (4)
CHLOROBIACEAE
Chlorebium phaeovibrioides <=0.001 (1)
Chlorebium phaeobacteroides —0.001 (2)
Chlorebium phaeobacteroides K1 -0.001 (4)
Chlorobium phaeobacteroides 2430 -0.031 (5)
Chlorebium phaeobacteroides MN1 -0.001 (5)

(1) Biebl and Pfennig, 1978, (2)Van Gemerden, 1980, (3) O. Sanchez, personal communication, (4) Veldhuis and Van Gemerden, 1986,

(5) Overmann et al., 1992,

1. Potential Photosynthetic Electron Donors
for Purple and Green Sulfur Bacteria

Virtually all reduced inorganic forms of sulfur are
used as electron donors by various purple and green
sulfur bacteria. The one most commonly used in
media to grow these organisms is sulfide (H,S, HS,
S2). As first demonstrated by Van Niel (1931), the
oxidation of sulfide is stoichiometrically linked to
the reduction of carbon dioxide. As a rule, sulfide
oxidation results in the formation of zero-valent
sulfur (‘elemental sulfur’, S%, which is further

oxidized to sulfate. In these equations, <CH,0>
represents the simplified over-all composition of cell
material at the level of carbohydrate.

CO,+2 H,8— <CH,0>+2 S* + HO

3 CO,+2S°+5 H,0— 3 <CH,0> + 2 H,SO,

+
4 CO, +2 H,S +4H,0- 4 <CH,0> + 21,50,

4)
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The capacities of sulfide oxidation, intracellular or
extracellular S°deposition, oxidation of S°to sulfate,
and photopigmentation, are used to differentiate the
major groups of anoxygenic phototrophic bacteria
from each other. Members of the family Chroma-
tiaceae deposit S° as refractile globules inside the
cells, whereas those belonging to the family
Ectothiorhodospiraceae form extracellular sulfur.
Also green sulfur bacteria (family Chlorobiaceae)
deposit S° outside the cells.

In the purple sulfur bacteria, S° appears not to be
present in the form of S, rings, but rather in a more
easily accessible form, presumably as long-chain
polysulfides or polythionates. Because of these
uncertainties, the term ‘zero-valent sulfur’ is to be
preferred over ‘elemental sulfur’ (Steudel, 1989;
Steudel et al., 1990). Chromatiaceae, like Chloro-
biaceae, are able to oxidize extracellular S° but
growth on flower of sulfur usually is slower than on
soluble sulfur species.

Among the Chromatiaceae, the utilization of
thiosulfate is not uncommon, in the green sulfur
bacteria this ability is restricted to the forma
thiosulfatophilum of Chlorobium limicola and Cb.
vibrioforme. In the Chromatiaceae, as well as in Cb.
vibrioforme f. thiosulfatophilum, thiosulfate oxidation
results in the formation of S°. It has been shown that
in the Chromatiaceae S°is exclusively derived from
the outer S atom (sulfane group) with the oxidation
state -2 (Triiper and Pfennig, 1966).

The stoichiometry of thiosulfate oxidation, with
CO, as carbon source, can be described as shown in
the equations:

CO, +Na,S,0, + H,0— <CH,0> +2 SO+
2Na,SO,

3 CO,+2 8"+ 5 H,0— 3 <CH,0>+2 H,S0,
+

4 CO, +Na,8,0, + 6 H,0— 4 <CH,0> +
2 H,S0, + 2 Na,_S0, (5)

The simultaneous formation of thiosulfate and S°
from sulfide was reported to occur in Cb. limicola f.
thiosulfatophilum (Schedel, 1978; Triiper, 1984) and
Cb. vibrioforme f. thiosulfatophilum (Triiper, 1984).
Low concentrations of S,0,> were also detected
after sulfide incubation of Cm. vinosum (Steudel et
al., 1990). In Chromatium, the final oxidation product

of all inorganic sulfur compounds is sulfate, with
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80,* asintermediate.

Tetrathionate (S,0,%>) appears not to be an
important electron donor for phototrophic sulfur
bacteria. However, S,0.* is readily reduced
abiotically to form S,0,* according to

S,0 +2e—28,0% (6)

in which sulfide acts as the electron donor. The
formation of tetrathionate in cultures of Rhodo-
microbium vannielii was shown to follow this route
(Hansen, 1974).

Polysulfides (S,>) may be formed in abiotic
reactions between S°® and HS-, and are stable at
elevated pH values. The utilization of S >~ has been
demonstrated for a few purple and green sulfur
bacteria (Visscher and Van Gemerden, 1988; Steudel
et al., 1990; Visscher et al., 1990).

In addition to reduced sulfur species, hydrogen is
an electron donor for many phototrophic bacteria.
This ability was first described in 1935 by Roelofsen.
In the Chlorobiaceae, hydrogen utilization occurs in
the majority of strains, however, due to the lack of
assimilatory sulfate reduction, areduced sulfursource
isrequired during growthon H, (Lippert and Pfennig,
1969).

For a few purple sulfur bacteria, utilization of
dimethyl sulfide (DMS, (CH,),S) as electron donor
has been demonstrated. Thiocystis sp. was reported
to grow slowly in the simultaneous presence of H,S
and DMS; products formed were dimethylsulfoxide
(DMSO, (CH,),S=0) and methane (Zeyer et al.,
1987). In contrast, Thiocapsa roseopersicina showed
rapid growth on DMS as sole electron donor with
DMSO as oxidation product. Also, DMS and sulfide
were oxidized simultaneously, yielding DMSO and
S, subsequently the latter was oxidized to sulfate
(Visscher and Van Gemerden, 1991b).

Recently, biological CO, fixation in the light, in
the absence ofoxygen, occurring concomitantly with
the oxidation of ferrous iron, was reported (Widdel
et al., 1993). The organisms responsible were found
to resemble Rhodomicrobium vannielii, Rhodo-
pseudomonaspalustris, and Thiodictyon sp., however,
the latter isolate did not oxidize sulfide. The
stoichiometry observed was found to be in agreement
with

17 FeCO, + 28 H,0 + NH,"'—(C,H,O,N)
+ 17 Fe(OH), + H (7)
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Since the midpoint potential of the reaction center of
purple non-sulfur bacteria and that of the purple
sulfur bacteria are similar (Dutton and Prince, 1978),
growth of the latter with ferrous iron should be
possible as well. However, Fe' and $?~readily react to
form FeS, but ferrous iron might act as electron
donor in the absence of sulfide.

A detailed consideration of sulfur chemistry, sulfur
compounds and their role as photosynthetic electron
donors is given in Chapter 39.

2. Abundance of Electron Donors in Nature

The most important and selective environmental
factors for the development of phototrophic sulfur
bacteria are (1) the lack ofoxygen, (2) the availability
of light, and (3) the presence of reduced sulfur
compounds. There is general agreement that in nature
sulfide is an important electron donor for purple and
green sulfur bacteria. For obvious reasons, the profiles
of oxygen and sulfide show diel fluctuations.
Sediment ecosystems often become completely
anoxic during the night with sulfide reaching the
surface layers (De Wit et al., 1989; Revsbech et al.,
1989; Van Gemerden, 1990). In stratified lakes
fluctuations occur at the depth horizon of blooms of
anoxygenic phototrophic sulfur bacteria (Van
Gemerden, 1985; Jgrgensen et al., 1979).

As arule, an overlap is observed in the profiles of
sulfide and oxygen. In a comparison between three
systems, Jgrgensen (1982) mentioned the large differ-
ences in the vertical dimension ofthe oxygen-sulfide
interface in different systems. In the Black Sea,
sulfide and oxygen coexisted over 35 m depth or
more (Jgrgensen et al., 1991), in Solar Lake, over
10 cm, and in a Beggiatoa-dominated mat, over no
more than 50 pum. The integrated sulfide oxidation
rate over the whole column was of the same
order of magnitude for all three systems
(10-30 mmol'm™ %d- ). However, the peak rates
varied over many orders of magnitude, and were
0.8 umol-1-'-d~" in the Black Sea, 250 gmol'1"-d!in
Solar Lake, and 250 000 gmol-1"+d~' in the microbial
mat. The residence time of sulfide in the peak layer
was calculated to be 5 d, 10-20 min, and 0.6 s,
respectively. Consequently, the ratio between the
biological and the chemical oxidation rate may vary
considerably. It was concluded that the biological
contribution to sulfide oxidation in the Black Sea
was negligible, thus confirming earlier data of Sorokin
(1964, 1972), amounted 30-50% in Solar Lake, and
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was 100% in the Beggiatoa-dominated mat (Jgrgen-
sen, 1982). The abiotic oxidation of S*~ by oxygen in
seawater has been reported to result in the formation
of 8,0,%, with minor amounts of SO,* (Chen and
Gupta, 1972). In water devoid of O,, S?- oxidation
may be attributed to a direct reaction with MnO,
(Millero, 1991).

Except for the situation in hydrothermal vents,
sulfide is generated principally by dissimilatory
sulfate reduction: in marine sediments the contri-
bution of sulfate-reducing bacteria to sulfide
production has been estimated to be close to 100%
(Jgrgensen, 1977).

In addition to sulfide, a wide range of inorganic
and organic sulfur species has been reported to occur
in habitats colonized by sulfur bacteria. In microbial
mats, relatively high concentrations of ‘elemental’
sulfur, polysulfides (8*), and the iron sulfides FeS
and FeS, (pyrite) have been reported, while the
concentrations of thiosulfate and polythionates
(8,0;, 8,07, S,07) were found to be much lower
(Van Gemerden et al., 1989b; Visscher et al., 1990;
Visscher and Van Gemerden, 1993). High concen-
trations of polysulfides are often found in salt marsh
sediments and microbial mats (Jgrgensen et al., 1979;
Aizenshtat et al., 1983; Lord and Church, 1983;
Luther et al., 1986; Luther and Church, 1988).

For stratified freshwater lakes and sediments, sulfur
speciation is less well documented, except for the
occurrence of sulfide in the hypolimnion. The
explanation probably lies in the much lower sulfate
content of freshwater lakes.

Organic sulfur compounds may be formed
abiotically inreactions between inorganic polysulfides
and organic molecules. Relatively low molecular
weight organic S-compounds result as well from the
microbially mediated breakdown of protein and
dimethyl-sulfoniopropionate(DMSP, (CH,),-S-CH, -
CH,-COOH) (Kiene and Taylor, 1988a; Kiene et al.,
1990). When degraded, sulfur-containing amino acids
(cysteine, methionine) yield methanethiol (MSH,
CH,-SH), dimethyl sulfide (DMS, CH,-S-CH,), and
dimethyl disulfide (DMDS, CH,-S-S-CH,). DMSP,
which is present in many strains of marine
phytoplankton (Keller et al., 1989) and presumably
acts as an osmolyte (Reed, 1983), yields DMS and
acrylate (CH,=CH,COOH), or 3-mercaptopropionate
(3-MPA, HS-CH,-CH,-COOH) and MSH upon
bacterial degradation (Kiene and Visscher, 1987,
Kiene and Taylor, 1988b; Kiene et al., 1990). Recently,
evidence was obtained for DMSP-lyase activity in
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axenic cultures of the phytoplanktonic species
Phaeocystis sp. (Stefels and Van Boekel, 1993) and
Emiliania huxleyi (J. Stefels, pers. comm.), indicating
that oceanic DMS formation not necessarily is
mediated by bacteria. DMSP is also formed by the
dominant cyanobacterium in mature microbial mats,
Microcoleus chthonoplastes. Upon a down-shift in
salinity, mimicking severe rainfall, 50% of the cellular
DMSP was excreted (Visscher and Van Gemerden,
1991a), which likely resulted in the formation of
DMS.

Potential DMS consumers are sulfate-reducing
bacteria and methanogens (Kiene and Visscher, 1987),
colorless sulfur bacteria (Smith and Kelly, 1988;
Visscher et al., 1991), and phototrophs (Zeyer et al.,
1987; Visscher and Van Gemerden, 1991b).

3. Substrate Affinities of Purple and Green
Sulfur Bacteria

The scavenging capacity of organisms for a given
substrate can be ranked from low to high by comparing
their growth affinity for that substrate. The specific
growth rate (u) of microbes depends on the
concentration (s) ofthe growth-rate limiting substrate.
With non-inhibitory substrates the relation between
y and s is adequately described by the Monod
equation, being :

(8)

#=.Umax'Ks+S

in which g is the maximum specific growth rate
and K is the saturation constant equal to the sub-
strate concentration at which g = 144 . Plotting u
versus s results in a saturating type of curve, the
steeper the initial slope the higher the affinity of the
organism for the substrate involved. Since K_ is a
function of _ , the magnitude ofthe affinity (usually)
cannot directly be deduced from the saturation
constant (Healey, 1980; Zevenboom, 1980; Van
Gemerden, 1984). Under constant environmental
conditions, the organism with the highest affinity
can be expected to outcompete all others utilizing the
same substrate. With the assumption that substrate
concentrations in nature are low (in any case much
lower than K), affinity can be described mathe-
matically as A, = u_ /(K +s), being the initial
slope of the Monod curve.

It appears that the affinity for sulfide of purple and
green sulfur bacteria is related to the location of
sulfur deposition. Chlorobiaceae and Ectothiorhodo-
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spiraceae, depositing S° extracellularly, invariably
exhibit higher affinities for sulfide than Chroma-
tiaceae, which store S° inside the cells (Table 8).
Rhodobacter capsulatus, a purple nonsulfur
bacterium depositing S° extracellularly (Hansen and
Van Gemerden, 1972), also has ahigh sulfide affinity
(Van Gemerden, 1984). Likewise, colorless sulfur
bacteria have high sulfide and thiosulfate affinities
(Beudeker et al., 1982: Visscher et al., 1992). It has
been postulated that in organisms having a high
affinity for sulfide, the primary acceptor for the
electrons released in the oxidation of sulfide is situated
at the outside of the cell membrane, whereas for
organisms depositing S° intracellularly, the primary
acceptor is located at the inside of the membrane.
Active transport of sulfide across the membrane,
only being necessary in organisms depositing S°
intracellularly, might then be the limiting step (Van
Gemerden, 1984). At present there are no exceptions
to the rule, but conclusive evidence to support this
hypothesis is still lacking.

In a few organisms, affinities have been estimated
fordifferent sulfursubstrates (Table 9). Cm. vinosum
and T. roseopersicina displayed similar affinities for
S*and S,%. Ifthe undissociated forms would have to
pass the membrane by passive diffusion, one would
expect that the larger trisulfide molecule enters the
cell at a lower rate than hydrogen sulfide, resulting in
a lower affinity for the former. These results thus
suggests that both sulfur species are translocated by
active transport. In Cb. limicola f. thiosulfatophilum
the affinities for S?~ and S2" differed sixfold. For yet
unknown reasons, all three organisms showed a lower
'umax on S}2~

Few data are available on the utilization of other
substrates than the ones the organisms were grown
on. It was reported that in Cm. vinosum and T.
roseopersicina, S} oxidation by S*-grown cells
proceeds without lag (Steudel et al., 1990; Visscher
et al., 1990). In contrast, de novo protein synthesis
was required for the utilization of polysulfide by Cb.
limicola (Visscher and Van Gemerden, 1988).
Acetate-grown Chromatium cells oxidize sulfide
without lag, which is explained by the presence of
Calvin cycle enzymes in these cells (see sec-
tion VIIL.D).

Purple sulfur bacteria appear to be able to oxidize
different substrates simultaneously, e.g. 8% and 8}
(Thiocapsa ), acetate and sulfide (Chromatium ), or
S and DMS (Thiocapsa) (Visscher and Van
Gemerden, 1991b). In the green sulfur bacterium
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Table 8. Kinetic parameters for growth of purple and green sulfur bacteria on sulfide

Organism Sulfurld g [ T K, K; Affinityl*]  Ref
iS%/eS? b bl pmoll”"  mmoll”'  h:mmol™
CHROMATIACEAE
Chromatium vinosum is? 0.130 0.117 7 2.5 18.6 (1
DSM 185
Chromatium vinosum is? 0.115 0.097 7 0.85 16.4 (2)
DSM 192
Chromatium vinosum ist 0.090 0.080 12 3 7.5 3)
M9
Chromatium weissei is? 0.050 0.040 10 0.7 5.0 (1
DSM 171
Thiocapsa roseopersicina is? 0.087 0.072 21 22 4.1 (1
K2
Thiocapsa roseopersicina is? 0.091 0.086 8 8 11.4 (4)
MI1
ECTOTHIORHODOSPIRACEAE
Ectothiorhodospira vacuolata eS? 0.138 0.129 3 2.8 46.0 (1
DSM 2111
Ectothiorhodospira sp. es? 0.116 0.109 2 2 58.0 (0
80
Ectothiorhodospira shaposhnikovii es? 0.089 0.086 1 4 89.0 (1)
DSM 243
Ectothiorhodospira shaposhnikovii es? 0.062 0.059 2 4 31.0 (1)
M3
CHLOROBIACEAE
Chlorobium limicola es? 0.130 0.124 2 4 65.0 (1)
Cc2
Chlorebium limicola f.thiosulfatophilum eS? 0.110 0.105 1.5 3 73.3 (5)
DSM 249
Chlorebium vibrioforme es? 0.070 0.068 1 38 70.0 (1)
DSM 263
Chlorobium phaeobacteroides eS¢ 0.105 0.100 22 3 47.7 (1)
Cl1
Chlorobium phaeobacteroides es? 0.097 0.092 0.9 2.5 107.8 (6)
K1

(1189 = intracellular sulfur, eS® = extracellular sulfur, [2) theoretically maximum value if there were no substrate inhibition (data from
Direct Linear Plot, Eisenthal and Cornish-Bowden 1974), [} maximum attainable specific growth rate,!) calculated with theoretically
maximum specific growth (i.e. if K| were infinite: no inhibition).

(1) Van Gemerden 1974, (2) Van Gemerden and Jannasch 1971, (3) Van Gemerden 1984, (4) Visscher et al. 1990, (5) Visscher and Van
Gemerden 1988,(6) Veldhuis and Van Gemerden 1986.

Table 9. Kinetic parameters for phototrophic growth of purple and green sulfur bacteria on sulfide (82°) and polysulfide (S,2)

Chromatium Thiocapsa Chlorobium
vinosum roseopersicina limicola f.
DSM 185 M1 thiosulfatophilum
DSM 249
Parameter Dimension Sulfide Polysulfide Sulfide Polysulfide Sulfide  Polysulfide
g S 8 S 8% S?
. h! 0.130 0.052 0.091 0.065 0.110 0.071
T h! 0.117 0.048 0.086 0.056 0.105 0.064
5 umol-1-! 7 34 8 6.7 1.5 5.9
K. mmol-I~! 25 2104 8 1.1 3 2[el
affinity h~"mmol"1 18.6 16.8 11.4 9.7 73.3 12.0

[4] theoretically maximum value if there were no substrate inhibition (infinite value for K;), [ maximum attainable specific growth rate,
le] tentative estimate
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Cb.limicola, 83 oxidation ceased upon the addition
of 8%, concomitantly S was resynthesized. The
amount of S* added was insufficient to explain the
formation of S;‘ from 8% and S° and it was
hypothesized that the initial oxidation of S}~ resulted
in the formation of Sj‘ (Visscher and Van Gemerden,
1988). The inhibition of SZ-oxidationby S* suggests
a common transport system.

For other reasons, in green sulfur bacteria acetate
assimilation and sulfide oxidation proceed syn-
chronously. These organisms fix CO, via the reversed
TCA cycle (Ormerod and Sirevag, 1983; and see
Chapter 40). The first step in acetate assimilation is a
reductive carboxylation which involves the partici-
pation of reduced ferredoxin. For the formation of
the latter, sulfide is required.

4. Reduced Sulfur Compounds as Sources of
Energy

Chemolithotrophy is the type of metabolism in which
energy requirements are fulfilled by the respiration
ofan externally supplied inorganic compound. When
occurring, these substrates usually are respired
aerobically, i.e. with oxygen. Chemolithotrophy
certainly is not acommon characteristic ofanoxygenic
phototrophic sulfur bacteria. Green sulfur bacteria
are obligate phototrophs, but among the Chroma-
tiaceae several species have been shown to possess a
chemolithotrophic metabolism. Experiments in batch
cultures have revealed this capacity in several, but
not all, strains of Thiocapsa roseopersicina,
Amoebobacter roseus, Thiocystis violacea, Chroma-
tium vinosum, Cm. minus, Cm. violascens, Cm.
gracile, and Thiorhodovibrio winogradskyi (Pfennig,
1970; Bogorov, 1974; Gorlenko, 1974; Kondratieva
et., 1976; Kimpf and Pfennig, 1980, 1986a,b; De
Wit and Van Gemerden, 1987, 1990a,b; Overmann
and Pfennig, 1992). Some species only grow at low
pO,, while others can do so at full atmospheric
oxygen tension. All large-celled Chromatiaceae and
a few small-celled species fail to grow in the presence
of even low concentrations of oxygen (Kampf and
Pfennig, 1980). However, even species having the
ability to grow chemotrophically appear to have a
preference for phototrophy. Experimental evidence
to support this hypothesis will be presented in
section IX. Chlorobiaceae are unable to grow
chemotrophically (Kdmpf and Pfennig, 1980).
When incubated in the continuous presence of low
to moderately high concentrations of oxygen, purple
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sulfur bacteria eventually become completely
colorless (De Wit and Van Gemerden, 1987
Overmann and Pfennig, 1992). During chemotrophic
growth (aerobic respiration of sulfide or thiosulfate),
the yield is much lower that during phototrophic
growth. The protein concentration in phototrophic
cultures of Thiocapsa roseopersicina strain M1, when
subjected to a shift from anoxic to oxic (52 umol-1™")
conditions, decreased substantially; concomitantly,
the cells became completely colorless. Approximately
61 % of the thiosulfate was respired to provide energy
and 39% resulted in the synthesis of cellular material
(De Witand Van Gemerden, 1987). The chemotrophic
yield of phototrophic purple bacteria thus appeared
to be somewhat higher than reported for colorless
sulfur bacteria (Kelly, 1982).

Shift experiments as described above, were also
carried out in media containing equimolar concen-
trations of 82032‘ and acetate (Overmann and Pfennig,
1992). Under these conditions, the protein concen-
tration during chemotrophic growth of 7. roseo-
persicina strain 6311 was 47% compared to full
phototrophic growth, and the corresponding values
for Amoebobacter roseus strain 6611 and Thiocystis
violacea strain2711 were 67% and 52%, respectively
(Overmann and Pfennig, 1992). These organisms are
unable to respire acetate. The higher yields of these
organisms under chemotrophic conditions, compared
to T. roseopersicina strain M1 are not to be explained
by strain differences, but rather illustrate that much
energy is required for the fixation of CO,.

C. Oxygen

The impact of oxygen on growth and metabolism of
anoxygenic phototrophic bacteria has been studied
for a long time. The metabolism of the phototrophic
purple and green sulfurbacteriais inhibited by oxygen
in one way or another. These organisms thrive in the
anoxic parts of sediments and freshwater ponds and
lakes, provided light is available. For some species
(green sulfur bacteria, large-celled Chromatiaceae)
oxygen is lethal, while other species survive and may
grow at relatively low concentrations of oxygen.
Although the general statement that ‘photosynthesis
of anoxygenic phototrophic bacteria is dependent on
oxygen-deficient conditions’ (Drews and Imhoff,
1991) suggests otherwise, some species continue to
photosynthesize in the presence of elevated
concentrations of O,, and a few are even capable of
carrying out Chemolithotrophy, in which a reduced



72

sulfur species is oxidized aerobically to provide
energy.

Oxygen, at relatively low partial pressure,
specifically inhibits the synthesis of photopigments;
this has not only been observed in purple non-sulfur
bacteria (Cohen-Bazire et al., 1957), but in purple
sulfur bacteria as well (Hurlbert, 1967) The lower
limit for complete repression is not exactly known,
and may well be different for different organisms. In
Chromatium vinosum, reduced rates of BChl synthesis
were observed at O, concentrations below 10 umol-1-!
(Kdmpf and Pfennig, 1986a). Also, Thiocapsa
roseopersicina and Thiocystis violacea were reported
to contain low levels of BChl and carotenoids at
‘low’ oxygen concentrations (Bogorov, 1974; Kampf
and Pfennig, 1980). The latter two species are ranked
as the most tolerant members of the Chromatiaceae
to perform anoxygenic photosynthesis in the presence
of oxygen (Kondratieva et al., 1976; Kondratieva,
1979; Kampf and Pfennig, 1980; Madigan, 1988).

D. Carbon Sources

Carbon dioxide is commonly used as the sole source
of carbon in media for growing purple and green
sulfurbacteria. The stoichiometry ofthe reduction of
CO, and the oxidation of > and S,0;" was shown in
Equations 4 and 5, respectively.

In the Chromatiaceae, the main route of CO,
fixation is the Calvin cycle. Additional CO,-fixing
reactions have been reported (Fuller, 1978; Sahl and
Triiper, 1977), but these do not seem to contribute
substantially to the net conversion of CO, to cell
material (Madigan, 1988). Inthe green sulfurbacteria,
carbon dioxide is fixed through the reductive TCA
cycle (Ormerod and Sirevag, 1983). This metabolic
route of CO, fixation is energetically less energy-
demanding, which may, at least in part, explain why
green sulfur bacteria are selectively enriched at low
light intensities. Autotrophic growth of Chlorobiaceae
depends on the presence of a reduced form of sulfur,
such as sulfide, since these organisms lack the
possibility of the reduction of SO? for assimilatory
purposes.

Organic compounds are also assimilated by purple
and green sulfur bacteria. In this respect, Chloro-
biaceae show little versatility (Triiper, 1981). Except
for acetate and pyruvate, for which the simultaneous
presence of CO, and a reduced sulfur species (8%,
S,07) is required for assimilation, no organic

Hans Van Gemerden and Jordi Mas

compounds stimulate growth. The Chromatiaceae
show a large variation in the extent to what, and
under what conditions, organic compounds are used
as substrates for growth. The large-celled species
(such as Chromatium okenii, Cm. weissei, Thiospir-
illum jenense, and a few others), are nutritionally
rather restricted. Their photo-assimilation is limited
to acetate and pyruvate. In addition, like the green
sulfur bacteria, these organisms are unable to reduce
sulfate for assimilatory purposes, and thus rely on
the presence of sulfide. The small-celled Chroma-
tiaceae, on the other hand, possess the assimilatory
sulfate reduction route, and, in addition, have a much
larger range of organic compounds that can be
assimilated (Triiper, 1981).

Ribulose bisphosphate carboxylase (RuBisCO),
being the key enzyme of the Calvin cycle, is most
active during photoautotrophic growth. During
photoheterotrophic growth the Calvin cycle enzymes
are under metabolic control; in Cm. vinosum the
synthesis of RuBisCO is repressed by 50-90% under
photoheterotrophic conditions (Fuller, 1978). It was
suggested that the considerable activity ofthe Calvin
cycle enzymes still present under these conditions
might play a role in the disposal of excess reducing
power (Hurlbert and Lascelles, 1963). Under constant
environmental conditions, lowering the cellular
content of RuBisCO and other enzymes may be an
effective adaptation, since the Calvin cycle is largely
superfluous during growth on acetate. However, under
fluctuating conditions, which are characteristic for
most ofthe habitats ofthe phototrophic sulfur bacteria,
such an ‘adaptation’ could be a serious drawback
and might result in a reduced reactivity upon a shift
from acetate assimilation to CO,-fixation. However,
acetate-grown Chromatium cells oxidize sulfide at
similar specific rate as sulfide-grown cells. It thus
appears that the organism has an overcapacity with
respect to the Calvin-cycle enzymes. A similar
overcapacity with respect to the content of BChl is
discussed in section IX.C.

IX. Case Studies

The competitive position of (a group of) organisms
cannot be judged from their own characteristics, but
requires comparison with data of other organisms
under ecologically relevant conditions. A few
illustrative examples are discussed below.
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A. Competition Among Purple Sulfur Bacteria

In aquatic environments, particularly in fresh-water
lakes and ponds, blooms of large-celled Chromatium
species (Cm. okenii, Cm. weissei) occur frequently.
In such blooms, small-celled Chromatium species
(Cm. vinosum, Cm. minutissimum) usually are present
as well. If large-celled and small-celled species
comprise different ecophysiological groups, is of
interest to know what parameters are of decisive
importance for bloom formation.

Large-celled Chromatium species grow slowly
(have arelatively low g ), require vitamin B,,, and
were reported to grow best in dim light and dark-
light cycles (Pfennig, 1965; Pfennig and Triiper,
1992). Small-celled Chromatium species usually do
not require B, and, as a rule, are cultivated under
continuous illumination (Table 10). Although the
discovery ofthe B , requirement was a breakthrough
in the cultivation of the large Chromatium species
(Pfennig, 1965; Pfennig and Lippert, 1966), it
probably is not a factor of decisive importance in the
competition between these species. Similarly, once
pure cultures were available, most large-celled species
were found to be culturable athigher light intensities.

In a study on the competition between the small-
celled Cm. vinosum and the large-celled Cm. weissei,
attempts to grow the organisms together in sulfide-
limited chemostats in the light invariably resulted in
Cm. weissei being outcompeted by Cm. vinosum,
irrespective of the dilution rate employed. This is to
be expected in view of their respective affinities for
sulfide (see Table 8). However, when continuous
illumination was replaced by a light-dark regimen,
the two organisms coexisted, which could be
explained by taking into consideration that, in addition
to the growth parameters ¢ and K, the temporary
storage of glycogen and S are important factors
(Van Gemerden, 1974).

The affinity for sulfide is calculated from g and
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K, data obtained in chemostats. Under these
conditions, the concentration of sulfide permanently
is in the pmolar range. In nature, substrate
concentrations are not constant, but rather show diel
fluctuations (Jgrgensen et al., 1983; Revsbech and
Ward, 1984; Van Gemerden et al., 1985; Nicholson
et al., 1987; Pierson et al., 1987; De Wit et al., 1989;
Lassen et al., 1992; Van Gemerden, 1993). Due to
decreased oxidation rates and ongoing production
rates, sulfide concentrations increase during nights,
and decrease during the day. All purple sulfurbacteria
analyzed so far exhibit a higher sulfide oxidation
capacity than that required for growth. As a result,
storage compounds accumulate intracellularly during
periods in which excess substrate is available (See
Chapter 45). It has been established for Cm. vinosum
that the potential rate of electron-donor oxidation is
virtually identical at all specific growth rates.
Consequently, the storage capacity is maximal at low
growth rates (Van Gemerden and Beeftink, 1978;
Beeftink and Van Gemerden, 1979). Likewise, in
Cm. weissei the maximum rates of electron-donor
oxidation and CO,-fixation exceed the maximum
specific growth rate (Van Gemerden, 1974). The fact
that slow or non-growing phototrophic bacteria have
highreactivities would have little ecological meaning,
unless substrate concentrations fluctuate.

Secondly, the maximum rate of sulfide oxidation
of Cm. vinosum is approximately half that of Cm.
weissei. This is not related to differences in the rate
of CO, fixation, which is similar in the two organisms,
butrather to the fact that the large-celled Cm. weissei
preferentially oxidizes sulfide to S° whereas in the
small-celled Cm. vinosum a larger fraction of the
sulfide is directly oxidized to sulfate. Under
fluctuating sulfide concentration this phenomenon
could counteract a high sulfide affinity.

Sulfide is not oxidized in the dark. Applying a
dark-light regimen, in combination with a constant
sulfide supply, thus mimicking the environmental

Table 10. Comparison of general characteristics of large—celled and small-celled Chromatiaceae

Large—celled

Small-celled

Species Species

(e.g. Chromatium okenir) (e.g. Chromatium vinosum)
Cell dimensions 4.5-6 x 8-15 um 2.0 % 2.5-6 um
Assimilatory SO,%" reduction lacking present
Organic substrates acetate, pyruvate many

Vitamin B, requirement yes
Light intensity 2 — 6 yuEin'm2sec™!
Light regimen daylight, light — dark

Specific growth rate =0.04 h! (ty=17h)

no
4 — 40 pEin'm2-sec”!
continuous
=0.12h (t,= 5 h)




74

conditions, results in a slow increase in the
concentration of sulfide during the dark periods. Co-
culturing Cm. weissei and Cm. vinosum under these
conditions showed that in the early hours of the
illumination period, a large fraction of the accumu-
lated sulfide was oxidized by Cm. weissei, resulting
in the intracellular storage of S°and glycogen. During
the remainder of the light periods, in which the
sulfide concentration was extremely low, most ofthe
incoming sulfide was oxidized by Cm. vinosum due
to its higher affinity. During these periods, Cm.
weissei was growing predominantly at the expense
of the previously stored S° and glycogen. Stable
coexistence between Cm. weissei and Cm. vinosum
was observed at different light-dark regimens, in
which longer nights resulted in a more pronounced
dominance ofthe large Cm. weissei (Van Gemerden,
1974).

The co-existence of the two Chromatium species
under fluctuating conditions thus can be explained
on the basis of (1) a higher growth response of the
small-celled species at all sulfide concentrations, (2)
a similar maximal rate of CO, fixationin both
organisms, and (3) a faster storage of S in Cm.
weissei upon a temporary excess of sulfide.

A high sulfide affinity also appears to be of crucial
importance for organisms lacking the ability to use
sulfate as sulfur source for assimilatory purposes.
However, the lack of assimilatory sulfate reduction,
as observed in the large-celled species, is fully
compensated by the extensive storage of sulfur, thus
providing the organisms with a suitable source of
sulfur for the synthesis of structural cell components.

Although g and K data from many more strains
are required before a general conclusion can be
reached, this example illustrates that the environ-
mental fluctuations in an organism’s habitat should
be taken into consideration before conclusions can
be drawn on the (dis)advantage of a certain
characteristic.

B. Competition Between Purple and Green
Sulfur Bacteria

Purple sulfur bacteria and green sulfur bacteria have
very similar nutritional requirements. Itis, therefore,
not surprising that these organisms can be grown in
media of similar composition. Green sulfur bacteria,
being obligate anaerobic phototrophs, have been
1solated from marine environments, but seldom
develop profusely. An exception is found in the
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multi-layered microbial mats of Great Sippewissett
Salt Marsh, Cape Cod, USA (Nicholson et al., 1987,
Pierson et al., 1987). In these systems, a layer of
green sulfur bacteria developed underneath two
distinct layers of purple sulfur bacteria which
presumably prevented the downward diffusion of
oxygen. No oxygen data were reported, but
circumstantial evidence showed the layer of green
sulfur bacteria to be permanently anoxic.

Green sulfur bacteria frequently bloom in fresh-
water lakes, often as mixed populations with purple
sulfurbacteria. It is of interest to know what conditions
are in favor of such a co-existence.

Numerous chemostat studies have shown that co-
culturing of organisms with different substrate
affinities, results in the competitive exclusion of the
organism with the lower affinity. However, stable co-
culturesof Chlorobium limicola f. thiosulfatophilum
DSM 249 and Chromatium vinosum DSM 185 were
obtained in sulfide-limited continuous cultures,
despite the higher sulfide affinity of Chlorobium (see
Table 8). With increasing dilution rates, the population
density of Chromatium increased in proportion (Van
Gemerden and Beeftink, 1981).

On theoretical grounds, stable coexistence of two
competing organisms is feasible. One possibility is
that there are at least two mutual substrates, and that
the competing organisms have complementary p-s
relationships on these substrates (Taylor and Williams,
1975; Yoon et al., 1977; Gottschal, 1986). In the case
of Chlorobium / Chromatium, sulfide obviously is
one of the substrates for which Chlorobium has the
better affinity. It has been suggested that S° acted as
the second substrate (Van Gemerden and Beeftink,
1981). Extracellular S° produced by green sulfur
bacteria, can be used equally well by purple and
green sulfurbacteria. S°is a powerful electron donor
because it represents six out of the eight electrons
released in the oxidation of sulfide to sulfate. However,
the hypothesis of S°as second substrate had to be
abandoned because of the following pure culture
studies.

In continuous cultures, the population density (x)
depends on the concentration of the substrate in the
inflowing medium (S, ), and can be mathe-
matically describedas x=Y-(S,, ...~ ), in which Y
is the yield factor. The concentration ofthe left-over
substrate is mathematically described as s = K -D/
(¢t~ D), inwhichK andp__are the kinetic growth
parameters (see section VIIL.B.3) and D is the dilution
rate. Under steady-state conditions, ¢ equals D. Thus,
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in contrast to x, the concentration of's is independent
Of Spoioreir HOWEVET, a prerequisite is that the left-
over substrate is dispersed in the medium. Conse-
quently, in a culture of Chromatium, the mathematical
description of s given above, is not expected to hold
for the concentration of intracellular S° Indeed,
raising the 8, ___ . in Chromatium cultures, not only
resulted in increased cell densities, but also in
increased concentrations of S° As was to be expected,
the specific content of S° (S%x) remained constant.
Unanticipated, however, similar phenomena were
observed in Chlorobium cultures. These data indicate
that the S produced by one individual is not detected
by other individuals. For Chromatium this is not
surprising, the observations in Chlorobium may be
explained by the fact that S° somehow remains
attached to the cell by which it is produced. The
mechanistic explanation could be the presence of
appendages as observed in other Chlorobium strains
(Cohen-Bazire, 1963). The ecological implication of
these findings is that the term ‘extracellular sulfur’
should be interpreted carefully, and should not be
read as being fully available to other cells. Thus, it is
unlikely that, in the coexistence of Chromatium and
Chlorobium, extracellular S° acted as the second
substrate (Van Gemerden, 1986).

This intriguing problem was solved by the finding
that, in pure cultures of Chlorobium, polysulfides
(8,%) were formed abiotically (Visscher and Van
Gemerden, 1988; Visscher et al., 1990). The
polysulfide affinities of Chlorobium and Chromatium
were very similar; however in Chlorobium, the
utilization of polysulfide was inhibited by hydrogen
sulfide, and, in addition, polysulfide oxidation
required de novo protein synthesis (Visscher and Van
Gemerden, 1988). In contrast, Chromatium, oxidized
polysulfide and sulfide simultaneously, and poly-
sulfide utilization occurred without lag (Steudel et
al., 1990).

The balanced coexistence between Chromatium
and Chlorobium observed in the laboratory thus can
be explained on the basis of (1) a higher sulfide
affinity of Chlorobium, (2) the formation of
polysulfide from the abiotic reaction between H,S,
present in umolar concentrations, and S° produced
by Chlorobium, (3) the occurrence of sulfide and
polysulfide as mutual substrates for Chromatium and
Chlorobium, and (4) the fact that in Chlorobium the
utilization of polysulfide required induction, in
contrast to the oxidation of polysulfide by Chroma-
tium (Van Gemerden, 1987). These interactions are
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visualized in Fig. 8. The relationships between the
specific growth rate and the concentraiton of sulfide
and polysulfide for each of the organisms are shown
in Fig. 9.

The phenomena discussed above, in combination
with the differences in absorption spectra of green
and purple sulfur bacteria, could offer a clue to the
co-existence ofthese phototrophic bacteria in natural
environments. Unfortunately, data on polysulfide
concentrations in lakes harboring both Chromatiaceae
and Chlorobiaceae presently are lacking.

C. Competition Between Purple and Colorless
Sulfur Bacteria

Under constant environmental conditions, chemo-
trophically growing purple sulfur bacteria appear to
have little chance in the competition for sulfide and
thiosulfate with genuine colorless sulfur bacteria.
The kinetic parameters u__ and K_ for Thiocapsa
roseopersicina M1 and Thiobacillus thioparus T5
for growth on reduced sulfur compounds are shown
in Table 11. Accordingly, the sulfide affinity of
Thiobacillus is 47-fold higher than that of Thiocapsa,
and the same is true for thiosulfate. However, purple
sulfur bacteria compete best when growing photo-
trophically, and appear to have several other options

Chromatium

Fig. 8. Schematic representation of the interactions between
Chromatium and Chlorobium during the competition for reduced
sulfur compounds. See text for explanation. Redrawn from Van
Gemerden, 1987.
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Table 11. Comparison of kinetic growth parameters of Thiocapsa roseopersicing strain M1 and Thiobacillus thioparus strain T5 on
reduced sulfur compounds and CO,. Both organisms were isolated from a microbial mat

Organism Type of Electron nnmm ;rlmx[h| K, K, Affinity Yield Ref
metabolism donor (h™) (h™) (umol-1™")  (mmol-1"") (h'!- (mg protein-
mmol 1) mmol ¢7)
Thiocapsa phototrophic  sulfide 0.091 0.086 8 8 11.4 2.03 (1,7)
roseopersicina thiosulfate  0.080 0.080 8 n.i. [ 10.0 2.24 (2,4)
strain M1 polysulfide 0.065 0.056 6.7 1.1 9.7 2.1 (3)
DMS 0.068  0.068 38 _ld 1.8 2.62 (1)
chemotrophic  thiosulfate  0.052 0.052 1.5 n.i. [ 34.7 0.74 4
Thiobacillus chemotrophic  sulfide 0.320 0.320 0.6 — ] 533 0.42 (5)
thioparus thiosulfate  0.336 0.336 0.8 n.i. [l 420 0.51 (2)
strain TS DMS 0.100 0.100 90 — 1.1 1.01 (8)

(2l theoretical maximum if there were no inhibition, ! maximum attainable specific growth rate, (1 not inhibitory, [4] not available,

substrate assumed not to be inhibitory

(1) Visscher et al. 1990, (2) Visscher et al. 1992, (3) Visscher and Van Gemerden 1991, (4) De Wit and Van Gemerden 1987, (5) Van
den Ende and Van Gemerden 1993, (6) Visscher et al. 1991, (7) Van Gemerden 1984, (8) De Wit and Van Gemerden 1990

then chemotrophic growth. Important features are
(1) the possibility to migrate, (2) the ability to
photosynthesize in the presence of oxygen, and (3)
the ambient concentration of oxygen.

Migration away from oxic zones is a successful
strategy to avoid inhibition of photopigment synthesis.
Since in most ecosystems, sulfide and oxygen have
complementary profiles with little overlap, photo-
synthesis can continue, provided sufficient light is
available in the deeper layers. Particularly in sediment
ecosystems, having small vertical dimensions
compared to stratified lakes, migration can be
considered an effective mechanisms.

It was observed in marine coastal sediments that in
the early morning the purple sulfur bacteria rapidly
moved away from the surface layers once the overlying
cyanobacteria started to produce oxygen (Jgrgensen,
1982). It was reported by Sorokin (1970) that in the
stratified Lake Belovod (Russia), the maximum
population density of motile purple sulfur bacteria
(Chromatium okenii, Pfennig and Triiper, 1992) was
at 6 m depth at 6 a.m., and at 13 m depth at 12 a.m.,
at each time coinciding with the oxygen/sulfide
interface. Vertical migration over such long distances
could not be observed in Wintergreen Lake (USA)
and have been doubted to occur on the basis of
maximum swimming rates (Caldwell and Tiedje,
1975). Vertical migration over a distance of 35 cm
has been reported for Chromatium minus in Lake
Cisé (Spain), but, in the same lake, no migration
could be observed for the gas-vacuolated Amoebo-

bacter M3 (Pedrés-Alié and Sala, 1990). In Rotsee
(Switzerland), the gas-vacuolated Thiopedia rosea
was reported to migrate over 1 m distances (Kohler
et al.,, 1984), and in Lake Holmsjon (Finland),
Chromatium sp. migrated downwards during the day
and upwards during the night, the total distance
being 30 cm (Lindholm et al., 1985). Thus, vacuolated
or motile phototrophic sulfur bacteria appear to be
able to position themselves in the chemocline,
probably as a response to the prevailing sulfide and/
Or oxygen concentrations.

In the second place, cessation of photopigment
synthesis does not necessarily imply cessation of
photosynthesis. The Calvin-cycle enzymes of
Thiocapsa roseopersicina are not repressed in the
presence of oxygen (Kondratieva et al., 1976). It has
been suggested that the organism would shift from
phototrophy to chemotrophy when conditions become
oxic (Madigan, 1988). However, although pigment
synthesis does not occur in the presence of oxygen,
pigments already present do not become inoperative,
as illustrated below.

During phototrophy, electron donors are exclu-
sively used for the synthesis of cell material. In
contrast, during chemotrophy approximately two
thirds of the pool of electron donors is oxidized to
provide for the energy metabolism, and only one
third results in the synthesis of cell material (see
section VIII.B.4). Consequently, a judgment of the
energy metabolism of Thiocapsa is facilitated by
yield estimates. This purple sulfur bacterium
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Fig. 9. Relationship between the specific rate of growth (1) of Chromatium vinosum strain DSM 185 and Chilorobium limicola f.
thiosulfatophilum strain DSM 249 and the concentration of sulfide (S2) (left panels) and polysulfide (S32‘) (right panels). Top panels show
the specific growth rates at very low substrate concentrations (lincar scale) to demonstrate the effect of affinity, the lower panels
demonstrate the inhibitory effect of the substrate at higher concentrations (log scale). Based on data presented in Table 8, and calculated

using the equation g =g,

frequently is found as the dominant anoxygenic
phototroph in microbial mats, being daily exposed to
oxygen. It was observed that the yield of T.
roseopersicina, when incubated in illuminated
continuous cultures exposed to a regime of 21 h oxic/
3 h anoxic, was virtually identical to that observed
during continuously anoxic conditions. In other
words, the cells were still growing phototrophically
during the 21 h oxic periods, despite the fact that
synthesis ofphotopigments only occurred during the
3 h anoxic periods (De Wit and Van Gemerden,
1990). The content of BChl a varied from 4 to 7
ugmg ' protein, whereas during continuously anoxic

s (K, + s)(1 + s/K,)) (Haldane equation).

conditions the BChl content typically is 30 ug-mg~!
protein. Apparently, Thiocapsa has a 4-7 fold higher
BChl content than needed (De Wit and Van Gemerden,
1990). Such an excess capacity would not have any
ecological relevance if the environmental conditions
would allow the synthesis of photopigments at all
times, but is of great advantage under fluctuating
conditions. Despite the fact that no synthesis of
photopigments occurs for prolonged periods oftime,
it enables Thiocapsa to grow phototrophically in the
presence of oxygen. Conceivably, this capacity is
functional as well during strongly fluctuating light
intensities, due to the passing by of clouds.
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Applying aregimen of 1 h anoxic/23 oxic, resulted
in a BChl content varying between 0.8 and 2.5
Lg-mg-! protein, which is too low to allow for full
phototrophic growth. However, even under these
conditions Thiocapsa did not shift to full chemo-
trophy, since the yield was observed to be higher than
during full chemotrophy, but lower than during full
phototrophy, indicating that growth was the result of
a mixed photo-chemotrophic metabolism (Schaub
and Van Gemerden, 1993).

In natural environments, illumination usually
coincides with the presence of oxygen, and darkness
with anoxic conditions. Incubation of Thiocapsa at
regimen in which illumination was provided during
oxic periods only and not during anoxic periods,
resulted in photopigment synthesis in the dark. It
was calculated that ample energy was provided by
the concomitant degradation of glycogen, which had
been synthesized during the previous oxic/light period
(De Wit and Van Gemerden, 1990). These phenomena
are particularly relevant to immobile benthic
organisms unable to migrate.

In the third place, it is of importance to evaluate
the oxygen conditions at the depth horizon where
sulfide oxidation takes place. The analogy between
the three systems analyzed by Jgrgensen (1982), is
the prevailing low oxygen concentration at the site of
maximal sulfide oxidation. Asjudged from the profiles
of oxygen and sulfide in a microbial mat on the
Frisian Island of Texel (The Netherlands), in which
purple sulfur bacteria and colorless sulfur bacteria
were most abundant in the same depth layer (Visscher
et al., 1992), sulfide oxidation also primarily took
place at low oxygen concentrations. At first sight, the
much higher sulfide affinities of colorless sulfur
bacteria compared to purple sulfur bacteria, seem to
contradict the observed coexistence of Thiocapsa
and Thiobacillus.

Ithas been demonstrated in chemostat experiments
with pure cultures of Thiobacillus thioparusT5, that,
in the presence of excess O,, sulfide virtually
completely is oxidized to sulfate. During oxygen
shortage, the concentration of sulfide still remained
below the detection limit; however various other
reduced forms of sulfur, notably S° and S,0%", were
excreted into the medium. Under severe oxygen-
limiting conditions, the concentration of sulfide in
the culture was <1 umol-1"', but from the 7.1 mmol-1"!
sulfide supplied, only 1.87 mmol-I"' was oxidized to
sulfate, the remaining being present as reduced sulfur
intermediates (Van den Ende and Van Gemerden,
1993). Thiocapsa, once introduced in such a
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Thiobacillus culture, thus is provided with ample
substrates to grow. Although oxygen is supplied
continuously, its concentration in the mixed culture
is lowered to undetectable levels by Thiobacillus,
and thus, pigment synthesis in Thiocapsa is not
inhibited. The result is co-existence of the colorless
sulfur bacterium and the phototrophic sulfur
bacterium, each growing in its own preferred mode
(F. P. van den Ende and A. Laverman, personal
communication).

It may be argued that in the example described
above, the two organisms did not actually compete
for mutual substrates, since Thiobacillus oxidized all
sulfide and Thiocapsa grew on the products formed
thereof. However, the fraction of a mutual substrate
utilized by each population not only depends on their
respective affinities, but as well on the population
densities. Potentially, Thiocapsa might have been
able to claim part of the sulfide as a result of its
growth on the other sulfur species. Since the formation
of these were the result of the activities of Thiobacillus,
Thiocapsa will notbe able to outcompete the colorless
sulfur bacterium (Van Gemerden, 1993). In a similar
fashion, purple sulfur bacteria might profit from
their chemotrophic potential in the competition with
colorless sulfur bacteria (Kuenen, 1989). This mass
effectalso may play arole in the competition between
autotrophic and heterotrophic nitrifying bacteria
(Kuenen, 1989; Tiedje et al., 1982).

In conclusion, colorless sulfur bacteria and purple
sulfur bacteria can coexist under conditions of oxygen
limitation, provided of course, that the penetration of
light is sufficient to allow for phototrophic growth.
Since in most stratified ecosystems sulfide predom-
inantly is oxidized in the oxygen-sulfide interface, it
is anticipated that in many systems these different
types of sulfur bacteria are able to thrive in the same
depth layers.

X. Concluding Remarks

A proper understanding of the ecology of phototrophic
sulfur bacteria requires a careful description of both
bacterial populations and their environment. This
understanding, however, is often hampered by the
nature of the information available. As van Niel
pointed out (1955):

Unfortunately, the relationships between the
characteristics ofan environment and the flora and
fauna found therein must often be deduced from
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observations made at the time when the organisms
are already present in large numbers. This is not
always a satisfactory guide to an interpretation of
ecological factors, because at such time the
environment may have been considerably modified
by the activities of the organisms themselves.

Underlying this statement is the idea that bacterial
communities cannot be considered static systems
and that a one time description of a fully developed
environment actually says very little. What is actually
relevant in order to understand how phototrophic
sulfur bacteria bloom and decay is the analysis ofthe
conditions, both biotic and abiotic, which regulate
their growth, as well as the set of factors determining
their removal from the system.

Since natural communities are complex and
environmental conditions are often unpredictable,
the study oftheir ecology can benefit from laboratory
experiments using model systems. Although these
models constitute extremely simplified versions of
nature and the information they provide must be
used cautiously, they constitute a unique tool for the
testing ofhypotheses both on the interaction between
organisms, and on the interaction between the
organisms and their environment. The successful
development of a laboratory system, however,
requires a detailed knowledge of the environmental
conditions to which the organisms are exposed. Thus,
it would be extremely helpful if field studies, in
which so much time and effort is invested, provided
suchinformation.

From the analysis of the different case studies, it
seems apparent that study of the ecology of
phototrophic sulfur bacteria (actually the ecology of
any organism) must contemplate the existence of
fluctuations. There is a rather general agreement on
the importance of fluctuations and a considerable
body of supportive evidence has been gathered along
the years. To assess which kind of physiological
adaptations are better suited to deal with such
fluctuations is the task of the experimental
ecophysiologist.
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Summary

It is apparent that very few species of anoxygenic phototrophs occur or grow at high temperatures, particularly
when compared to species numbers for thermophilic Archaea and non-photosynthetic Bacteria. Chloroflexus
spp. are the most thermotolerant ( up to ~70 °C), but none are in the hyperthermophilic category.

Recognizing that there may be some endemic populations of anoxygenic phototrophic bacteria that have not
been dispersed among geographically disparate geothermal sites, the major factors affecting the distribution of
these bacteria are temperature, pH, and concentration of sulfide. Oxygen may have an effect on the vertical
distribution and the diel vertical migration of some species within mats. Facultative aerobic metabolism appears
to be a property of many ofthe anoxygenic phototrophs (but not Chlorobium or Heliobacillus) in these dynamic
habitats. Light quantity and quality are affected by the diversity of pigmentation within the vertically stratified
communities and adaptation to low photon fluence rates is a necessity for many species.

R. E. Blankenship, M. T. Madigan and C. E. Bauer (eds): Anoxygenic Photosynthetic Bacteria, pp. 87—103.
© 1995 Kluwer Academic Publishers. Printed in The Netherlands.
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l. Introduction
A. Definition of Thermophily

The terms thermophily and thermotolerance in
phototrophic prokaryotes should encompass a
different range of temperatures than those used to
define thermophily in non-phototrophic organisms,
both archaebacteria (Archaea) and eubacteria
(Bacteria). Some contemporary biologists have
proposed a high temperature environment for the
origin of life and support this in part by pointing to
the existence of living hyperthermophilic ‘bacteria’
that, according to parsimonious 16S rRNA sequence
analyses, branch early in both eubacterial and
archaebacterial phylogenetic ‘trees.” Chlorophyll-
based photosynthesis occurs only in branches of the
eubacterial tree (which includes chloroplasts).
Phototrophic bacteria do not exist above 73-74 °C, a
relatively low temperature when compared to extreme
hyperthermophilic non-phototrophic prokaryotes,
such as Thermotoga and Aquifex which branch off
early (Olsen et al., 1994). Thus, if chlorophyll-based
photosynthesis has a monophyletic origin and
appeared early (as indicated by the Chloroflexus
branch) it did not evolve at extreme temperatures
(i.e. >75 °C) unless subsequent loss of caldoactive
photosynthesis has occurred through extinctions.
Diversity in the upper temperature range for
photosynthesis (63-73 °C) is limited, although it is
possible that many genotypes (or species) of the
highest temperature form of the cyanobacterium
Synechococcus sp. exist. A relatively large number
of species, genera, and higher categories of
phototrophic bacteria inhabit waters between 53 and
63 °C. In addition, the highest temperature photo-
trophs known today (i.e. Synechococcus sp. and
Chloroflexus aurantiacus) have not adapted fully to
the upper several degrees of their temperature range
(Meeks and Castenholz, 1971; Pierson and Casten-
holz, 1974a; Castenholz and Schneider, 1993). It is
likely, therefore, that the origins of thermophilic
cyanobacteria, at least, were at low or moderate
temperatures and that evolutionary expansion
occurred slowly and selectively up the temperature
gradient.

Abbreviations: Cb. — Chlorobium; Cf. — Chloroflexus; Cm. —
Chromatium; Hc. — Heliobacillus; HTF — high temperature form;
LTF - low temperature form; MTF — moderate temperatrue
form; O. — Oscillatoria; YNP — Yellowstone National Park

Richard W. Castenholz and Beverly K. Pierson

In contrast to at least 20 species of morphologically
distinct cyanobacteria known in the 53-63 °C range
(e.g. Castenholz, 1969) the anoxygenic phototrophic
bacteria have few known thermophilic species. Only
Chloroflexus aurantiacus (including some distinct
genotypes) and at least one other species of
Chloroflexus thrive at temperatures above 57 °C. In
the range of 50-57 °C habitats, only one known
species of the green sulfur bacteria, one purple
bacterium, one Heliothrix species, one Helio-
bacterium, and an undescribed filamentous ‘purple
bacterium’ are known.

In the context of phototrophs, then, we will use the
term high temperature forms (HTFs) for those able
to grow above 63 °C and moderate temperature
forms (MTFs) for those that have upper limits below
63 °C but above 53 °C. Low temperature forms
(LTFs) (upper growth limits between 43 and 53 °C)
include many species with growth temperature optima
well below this range. Thus, for the purposes of this
discussion, those that are not able to exceed 52 °C
will not be regarded as thermophiles.

B. Summary of Thermophilic Anoxygenic
Phototrophs

1. Chloroflexus

Although it is now known that Chloroflexus-like
organisms reach their greatest biomass in marine
and hypersaline microbial mats (see Chapter 3 by
Pierson and Castenholz), Chloroflexus was first
discovered in hot springs, and the type species, Cf.
aurantiacus, has been the only species studied
extensively by physiologists, biochemists, and
phylogenists. It grows best as a photoheterotroph,
but some strains are capable of aerobic chemo-
heterotrophic or anaerobic photoautotrophic growth
as well (see Chapter 3 by Pierson and Castenholz).

Chloroflexus aurantiacus, with at least a few
genotypes (see Weller et al., 1992), occurs worldwide
in hot springs of alkaline pH down to about pH 6.2
(Pierson and Castenholz, 1974a; Castenholz, 1984b,
1988; Table 1). Species determinations have not
been made from populations in most hot spring
areas, so with the limitation of only morphology,
pigmentation, and temperature tolerance compar-
isons, all will be referred to simply as Chloroflexus.
Recently Hanada et al. (1993) have isolated a new
species of Chloroflexus from Japanese hot springs.
Although quite similar to Cf. aurantiacus physio-
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logically, a fairly large separation on the basis of 16S
rRNA nucleotide sequences and DNA-DNA hybridi-
zations (9—14%) is indicated.

In western North America (Castenholz, 1984b) in
Yunnan, China (Yun, 1986), and presumably in other
parts of Asia and in Africa, Chloroflexus populations
are most prominent as distinct orange to salmon
colored ‘undermats’ lying directly below a top layer
of cyanobacteria (Fig. 1). Although less conspicuous,
Chloroflexus is also invariably intermingled with the
topmat species. These two-parted microbial mats
may extend upwards in the thermal stream to the
upper temperature limit of the cyanobacterial
provider. This may be up to about 68—-69 °C in North
American and Asian springs where a high temperature
form (HTF) of Synechococcus extends upward to a
constant or mean temperature of ~ 73°C (Fig. 2).
Chloroflexus mixed with Synechococcus may extend
in low numbers up to this temperature as well. In
some areas (e.g. New Zealand, Iceland, Europe)
Chloroflexus and cyanobacteria are not as conspic-
uously separated into undermat and topmat, and
extend upward only to 63—-64 °C, the highest growth
temperature for the cyanobacteria of these areas.
Since all of the above populations of Chloroflexus
are growing as heterotrophs (photo- or chemo-) they
are dependent on immediate or upstream reduced
carbon, the sources of which are ultimately the
photoautotrophic cyanobacteria. No diazotrophic
strains of Chloroflexus are known, in contrast to all
other known anoxygenic phototrophs (Heda and
Madigan, 1986).

Chloroflexus strains are also capable of a slow
sulfide-dependent photoautotrophy (Castenholz,
1973a; Madigan and Brock, 1975; Giovannoni et al.,
1987), and in sulfide-rich springs, mats or biofilms
of Chloroflexus extend up the temperature gradient
beyond that of the cyanobacteria to about 66 °C
(Table 1). Thus, mats lacking cyanobacteria exist
and are either orange, salmon-colored, or green,
depending primarily on the presence (orange) or
absence (green) of O, (Fig. 3). In culture, Cf.
aurantiacus (from 2 sources) also has the same
upper temperature limit of ~ 66°C, even as a
photoheterotroph, and it is possible that field
populations above ~ 68°C intermingled with the
cyanobacterium Synechococcus are incapable of
phototrophic growth, and are thus relegated to
chemoheterotrophy (Castenholz, unpublished
observations).
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Fig. 1. (See also Color Plate 14) Section through a microbial mat
consisting of a top cover of the cyanobacterium Synechococcus
underlaid by Chloroflexus. The cut is about 15 cm across and the
water temperature ~60 °C. This is the source of Chloroflexus
aurantiacus, strain OK-70-fl, Kahneeta Hot Springs, Oregon.

Fig. 2. (See also Color Plate 1B) Upper limits of Chloroflexus as
a distinct undermat at ~68 °C. The outflow from the spring is at
about 73 °C, and the siliceous sinter is dominated by
Synechococcus until the edges cool to about 68 °C where the
Chloroflexus undermat accretes (more orange on photograph).
Buffalo Spring, White Creek drainage, YNP.

2. Heliothrix and Possibly Related Filamentous
Phototrophs

On the basis of 5S and 16S rRNA sequence
comparisons (Pierson et al., 1985; Weller at al.,
1992), Heliothrix oregonensis falls within the same
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Fig. 3. (See also Color Plate 1C) Chloroflexus as a photo-
autotroph (orange-red streamers) growing at a temperature of
~64-62 °C on primary sulfide in Badstofuhver, Hveragerdi,
Iceland. The sulfide is quite depleted by about 62 °C, at which
point the green mat of the cyanobacterium, Chlorogloeopsis
‘high temperature form’ (formerly referred to as Mastigocladus
‘HTF’) appears (see Castenholz, 1973a).

cluster branch as Chloroflexus (see Chapter 3 by
Pierson and Castenholz). The very apparent difference
between the two is that Heliothrix does not possess
chlorosomes, and therefore lacks the major light
harvesting pigments of Chloroflexus (i.e. bacterio-
chlorophyll ¢, d, or e). BChl g, the sole chlorophyll,
occurs in the cytoplasmic membrane only; the orange
color is a result of carotenoids, primarily oxo-y and
OH-y carotenes and an OH-y carotene glycoside.
The undescribed reddish filamentous phototroph of
Yellowstone, distinguished from Heliothrix by having
‘internal’ lamellar thylakoids, also possesses only
BChl a (see Chapter 3 by Pierson and Castenholz
and Castenholz, 1984b).

Heliothrix oregonensis has been studied in Oregon
hot springs (Pierson et al., 1984). It is in all known
cases a photoheterotroph, tolerates and possibly
requires O,, and shows a field distribution and
photoheterotrophic activity up to a temperature
between 56 and 60 °C (Table 1, see also Fig. 4).
Heliothrix is a wider diameter filament than
Chloroflexus (~1.5 vs. 0.5-1.0 pm) and glides at a
faster rate (~0.2 vs. 0.02 um/s).

Richard W. Castenholz and Beverly K. Pierson

Fig. 4. (See also Color Plate 1D) Heliothrix oregonensis as an
aerotolerant mat above a deep green cyanobacterial layer in a
non-sulfidic Kahneeta hot spring (Oregon); temperature ~ 50 °C.

3. Chlorobium

The only thermophilic green sulfurbacterium known
is Chlorobium tepidum, (Wahlund et al., 1991). It is
barely amoderate temperature form (MTF), growing
only up to about 55-56 °C in the few hot springs to
which it is relegated and up to ~53 °C in the two
culture isolates tested (Table 1). It is known from
only a few springs in the Rotorua region of New
Zealand (Castenholz et al., 1990, see Fig. 5). In
culture, Cb. tepidum required at least 1 mM sulfide
for growth and tolerated up to about4 mM. Thiosulfate
(2-8 mM) greatly stimulated growth and could be
used as the sole photoreductant (Wahlund et al.,
1991). A pH range for growth of 5.9-7.2 reflected the
pH range of the source stream (strain TLS). Cb.
tepidum, like most other anoxygenic bacteria, is
capable ofnitrogen fixation (Wahlund and Madigan,
1993).

The characteristic that most distinguishes C.
tepidum from other species of Chlorobium is its
thermophily. A few other features, such as large
amounts of unique wax esters (Shiea et al., 1991)
also help to distinguish this species. Its ‘preference’
for thiosulfate as an electron donor in photosynthesis,
however, indicates a closeness to other thiosulfate-
utilizing species of Chlorobium, such as Cb. limicola,
and 16S rRNA sequence data confirm this (Wahlund
et al., 1991).

4. Chromatium

Cm. tepidum (Madigan, 1986) is the only purple
sulfur bacterium known to be thermophilic, at least
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Fig. 5. (See also Color Plate 24) Chlorobium tepidum mat (green
cover) in highly sulfidic ‘Travelodge Stream’, Rotorua, New
Zealand. The temperature is 45 °C in the foreground, with a pH
usually in the range of 5.3-6.2 (see Castenholz et al., 1990).

capable of growth above 50 °C (optimum 48-50 °C).
Halophilic species of Ectothiorhodospirahave mildly
thermophilic tendencies, often with optima for growth
up to 47 °C, but with upper limits of 50 °C or lower
(e.g. Raymond and Sistrom, 1969; Imhoffand Triiper,
1981). Although several genotypes of Chromatium
tepidum may exist, the general phenotypic charac-
teristics of this species appear to be the same or very
similar wherever it occurs. It is known from several
hot spring complexes in western North America
where it is often abundant up to temperatures of 57—
58 °C (Table 1). In culture as well it shows no growth
above 57 °C or below 34 °C, and thus would be
classified as a moderate temperature form (MTF). It
isknown primarily as an ‘undermat’ form, presumably
depending on biogenic sulfide, but in a few areas
forms a surface mat when primary sulfide is abundant.

The diagnostic characteristics of Cm. tepidum are
the higher temperature tolerance and optima for
growth, rhodovibrin as the major carotenoid (in
addition to spirilloxanthin), and the light-harvesting
bacteriochlorophyll a/protein complex with a major
absorption maximum at 918 nm in addition to 800
and 855 nm (Garcia et al., 1986).

Richard W. Castenholz and Beverly K. Pierson

5. Purple ‘Non-Sulfur’ Bacteria

At present, purple ‘non-sulfur’ bacteria have not
been isolated in culture with growth temperature
limits above 47 °C (see Resnick and Madigan, 1989;
Stadtwald-Demchick et al., 1990 a,b). These few
species will be regarded here as mildly thermophilic
or thermotolerant species of Rhodopseudomonas (Rp,
cryptolactis) and Rhodospirillum (Rs. centenum).
Little is known of their ecology except the nature of
the hot spring pools from which they were isolated
(Table 1). Rhodospirillum centenum, however
produces high heat- and desiccation-resistant cysts
which presumably explains the recovery of this
species from thermal waters of 55 °C. Most earlier
described species of the purple ‘non-sulfur’ bacteria
in culture have temperature optima of 30-35 °C and
only two species have optima as high as 4042 °C
(Imhoff and Triiper, 1989). N, fixation by several
mildly thermophilic ‘non-sulfur’ purple bacteria has
been demonstrated, indicating that this may be a
means for enriching the mat environment with fixed
nitrogen (Resnick and Madigan, 1989; Statwald-
Demchick et al., 1990a,b).

Other studies of hot spring species composition
and temperature limits have recovered purple ‘non-
sulfur’ bacteria from temperatures exceeding 50 °C,
perhaps up to 60 °C (Gorlenko et al., 1985, 1987).
These studies have not demonstrated growth in the
50-60 °C range, since recovery was determined by
plate dilutions and growth at lower temperatures
(Yurkov et al., 1991). Using undiluted inoculum
from hot springs of western N. America, enrichments
for purple ‘non-sulfur’ bacteria, invariably resulted
in success at 40 °C, sometimes at 45 °C, but never at
50 or 55 °C (Castenholz, unpublished data).

The purple ‘non-sulfur’ bacteria are infamous in
being present almost everywhere (as revealed by
selective/enrichment cultures). However, as in most
other habitats, no identifiable, discrete populations
of these organisms are apparent at any temperature
in hot spring mats. Purple phototrophic bacteria of
various types are represented in three phylogenetic
branches of the Proteobacteria where extreme
thermophily has not yet been found. The purple
‘sulfur’ bacterium, Chromatium tepidum, of the
gamma branch may represent the highest temperature-
tolerant thermophile of the Proteobacteria.
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6. Heliobacteria

Heliobacteria, in general, are known as soil inhabitants
and have been isolated mostly from dried soil samples,
including those from rice paddies of southeastern
Asia (Madigan, 1992). Essentially nothing is known
ofthe ecology ofthis group of Gram positive-related
bacteria. Heliobacillus sp., which appears quite
similar morphologically to Hc. mobilis (Beer-Romero
and Gest, 1987) has regularly become the dominant
or sole phototroph in enrichments from wet (30—
50 °C) inoculum from Hunter’s Hot Springs
(Lakeview, Oregon). Enrichments arose under
incandescent lamps at 40-50 °C, although at 40—
45 °C purple ‘non-sulfur’ bacteria sometimes arose
instead (Castenholz, unpublished data). The original
pyruvate-containing HAMP medium (Beer-Romero
and Gest, 1987) usually ‘selected’ for this thermo-
philic Heliobacillus. Growth of the 45 °C enrichment
culture continued when transferred to 50 or 53 °C
but not at 55 or 60 °C. The abundance of Heliobacillus
in Hunter’'s Hot Springs has not been estimated
(Table 1). Several thermophilic heliobacteria have
been isolated in pure culture from Yellowstone hot
springs and Icelandic soils (Kimble and Madigan,
1994). These organisms grow up to 56 °C and have
recently been described as a new species ofthe genus
Heliobacterium, Heliobacterium modesticaldum, the
species epithet meaning ‘moderately hot’ (Kimble et
al., 1995). Heliobacterium modesticaldum appears
similar to the isolates from Hunter’s Hot Springs.

7. Anoxygenic Cyanobacteria

All known cyanobacteria retain the ability to perform
oxygenic photosynthesis when environmental sulfide
is low or absent. In addition to several non-
thermophiles, anoxygenic photosynthesis with sulfide
as the electron donor is known in some thermophilic
or semi-thermophilic species of Oscillatoria (e.g. O.
cf. limnetica: Cohen et al., 1986; O. cf. amphi-
granulata: Castenholz and Utkilen, 1984; O. cf.
boryana: Castenholz etal., 1991) and also in Spirulina
cf. labyrinthiformis (Castenholz, 1977). Not all
cyanobacteria are capable of living in the presence of
sulfide. Some that are incapable of anoxygenic
photosynthesis are completely inhibited; some are
merely tolerant and continue oxygenic photo-
synthesis; still others apparently perform both types
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simultaneously (see Cohen et al., 1986). The
competent species are generally anoxygenic only
when free sulfide is over a critical level; HZS 1S more
effective than HS-(Howsley and Pearson, 1979), the
latter proportionately greater at higher pH’s. In a
warm sulfide-rich pool in New Zealand, it was
concluded that sulfide-dependent anoxygenic
photosynthesis of benthic Oscillatoria boryana
generally began each day; as light intensity increased
the sulfide surrounding the cells was depleted to ~50
UM, at which point oxygenic photosynthesis resumed
(Castenholz et al., 1991).

It is known that Photosystem II is inhibited by
sulfide in many cyanobacteria capable of anoxygenic
photosynthesis. It is merely conjecture, however,
that the ability of PS I to accept electrons derived
from sulfide represents a primitive ability inherited
from the photosystem-flavocytochrome complex of
green sulfur bacteria (see Blankenship, 1985).
Nevertheless, PS 1 of cyanobacteria and the
photosystem of green sulfur bacteria are similar in
several respects, most specifically in having iron
sulfur clusters as early acceptors in the reaction
centers (see Blankenship, 1992).

The thermophilic, facultatively anoxygenic
cyanobacteria are limited to temperatures below
57 °C. This temperature represents the upper limit
for growth of O. cf. amphigranulata in sulfide-rich to
low sulfide springs of New Zealand with pH ranges
of 5.9-9.2, and also in cultures with no sulfide
(Castenholz, 1976; Castenholz and Utkilen, 1984,
see Fig. 6). Spirulina labyrinthiformis in hot springs
of Yellowstone National Park is limited to temper-
aturesbelow 51 °Cunderany conditions (Castenholz,
1977).

Il. Chemical and Geographical Diversity of
Thermal Habitats

Photosynthetic prokaryotes are limited to waters
with pH levels above about 4.3. Very few species
tolerate levels below 6, however. Thus, even slightly
acidic springs have few photosynthetic components
that are not eukaryotic.

Above the pH level of 6, however, springs with
waters of great chemical diversity exist (e.g. Table 2;
White et al., 1963; Castenholz, 1969; Brock, 1978).
The largest number of springs or clusters of host



Fig. 6. (See also Color Plate 2B) Facultatively anoxygenic
Oscillatoria cf. amphigranulata in small sulfidic spring WH-1
(Cirque-1), Whakarewarera, New Zealand. Temperature at the
grey-green edge of the cyanobacterium was ~56 °C. Thiobacillus-
like whitish-yellow streamers occurred upstream to about 68°C
(see Castenholz, 1976).

springs are in areas of contemporary or geologically
recent volcanism. Most ofthese have inorganic solute
values well over 1000 and below 3000 mg/l, as
compared to surface waters with mean values of
~150 mg/l (Table 2). Saline hot springs exist, but
most of these are not associated with volcanism, but
rather with regions of ancient salt deposits or oil field
brines. Numerous hot springs also exist in areas of
active tectonism and deep faulting. These, non-
volcanic types usually have a lower solute content
than those associated with volcanism (Table 2).

Neutral to alkaline springs associated with
volcanism occur in many regions, most prominently
in western North and South America, and much of
the remainder of the Pacific rim, including
Kamchatka, Japan, Indonesia, and New Zealand
(Waring et al., 1965). Other large clusters exist in
Mediterranean Europe, the Azores, Iceland, portions
of central and eastern Africa, and many other smaller
island groups worldwide. Although each volcanic
area appears to have a characteristic chemistry as
exemplified by differing concentrations and relative
proportions of various ions, most of the extensive
volcanic geothermal areas have chemical overlap
with other geographically remote volcanic areas, so
that endemism in species composition, if indeed it
exists, may be a result of local speciation and poor
dispersal capabilities of some types of micro-
organisms.

The same overlap of chemistry occurs in the more
scattered, and smaller spring clusters associated with

Richard W. Castenholz and Beverly K. Pierson

tectonism (e.g. White et al., 1963; Waring et al.,
1965). Some of these springs which drain limestone
or dolomitic bedrocks are very similar to each other
chemically in the relatively few regions where they
occur (Table 2).

Although endemism appears to exist among
thermophilic cyanobacteria, including the species
known to be capable of anoxygenic photosynthesis,
so little is known about the distribution of anoxygenic
purple, green, and chloroflexean bacteria, that it
would be premature to discuss this except in the
context ofthe next section, the summaries of selected
hot spring habitats.

lll. Principal Habitats of Thermophilic
Anoxygenic Phototrophs and the Environ-
mental Requirements: Case Studies

A. Non-Sulfidic Springs of Yellowstone and
Oregon: Photoheterotrophic Chloroflexus and
Other Filamentous Anoxygenic Phototrophs

The ecology of Chloroflexus in two principal non-
sulfidic hot springs will be summarized. These are
Hunter's Hot Springs of south central Oregon and
Octopus and nearby springs in the Lower Geyser
Basin of Yellowstone National Park (YNP). Both of
these spring systems are alkaline (pH ~ 8.0-8.5), but
with obvious differences in ion content (Table 2).
Nevertheless, the cyanobacterium Synechococcus
cf. lividus occupies the substrate up to a relatively
constant temperature of 73-74 °C in both systems.
Free sulfide is very low or undetectable at this point
in the outflow and Chloroflexus aurantiacus may be
found associated with Synechococcus up to that
temperature, and in crude culture up to about 70 °C.
However, in these and other similar springs, a
recognizable orange to yellowish undermat of
Chloroflexus does not develop except below a mean
temperature of 68-69° C (Table 1).

In these and most of the North American springs,
the visually abrupt transition below ~68-69 °C, from
the top cover of photoautotrophic Synechococcus to
photoheterotrophic Chloroflexus, is obvious, i.e. from
the 0.5-1.5 mm thick green to yellowish-green
cyanobacterium cover to the distinctly orange to
salmon-colored underlayer of Chloroflexus (Fig. 1).
Only the uppermost few millimeters (or less) of most
mats receive enough irradiance to drive phototrophic
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growth, at least this is true in Hunter’s Hot Springs,
Oregon (Fig. 7). By a depth of 1 mm in this
representative Synechococcus and Chloroflexus mat,
all wavelengths below 550 nm were absorbed and
only 0.01-0.001 of longer wavelength visible
irradiance remained. The Synechococcus top layer
(of unbound unicells) was only about 0.5 mm thick;
at 1.0 mm depth, there was almost complete
absorption by BChl ¢ (740 nm) and approximately
0.05-0.1 of incident infrared irradiance remained
(Fig. 7). In similar mats, topped by Oscillatoria cf.
terebriformis in Hunter’s Hot Springs (below
55 °C)(Richardson and Castenholz, 1987) and by
Synechococcus sp. in Octopus Spring, microelectrode
data of daytime O, profiles (Revsbech and Ward,
1984 a,b) showed that during most midday periods,
O, diffuses throughout the active mixed and undermat
Chloroflexus layer at levels often greatly exceeding
saturation. Since characteristic BChl ¢ and BChl a
bands are still evident, and in the laboratory,
Chloroflexus requires anoxic or at least microoxic
conditions for the synthesis of these pigments, it is
likely that the consistent anoxic conditions of
nighttime are necessary for the synthesis of
bacteriochlorophyll. With photopigments present in
Chloroflexus during the oxic daytime period,
photoheterotrophy probably predominates over
aerobic chemoheterotrophy, since culture experiments
have shown that light suppresses aerobic respiration
when bacteriochlorophyll is present. Both modes
apparently share the same electron transport system
(see Pierson and Castenholz, 1974b, 1992).

Since anoxygenic photoautotrophy is generally
excluded in these two spring systems because of the
lack of sulfide or other suitable reductants, photo- or
chemo-heterotrophy is a necessity for Chloroflexus.
A direct supply of reduced carbon from Synecho-
coccus or other cyanobacteria is possible but organic
acids from ‘intermediate’ organisms, such as acetate
orbutyrate fermenters, may be the sources of carbon.
Although Bateson and Ward (1988) gave evidence
for glycolate as a main release compound of
Synechococcus in Octopus Spring, presumably during
conditions promoting photorespiration, Teiser and
Castenholz have evidence that a great variety and
quantity of low molecular weight compounds are
released by strains of thermophilic Synechococcus
(Teiser, 1993). These have been identified in axenic
strains from Hunter’s Hot Springs (Oregon), West
Thumb (YNP), and Hunter Hot Springs (Montana).

Richard W. Castenholz and Beverly K. Pierson
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Fig. 7. Downwelling spectral irradiance profile through a hot
spring microbial mat composed of cyanobacteria (Synechococcus
cf. lividus) and Chloroflexus aurantiacus. The vertical core was
taken at about 60 °C from Hunter’s Hot Springs, Oregon, and
methods were those of Pierson et al. (1990). The top spectrum is
the incident solar irradiance at the surface of the mat. The other
spectra were at 1.0 mm depth increments within the mat. Arrows
indicate specific attenuation of irradiance due to pigments: a =
phycocyanin; b= Chl a; c = BChl ¢; d & ¢ = BChl a. Note that all
wavelengths shorter than 550 nm are severely attenuated at a
depth of 1.0 mm. The wavelengths that penetrate deeper are in
yellow, red and near infrared portions of the spectrum.

They include succinate, beta-hydroxybutyrate,
acetate, adonitol, and fructose as major release
products; most of these can also be used by
Chloroflexus for anaerobic phototrophic growth
(Teiser, 1993).

The realization that Chloroflexus aurantiacus could
grow entirely on products of Synechococcus came
many years ago when dual cultures of the two
organisms were first grown routinely on autotrophic
agar medium (see Pierson and Castenholz, 1974a).

Hunter’sHot Springs, Oregon, differs dramatically
from Octopus Spring, Yellowstone in the high
concentration of sulfate (~2.7 mM — Oregon vs. 0.24
mM - Octopus; Table 2). This results in much biogenic
sulfide production below about 58 °C in Hunter’s
Hot Springs which results in large populations of
Chromatium tepidum also below this temperature,
under a top cover of the cyanobacterium Oscillatoria
cf. terebriformis. Chloroflexus aurantiacus is also
present and in this situation may use photoautotrophy
to some extent.

It is now known that more than one genotype of
thermophilic Chloroflexus occurs, at least in Octopus
Spring (Weller et al., 1992; Ruff-Roberts et al.,
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1994). However, at this point phenotypic differences
have not been determined. Other Chloroflexus-like,
organisms also occur in these two spring systems in
Oregon and Yellowstone. Heliothrix oregonensis
occurs below about 56° C in Hunter’s Hot Springs
and in Octopus Spring (unpublished observations).
This aerotolerant, highly motile organism tends to
form surface tufts, which may represent an aerotactic
response. It can be fairly accurately recognized in the
field and by microscopy (see section B.2). The greatest
development of Heliothrix, however, is in summer,
in unshaded springs of the Kahneeta group in eastern
Oregon (Fig. 4; Pierson et al., 1984; Castenholz,
1984 a,b). In several of these small stable springs, a
brilliant orange ‘puffy’ cover of Heliothrix forms on
top of a dark green cyanobacterial mat (Fig. 4). It is
assumed that its aerotolerance, low content of BChl
a, and extremely high content of presumably
photoprotective carotenoids, allow or promote its
vertical position in these springs. Nevertheless,
Heliothrix is known as a photoheterotroph only, and
is presumably dependent on the cyanobacteriabeneath
it for reduced carbon.

Thick translucent mats of filamentous cyano-
bacteria (e.g. Phormidium spp.) occur in some hot
springs in the Lower and Midway geyser regions of
Yellowstone National Park. The Chloroflexus layer
may occur as deep as 1.5 cm in the mat, followed
even deeper by the undescribed red, filamentous
bacterium containing thylakoids and BChl a
(Castenholz, 1984b; see Chapter 3 by Pierson and
Castenholz). It has been shown that primarily near
infrared wavelengths are transmitted to the depths
occupied by these organisms (Jgrgensen et al., 1992)

B. Sulfidic Hot Springs with Photoautotrophic
Chloroflexus

The most prominent mats of photoautotrophic
Chloroflexus known are in Yellowstone National Park,
Iceland, and New Zealand. The first two of these will
be discussed.

In the Upper Terraces of Mammoth Hot Springs,
hot springs emerge at 73-75 °C and at various
temperatures below this. In all the source waters
there is primary sulfide of about 30-130 uM and a
pH of 6.2-6.8, depending on the spring. Prominent
dull green mats of Chloroflexus occur in slow flowing
springs that emerge in the range of 51-66 °C
(Castenholz, 1977, Ward et al., 1989, 1992).
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Photoautotrophic strains of Chloroflexus from these
springs are obligate phototrophs, and although
autotrophic in the field, grow best as photo-
heterotrophs in organic medium in the laboratory
(Giovannoni et al., 1987). The conditions which
dictate the dominance of photoautotrophic Chloro-
flexus, rich in BChl ¢, are waters with significant
concentrations of primary sulfide bathing the substrate
or mat (£30 uM), pH levels above 6.2, and
temperatures between 52 and 66 °C. These sulfide
levels exclude all known species of cyanobacteria in
North America that would otherwise grow at
temperatures above about 52 °C. The fact that sulfide
in these springs is lost by gaseous diffusion, by
abiological oxidation, and by biological usage soon
after the waters emerge, limits the mats of
Chloroflexus to sites near the sources of the few,
small, low volume springs that discharge within this
narrow temperature range (see Castenholz, 1977).
These waters are anoxic at the sources and over most
of the photoautotrophic mat (Giovannoni et al., 1987).

A remarkable aspect of some of the stable, green
Chloroflexus mats is that they develop laminations as
they accrete. However, the orange to brownish colored
underlaminae also appear to be composed of
Chloroflexus (Giovannoni et al., 1987; Ward et al.,
1989, 1992). It is possible that the uppermost bands
of this ‘discolored” undermat are supported as
photoheterotrophs by the top layer of photo-
autotrophic Chloroflexus. Although unknown, there
is no requirement that these be different strains. A
depth profile of downwelling spectral irradiance
revealed only the absorption bands of pigments typical
of Chloroflexus (Fig. 8).

Orange to salmon-colored photoautotrophic mats
of Chloroflexus occur within the same temperature
range as the dull green-colored mats in larger volume,
higher temperature springs of the Mammoth terraces
(Castenholz, 1973a,1977). These springs contain
similar sulfide concentrations as the lower temper-
ature springs, but by the point in the shallow outflow
(< 1 cm) that temperature has dropped to 66 °C (the
absolute upper limit for autotrophic growth of
Chloroflexus), much of the sulfide has disappeared
and some O, hasbeenacquired, O, limits the synthesis
of bacteriochlorophylls in Cf. aurantiacus even more
than does high light intensity, (e.g. Sprague et al.,
1981; Oelze, 1992). The orange to salmon-colored
mats of Chloroflexus which occur upstream of all
cyanobacteria appear to be reliable indicators of at



10 4+— : = R S i § y
s T ¥ e St gy
,/ vV \,,\/ K]
8 —_— 1 r—
=
s E
T - o
Fali ?
Em |
E 0.1 Y
i
o E
@ =
o o~
w 0.01 ”_(:/
0.001 +-1L um_,

400 600 800 1000
Wavelength (nm)

Fig. 8. Downwelling spectral irradiance profile through a hot
spring microbial mat composed of ‘green’ Chloroflexus (see
Giovannoni et al., 1987). The mat was collected from ‘New Pit
Spring’, Mammoth Springs (YNP) at about 57 °C, and methods
were those of Pierson et al., 1990. The top spectrum is the
incident solar irradiance at the surface of the mat. The other
spectra were at depths within the mat 0f0.125, 0.5, 1.0, 2.0, 3.0,
and 4,5 mm. Arrows indicate specific attenuation due to pigments:
a = BChl ¢; b & ¢ = BChl a. As in Fig. 2, only red and near
infrared wavelengths penetrate deeply into the mat.

least micro-oxic conditions.

Chloroflexus mats of a similar salmon or orange
color, upstream of the cyanobacteria, are prominent
in afew other geothermal regions as well; particularly
in sulfidic springs of Iceland and New Zealand
(Castenholz, 1973a, 1976; Table 1). Since many of
these springs have sources near 100 °C, the orange
Chloroflexus mats do not develop near the sources,
but considerable distances downstream. Nevertheless,
in many of these volcanic springs of alkaline pH,
substantial sulfide exists even at 66 °C (Fig. 3).
Although photoautotrophic Chloroflexus usually
forms mats well upstream of cyanobacteria in these
springs, there are some notable examples in Iceland
where Chloroflexus forms the top layer of mat with
an undermat of cyanobacteria (Fig. 9). It was shown
by Jgrgensen and Nelson (1988) that oxygenic
photosynthesis by sulfide-sensitive cyanobacteria
occurred below ~61 °C in a 0.5 mm thick band 0.8
mm below the top of the Chloroflexus. The sulfide
concentration at the surface ofthe Chloroflexus was
~60 uM, but by a depth of0.8 mm within the mat the
sulfide had decreased sufficiently for oxygenic
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Fig. 9. (See also Color Plate 2C) Inverted Chloroflexus mat at
about 61-62 °C in Ystihver Stream, Hisavik, North Iceland. The
primary sulfide which supports the photoautotrophic Chloroflexus
is lowered within the mat, so that an underlayer of oxygenic
cyanobacteria (Chlorogloeopsis ‘high temperature form’) occurs
atabout 1 mm below the Chloroflexus (see Jorgensen and Nelson,
1988).

photosynthesis, presumably because of the photo-
synthetic use of sulfide by the top layer of
Chloroflexus.

C. Chlorobium in Acidic, Sulfide-rich Hot
Springs of New Zealand

High sulfide (0.3-1.8 mM) with moderate temper-
ature (5540 °C) and pH levels between ~4.3 and 6.2
is a combination that supports Chlorobium tepidum
as the sole phototroph, at least in hot springs in New
Zealand (Castenholz, 1988; Castenholz et al., 1990).
The same conditions are unknown elsewhere (at
least to these authors). This photoautotroph forms
unlaminated slime covers on solid substrates in the
few springs with the above combination of conditions
(Fig. 5). There are, ofcourse, no cyanobacteria at this
temperature range in waters with a high sulfide
content and this low a pH. Chloroflexus is also
excluded, presumably by the low pH. Even in the
Rotorua/Rotoiti region of the central volcanic region
of the North Island, most sulfide-rich hot springs are
either too acidic (< pH 4.3) or too alkaline
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(continuously over ~pH 6.2) to allow Chlorobium
tepidum to predominate. Since the pH optimum of
Cb. tepidum isolates is about 6.8—7.0 (Wahlund et
al., 1991), the Chlorobium dominance in these springs
is probably a result of merely a high tolerance of low
pH rather than a reflection of its optimum. The
restricted conditions for Chlorobium dominance
relegate these mats to a few small natural springs in
the Sulphur Point region of Rotorua, Whakarewarewa,
and the south shore of western Lake Rotoiti
(Castenholz et al., 1990). One spring with substantial
discharge is Manupairua on Lake Rotoiti. The
principal spring of study, however, was ‘Travelodge
Spring’ which issued from a geothermal well of the
Rotorua Travelodge at Sulphur Point in Rotorua
(Fig. 5). In 1990, four years after the initial study, this
spring had changed to the extent that little of the
formerly extensive Chlorobium mat remained.

The Chlorobium mat, as originally described, was
slightly yellow-green on the surface due to a thin
(0.1-0.2mm) dusting ofelemental sulfur mixed with
cells. Dislodging this layer with turbulence from a
syringe revealed a deep green densely packed, slimy
mass of Chlorobium which appeared microscopically
to consist of one uniform cell type that corresponded
to Chlorobium. This dense compaction of cells was
about 3 mm thick over a 1-2 mm thick transition
layer ‘stained’ black by metal sulfides (see Ward et
al., 1989 for color photograph of vertical section).
Photosynthetic usage of sulfide occurred to a depth
of about 1.0 mm, at which point only about 0.001 %
of the downward irradiance remained (Castenholz et
al., 1990). Some species of Chlorobium are known
for their ability to grow at lower photon fluence rates
than any other phototrophic organism (see Overmann
etal., 1991, 1992). Sulfide was also generated rapidly
within the Chlorobium mat, at least in darkness,
which may indicate anaerobic fermentation of
elemental sulfur by Chlorobium (e.g. Paschinger et
al., 1974), rather than activity by non-photosynthetic
sulfur- or sulfate-reducing bacteria.

It appears that Chlorobium tepidum mats occur
only in a restricted area of New Zealand. However, it
is possible, or even probable, that a similar
combination of chemical and physical conditions
occurs in other volcanic regions. Therefore, an
interesting question is: if such conditions exist will
Chlorobium tepidum be there or is this non-spore
forming organism an example of microbial endem-
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ism, where descent from Chlorobium limicola
occurred over the several million year history of
geothermal activity and geographic isolation in New
Zealand?

D. Chromatium in North American Hot Springs

Chromatium tepidum, the only known thermophilic
purple sulfur bacterium, appears to be distributed
through many hot springs of North America, and
possibly the world (see Madigan, 1986, 1988). It is
known from various hot springs of eastern Oregon,
northern Nevada and California, New Mexico,
northwestern Wyoming (e.g. Thermopolis Springs,
Thermopolis; and Mammoth Springs, Yellowstone
National Park) (Fig. 10). Species or strains of
Chromatium somewhat similar to Cm. tepidum occur
in other hot springs, but there has not yet been a
demonstration of growth in these above 51 °C. Such
is the Chromatium isolated from hot springs of the
Rotorua region of New Zealand (M. Madigan,
personal comm.).

In a few small springs in the Mammoth area Cm.
tepidum 1is the sole photoautotroph where sulfide
occurs in emerging spring sources with a temperature
in the mid 50s, and where pH is above 6.2 (Madigan,
1984, 1986, 1988; Madigan et al., 1989). Springs
with primary sulfide at levels sufficient to support
Chromatium over the appropriate pH and temperature
range are not common, but the undermat habitat of
numerous hot springs supports Chromatium with
biogenic sulfide. High biological production of
sulfide, however, depends on water and sediments
with a high concentration of sulfate (see Table 2).

In some small springs in the Upper Terraces of
Mammoth Hot Springs (YNP) appropriate conditions
exist to support photoautotrophic Chromatium (see
Ward et al., 1988 for color figure). The physical and
chemical constraints are very restrictive and probably
fairly constant (Tables 1 and 2). Primary sulfide
bathing the substrate must exceed ~25 uM, the pH
must exceed ~6.2, and the temperature must be
between ~50 and 56 °C. Below pH 6.2, Chlorobium
tepidum would not be expected, however, even if
inoculum existed in the region. Chlorobium tepidum,
inculture, requires atleast 1 mM sulfide (Wahlund et
al., 1991), which is rare in the Mammoth Springs.
Below ~51 °C the facultatively anoxygenic cyano-
bacterium, Spirulina cf. labyrinthiformis, predom-
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Fig. 10. (See also Color Plate 34) Exposed Chromatium tepidum
in a nighttime view of a 45—48 °C mat of Hunter’s Hot Springs,
Oregon. In daytime the Chromatium forms an underlayer beneath
the brownish-red cyanobacterium Oscillatoria terebriformis,
which descends below the Chromatium at night (see Richardson
and Castenholz, 1987).

inates in these springs, particularly when sulfide is in
the range of 30~ ~100 uM (Castenholz, 1977; see
part E. below). Temperatures above 56 °C are out of
the range of Chromatium tepidum and within the
optimum range of photoautotrophic Chloroflexus.
However, there is still an unidentifiable element that
dictates the dominance of Chromatium. Why, for
example, does not the photoautotrophic Chloroflexus
predominate on the temperature range of ~ 45-56 °C?
The upper half of this range, at least, is well within
the optimal temperature range of the autotrophic
Chloroflexus isolates. However, Chloroflexus grows
very slowly as a sulfide supported photoautotroph,
so perhaps the potentially more rapid growth rate of
Chromatium allows its dominance. It is notable that
even in these few springs with Cm. tepidum as the
photoautotroph, there is still an undermat of
Chloroflexus, presumably persisting as a photo- or
chemo-heterotroph as it would under a top cover of
photoautotrophic cyanobacteria.

Since undermat Chromatium, subsisting on
biogenic sulfide, and perhaps organic acids from
associated mat microorganisms, is common in several
North American hot springs rich in sulfate, it is
difficult to single out any one system. However,
waters of Hunter’s Hot Springs, Oregon, contains
about 2.6 mM sulfate at the sources (Table 2) and a
soft organic mat is produced with abundant
Chromatium below about 55 °C under a top cover of
the cyanobacterium Oscillatoria cf. terebriformis.

Cm. tepidum is very conspicuous at night in these

Fig. 11. (Seealso Color Plate 3B) Daytime view of the same area
as Fig. 10., with O. terebriformis forming the mat surface, but
with Chromatium swarming into the water in the can which is
open at both ends, but which had been darkened by atop lida few
hours earlier.

springs since it swarms upward to the surface of the
mat after dusk, at the same time that the Oscillatoria
terebriformis makes its dusk decent into the soft mat
material (see Jgrgensen et al., 1992; Richardson and
Castenholz, 1987; see Figs. 10 and 11). It is probable
(butfromstillinconclusive data) thatthe Chromatium
(which is laden with elemental sulfur from the
incomplete, daytime, photosynthetic oxidation of
sulfide) ascends to the surface at night in a positive
aerotactic response. During darkness it oxidizes its
‘internal’ sulfur and/or environmental sulfide as a
chemolithotroph and uses CO, as a chemoautotroph
in the micro-oxic environment of the mat surface/
water interface (Jue, 1990; Jue and Castenholz,
unpublished data; see Figs. 10 and 11). The
Chromatium descends into the mat again with light
(using an undetermined tactic response) as the O.
terebriformis ascends to the mat surface (see
Jorgensenetal., 1992). The Chromatium thenresumes
anoxygenic photosynthesis, using the near IR
radiation (which penetrates through the surface cover
of cyanobacteria) and the free sulfide present beneath
the cyanobacterial layer in daytime (see Richardson
and Castenholz, 1987; Revsbech and Ward, 1984a).
These mass nighttime movements are known also in
non-thermophilic Chromatium (Jgrgensen, 1982;
Sorokin, 1970). Chemolithotrophy is known in several
purple sulfurbacteria (e.g. de Wit and van Gemerden,
1987, 1990; Kampf and Pfennig, 1986), but results
were negative in the isolates of Cm. fepidum as
described by Madigan (1986).
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E. Anoxygenic Cyanobacteria in Hot Springs

The two best known examples ofhot spring systems
with anoxygenic cyanobacteria are sulfidic, alkaline
springs of the Rotorua area of New Zealand and the
neutral pH, sulfidic springs of the Mammoth Terraces
of Yellowstone National Park.

The alkaline springs of New Zealand are unusual
in that high sulfide levels are common (up to 3 mM),
and at levels above ~5 uM Oscillatoria cf.
amphigranulata and, rarely, Synechococcus sp. are
the sole cyanobacteria present in the thermophilic
range. Throughout the natural distribution of O.
amphigranulata this species forms coherent mats up
to its maximum growth temperature of 56 °C
(Castenholz, 1976; Fig. 6). At high sulfide concen-
trations (1.0-1.5mM) in culture, O. amphigranulata
photosynthesizes anoxygenically, but at lower sulfide
concentrations (0.3-0.6 mM) and high photon fluence
rates, part of the photosynthetic activity could be
ascribed to oxygenic photosynthesis (Castenholz and
Utkilen, 1984). Several strains of this species were
isolated from different hot springs, and capacity for
anoxygenic photosynthesis varied in a predictable
manner with the sulfide concentration characteristics
of the springs of origin (Garcia-Pichel and Castenholz,
1990).

The O. amphigranulata springs of New Zealand
are recognized by the dull olive-green mats which
can be demonstrated, in all cases, to terminate
upstream at the fairly constant 56-57 °C point. These
mats are sometimes preceded upstream by delicate
white streamers of Thiobacillus-like chemo-
lithotrophs (Fig. 6). In New Zealand springs with
little or no primary sulfide, oxygenic, sulfide-
intolerant cyanobacteria form brighter green mats up
to a constant temperature of 63-64 °C (see
Castenholz, 1976).

In contrast, the Mammoth Springs of YNP have a
much lower sulfide content, but the toxicity level
may be as high because of the lower pH of 6.2—~6.8
(e.g. Howsley and Pearson, 1979). Spirulina cf.
labyrinthiformis forms nearly monotypic dark blue-
green mats wherever springs issue at about 45-51 °C
with sulfide levels of 30—100 uM (Castenholz, 1977).
Although this species can hardly be regarded as a
thermophile with an upper limit ofonly 51 °C, in the
Yellowstone springs area there is apparently no
cyanobacterium that grows at a higher temperature
in the presence of sulfide above ~25 uM. As in the
case of O. amphigranulata, S. labyrinthiformis is
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capable of strictly anoxygenic photosynthesis but
only when sustained by sulfide of ~ 0.5-1.0 mM,
levels higher than in the springs of origin (Castenholz,
1977).
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Summary

During the last 15 years, more than 20 strains of aerobic bacteria which possess bacteriochlorophyll (BChl) a
have been found. They are distinguished from typical anaerobic (anoxygenic) phototrophs in that they
synthesize BChl only under aerobic conditions and cannot grow without O, or other oxidants, even in the light.
In some species, photosynthetic activities have been demonstrated. Reaction centers and light-harvesting
complexes isolated from some species were shown to be similar to those of typical purple photosynthetic
bacteria. The regulatory mechanism of synthesis of pigments and proteins of the photosynthetic apparatus are
apparently opposite with respect to O, tension to that of typical anoxygenic phototrophs. The low content of
BChl, unique composition of carotenoids and presence of non-photosynthetic carotenoids in most strains are
other marked characteristics of these aerobic bacteria. Phylogenetically, they are not classified into single
group. Species so far described are distributed rather widely within the a-subclass of Proteobacteria (purple
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bacteria) in which most of the purple nonsulfur bacteria as well as many non-photosynthetic bacteria are
included. Apparently, these aerobic BChl-containing bacteria represent an evolutionary transient phase from
anaerobic phototrophs to aerobic non-phototrophs. However, some characteristic features distinct from
anaerobic phototrophs suggest that most of them are in a evolutionary stable state.

l. Introduction

It has long been known that bacteriochlorophylls
(BChls) are present in prokaryotes which perform
anoxygenic photosynthesis under anaerobic-light
conditions. Although some bacteria, such as species
of Rhodobacter, are known to synthesize BChl a
under semiaerobic conditions, their photosynthetic
activities and BChl content are higher under anaerobic
conditions. In 1978, however, bacteriochlorophyll a
(BChl a) was detected in three strains of obligate
aerobic bacteria (Sato, 1978; Harashima et al, 1978).
Since then, more than 20 strains of aerobic bacteria
which contain BChl a have been reported (Shiba et
al, 1979a; Nishimura et al., 1981; Shiba and Simidu,
1982; Urakami and Komagata, 1984; Shiba and Abe,
1987; Evans et al., 1990; Shiba et al., 1991;Yurkov
and Gorlenko, 1990,1991,1992; Yurkov et al., 1992;
Fuerstetal., 1993;Yurkov and Van Gemerden, 1993b;
Wakao etal., 1993). These bacteria were distinguished
from ‘typical’ photosynthetic bacteriain the following
points: (1) They are, in principle, obligate aerobes
and cannot grow under anaerobic conditions, even in
the light. (2) BChl synthesis occurs under aerobic
conditions, not under anaerobic conditions.

The BChl content of these aerobic bacteria are,
however, significantly lower than those of ‘typical’
photosynthetic bacteria (Table 1). Thus, the first
question may be whether all of these aerobic BChl-
containing strains have significant photosynthetic
activity or not. In this article, all aerobic bacteria in
which BChl has been found are described as aerobic
anoxygenic phototrophs without evidence for their
phototrophy or photosynthetic activity, since these
properties have not been confirmed in most strains.
Photosynthetic activities such as photo-stimulated
CO, incorporation, photo-stimulated growth and
photooxidation of cytochromes have been demon-
strated only in a few species (Harashima et al., 1982;
Shiba, 1984; Takamiya and Okamura, 1984;

Abbreviations: ALA - 5 aminolevulinic acid; BChl -
bacteriochlorophyll; E. — Erythrobacter; Em. — Erythro-
microbium; LH — light-harvesting; M. — Methylobacterium; Rb.
— Rhodobacter, RC — reaction center; Ro. — Roseobacter; TMAO
— trimethylamine N-oxide;

Harashima et al, 1987). Phototrophy and/or the
advantage of photosynthesis to other non-photo-
trophic aerobic bacteria have not yet been assessed in
their natural habitats. The second question concerns
the in vivo state of BChl. All strains so far described
seem to have a photosynthetic apparatus similar to
that of typical purple photosynthetic bacteria. In
some species, reaction centers and antenna complexes
of a purple bacterial type have been isolated. In
Roseobacter (Ro.) denitrificans (formerly Erythro-
bacter sp. strain OCh 114), which is the species
investigated most extensively among aerobic
anoxygenic phototrophs, the gene structure coding
for the photosynthetic apparatus was also shown to
be similar to those of typical purple bacteria. However,
it is possible in some species that the genetic
organization of the photosynthetic apparatus is
incomplete compared with those of typical purple
bacteria. Regulatory systems for synthesis of BChl
and the photosynthetic apparatus, which must be
different from those of anaerobic phototrophs, are
still unclear. A third question concerns the
phylogenetic position of aerobic anoxygenic
phototrophs. Phylogenetic studies based on ribosomal
RNA indicated that the strains of aerobic anoxygenic
phototrophs so far studied are distributed among the
o~subclass of Proteobacteria (purple bacteria) in
which most of the ‘purple nonsulfur bacteria’ as well
as many non-phototrophic aerobes are included. One
may consider, therefore, that each aerobic anoxygenic
phototroph is on a transient phase in evolution from
an anaerobic purple bacterium to an aerobic non-
phototrophic bacterium. In this chapter, available
data are presented to discuss the above questions,
although the data are still insufficient and are confined
to limited species.

Il. Habitats and Culture
A. Habitats

Aerobic anoxygenic phototrophs so far described
are all chemoheterotrophs and have been isolated
mainly from aquatic environments, except for some
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Table 1. Species of aerobic anoxygenic phototrophs and their cellular BChl content

Species BChl-content References

(nmol/mg dry cell)
Erythrobacter longus 2.0 Harashima et al., 1980
Erythrobacter sp. OCh 175 1.5 Shiba and Abe, 1984
Roseobacter litoralis NM#* Shiba, 1991
Roseobacter denitrificans 8.0 Harashima et al., 1980
Methylobacterium rhodesianum 0.06% Sato et al., 1985
Methylobacterium radiotolerans 0.19 Nishimura et al., unpublished
Methylobacterium extorquens NM Urakami and Komagata, 1984
Methylobacterium zatmanii NM Urakami and Komagata, 1984
Methylobacterium fujisawaense NM Urakami and Komagata, 1984
Methylobacterium rhodinum NM Urakami and Komagata, 1984
Porphyrobacter neustonensis NM Fuerst et al., 1992
Rhizobium BTAil 0.40 Evans et al., 1990
Acidiphilivm rubrum 0.71 Wakao et al., 1993
Acidiphilium angustum 0.08 Wakao et al., 1993
Acidiphilium cryptum 0.04 Wakao et al., 1993
Erythromicrobium sibiricum NM Yurkov and Gorlenko, 1992
Erythromicrobium ezovicum NM Yurkov and Gorlenko, 1992
Erythromicrobium hydrolyticum 2.0t Yurkov and Van Gemerden, 1993a
Erythromicrobium ursincola NM Yurkov et al., 1992
Erythromicrobium ramosum NM Yurkov and Gorlenko, 1992
Roseococcus thiosulfatophilum NM Yurkov and Gorlenko, 1991
Rhodobacter sphaeroides* 20.0 Takemoto and Kao, 1977

* NM, Not measured.

§ Estimated from the concentration in the culture solution.

1 Estimated from the content on protein basis.

¥ Typical anoxygenic photosyntheic bacterium for reference.

strains of facultative methylotrophs. Siba et al.
(1979b,1991) have isolated Erythrobacter, Roseo-
bacter and some other strains from the surface of sea
weeds, coastal sands, cyanobacterial mat and water
in high tidal zone. Occupation of 20 to 50% of the
total aerobic heterotrophs by aerobic BChl-containing
bacteria was observed in some tropical high-tidal
zones (Shiba et al., 1991). Howeyver, isolation from
sea water is, so far, unsuccessful (Shibaetal., 1979b).
The marine bacterial group seem to contain many
other species which have not yet been characterized
(Shiba et al., 1991; Yurkov and Van Gemerden,
1993b). From fresh water, Porphyrobacter, Acidiphi-
lium, Erythromicrobium and Roseococcus have been
isolated (Fuerst et al., 1992; Yurkov and Gorlenko,
1990,1991,1992; Wakao et al., 1993). Species of the
latter two genera were isolated from cyanobacterial
mat formed downstream of alkaline hot springs.
Porphyrobacter, which is phylogenetically close to
Erythrobacter, was isolated from eutrophic fresh
water. Facultative methylotrophic strains which were

once classified as Protomonas and, later, included
into Methylobacterium, are isolates from various
sources such as foods, soils, leaf surfaces, etc.
(Urakami and Komagata, 1984; Bousfield and Green,
1985). Although one may suppose that phototrophy
would be advantageous in oligotrophic environments,
most strains of aerobic BChl-containing bacteria
have been found in rather eutrophic environments
like many species of purple nonsulfur bacteria.
Among them, however, species of Acidiphilium
require relatively low concentration of nutrients
(Wakao etal., 1993). Thus, itis possible that unknown
oligotrophic strains are present in various environ-
ments. So far, all strains described are mesophilic as
are typical purple nonsulfur bacteria.

B. Isolation and Culture
As stated above, most aerobic anoxygenic phototrophs

grow under aerobic, mesophilic and eutrophic
conditions. Therefore, isolation was also performed
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Table 2. Composition of the medium for growth of Roseobacter
(Shioi, 1986)

Ingredient Concentration
(g/liter)

1. Basal salts
NaCl® 20.0
MgCl,-6H,0* 5.0
Na,S0,* 2.0
KCl® 0.5
CaCl,-2H,0" 0.5
NaHCO, 0.2
Ferric citrate® 0.1

II. Organic substrates
Yeast extract (Difco) 2.0
Polypeptone 1.0
Casaminio acids 1.0
Glycerol 1.0 ml

All of the ingredients are mixed and autoclaved for |5 min at
1.0 kgrem2 after adjusting the pH to 7.5 with NaOH. The
precipitate formed does not affect the bacterial growth.

A Can be stocked together as five strength solution.

Y Added as solution (10 mg/ml); store in refrigerator.

aerobically at 20 to 30 °C on agar plates containing
rather rich media. In the case of marine bacteria,
media such as PPES-II, which are rich in peptones
and yeast extract, have been used (Shiba et al.,
1979b; Shioi, 1986, Table 2). Since BChl formation
is inhibited by light as described below, the culture is
kept in the dark or in some cases under intermittent
light. Light is not necessary for growth in all strains
so far investigated. However, optimum condition for
growth and/or BChl-formation have not yet been
established in most strains. Thus, it is possible that
the very low content (or lack) of BChl in some
aerobic phototrophs does not necessarily reflect the
nature of the strain in its habitat. The isolated
pigmented colonies were enriched and examined for
the presence of BChl and the inability to grow under
anaerobic conditions in the light. Batch cultures are
usually grown on a shaker or in a bubbled bottle. The
aeration rate should be controlled (depending on the
strains) for the maximal formation of BChl, since
saturated oxygen does not necessarily give a
maximum yield of BChl (Shiba, 1987). Light
conditions should also be surveyed for the yield of
BChl, since the BChl-containing Rhizobium is known
to synthesize BChl only under intermittent light
(Evans et al., 1990; see Chapter by Fleishman et al.)
and the BChl content of some species of Methylo-
bacterium varies significantly by the interval of the
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intermittent light (Sato and Shimizu, 1979; see
below).

lll. Photosynthetic Apparatus
A. Reaction Center

The presence of reaction centers (RCs) in aerobic
BChl-containing heterotrophs was first discovered
inRo. denitrificans and Erythrobacter (E.) longus by
Harashima et al. (1982) using light induced absorption
changes and an absorption spectrum of iridic chloride-
oxidized membranes; the results were similar to
those obtained with typical purple photosynthetic
bacteria. Later, similar absorption changes were
observed in Methylobacterium(M.) rhodesianum
(formerly Protaminobacter ruber), M. radiotolerans
(Pseudomonas radiora), and Rhizobium strain
BTAIl (Takamiya and Okamura, 1984; Nishimura et
al, 1989; Evans et al, 1990).

Purified RC complexes have been obtained only
from Ro. denitrificans (Shimada et al., 1985;
Takamiyaet al., 1987). The absorption spectrum and
the photo-induced absorption changes of purified
RCs were almost identical to those of typical purple
bacteria which have the cytochrome subunit (Fig. 1).

[=1]
w
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Fig. 1. Absorption and reduction-oxidation difference spectra

(insct) of the RC of Roseobacter denitrificans (from Shimada et
al., 1985).
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The composition of cofactors in this preparation was
also the same as that in purple bacterial RCs; 4
BChls, 2 bacteriopheophytins, 4 c-rype hemes and
2 ubiquinones-10. The estimated midpoint potential
(£ ) of the primary acceptor (Q,), —44 mV, and its
independence of pH, were also very similar to those
of typical purple bacteria (Takamiya et al., 1987).
The polypeptide composition was also similar to
those of typical purple bacteria; L, M, and H
polypeptides were present along with cytochrome
subunits of apparent molecular mass of 26, 30, 32
and 42 kDa, respectively. Recently, primary structures
of the L and M subunits were deduced by analysis of
the nucleotide sequence of a gene cluster (puf operon)
that contained the genes for the subunits of the RC,
as well as those for the two subunits of the B§70
light-harvesting complex (LH I) (Liebetanz et al.,
1991). The gene structure was essentially the same
as those oftypical purple bacteria and the amino acid
sequence homology of the subunits showed very
high values, especially with those of Rhodobacter
species (up to 70%). These results suggested close
relationships between aerobic anoxygenic photo-
trophs and anaerobic purple photosynthetic bacteria.
From E. longus only a trace amount of RC could be
obtained, which contained three subunits; probably
H, M and L (Shimada et al., 1985). The lack of
cytochrome in the RC of this species was supported
by the absorption difference spectra of RC-LH I
complex and the light induced absorption change of
the membranes (Matsuura and Shimada, 1990).

Unlike RC, a pigment-protein complex presumed
as RC-LH I complex could be obtained rather easily
from some species. A minor absorption band around
800 nm and a shoulder around 750 nm in this complex
suggested the presence of a RC of the purple bacterial
type in M. radiotolerans and Erythromicrobium (Em.)
ramosum (Nishimura et al., 1989; Yurkov et al.,
1992). From the RC-LH I complex of M. radio-
tolerans, the four presumed subunits of RC, i.e., L,
M, H and the cytochrome subunit, were clearly
resolved by SDS-polyacrylamide gel electrophoresis.
The mobilities of these proteins were also very similar
to those of the corresponding proteins in the RC of
typical purple bacteria. The presence of a purple
bacterial-type RC was also suggested in many other
aerobic anoxygenic phototrophs from the absorption
spectra of membranes or cells which showed the
same profile as that of the RC-LH I complex, probably
due to a lack of the peripheral antenna (LH II) in
these species.

109

It may be noteworthy that the cytochrome subunit
of RC has been found from at least two species of
aerobic anoxygenic phototrophs, since these types of
RCs have been found from relatively anaerobic
species of purple bacteria and are rather rare in
facultative species of purple bacteria such as
Rhodobacter species (Matsuura and Shimada, 1990).
Although the role of the cytochrome subunit of RC
in purple bacteria is not necessarily understood, the
presence of this subunit in aerobic anoxygenic
phototrophs might give a clue for the elucidation of
its significance.

B. Light-Harvesting System

The in vivo absorption spectra of BChl of all aerobic
anoxygenic phototrophs so far described showed
red-shifted spectra of BChl as in typical purple
bacteria; this indicates that almost all BChl molecules
are bound to pigment proteins, as in typical purple
bacteria. As stated above, most strains were suggested
to have a RC-LH I complex of the purple bacterial
type. Thus, in terms of the photosynthetic apparatus,
all aerobic anoxygenic phototrophs seem to have the
ability to perform photosynthesis despite the low
content of BChl. Antenna complexes have been
obtained from E. longus, M. radiotolerans and Ro.
denitrificans (Shimada et al, 1985; Nishimura et al.,
1989; Figs 2 and 3). RC-LH I type complexes were
obtained from all ofthese species as from all typical

o
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Fig. 2. Absorption spectra of membranes (dotted line), RC-LH |
complex (solid line) and ‘non-photosynthetic’ carotenoids (broken
line) of Erythrobacter longus (from Shimada et al., 1985).
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Fig. 3. Absorption spectra of membranes (dotted line), RC-LHI
complex (broken line) and B806 (LH II) complex (solid line) of
Roseobacter denitrificans (from Shimada et al., 1985).

purple bacteria indicating a close similarity between
the light-harvesting systems of the two groups of
anoxygenic phototrophs. In E. longus and M.
radiotolerans, there seem to be no pigment proteins
other than the RC-LH I type complex (Fig. 2). The
absorption spectra of cells or membranes of
the Methylobacterium species, Porphylobacter
neustonensis, Em. ursincola, Roseococcus thiosulfa-
tophilus and the Acidiphilium species indicated that
these organisms also lack an LH II-type complex as
in E. longus. The lack of LH II in these species is
apparently consistent with the hypothesis that aerobic
anoxygenic phototrophs are on an evolutionary line
to abandon photosynthesis (Woese et al., 1984),
although some typical purple bacteria such as
Rhodospirillum rubrum also lack LH 1II.

Thus, the presence of an LH II type complex
seems to be somewhat rare in aerobic anoxygenic
phototrophs. In vivo absorption spectra of some
Erythromicrobium species and Erythrobacter sp.
strain OCh 175 showed absorption bands other than
those of the RC-LH I complex, indicating the presence
of LH II type complexes in these species (Shiba and
Abe, 1987; Yurkov and Gorlenko, 1990, 1992; Fig.
4). Species of Roseobacter also have another pigment
proteinin addition to the RC-LH I type complex. The
pigment protein isolated from Ro. denitrificans
showed only one peak at 806 nm in the near infrared
region at room temperature (Fig. 3). Although an
additional spectral component around 815 nm was
resolved at 77 K, no similar antenna complexes have
been found in typical purple bacteria (Shimada et al.,
1992). In spite of its unique spectral nature, the Ro.
denitrificans B806 complex is considered to
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Fig. 4. Absorption spectra of intact cells of Erythrobacter sp.
strain OCh 175 (from Shiba and Abe, 1987).

correspond to the peripheral antenna (LH II) of
typical purple bacteria, since it contained no RC and
showed a Raman spectrum similar to LH I complexes
of purple bacteria and transferred energy to the RC-
LH I complex with high efficiency as described
below (Hayashi et al., 1986; Shimada et al., 1990b).
Whether the unique spectral characteristics of its
B806 complex is correlated with the aerobic nature
of Roseobacter, is not clear.

The apparent size of the antenna complexes and
their constituent polypeptides of aerobic anoxygenic
phototrophs so far examined were also similar to
those of typical purple bacteria. Two polypeptides
with apparent molecular masses of 5 to 7 kDa seemed
to be the main protein components (Shimada et al.,
1985; Nishimura et al., 1989). The deduced amino
acid sequence of the two small polypeptides coded
upstream of the RC components in the puf operon of
Ro. denitrificans showed characteristic features of
LH I polypeptides of typical purple bacteria
(Liebetanz et al., 1991).

Efficiency of the light harvesting system of aerobic
anoxygenic phototrophs has been investigated in
only a few species. LH II (B806) complex of Ro.
denitrificans showedno spectral components at longer
than 820 nm which suggests low efficiency of
excitation energy transfer to the LH I[(B870) complex
due to small spectral overlapping between the two
antenna complexes. However, the transfer occurred
within 6 ps, indicating a highly efficient light-
harvesting system of this bacterium (Shimada et al.,
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Fig. 5. Absorption and fluorescence excitation spectra of
membranes and RC-LH I complex of Erythrobacter longus; (A)
Absorption (solid line) and fluorescence excitation (broken line)
spectra of membranes. (B) Absorption (solid line) and fluorescence
excitation spectra (broken line) of RC-LH I complex. (C)
Fluorescence excitation spectra of RC-LH I complex (solid line)
and the membranes (broken line) depicted in the same scale
(from Noguchi et al., 1990).

1990a). Energy transfer from carotenoids to BChl in

this bacterium also occurred with high efficiency
(Shimada et al., 1990b). The high efficiency of
excitation energy transfer from carotenoids to BChl
was also demonstrated in the RC-LHI complex of E.
longus in spite of its unique composition of
carotenoids (Noguchi et al., 1992; Fig. 5a). Thus,
efficiency of the light-harvesting system of aerobic
anoxygenic phototrophs is not necessarily low in
spite of its low BChl content.
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It may be remarkable that many species of aerobic
anoxygenic phototrophs show higher ratios of
carotenoid content to BChl than those of typical
purple bacteria. It was suggested that only some
carotenoids are bound to the light-harvesting complex
orto RCin E. longus (Fig. 2). Excitation spectra for
BChl fluorescence of membranes confirmed that the
rest ‘excess’ carotenoids are not functioning as light-
harvesting pigments (Fig. 5). In M. radiotolerans, a
significant part of the carotenoid pool was not bound
to the photosynthetic apparatus (Nishimura et al.,
1989). Since such ‘non-photosynthetic’ carotenoids
have notbeen found in typical purple bacteria, one of
the roles of these carotenoids is likely to be concerned
with protection from oxygen toxicity. As described
below, these ‘non-photosynthetic’carotenoids are
highly polar and are structurally distinct from the
carotenoids which are bound to the antenna complexes
as light-harvesting pigments.

C. Membrane Structure

Aerobic anoxygenic phototrophs contain significantly
lower amounts of BChl than typical purple bacteria
which usually develop intracytoplasmic membranes
coincidentally with BChl synthesis. Despite the low
content of BChl, ‘chromatophore-like’ structures
have been observed in Ro. denitrificans, M.
rhodesianum, Em. sibiricum and Rhizobium strain
BTAIil (Harashima et al, 1982; Sato and Shimizu,
1979;Yurkov et al., 1991; Evans et al., 1990). In Ro.
denitrificans and M. rhodesianum, these vesicular
intracytoplasmic membranes, though poorly devel-
oped, can be observed in cells of relatively high
BChl-content but not in cells of low BChl content
(Harashima et al., 1982; Sato and Shimizu, 1979; Iba
et al., 1988). These results suggest that the
photosynthetic apparatus in these aerobes are mainly
localized in the specific structure of membranes and
the synthesis of such structures are regulated
coincidentally with BChl synthesis as in typical
purple bacteria.

IV. Pigments and Other Components
A. Bacteriochlorophyll
The only bacteriochlorophyll found in aerobic

anoxygenic phototrophs thus far is BChl a. The
esterified alcohol in all cases has been phytol
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(Harashima and Takamiya, 1989; Shiba and Abe,
1987; Wakao et al, 1993). The reason that only BChl
a has been found may be that BChl a is the most
stable among the six chemical species of BChl in
aerobic environments. However, there seems to be
no reason for phytol as the exclusive esterified moiety,
since some facultative purple bacteria such as
Rhodospirillum rubrum have geranylgeraniol in place
of phytol. It may thus be possible that aerobic bacteria
containing BChl a, will be found in the future.

B. Carotenoids

The carotenoid composition of most aerobic
anoxygenic phototrophs seems to be different from
those of typical purple bacteria, as they probably
have ‘non-photosynthetic’carotenoids. In E. longus,
more than 70% of total carotenoids do not function
as light-harvesting pigments (Noguchi et al., 1992).
These carotenoids were shown not to be bound to RC
nor to the LH I complex, which is the sole antenna
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complex of this bacterium (Shimada, unpubl.;
Harashima, 1989). The major components of these
‘non-photosynthetic’ carotenoids in E. longus have
been shown to be novel sulfate-containing carote-
noids, for example, erythroxanthin sulfate (Fig. 6)
and caloxanthin sulfate (Takaichi et al., 199la).
Carotenoids bound to the RC-LH I complex of E.
longus are less polar species: Among them,
bacteriorubixanthinal is anovel carotenoid containing
a cross-conjugated aldehyde group and a tertiary
methoxy group which are unique to purple bacteria.
This carotenoid also has an ionone ring which is
rarely found in purple bacteria (Takaichi at al., 1988;
Fig. 6). Zeaxanthin and other hydroxyl derivatives of
B-carotene, which are common carotenoids of
oxygenic phototrophs, are also major carotenoids in
the pigment protein complex of E. longus (Takaichi
et al., 1990; Fig. 6). It should be noted that
spirilloxanthin, which is unique to purple bacteria,
was also found in this RC-LH I complex, although
the amount was small. Thus, in E. longus, three
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Fig. 6, Structure of characteristic carotenoids of aerobic anoxygenic phototrophs; (A) Erythroxanthin sulfate from Erythrobacter longus
(B) Zeaxanthin from E. longus (C) Bacteriorubixanthinal from E. longus (D) Spirilloxanthin from E. longus (E) Diglucosyl C,y-

carotenoid from Methylobacterium rhodinum .
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classes of carotenoids were found; bicyclic,
monocyclic and acyclic carotenoids (Fig. 6). Almost
the same carotenoid composition has been postulated
in Em. ramosum (Yurkov et al., 1993). The complex
composition of carotenoids in E. longus seems to be
consistent with its intermediary nature between
typical purple bacteria and aerobic organisms.
Elucidation of the gene organization for carotenoid
synthesis in E. longus might give clues to the reason
of such complex composition.

In species of Methylobacterium, two classes of
carotenoids seem to be present. In M. radiotolerans,
spirilloxanthin is the dominant species in the RC-LH
I complex and a few polar carotenoids containing a
carboxyl group constitute the ‘non-photosynthetic’
carotenoid group. Interestingly, the latteris suggested
to be localized in the outer membrane (Saito et al.,
unpubl.). One of the major carotenoids of M.
rhodinum (formerly Pseudomonas rhodos) was
indicated to be a diglycosyl ester of C,, carotene-
dioate (Kleinig et al., 1979; Fig. 6). The same
carotenoid and its deglycosylated form also have
been postulated to be the major carotenoids in
Roseococcus thiosulfatophilus (Yurkovetal., 1994).
In M. rhodesianum, a major carotenoid was also
suggested to have a sugar moiety and a carbonyl
group (Sato et al., 1982). The highly polar nature of
these carotenoids suggests that they are ‘non-
photosynthetic’ carotenoids which are not bound to
the photosynthetic apparatus of these aerobes.

The carotenoid composition of Roseobacter is
somewhat different from other aerobic anoxygenic
phototrophs, since it lacks ‘non-photosynthetic’
carotenoids. The dominant carotenoid species is
spheroidenone which is also the dominant species in
semi-aerobically grown cells of some typical purple
bacteria such as Rhodobacter (Rb.) sphaeroides
(Shimada et al., 1985, 1990a; Harashima and Nakada,
1982). In this respect, Roseobacter seems to have
closer relationships with typical purple bacteria than
other aerobic anoxygenic phototrophs. It should be
noted that reduction of a significant part of
spheroidenone to 3,4-dihydrospheroidenone upon
illumination in Ro. denitrificans was observed under
anaerobic conditions (Takaichi et al., 1991b; see
below).

C. Quinones and Lipids

Information on quinone composition is so far limited
to Roseobacter, Erythrobacter and Methylo-
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bacterium. The dominant chemical species in all
strains of these genera was ubiquinone-10 (Shiba
and Simidu, 1982; Nishimura at al., 1983; Shiba,
1991; Urakami and Komagata, 1984). Except for
small amounts of ubiquinone homologues, no other
quinones, such as menaquinone and rhodoquinone,
were found in these organisms. This seems to be
consistent with the quinone composition of facultative
purple bacteria in the alpha-subclass of Proteo-
bacteria.

Cellular fatty acid composition has been studied
in Porphyrobacter as well as in the above three
genera. In all strains in the four genera, octadecenoic
acid (C ) was the dominant fatty acid (Urakami
and Komagata, 1984; Urakami and Komagata, 1988;
Shiba, 1991; Fuerst et al., 1993). The dominancy is
especially high in BChl-containing strains of
Methylobacterium. It may be noted that significant
amounts of triterpenoids have been found in some
strains of Methylobacterium, although this was not
the case in Erythrobacter (Urakami and Komagata,
1986,1988).

V. Photosynthetic Activity and Electron
Transfer System

A. Evidence for Photosynthetic Activity

The first question after the discovery of BChl-
containing aerobic bacteria was whether the BChl
molecules were functionally active or not. The first
observation indicating photosynthetic activity was
the reversible photo-oxidation of cytochromes and
the reversible photobleaching of BChl in the presumed
RC in Ro. denitrificans (Harashima et al., 1982).
Photo-inhibition of respiration in E. longus and Ro.
denitrificans, which suggested the operation of a
photosynthetic electron transport system, was also
observed in the same study. Similar activities were
also demonstrated in M. rhodesianum (Takamiya
and Okamura, 1984). Later, the photo-induced
absorbance change of RC was also observed in M.
radiotolerans and Rhizobium strain BTAil (Nishi-
muraetal., 1989; Evans etal., 1990). Photo-inhibition
ofrespiration has also been observed in Acidiphilium
rubrum (Wakao et al., 1993).

Except for these observations, studies on
photosynthetic activity of BChl-containing aerobic
bacteria have been confined to Ro. denitrificans and
M. rhodesianum. Shiba (1984) observed light-
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stimulated CO, uptake and increases in cellular ATP
pools in Ro. denitrificans (Fig. 7). He also observed
the positive effect of light on survival under conditions
of starvation. Also, light-dependent ATP formation
in membrane preparations was demonstrated in the
above two species (Takamiya and Okamura, 1984;
Okamura et al., 1986). It should be noted that the
light-stimulated activities were observed only in the
presence of O, or, in Ro. denitrificans, auxiliary
oxidants as described below. Light-stimulated growth
of Ro. denitrificans was demonstrated by Harashima
etal. (1987); dark grown cells which had accumulated
significant amounts of BChl subsequently showed a
higher growth rate in the light than did control cells
kept in the dark. Also, this activity was prominent in
the presence of sufficient O, (Fig. 8). Recently, similar
light-stimulated growth was observed in Em.
hydrolyticum (Yurkov and Van Gemerden, 1993a).
In spite of these photosynthetic activities, however,
no autotrophic growth supported by H, and CO, has
been observed in these bacteria in the light or in
darkness.

B. Effect ofO, and Auxiliary Oxidants
As stated above, aerobic conditions are necessary, in
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Fig. 7. Light-stimulated uptake of CO, by Roseobacter
denitrificans in aerobic condition. Open circles, in the light;
Closed circles, in the dark (from Shiba, 1984),
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principle, for photosynthetic activities of these
aerobes. Okamura et al. (1985) observed that light-
induced oxidation of cytochromes as well as that of
RC disappeared under anaerobic conditions both in
membrane preparations and in intact cells of Ro.
denitrificans (Fig. 9). Since these activities were
recovered by aeration, the inactivation was considered
to be caused by the over-reduction of the electron
transfer system. In this respect, the higher midpoint
potential (£, ) of the primary acceptor (Q,) of the RC
(+35 mV at pH 7) in aerobic phototrophs compared
to that of typical purple bacteria, has been noted
(Harashimaand Takamiya, 1989). InM rhodesianum,
also, the high E_ was considered to be one of the
reasons of the inactivation of photosynthetic activities
under anaerobic conditions. In Ro. denitrificans,
Harashimaet al. (1982) observed the photo-reduction
of asignificant portion (up to 35%) of the predominant
carotenoid, spheroidenone, under anaerobic condi-
tions. This phenomenon was considered to be due to
excess reducing power accumulated under anaerobic
conditions. (Harashima and Takamiya, 1989;Takaichi
etal., 1991b).

In 1988, Arata et al. (1988) and Shioi et al. (1988)
reported that Ro. denitrificans could grow anaero-
bically in the presence of trimethylamine N-oxide
(TMAO) or nitrate. Arata et al. (1988) and Takamiya
etal. (1988) also observed reversible photo-oxidation
of cytochrome ¢ and light-driven proton translocation
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Fig. 8. Oxygen requirement for the light-stimulated growth of
Roseobacter denitrificans. The bacterium was aerobically grown
in the dark for 24 h and then either semi-acrobically (S) or
microaerobically (M). Closed symbols, values in the dark; open
symbols, values in the light (from Harashima et al., 1987)
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Fig. 9. Flash-induced oxidation of cytochrome ¢ in Roseobacter denifrificans. (a) Under aerobic condition (b) under anaerobic condition
(c) anaerobic condition in the presence of 3 mM KNO, (d) same as (c) + 3 mM KCN (from Arata et al., 1988).

under anaerobic condition in the presence of these
oxidants (Fig. 9). These observations clearly indicated
that these oxidants can be utilized as electron
acceptors in Ro. denitrificans. Since only a small
accumulation of BChl was observed in cells grown
anaerobically with these auxiliary oxidants, light-
stimulated growth was not observed under anaerobic
conditions. However, when BChl had been accum-
ulated previously by growth under aerobic-dark
condition and, further, the corresponding reductase
had been induced by either oxidants, light-stimulated
growth could be observed in the presence of high
concentration of the oxidant (Harashima and
Takamiya, 1989).

C. Electron Transfer System

As described above, most strains of aerobic
anoxygenic phototrophs seem to have purple
bacterial-type RCs. The operation of'this type of RC
in the light has also been indicated in some of these
aerobic bacteria. Therefore, one may consider that
electron transfer systems similar to those of facultative
purple bacteria are also functioning in aerobic
anoxygenic phototrophs. However, notmuchisknown
about the electron transfer systems of aerobic
anoxygenic phototrophs, especially about light-driven
electron transfer. Although participation of c-type

cytochromes in light-driven electron transport was
indicated by light-induced absorption changes in Ro.
denitrificans, E. longus and M. rhodesianum,
involvement ofthe be -type complex in the system is
not clear. Involvement of the bc, complex in the
respiratory electron transfer system of Ro. denitri-
ficans has been suggested by the effect of antimycin
on electron transport (Takamiya, 1989). Also,
inhibition of electron transfer to the auxiliary oxidants
by antimycin or myxothiazol suggested the parti-
cipation of bc, complex in the anaerobic respiratory
systems. In Ro. denitrificans, cytochrome c-551,
which was shown to be homologous with cyto-
chrome ¢, of purple bacteria (Okamura et al., 1987),
was oxidized by illumination on the one hand, and
was oxidized by O, or some auxiliary oxidants on the
other hand. These results indicated that the bc,
complex also participated in a light-driven electron
transport system in this bacterium (Takamiya et al.,
1988). The cytochrome subunit of the RC of
Ro. denitrificans, ¢-554, was also shown to be a
component of the photosynthetic electron transport
system as the direct electron donor to the light-
oxidized BChl (Matsuura and Shimada, 1990). As
stated above, this bacterium has dissimilatory
reductases for the auxiliary oxidants. One of them,
nitrite reductase, was revealed to be a cytochrome
cd,-type reductase which could accept electrons from
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Fig. 10. A tentative scheme for the electron transfer system in Ro. denitrificans (from Takamiya, 1989).

cytochrome c-551 and also from another c-type
cytochrome, c-552 (Doi and Shioi, 1989; Takamiya
et al., 1993). The in vivo function of c-552 is, however,
not clearly understood. Although the nature of
cytochrome oxidase is still unclear, atentative scheme
forthe electron transfer system in Ro. denitrificans is
shown in Fig. 10.

From E. longus, an aatype cytochrome oxidase
as well as two cytochromes c (c-549 and ¢-550) have
been isolated (Fukumori et al., 1987). However,
presence of the bc, complex in this bacterium is
unclear and, consequently, little is known about the
components participating in the photosynthetic
electron transport system in this bacterium. In
Methylobacterium, an aa-type cytochrome oxidase
has also been obtained from a strain of M. extorquens
(formerly Pseudomonas AM1) (Fukumori et al.,
1985). Although an outline of the respiratory chain
in this bacterium has been elucidated (Fukumori and
Yamanaka, 1987), the organization of the presumed
photosynthetic electron transport system is totally
unknown.

The anaerobic respiratory system for the dissimila-
tory reduction of the auxiliary oxidants in Ro.
denitrificans is somewhat different from those in
some strains of Rhodobacter which are also known
toutilize some auxiliary oxidants. Dimethylsulfoxide,
which is a common oxidant in Rhodobacter strains,
was not reduced by Ro. denitrificans. Also,
denitrification from nitrate or nitrite yield nitrous
oxide (N,0), indicating the absence of nitrous oxide
reductase in Ro. denitrificans (Arata et al., 1988;
Shioi et al., 1988).

VI. Regulation of Pigment Synthesis
A. Effect of Oxygen

Aerobic anoxygenic phototrophs can synthesize and
accumulate BChl which is then integrated into the
photosynthetic apparatus, though the amounts are
significantly lower than those in the typical purple
bacteria. The fundamental difference between aerobic
anoxygenic phototrophs and typical purple photo-
synthetic bacteria is the requirement for O,. Aerobic
anoxygenic phototrophs can grow and synthesize
BChl as well as the photosynthetic apparatus only
under aerobic conditions. Under anaerobic conditions,
no synthesis of BChl nor growth occurs, except in
the case of Ro. denitrificans which can grow using
auxiliary oxidants and can thus synthesize a small
amount of photosynthetic apparatus anaerobically
(Takamiya et al., 1992). In E. longus, BChl content
was significantly reduced in semi-aerobic conditions
compared with that of aerobic conditions, while the
growth rate was only slightly decreased in the same
growth conditions. This suggests that O, tension
itself stimulated the synthesis of BChl in this
bacterium (Harashima et al., 1980). In Ro. denitri-
ficans, on the other hand, it was suggested that O,
itself was not stimulative for BChl synthesis, since
BChl content was almost constant down to an O,
tension below which respiratory activity dropped
significantly (Shiba, 1987; Sato et al., 1989). In
typical purple bacteria, some facultative species are
known to synthesize the photosynthetic apparatus
under semi-aerobic conditions (Shioi and Doi, 1990).
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However, these species synthesize the photosynthetic
apparatus also under anaerobic conditions and show
significant photosynthetic activity in the light as do
the obligately anaerobic strains. Thus, the effect of
0O, on the synthesis of BChl and the photosynthetic
apparatus in aerobic anoxygenic phototrophs is almost
opposite to that of typical purple bacteria.

In aerobic anoxygenic phototrophs which have
‘non-photosynthetic’ carotenoids, it has been known
that the content of carotenoids is rather insensitive to
oxygen tension (Harashima et al., 1980). This can be
explained by constitutive synthesis of the ‘non-
photosynthetic’ species of carotenoids. On the other
hand, the synthesis of the carotenoid species which
are bound to the LH and RC complexes seems to be
regulated, more or less, by O, tension. In E. longus
the amount of ‘photosynthetic’ carotenoids was
roughly equal to that of BChl in various growth
conditions. However, the composition of the
carotenoid species varied significantly depending on
aeration rate (Shimada et al., unpubl; Harashima,
1989). Whether the regulatory mechanism for the
synthesis ofthese ‘photosynthetic’ carotenoids is the
same with that of BChl is unclear.

Nothing is known so far about the regulatory
mechanism for the synthesis of BChl and/or the
photosynthetic apparatus by O, in aerobic anoxygenic
phototrophs. The absence of the puf Q gene in the puf
operon of Ro. denitrificans might be concerned with
the lack of anaerobic synthesis of BChl (Liebetanz et
al., 1991). Elucidation of the regulatory mechanism
of the synthesis of pigments and proteins for the
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photosynthetic apparatus in typical purple bacteria
(see Chapter 58 by Bauer) will likely lead to
elucidation of the role of O, in the synthesis of
pigments and photosynthetic apparatus in aerobic
anoxygenic phototrophs.

B. Effect of Light

It has been known that high light depresses the
pigment content of typical purple photosynthetic
bacteria. This light effect was explained by the
degradation of BChl and not the repression of BChl
synthesis (Biel, 1986). In aerobic anoxygenic
phototrophs, continuous light also clearly repressed
accumulation of BChl, while many species could
synthesize BChl in continuous dark in the presence
of O, (Harashima et al., 1987; Shioi and Doi, 1988;
Sato et al., 1989) In some species, however, maximal
synthesis of BChl occurred under intermittent light.
In Rhizobium BTAIi 1, BChl accumulation could be
observed only under intermittent light (Evans et al.,
1990; see Chapter 7 by Fleischman et al.). In M.
rhodesianum, the synthesis of BChl depended on the
light/dark condition in each growth phase (Sato and
Shimizu, 1979; Sato et al., 1985b; Fig. 11). These
results suggest that, in some species of aerobic
phototrophs, light is not exclusively repressive but
has a role of positive effector for BChl synthesis.
In M. rhodesianum, two isozymes for synthesis of
5-aminolevulinic acid (ALA) have been found (Sato
etal., 1985a). These enzymes synthesize ALA from
glycine and succinyl-CoA and, thus, are called ALA

No.

Growth conditions and cultivation time (hrs)

BChl. formed
(n moles/ml culture)

80 100
0.284  [30.5]
0.964  [32.4]
0.240  [31.6]
0.022  [31.6]
0.016  [31.6]

Fig. 11. Effect of light on BChl-formation in Methylobacterium rhodesianum. Open bar, illuminated period; Closed bar, dark period
(from Sato and Shimizu, 1979). The values in brackets represent the OD, of the culture [see Sato and Shimizu (1979) for details of how

growth was measured].
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synthases. One ofthem was shown to be constitutive,
while the other was shown to be inducible by the
conditions under which BChl synthesis occurs. This
result suggests that BChl synthesis in this bacterium
is regulated by de novo synthesis of the ALA synthase
isozyme. In Ro. denitrificans, an ALA synthase which
is similar to that of Rb. sphaeroides has been found
(Shioi and Doi, 1988). However, participation of this
enzyme in the regulatory mechanism of BChl
synthesis in this bacterium is not clear.

In Ro. denitrificans, 1ba and Takamiya (1989)
investigated the action spectrum of the inhibitory
effect of light on BChl accumulation. They found
that wavelengths between 400 to 500 nm were most
effective and those in the near-infrared region were
less effective. This blue lighteffect was also observed
in the aerobic growth of a typical purple bacterium,
Rb. sphaeroides. Since this effect of blue light on
BChl accumulation was also observed in the
anaerobic culture of Ro. denitrificans in the presence
of TMAO, Takamiya et al. (1992) suggested the
effect oflight on BChl accumulation is not stimulation
of oxidative degradation of BChl or its precursor, but
is a regulatory effect on the biosynthesis of BChl.
The stable nature of BChl integrated in the
photosynthetic apparatus in the presence oflight and
O, also supported the absence of photochemical
degradation of BChL.

C. Other Factors

In some species of aerobic anoxygenic phototrophs
other factors are known to affect the synthesis of
pigments. In the marine bacterium, E. longus, low
salinity caused a significant reduction of BChl content
without severely affecting growth (Sato et al., 1989).
In Porphyrobacter neustonensis, reduction of BChl
content in richer growth media has been observed
(Fuerst et al., 1993). However, the mechanisms of
these inhibitions remains to be investigated. An
inhibitor of BChl synthesis, o,a'-dipyridyl, also
inhibited the formation of intracytoplasmic mem-
branes in Ro. denitrificans, suggesting that BChl
synthesis accompanied the synthesis of other
components of the photosynthetic apparatus as in
typical purple bacteria (Iba et al., 1988).

The reasons why aerobic anoxygenic phototrophs
show lower specific BChl contents than typical purple
bacteria is not known (see Table I). Similarly, the
reasons for the significant difference in BChl content
among species of aerobic anoxygenic phototrophs is
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not known. It is possible, however, that the cultural
conditions adopted for each species was not optimal
for BChl formation. In addition, there may be
unknown critical factors required for BChl formation
in species which accumulate only a small amount of
BChl in the growth condition currently adopted.

VII. Evolution and Taxonomy

A. Phylogeny Based on Ribosomal RNA
Sequence

Atpresent, up to 20 species and 8 genera are described
as BChl-containing aerobic bacteria which are
referred as aerobic anoxygenic phototrophs in this
chapter (Table 1). More than half of the 20 species
are newly described ones and others are newly
recognized ones as the BChl-containing species. As
seen in the fact that these descriptions have been
made continually during these 15 years, further
discovery of new species of aerobic anoxygenic
phototrophs will continue in the future.

Phylogenetically, all species of aerobic anoxygenic
phototrophs for which data on their ribosomal RNA
sequence are available have been shown to belong to
the a-subclass of Proteobacteria (Woese et al., 1984;
Komagata, 1989; Fuerst et al., 1993). This seems to
be consistent with the similarity of their photo-
synthetic apparatus to those of purple nonsulfur
bacteria which belong mostly to the same subclass.
In the o-subclass, aerobic anoxygenic phototrophs
showed rather wide distribution as represented in
Fig. 12 (see also Yurkov et al., 1994; Nishimura et al.,
1994). This indicates that they are not necessarily
closely related to each other. The phylogenetic
diversity of them seems also to be consistent with
their heterogeneity with respect to pigments and
photosynthetic apparatus, such as carotenoid
composition, the presence of ‘non-photosynthetic’
carotenoids and the possession of a cytochrome
subunit in the RC.

B. Consideration on the Origin of Aerobic
Anoxygenic Phototrophs

Based on phylogenetic studies and the heterogeneity
of photosynthetic apparatus, it may be reasonable to
assume that aerobic anoxygenic phototrophs were
branched from some independent lines of purple
photosynthetic bacteria. Furthermore, it seems that
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Paracoccus denitrificans
Rhodobacter sphaeroides *
Rhodobacter capsulatus *
Erythrobacter longus * %
Agrobacterium tumefaciens
Thiobacillus novellus
Rhodopseudomonas palustris %

_~ Thiobacillus acidophilus

Acidophilium cryptum * %
Methylobacterium extorquens * *
Rhodospirillum rubrum *

Fig. 12. A phylogenetic tree of a-subgroup of Proteobacteria based on 58 rRNAs from representative species (from Komagata, 1989).
* phototrophic purple photosynthetic bacteria; ** aerobic phototrophic bacterium.

each branching is not necessarily a recent event,
since each of the aerobic anoxygenic phototrophs
shows significant differences from its presumed
purple bacteria relative in carotenoid composition
and antenna organization, for example. Although Ro.
denitrificans seems to be closely related to
Rhodobacter in terms of ribosomal RNA sequence,
primary structure of a c-type cytochrome and the
dominant carotenoid species, they still differ in the
possession of a cytochrome subunit in the RC and in
the spectral characteristics of LH II, in addition to
the response to O,. E. longus and Porphyrobacter,
which are closely related to each other, have no
extant purple bacteria relatives in their apparently
isolated phylogenetic group (Fuerst et al., 1993).
Thus, it is probable that at least some species of
aerobic anoxygenic phototrophs are in a ‘stable state’
in the evolutionary process. The abundancy ofaerobic
anoxygenic phototrophs in some habitats supports
their ecological and evolutionary stability.

Based on their reduced BChl content, one may
consider that aerobic anoxygenic phototrophs are in
a transient phase of evolving from purple photo-
synthetic bacteria to non-photosynthetic aerobes
(Woese et al., 1984). However, the reason for the
small content of BChl is not known. In spite of the
small content of BChl, photosynthetic activities have
been clearly shown in some species suggesting that
they have an almost complete set of ‘photosynthetic’
genes. Therefore, the smaller amount of BChl
compared with those of typical purple bacteria does
not necessarily mean that the loss of the ‘photo-

synthetic’ genes in aerobic phototrophs has occurred.
It is possible, however, that some ‘non-phototrophic’
aerobic bacteria, which are closely related to
phototrophs, still have the photosynthetic genes or
theirrelicts. Search for such strains by suitable nucleic
acid probes may contribute to our understanding of
evolutionary processes in prokaryotes.

Recently, occurrence of lateral transfer of
photosynthetic genes has been postulated in some
cases (Blankenship, 1992; Nagashima et al., 1993).
It is also possible to consider that aerobic anoxygenic
phototrophs originated by incorporation of a
photosynthetic gene clusterinto ‘non-photosynthetic’
aerobes. However, the heterogeneous nature of the
photosynthetic apparatus of aerobic anoxygenic
phototrophs described above suggests that the origin
of such photosynthetic genes are also heterogeneous.
It seems unlikely that lateral gene transfers occurred
in many independent lines although such possibility
in some cases cannot be ruled out.

C. Perspectives

As described above, accumulated data are still not
enough to discuss extensively the phylogeny and
evolution of aerobic anoxygenic phototrophs.
Especially, data on the structure and sequence of
‘photosynthetic’ genes are lacking except for that of
Ro. denitrificans. This may be due to a lack of
suitable probes for the genes. However, recent
progress of gene manipulation will make it possible
to search and sequence ‘photosynthetic’ genes in
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other aerobic anoxygenic phototrophs and, possibly,
in some ‘non-photosynthetic’ bacteria. Thus, further
studies are needed to approach the origin of aerobic
anoxygenic phototrophs as well as the origin ofnon-
photosynthetic aerobes.

Thus far, species of aerobic anoxygenic photo-
trophs are confined to the alpha-subclass of
Proteobacteria. However, it may notbe unreasonable
to expect the occurrence of aerobic anoxygenic
phototrophs in other taxa, such as the ypsubclass. If
they are present in other classes than Proteobacteria,
the possibility of lateral gene transfer should be,
then, taken into consideration, as in the case of
Chloroflexus (Blankenship, 1992). Further investi-
gation of new species may reveal a phylogenetically
and ecologically wider distribution of aerobic
anoxygenic phototrophs than is presently known.

And finally, it should be mentioned that nomen-
clature ofthe aerobic anoxygenic phototrophs is not
consistent. Recently, Gest (1993) proposed a term
for aerobic anoxygenic phototrophs, ‘quasi-
photosynthetic bacteria,” to distinguish them from
typical anoxygenic photosynthetic bacteria. Another
expression, ‘paraphotosynthetic’ by Madigan, was
also referred to in the article. Currently, this group of
bacteria is called by at least three names: ‘aerobic
photosynthetic bacteria,” a primary designation
(Shiba, 1989); ‘aerobic anoxygenic phototroph,’used
in this book; and‘aerobic BChl-containing bacteria.’
Thus, agreement in the nomenclature of these
organisms may be an important future subject in this
field.
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Summary

The Green Revolution has allowed food production in many developing countries to keep pace with population
growth. But the use of chemical fertilizers as a source of fixed nitrogen is expensive and creates environmental
problems. The United States Agency for International Development sponsored a collaboration between U. S.
and Indian scientists to develop sources ofbiologically-fixed nitrogen fertilizers. This effort led to the discovery
that photosynthetic rhizobia are found in nitrogen-fixing nodules located on the stems of Aeschynomene, a
legume used as a green manure in rice fields. Such rhizobia now have been isolated from Aeschynomene nodules
and soils throughout the world. Photosynthetic rhizobia which nodulate a different genus, Lofononis, have been
discovered recently.

The rhizobium has the photosynthetic properties of aerobic anoxygenic phototrophs. It will grow, produce
the photosynthetic system and perform photosynthetic electron transport only under aerobic conditions. It can
fix nitrogen in ex planta culture and grow in the absence of any other source of fixed nitrogen. Phylogenetic
studies based on 16S rRNA sequences and numerical taxonomy suggest that all of the Aeschynomene isolates
are closely related to each other and form a cluster with Bradyrhizobium and Rhodopseudomonas palustris in
the alpha-2 subdivision of the class Proteobacteria.

Formation of the photosynthetic system is triggered by visible and far-red light, and is suppressed by visible
light. The photosynthetic system ofthe stem nodule endophytes probably provides energy for nitrogen fixation,
diminishing competition between carbon and nitrogen fixation and allowing for more efficient plant growth.

l. Introduction
A. Symbiosis Between Plants and Rhizobia
1. Rhizobiaceae

The Rhizobiaceae are a family of Gram-negative
bacteria, most of whose members form symbiotic
associations with plants. Members of four currently-
recognized genera form nitrogen-fixing nodules on
leguminous plants. Photosynthetic bacteria may have
been ancestors of the Rhizobiaceae (Woese, 1987).
Phylogenetic studies based on DNA-rRNA homology
(Jarvis et al., 1986) and 16S rRNA sequences (Yanagi
and Yamasato, 1993) indicate that species of the
genus Bradyrhizobium (which nodulate soybeans)
form a cluster on the Rhodopseudomonas palustris
branch of the alpha-2 subdivision of the class
Proteobacteria. Bradyrhizobium and Rp. palustris
are much more distantly related to the other
Rhizobiaceae and Rhodopseudomonas genera.

Abbreviations: A. — Aeschynomene; B. — Bradyrhizobium; Rp. —
Rhodopseudomonas; Rs. — Rhodospirillum; TRNA — ribosomal
RNA

2. The Symbiotic System

The legume nodule is a complex structure established
through an elaborate exchange of chemical signals
between the bacteria and the plant (Verma, 1992;
Fisher and Long, 1992; Long and Staskawicz, 1993).
Its function is to allow the resident rhizobia to fix
nitrogen for export to the plant in return for fixed
carbon. The rhizobia invade the roots, ultimately
entering plant cells where they differentiate to form
bacteroids, the endosymbiotic form of the rhizobia.
Generally sucrose, formed photosynthetically in the
leaves, is translocated to the root nodules, where it is
converted to dicarboxylic acids such as malate. The
bacteroids use the dicarboxylic acids as substrates
for oxidative phosphorylation and as the source of
the electrons required for the reduction of dinitrogen
to ammonia. The ammonia nitrogen is incorporated
into organic molecules such as amides and ureides
which are fed to the plant by way of the xylem.
Nitrogen fixation s energetically expensive, requiring
at least 8 moles of ATP per mole of NH; formed, as
well as 4 equivalents ofelectrons from low-potential
donors. As much as half of the photosynthate
produced by legumes may be allocated to nitrogen
fixation.
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3. Stem Nodulated Legumes and Their
Agricultural Significance

Most members of the Rhizobiaceae genera Rhizo-
bium, Sinorhizobium and Bradyrhizobium nodulate
only the roots of plants. Members of a fourth genus,
Azorhizobium, form nitrogen-fixing nodules on both
the roots and stems of the tropical legume Sesbania
rostrata (Dreyfus and Dommergues, 1981; Dreyfus
et al., 1988). Nodules are found on above-ground
parts of other plants as well, including plants of the
genera Aeschynomene (Arora, 1954; Alazard, 1985)
and Neptunia (Schaede, 1940). Occasionally other
plants possessing aerial nodules are reported (Walter
and Bien, 1989; Yatazawa et al., 1987), and under
appropriate conditions nodules may form on the
lower stems of such familiar legumes as field bean
(Fyson and Sprent, 1980), soybean (Eaglesham and
Ayanaba, 1984) and peanut (Nambiar et al., 1982).
Such nodules are most frequently found on tropical
legumes, where they form under flooded conditions.
The nodules are usually formed on adventitious
roots or their primordia. The circumstances under
which it is appropriate to refer to them as stem rather
than root nodules has been discussed by Ladha et al.
(1992).

Sesbania and Aeschynomene have been of
particular interest in rice-growing regions because
they are flood-tolerant and so can serve as green
manures—sources of biologically-fixed fertilizer
nitrogen—forrice fields. When these plants are grown
in flooded rice fields, the nodules on their stems can
fix nitrogen even though their roots are submerged.
The plants are then plowed into the fields before rice
is planted, and release their fixed nitrogen into the
soil. The use of green manures is of vital importance
in developing countries. Most of the rice in these
areas is grown by farmers who do nothave convenient
access to expensive chemical nitrogen fertilizers
produced by the petroleum-consuming Haber-Bosch
process. The expense of such fertilizers is certain to
increase in the future. In addition, biological nitrogen
fertilizers generate much less water and air pollution
than do chemical nitrogen fertilizers.

Stem-nodulated legumes and the rhizobia that
nodulate them have received special attention in
India (Subba Rao et al., 1991), the Philippines (Ladha
et al, 1990) and Senegal (Alazard, 1985). All aspects
of stem nodulation and its applications have been
reviewed recently by Ladha et al. (1992), and the
symbiosis between Azorhizobium caulinodans and
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Sesbania rostrata has been discussed in detail by de
Bruijn(1988).

B. Discovery of Bacteriochlorophyll-Containing
Rhizobium Species.

1. Species That Nodulate Aeschynomene

In the 1980°s the United States Agency for
International Development sponsored a collaborative
effort between scientists from India and the United
States, the Indo-US Science and Technology Initiative.
One of its objectives was the development of
biological nitrogen fertilizers. N. S. Subba Rao, of
the Indian Agricultural Research Institute, had noticed
that stem nodules of A. indica plants growing in
northern India appeared to contain unusual endo-
phytes (Subba Rao, 1988). Under USAID STI
sponsorship, he brought a collection of fixed nodules
to the Charles F. Kettering Research Laboratory,
where the late Harry Calvert examined them with the
electron microscope. Minocher Reporter and others
at the Kettering Laboratory pointed out that coccoid
endophytes within some of the nodules contained
chromatophore-like membranous vesicles (Evans et
al., 1990), and suggested that they might be
photosynthetic bacteria. Endophytes subsequently
separated from stem nodules collected throughout
southern India by Subba Rao and S. Shanmuga-
sundaram, of Madurai Kamaraj University, were
shown to contain bacteriochlorophyll and photo-
synthetic reaction centers (Fleischman et al., 1988,
1991).

Efforts to culture photosynthetic bacteria from the
Indian nodules by anaerobic incubation in the light
were unsuccessful. However, earlier, A. R. J.
Eaglesham of the Boyce Thompson Institute had
isolated a strain of rhizobium, designated BTAi 1,
from a nodule which had formed on the stem of anA.
indica plant growing in unsterilized sand obtained
from West Virginia (Eaglesham and Szalay, 1983).The
rhizobium had been examined in detail and found to
have properties of both Rhizobium and Brady-
rhizobium (Stowers and Eaglesham, 1983). Experi-
ments with BTAi 1 revealed that it could form the
photosynthetic system but only when grown
aerobically under cyclic illumination (e. g., 16 h
light/8 h dark) in the presence of specific carbon
sources (Evans et al., 1990). The properties of BTAi 1
have been reviewed by Eaglesham et al. (1990).

Lorquin et al. (1993) found that of 126 strains of
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rhizobia isolated in Senegal from stem nodules of
Aeschynomene plants belonging to three cross-
inoculation groups, 83 could synthesize bacterio-
chlorophyll under appropriate conditions. Bacterio-
chlorophyll-containing rhizobia could nodulate plants
belonging to two of the cross-inoculation groups.
The bacteria were described as light pink, dark pink
or orange.

Several hundred strains of bacteriochlorophyll-
containing rhizobia have now been isolated. J. K.
Ladha of the International Rice Research Institute
has isolated such strains from nine Aeschynomene
species growing in the Philippines (Ladha et al.,
1990; Ladha and So, 1994) and demonstrated that
most form bacteriochlorophyll-containing stem
nodule bacteroids. We have isolated strains in India
from a tenth species (D. Fleischman, S. Shanmug-
asundaram, G. Gopalan and F. Schwelitz, unpub-
lished). Peter van Berkum ofthe U. S. Department of
Agriculture has obtained isolates that nodulate A.
indica from soil samples collected on five continents,
from sites as diverse as Maryland soybean fields and
Zimbabwe Aeschynomene groves (Van Berkum et
al., 1995). The isolates vary widely in color and
colony morphology; some form pigment consti-
tutively. Van Berkum et al. (1995) further report that
bacteriochlorophyll was formed by 38 of the 79
strains of A. indica-nodulating rhizobia they isolated.
Both pigmented and nonpigmented strains nodulated
stems and formed nitrogen-fixing symbioses. DNA
from all of the pigmented isolates tested, and from 3
of 5 nonpigmented isolates, hybridized with a DNA
probe containing the genes for the photosynthetic
apparatus of Rhodopseudomonas capsulatus.

2. Species That Nodulate Other Plants

Thus far, the only rhizobia reported to contain
bacteriochlorophyll have been isolated from stem or
root nodules of Aeschynomene species. Attempts to
induce formation of bacteriochlorophyll in other
rhizobia, including strains isolated from stem nodules
of Sesbania rostrata and root nodules of A. americana
(Evans et al., 1990; Ladha and So, 1994) and from
stem nodules of Sesbania procumbens and Neptunia
(S. Shanmugasundaram and D. Fleischman, unpub-
lished) have been unsuccessful. However, W.
Heumann, of Friedrich-Alexander Universitit in
Erlangen-Niirnberg, Germany, has found that rhizobia
which form effective nodules on the hypocotyl and
root, but not the stem, of Lofononis bainesii contain
bacteriochlorophyll (personal communication). The

absorption spectrum of the cells includes far-red
absorption bands characteristic of the bacterio-
chlorophyll proteins of typical photosynthetic
bacteria. Their chromosomal guanosine + cytosine
content is 72.1% and their plasmid GC content is
65.3%, values much higher than those previously
found in Rhizobiaceae. The Lotononis thizobia appear
to be rather distant taxonomically from the
Aeschynomene stem nodule rhizobia. Their principal
carotenoid is a C,, carotenoid acid.

Liesack and Stackebrandt (1992) have attempted
to determine the diversity ofthe bacterial population
in an Australian soil sample, not by isolating bacteria,
but by using the polymerase chain reaction to amplify
16S ribosomal RNA genes collected directly from
the soil. They found a surprising number of sequences
that were highly homologous to the 16S rRNA of
BTAi 1. Their observations, together with those of
Heumann, suggest that photosynthetic rhizobia may
not be an isolated occurrence, but may in fact be
quite widespread.

Il. Relationship of Bacteriochlorophyll-
containing Rhizobium Species to Other
Bacteria

A. Relationship Based on 16S Ribosomal
RNA Sequences

The unusual nature ofthe presence ofa photosynthetic
system in arhizobium led to the proposal that BTAi 1
be placed in a new genus, to be named Photo-
rhizobium (Eaglesham et al., 1990). BTAI 1, the first
isolated Rhizobium shown to possess a photosynthetic
system, would be the type strain and named
Photorhizobium thompsonianum.

Young et al. (1991) provided the first direct
information about the relationship of BTAi 1 to other
bacteria. Using the polymerase chain reaction, they
determined partial 16S rRNA sequences of BTAi 1
and 12 bacteria in the alpha subdivision of the
Proteobacteria. The BTAi 1 sequence examined
differed by a single base from the corresponding
sequence of Bradyrhizobium japonicum USDA 110,
and by only 6 bases from that of Rhodopseudomonas
palustris. The sequences obtained from members of
the Rhizobium genus were quite different. Young et
al. (1991) pointed out that the diversity within the
whole Bradyrhizobium/Rhodopseudomonas/BTAi 1
cluster was no greater than that to be expected within
a single genus.
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Shortly afterward, the International Subcommittee
for the Taxonomy of Rhizobium and Agrobacterium
proposed minimal standards for the description of
new genera and species of root-and stem-nodulating
bacteria (Graham et al., 1991). They recommended
the use of both phylogenetic and phenotypic traits,
using arelatively large number of strains. Two recently
completed studies performed with bacteriochlor-
ophyll-containing rhizobia have made substantial
progress toward meeting the Committee’s criteria.

Wong et al. (1994) have determined nearly
complete 16S rRNA sequences of several strains of
bacteriochlorophyll-containing rhizobia isolated from
stem nodules of Aeschynomene species growing in
widely separated geographical areas and belonging
to two cross-inoculation groups, along with those of
two Bradyrhizobium strains. Rhizobia belonging to
the same cross-inoculation group will nodulate the
same population of host species. The 16S rRNA
sequences of all of the bacteriochlorophyll-containing
strains were highly similar. It was concluded that the
photosynthetic rhizobia form a group ‘within a
distinctly branched alpha-2 cluster’ which also
includes several B. japonicum strains and, branching
somewhat more deeply, Rp. palustris. But the cluster
clearly contained bacteria belonging to genera other
than Bradyrhizobium and Rhodopseudomonas. These
authors concur that resolution of the taxonomic
question will require both molecular sequence data
and more detailed phenotypic data.

B. Relationship Based on Phenotype

Ladha and So (1994) have performed a multivariate
statistical analysis of 150 phenotypic features of 52
strains of bacteriochlorophyll-containing rhizobia
along with reference strains of Rhizobium, Brady-
rhizobium and Azorhizobium. They conclude that
the bacteriochlorophyll-containing rhizobia isolated
from Aeschynomene nodules belong to a cluster that
is separate from those of Bradyrhizobium, Rhizobium
and Azorhizobium. Differences between cross-
inoculation groups were apparent. Based on the
phenotypic characteristics examined, the bacterio-
chlorophyll-containing rhizobia were distinguished
from Bradyrhizobium at a similarity level which is
borderline for intrageneric differences. They were
also clearly distinguishable from rhizobia that could
form effective stem and root nodules on Aeschy-
nomene but that could not form bacteriochlorophyll.
The latter had the properties of slow-growing rhizobia.
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The bacteriochlorophyll-containing isolates
formed bacteriochlorophyll only aerobically under
intermittent light. They were diazotrophic, i. e. they
could fix nitrogen ex planta, and grow in the absence
of any other source of fixed nitrogen. Alazard (1990)
had made a similar observation with other isolates.

It appears that further study will be necessary
before it can be decided whether the bacterio-
chlorophyll-containing rhizobia belong in a separate
genus or should be included within Bradyrhizobium.
The issue is complicated by wide phylogenetic
diversity within the Bradyrhizobium and Rhodo-
pseudomonas genera and close phylogenetic
similarity between members of these genera and
other bacteria which are quite different pheno-
typically. Willems and Collins (1992), for example,
report that there is a close genealogical relationship
between Bradyrhizobium, Blastobacter denitrificans
and Afipia (the agent which causes cat scratch disease).

The available evidence does suggest that the
bacteriochlorophyll-containing rhizobia, Bradyrhizo-
bium and Rp. palustris diverged from a common
photosynthetic ancestor which is not shared by the
other genera of Rhizobiaceae.

lll. Characteristics of Aeschynomene
Rhizobium BTAi 1 Grown ex planta

A. Utilization of Carbon Sources

Stowers and Eaglesham (1983) first described the
capacity of BTAi 1 to utilize various carbon sources.
Twenty different carbon sources were tested at a
concentration of 1% (w/v). Growth was observed
with sucrose and lactose, which is a characteristic
associated with fast-growing rhizobia. Growth was
not obtained with malate at the 1% level but growth
is observed with this carbon source at lower
concentrations (Evans et al., 1990). Both succinate
and malate were shown to influence the oxygen-
sparing effect of light (Wettlaufer and Hardy, 1992).

Growth was not obtained when CO, was employed
as the sole carbon source (Eaglesham et al., 1990) in
the light. BTAi 1 was one of 52 strains of
bacteriochlorophyll-containing rhizobia surveyed for
growth on 30 different carbon sources (Ladha and
So, 1994) Galactose, gluconate, glucose, glycerol,
malate, mannitol and mannose were utilized by all of
the strains tested.
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B. Regulation of Bacteriochlorophyll
Accumulation

Evans et al. (1990) reported that BTAi 1 would form
bacteriochlorophyll ex planta only if the medium
contained an appropriate carbon source. Glutamate
(A. R. J. Eaglesham, personal communication),
malate, fructose and succinate allow bacteriochlor-
ophyll formation. Little bacteriochlorophyll is formed
with mannitol as the carbon source. The presence of
arabinose, even added concomitantly with a
dicarboxylic acid, suppresses bacteriochlorophyll
formation.

When BTAI 1 cultures are grown in the presence
of malate under cyclic illumination from tungsten
lamps, bacteriochlorophyll accumulation begins only
at the end of exponential growth (Fig. 1). Perhaps the
photosynthetic system is formed when the carbon
source becomes depleted in order to provide an
alternate energy source to allow the bacteria to
survive. Such behavior would explain the observation
(Eaglesham et al., 1990) that illumination does not
affect the growth rate of BTAi 1 cultures. Expo-
nentially-growing cultures do not have the photo-
synthetic system. When glutamate is the carbon
source, bacteriochlorophyll forms early in exponential

phase (unpublished). Glutamate seems to be a poor
carbon source. When cells are grown on glutamate
they respire more slowly than in the presence of
malate (Wettlaufer and Hardy, 1992) and grow more
slowly (unpublished). Perhaps cells experience carbon
limitation even in the presence of glutamate and this
event triggers bacteriochlorophyll synthesis.

[llumination does slow the decline of viable cells
after the exogenous carbon source had been utilized
(Eaglesham et al., 1990). At this stage the
photosynthetic system will have formed. Shiba (1984)
has reported that illumination prolongs the viability
ofthe aerobic photosynthetic bacterium Roseobacter
denitrificans (formerly Erythrobacter OCH 114),
and suggested that it forms the photosynthetic system
to allow it to survive in the absence of energy-
yielding substrates.

Evans et al. (1990) found that BTAi 1 would
accumulate bacteriochlorophyll only if the cultures
were grown under cyclic illumination, but not in
continuous light or continuous darkness.Wettlaufer
and Hardy (1993) report that bacteriochlorophyll
will accumulate in the dark after cultures have been
exposed to light for at least 30 minutes. They found
that the action spectrum for initiation of bacterio-
chlorophyll accumulation included ablue component.

-
’

-
(=]
T

Bacteriochlorophyll, nmols

log dry weight

dry weight

bacteriochlarophyll

Dry Weight, mg

|
(=]

Post - Inoculation Day
Fig. 1. Growth and bacteriochlorophyll accumulation of BTAi 1 cells. Cultures were grown under cyclic white illumination with malate

(1.5 g 1I"') as the carbon source.
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Fig. 2. Absorption spectrum of membranes from BTAi 1 cells
grown in continuous red light with glutamate (1.5 g I'!) as the
carbon source.

We find that it also contains a far-red component
(unpublished). As Wettlaufer and Hardy point out,
the photoreceptor cannot be the photosynthetic light
harvesting system. Light of wavelength beyond 830
nm is ineffective in inducing pigment accumulation,
while the photosynthetic bacteriochlorophyll protein
has a strong absorption band near 8§70 nm (Fig. 2).
The best candidate may be a tetrapyrrole, perhaps
bacteriochlorin.

Visible light inhibits bacteriochlorophyll accumu-
lationin Roseobacter denitrificans (IbaandTakamiya,
1989). BTAi 1 behaves similarly (unpublished).
Bacteriochlorophyll can accumulate in continuous
light (Fig. 2), but only if wavelengths below 650 nm
are excluded.

In summary, bacteriochlorophyll accumulation can
be initiated by visible or far-red light at the end of
exponential growth, but is inhibited by visible light.
The conditions necessary for formation of the
photosynthetic system ex planta are those expected
within stem nodules: a dicarboxylic acid as carbon
source and illumination with cyclic light (day/night)
filtered through chloroplasts and leghemoglobin,
which will transmit far-red light but absorb visible
light.

C. The Photosynthetic System

The absorption spectrum of BTAi 1 (Evans et al.,
1990; Fig. 2) resembles that of a typical purple
nonsulfur bacterium or aerobic anoxygenic photo-
troph (Shimada,Chapter 6, this volume). The
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bacteriochlorophyll content of BTAi 1 cells is
typically about 0.4 nmol'mg ! (dry weight), a value
similar to that found in the aerobic anoxygenic
phototrophs. The major far-red absorption band of
the light-harvesting bacteriochlorophyll protein is
narrow, comparable to that of Rhodospirillum rubrum.
Perhaps, like Rs. rubrum, BTAi 1 has only a single
form oflight-harvesting bacteriochlorophyll protein.
Wettlaufer and Hardy (1992) found that light
suppresses oxygen uptake by BTAi 1 cells growing
on several carbon sources. Such behavior is expected
of photosynthetic bacteria. The action spectrum of
the effect was similar to the absorption spectrum of
the photosynthetic light-harvesting system; light
absorbed by the carotenoids was less effective than
light absorbed by bacteriochlorophyll.

BTAi 1 membranes contain photochemically-active
photosynthetic reaction centers (Evans et al., 1990).
The difference spectrum and kinetics ofthe reversible
light-induced absorbance changes resemble those of
typical purple photosynthetic bacteria. The photo-
synthetic unit of BTAi 1 contains about 80
bacteriochlorophyll molecules, implying that these
bacteria have a low bacteriochlorophyll content
because they have few reaction centers, not because
of a small photosynthetic unit size (Evans et al.,
1990).

The inability of bacteriochlorophyll-containing
rhizobia to grow photosynthetically in the absence of
oxygen has been perplexing. In part this may be
because their low bacteriochlorophyll content results
ininefficient light capture. The growth of the aerobic
anoxygenic phototroph Roseobacter denitrificans,
forexample, is stimulated by very intense illumination
(Harashima et al., 1987). But in this bacterium
electron transport does not occur under anaerobic
conditions (Okamura et al., 1985). To determine
whether this is true of BTAi 1, D. Kramer and A.
Kanazawa (unpublished) used a sensitive kinetic
spectrophotometer (Kramer et al., 1990) to measure
flash-induced electron transfer in intact BTAi 1 cells
both in the presence and absence of oxygen. Light-
induced electron transfer could be detected only
under aerobic conditions. A sensitive kinetic
fluorimeter was then used to measure light-induced
fluorescence yield changes under aerobic and
anaerobic conditions. The fluorescence induction
kinetics indicated that the quinone pool of BTAi 1
cells becomes completely reduced within seconds
after oxygen has been depleted. Light-induced
electron transport is no longer possible, since there
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are no (or at most no more than one) available
electron acceptors. Kramer and Kanazawa were also
able to observe the cytochrome bc, complex in
membranes of BTAi 1.

The photosynthetic system of BTAi 1 thus seems
to be quite similar to those ofthe aerobic anoxygenic
phototrophs, both in composition and function.

D. Carbon Dioxide Uptake and Nitrogen
Fixation

Experiments on the effect of light on CO, uptake
with the bacteriochlorophyll-containing rhizobiahave
been carried out with BTAi 1. Uptake of CO, by
BTAi 1 was stimulated severalfold under light for
those cells grown under conditions which elicited
bacteriochlorophyll formation versus cells grown
under conditions which inhibited pigment develop-
ment (Hungria et al., 1990). “CO, uptake by BTAi 1
was sensitive to inhibitors of photosystem 2, but the
sites of inhibition may have been the bacterial reaction
center and cytochrome bc, complex. It seems unlikely
that BTAi 1 contains an oxygen-evolving photo-
system. The uncoupler NH,CI inhibited both *CO,
uptake and light-decreased O, uptake. However this

strain could not be grown in medium lacking a
carbon source (Hungria et al., 1990).

Increases of 10- to 30-fold by light have been
observed in the rate of CO, fixation by A. scabra
nodules (Hungriaetal., 1992). Undoubtedly some of
the increased rate of CO, fixation was a consequence
of the presence of chloroplasts in the stem nodule,
but the greater response of A. scabra stem nodules as
compared to S. rostrata stem nodules correlated with
the photosynthetic capacity of the Aeschynomene
endophyte.

Eaglesham et al. (1990) found that cells grown for
two days under cyclic illumination had 2-5 times as
much N,-fixing activity (assayed by acetylene
reduction) as dark-grown cells. There was no
immediate effect of light on the rate of N, fixation.

E. Ultrastructure

In general, cells of BTAi 1 grown in pure culture
display fairly typical Gram-negative bacterial
ultrastructure (Fig. 3a). They possess an outer
membrane separated from the inner membrane, in
the case of BT A 1, by arather pronounced periplasmic
space. The cytoplasm is relatively featureless,

Fig. 3, (a). Transmission clectron micrograph of a cell of BTAi 1 from a lag/early exponential phase culture showing typical Gram-
negative ultrastructure. Apart from the fibrillar nucleoid with osmiophilic spheroids, the cytoplasm is relatively featureless. (b) TEM of
acell from a late exponential phase culture. Large intracytoplasmic photosynthetic vesicles are now found in the cytoplasm (large arrow).
These vesicles are not free entities in the cytoplasm but rather represent a highly invaginated and convoluted inner membrane. Inner

membrane invaginations are noticeable (small arrow).



Chapter 7 Photosynthetic Rhizobia

containing only ribosomes and occasional poly-j-
hydroxybutyrate granules. The nucleoid has adistinct
fibrillar appearance. In some cells large osmiophilic
spheroids are associated with the nucleoid. Conditions
(described earlier) which trigger development of the
photosynthetic system lead to changes in ultra-
structure. In cells from late log phase cultures, one or
more large photosynthetic vesicles can be found in
the cytoplasm and undulations and invaginations of
the inner membrane are common (Fig. 3b). The
photosynthetic vesicles apparently arise from these
invaginations ofthe inner membrane. During vesicle
formation, a granular and relatively electron dense
material accumulates in the periplasmic space and is
eventually included in the vesicle. Although in cross-
section the vesicles appear to be independent entities
in the bacterial cytoplasm, observations from multiple
and serial sectioning suggests that the vesicles remain
attached at some point to the inner membrane. The
vesicles therefore represent a complex, highly
convoluted extension of the periplasmic space.
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IV. Characteristics of Photosynthetic
Rhizobium in the Symbiotic System

A. Gross Morphology of the Aeschynomene
Stem Nodule

Depending on their location on the stem, Aeschy-
nomene stem nodules are spherical or ellipsoidal in
shape. The ellipsoidal forms are found more
commonly on upper stems. The nodule consists of an
inner infected bacterial region surrounded by aregion
of host cortex (Fig. 4). The bacterial region in effective
nodules is colored pinkish-red due to the presence of
leghemoglobin. The host cortical tissue contains
chloroplasts and is therefore green.

B. Ultrastructure of the Symbiont
1. Comparison to Other Rhizobia

In mature nodules, the ultrastructure of photosynthetic
rhizobial bacteroids is quite unlike that of bacteroids

Fig. 4. Light micrograph of an upper stem nodule from Aeschynomene indica. Bacterial Region, B; host cortex, H; Stem Tissue, S.
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Fig. 5. Transmission electron micrograph of a stem nodule of Aeschynomene indica showing dual nodule occupancy (i.e., nodule is
inhabited by two different rhizobial strains. In the natural habitat, 10~15% of leguminous nodules display dual nodule occupancy). The
differences between regular rhizobial symbiosomes, RS, and photosynthetic rhizobial symbiosomes, PS, is striking. Note the extensive
system of intracytoplasmic vesicular lamellae in the photosynthetic bacteroids, a feature absent in the regular bacteroids,

of regular nonphotosynthetic rhizobia. This is clearly
visible in the electron micrograph of a nodule with
dual nodule occupancy in which one ofthe occupants
has the appearance of a regular rhizobium and the
other a photosynthetic strain (Fig. 5). The bacteroids
can be considered intracellular but not, however,
intracytoplasmic. When the bacteria break through
the wall during cell invasion, they do not continue on
to penetrate the cell membrane. Rather, host cell
membrane is laid down around the invading bacterial
cells, isolating them from the cytoplasm. The resulting
large cytoplasmic vesicles are known as symbio-
somes. In mature nodule cells containing regular
nonphotosynthetic rhizobia, each symbiosome
consists of one or more irregular or pleiomorphic
bacteroids (Sprent and Sprent, 1990). The bacteroids
are embedded in a matrix of bacterially-produced
polysaccharide. Bacteroids and polysaccharide are
enclosed in the host-derived peribacteroid, or,
symbiosome membrane.

Apart from their pleiomorphic shapes, the non-
photosynthetic rhizobial bacteroids have a relatively
featureless cytoplasm except for the often pronounced
deposition of poly-S-hydroxybutyrate bodies.

In mature nodule cells containing photosynthetic
rhizobia, each symbiosome contains one large

spherical bacteroid. Each bacteroid possesses a
distinct array of cytoplasmic vesicles which are
interpreted as photosynthetic apparatus. A lamellate
septum is often also found in the bacteroid cytoplasm.

2. Comparison to Other Photosynthetic Bacteria

In sharp contrast to the above, photosynthetic
rhizobia, both in culture and in symbiosis, show
remarkable ultrastructural similarities to free-living
photosynthetic bacteria. The pronounced periplasmic
space, the intracytoplasmic membrane system and
the distinct fibrillar nucleoid containing large
osmiophilic spheroids seen in cultured BTAi 1 are
almost identical to the ultrastructural features
demonstrated by Rhodopseudomonas palustris when
grown semiaerobically in the dark (Tauschel and
Drews, 1968). The intracytoplasmic array of vesicular
membranes seen in the symbiotic bacteroids are
highly reminiscent of a similar membrane system
found in anaerobic illuminated cultures of Rhodo-
spirillum rubrum (Drews, 1960). From our own
observations it is apparent that the intracytoplasmic
membrane system in BTAi 1 develops as a complex
and highly convoluted invagination of the inner
membrane, in a manner identical to that described
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forR. rubrum (Oelze and Drews, 1973). In symbiosis,
BTAi 1 forms large spherical bacteroids, a cellular
shape very rarely found in other rhizobia but which
occurs commonly in Rhodopseudomonas spp. We
have found that BTAi 1 reproduces by asymmetrical
division or ‘budding’ (unpublished), a feature it has
again in common with Rhodopseudomonas spp. but
which has never been reported for any other rhizobia.

C. Photosynthetic System of the Symbiont
1. Pigments and Electron Transport

Bacteroids isolated from Aeschynomene stem nodules
usually contain bacteriochlorophyll (Fleischman et
al., 1991; Ladha et al., 1990). The absorption spectrum
of bacteroids isolated from A. indica stem nodules
collected in India resembles that of free-living BTAi 1
(unpublished). They possess photochemically-active
photosynthetic reaction centers whose spectrum and
electron transfer kinetics resemble those of BTAi 1.
A comparison of the absorption and fluorescence
emission spectra of these bacteroids suggests that
excitation energy transfer from the carotenoids to the
bacteriochlorophyll is not very efficient (Fleischman
et al., 1991). Wettlaufer and Hardy (1992) have
concluded that light absorbed by the carotenoids of
free-living BTAI 1 cells also drives photochemistry
inefficiently.

2. Influence of Light on Nitrogen Fixation

Aeschynomene stem nodule bacteroids possess a
photosynthetic system. Its most plausible function is
to provide energy for nitrogen fixation rather than for
carbon fixation. Conventional root nodule bacteroids
consume photosynthate to generate the ATP and
reductant needed for dinitrogen reduction. It would
be futile for bacteroids to use photosynthetically-
derived ATP and reductant to fix carbon, only to
degrade it again to generate ATP and reductant for
nitrogen fixation. The use of the bacteroid photo-
synthetic system to produce ATP and reductant
directly within the cells where dinitrogen is reduced
is more efficient than carbon fixation in leaf
chloroplasts, translocation of the photosynthate to
the nodules and its reoxidation in the bacteroids.
More energy is required to form photosynthate than
can be regained during its catabolism. In addition,
the bacteroid photosynthetic system can use light in
the 800-900 nm region which is not absorbed by
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chloroplasts. Although some chloroplast-generated
photosynthate would still be needed as an electron
source, photosynthetic nitrogen fixation in the
bacteroids might decrease competition between
carbon and nitrogen fixation substantially.

Plant cells in the stem nodule cortex contain
chloroplasts. Eardley and Eaglesham (1985) have
suggested that the stem nodule is an autonomous
system, since it contains both nitrogen-fixing
bacteroids and the chloroplasts needed to generate
fixed carbon and O,. They found that stem nodules
indeed continued to fix nitrogen after defoliation of
the plants. Illumination of stem nodules accelerated
acetylene reduction (the standard assay for N,
fixation), an effect they attributed to O, evolution by
the chloroplasts.

In order to separate the effects of light on the
chloroplasts and the bacteroids, Evans et al. (1990)
examined the effect of far-red light on acetylene
reduction by stem nodules.

Nodule-containing stem sections were illuminated
through filters which transmitted light of wavelengths
between 730 and 950 nm. Such light will drive
electron transport in the bacteroids but not in the
chloroplasts. The illumination consistently acceler-
ated acetylene reduction. It appeared that acetylene
reduction continued at a constant rate far longer in
illuminated nodules than in nonilluminated ones.
Perhaps illuminated bacteroids consume substrates
more slowly, a corollary of the oxygen-sparing effect
observed by Wettlaufer and Hardy (1992) in free-
living cells. But the nodule behavior was quite
variable, so measurements with a much larger number
of stem sections will be necessary before conclusions
about the effect of light can be made with confidence.

D. Mechanism of Infection Leading to the
Symbiosis

1. Infection Methods

Legumes are infected by rhizobia in one of three
ways. In ‘root hair’ infection, which is found in the
most widely studied group of leguminous hosts
(legume crops), the bacteria enter the plant by
penetrating the wall of a root hair (reviewed by
Bauer, 1981). Once inside the hair, a tubular structure
made of host cell wall material is laid down around
the advancing bacteria. This structure, the infection
thread, is continuously laid down around the rhizobia
as they make their way toward the host cortex.
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In ‘wound’ or ‘crack entry’ infection, bacteria
gain access to the cortical cells of the host plant via
ruptures in the epidermis caused by the emergence of
lateral or adventitious roots (Chandler, Date and
Roughly, 1982). In ‘epidermal’ infection, rhizobia
arrive in the cortex by penetrating the middle lamella
between healthy epidermal cells (Faria, Hay and
Sprent, 1988)

2. Nodule Development

Once inside the cortex, infection of cortical cells
must occur to allow nodule development. This can
happen in at least three ways (Sprent and Sprent,
1990). Firstly, each cell in the nodule is infected by
bacteria being released from branches ofthe infection
thread. Secondly, a certain number of nodule cells
become infected by bacteria released from the
infection thread. The infected cells then enlarge and
undergo successive divisions to form a mature nodule.
In the third scenario, no infection threads are formed.
Some host cells simply become infected by some
rhizobia entering through the cell wall. These infected
cells then divide repeatedly to form the mature nodule.
Nodules in Aeschynomene form by this third method.

3. What is the Infection Mechanism in
Aeschynomene?

The method by which Aeschynomene becomes
infected by the photosynthetic rhizobia s still unclear.
Arora (1954) showed that root and stem nodules
form in the vicinity of emerging lateral and
adventitious roots, concluding that some form of
wound entry was being used. In alater study, Yatazawa
and Yoshida (1979) claimed that there are two types
of stem nodules, which they designated lower and
upper stem nodules. They agree with Arora that
wound entry was the probable infection mechanism.
However, they found no lateral roots in association
with the upper stem nodules and surmised that some
other form of infection may be taking place in the
upper stem. In the absence of emerging roots in the
vicinity of upper stem nodules, we concur with the
conclusions of Yatazawa and Yoshida. We have
noticed, however, that the upper stem of Aeschy-
nomeme is sparsely populated with small glandular
hairs of sub-epidermal origin (unpublished). It may
be that some form of hair infection is occurring or
else perhaps a special case of wound infection where
the shaft of the glandular hair pierces the epidermis.

V. Conclusions
A. Role of the Rhizobial Photosynthetic System

The effect of far-red light on acetylene reduction by
stem nodule bacteroids (Evans et al., 1990) is
consistent with the hypothesis that the bacteroid
photosynthetic system furnishes energy for nitrogen
fixation, and so decreases the demand of the
bacteroids for photosynthate. Since photosynthate
availability often limits nitrogen fixation, this process
may allow increased nitrogen fixation and plant
growth.

The photosynthetic system of free-living cells
may allow them to survive when the nutrient supply
is limited. Adebayo et al. (1989) have found
substantial populations of stem-nodulating rhizobia
on the surfaces of leaves. Ladha et al. (1992) have
suggested that the stems may be inoculated when
rain washes these bacteria down the stems. An aerobic
phototroph having alimited number of photosynthetic
reaction centers should be ideally adapted for survival
in such an aerobic, brightly-lighted, nutrient-limited
environment.

B. Future Research Directions

Highest priority should be given to determining
whether the bacteroid photosynthetic system really
makes a substantial contribution to nitrogen fixation
and plant growth. Ifit does, the symbiotic association
could be optimized by selection of the most effective
symbiotic partners for a given region. Such studies
could lead to the development of exceptionally
effective green manures. Symbiosis with photosyn-
thetic rhizobia might be extended to other legumes,
including Sesbania.

The mechanism by which the photosynthetic
rhizobia regulate the development of the photo-
synthetic system is especially intriguing. A
comparable process occurs in cyanobacteria (Chang
etal., 1992). It seems likely that the bacteria contain
a light sensor which can regulate gene expression.
Many bacteria contain ‘two component’ regulatory
systems in which an environmental sensor conveys a
signal, perhaps by phosphorylation, to a second
component which regulates gene expression (Gilles-
Gonzalezetal., 1991). The photoreceptor that initiates
bacteriochlorophyll accumulation may be one of
these. A bacterium having the machinery necessary
for the regulation of gene expression by light presents
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fascinating experimental possibilities.

Biological systems which can be manipulated by
light have been extraordinarily useful research
subjects. Photosynthesis research has yielded insights
about electron transport and its coupling to
phosphorylation that could scarcely have emerged
from study of oxidative phosphorylation. Similarly,
study of the visual system has provided the most
detailed understanding of how G-protein-coupled
hormone receptors work. Stem nodules, in which the
development and function of the symbiotic partners
can be manipulated by light, could provide a similar
system for the study of symbiotic nitrogen fixation.

Acknowledgments

We thank Peter van Berkum, John Fuerst, W.
Heumann, David Kramer and J. K. Ladha for
permission to cite unpublished data. We also thank
James Rogers for the light micrograph of an
Aeschynomene upper stem nodule.

References

Adebayo A, Watanabe I and Ladha JK (1989) Epiphytic
occurrence of Azorhizobium caulinodans and other rhizobia
on host and nonhost legumes. Appl Environ Microbiol 55:
2407-2409

Alazard D (1985) Stem and root nodulation in Aeschynomene
spp- Appl Environ Microbiol 50: 732-734

Alazard D (1990) Nitrogen fixation in pure culture by rhizobia
isolated from stem nodules of tropical Aeschynomene species.
FEMS Microbiol Lett 68: 177-182

Arora N (1954) Morphological development ofthe root and stem
nodules of Aeschynomene indica L. Phytomorphology 4:265—
272

Bauer, WD (1981) Infection of legumes by rhizobia. Ann Rev
Plant Physiol 32: 407449

de Bruijn FJ (1988) The unusual symbiosis between the
diazotrophic stem-nodulating bacterium Azorhizobium
caulinodans ORS571 and its host, the tropical legume Sesbania
rostrata. In: Kasuge T and Nester EW (eds) Plant Microbe
Interactions Molecular and Genetic Perspectives,Vol. 3, pp
457-504. McGraw-Hill, New York

Chandler MR, Date RA and Roughley, RJ (1982) Infection and
root nodule development in Stylosanthes species by Rhizobium.
J Exp Bot 33: 47-57

Chang GG, Schaefer MR and Grossman AR (1992) Comple-
mentation of a red-light-indifferent cyanobacterial mutant.
Proc Natl Acad Sci USA 89: 9415-9419

Drews G (1960) Untersuchungen zur Substruktur der ‘Chroma-
tophoren’ von Rhodospirillum rubrum und Rhodospirillum
molischianum. Arch Mikrobiol 36: 99-108

135

Dreyfus B and Dommergues YR (1981) Nitrogen-fixing nodules
induced by Rhizobium on the stem of the tropical legume
Sesbania rostrata. FEMS Microbiol Lett 10: 313-317

Dreyfus B, Garcia JL and Gillis M (1988) Characterization of
Azorhizobium caulinodans, gen. nov., sp. nov., a stem-nodu-
lating nitrogen-fixing bacterium isolated from Sesbania
rostrata. Int J Syst Bacteriol 38: 89-98

Eaglesham ARJ and Ayanaba A (1984) Tropical stress ecology
of Rhizobium root nodulation and legume N, fixation. In:
Subba Rao NS (ed) Current Developments in Biological
Nitrogen Fixation, pp 1-35. Oxford and IBH Publishing Co,
New Delhi

Eaglesham ARIJ and Szalay AA (1983) Aerial stem nodules on
Aeschynomene spp. Plant Sci Lett 29: 265-272

Eaglesham ARIJ, Ellis JM, Evans WR, Fleischman DE, Hungria
M and Hardy RWF (1990) The first photosynthetic N,-fixing
Rhizobium. In: Gresshoff PM, Roth LE, Stacey G and Newton
WE (eds) Nitrogen Fixation: Achievements and Objectives,
pp 805-811. Chapman and Hall, New York, London

Eardly BD and Eaglesham ARIJ (1985) Fixation of nitrogen and
carbon by legume stem nodules. In: Evans HJ, Bottomley PJ
and Newton WE (eds) Nitrogen Fixation Research Progress, p
324. Martinus Nijhoff, The Hague

Evans WR, Fleischman DE, Calvert HE, Pyati PV, Alter GM and
Subba Rao NS (1990) Bacteriochlorophyll and photosynthetic
reaction centers in Rhizobium strain BTAi 1. Appl Environ
Microbiol 56: 3445-3449

Faria SM de, Hay GT and Sprent JI. (1988) Entry ofrhizobia into
roots of Mimosa scabrella Bentham occurs between epidermal
cells. J Gen Microbiol 134: 2291-2296

Fisher RF and Long SR (1992) Rhizobium-plant signal exchange.
Nature 357: 655-660

Fleischman D, Evans WR, Shanmugasundaram S and Shanmuga-
sundaram S (1988) Induction ofphotosynthetic capability in a
Rhizobium. Plant Physiology (Supplement) 86: 21

Fleischman DE, Evans WR, Eaglesham ARJ, Calvert HE, Dolan
E Jr, Subba Rao NS and Shanmugasundaram S (1991)
Photosynthetic properties of stem nodule rhizobia. In: Dutta
SKand Sloger C (eds) Biological Nitrogen Fixation Associated
with Rice Production, pp 39-46. Oxford and IBH Publishing,
New Delhi

Fyson A and Sprent JI (1980) A light and scanning electron
microscope study of stem nodules in Vicia faba L. J Exp
Botany 31: 1101-1106

Gilles-Gonzalez MA, Ditta GS and Helinski DR (1991) A
haemoprotein with kinase activity encoded by the oxygen
sensor of Rhizobium meliloti. Nature 350: 170-172

Graham PH, Sadowsky MJ, Keyser HH, Barnet YM, Bradley
RS, Cooper JE, De Ley DJ, Jarvis BDW, Roslycky EB Strijdom
BW and Young JPW (1991) Proposed minimal standards for
the description of new genera and species of root- and stem-
nodulating bacteria. Int J Syst Bacteriol 41: 582-587

Harashima K, Kawazoe K, Yoshida I and Kamata H (1987)
Light-stimulated aerobic growth of Erythrobacter species OCh
114. Plant Cell Physiol 28: 365-374

Hungria M, Ellis JM, Eaglesham, ARJ and Hardy RWF (1990)
Light-driven 14COZ fixation, light-decreased O, uptake, and
acetylene reduction activity by free-living Rhizobium strain
BTAI 1. In: Greshoff PM, Roth LE, Stacey G and Newton WE
(eds) Nitrogen Fixation: Achievements and Objectives, p 351.
Chapman and Hall, New York, London



136 Darrell E. Fleischman, William R. Evans and lain M. Miller

Hungria M, Eaglesham ARJ and Hardy RWF. (1992)
Physiological comparisons of root and stem nodules of
Aeschynomehe scabra and Sesbania rostrata. Plant Soil 139:
7-13

Iba K and Takamiya K (1989) Action spectra for inhibition by
light of accumulation of bacteriochlorophyll and carotenoid
during aerobic growth of photosynthetic bacteria. Plant Cell
Physiol 30: 471-477

Jarvis BDW, Gillis M and De Ley J (1986) Intra- and intergeneric
similarities between the ribosomal ribonucleic acid cistrons of
Rhizobium and Bradyrhizobium species and some related
bacteria. Int J Syst Bacteriol 36: 129-138

Kramer DM, Robinson HR and Crofts AR (1990) A portable
multi-flash kinetic fluorimeter for measurement of donor and
acceptor reactions of Photosystem 2 in leaves of intact plants
under field conditions. Photosynthesis Research 26: 181-193

Ladha JK and So RB (1994) Numerical taxonomy of phototrophic
rhizobia nodulatmg Aeschynomene species. Intl J Syst Bacteriol
44: 62-73

Ladha JK, Pareek RP, So R and Becker M (1990) Stem nodule
symbiosis and its unusual properties. In: Greshoff PM, Roth
LE, Stacey G and Newton WE (eds) Nitrogen Fixation:
Achievements and Objectives pp 633-640 Chapman and Hall,
New York, London

Ladha JK, Pareek RP and Becker M (1992) Stem-nodulating
legume-Rhizobium symbiosis and its agronomic use in lowland
rice. Advances in Soil Science 20: 147-192

Liesack W and Stackebrandt E (1992) Occurrence of a novel
group of the domain Bacteria as revealed by analysis of
genetic material isolated from an Australian terrestrial
environment. J Bacteriol 174: 5072-5078

Long SR and Staskawicz BJ (1993) Prokaryotic Plant Parasites.
Cell 73: 921-935

Lorquin J, Molouba F, Dupuy N, Ndiaye S, Alazard D, Gillis M
and Dreyfus B (1993) Diversity of photosynthetic Brady-
rhizobium strains from stem nodules of Aeschynomene species.
In: Palacios M, Mora J and Newton WE (eds) New Horizons in
Nitrogen Fixation, pp 683-689. Kluwer Academic Publishers,
Dordrecht

Nambiar PTC, Dart PJ, Rao BS and Rao VR (1982) Nodulation
in the hypocotyl region of ground nut (Arachis hypogeae).
Exptl Agric 18: 203-207

Oelze J and Drews G. (1973) Membranes of Photosynthetic
Bacteria. In: Lascelles J. (ed) Microbial Photosynthesis, pp
137-144. Dowden, Hutchinson and Ross, Stroudsburg, PA

OkamurakK, Takamiya K andNishimura M (1985) Photosynthetic
electron transfer system is inoperative in anaerobic cells of
Erythrobacter species strain OCh 114. Arch Microbiol 142:
12-17

Schaede R (1940) Die knollchen der adventiven wasserwurzeln
von Neptunia oleracea und ihre bakteriensymbiose. Planta 31:
1-21

Shiba T (1984) Utilization of light energy by the strictly aerobic
bacterium Erythrobacter sp. OCH 114. J Appl Microbiol 30:
239-244

Sprent JI and Sprent P. (1990) Nitrogen Fixing Organisms: Pure
and applied aspects. Chapman and Hall, London

Stowers MD and Eaglesham ARJ (1983) A stem-nodulating
Rhizobium with physiological characteristics of both fast and
slow growers. J Gen Microbiol 129: 3651-3655

Subba Rao NS (1988) Microbiological aspects of green manure
in lowland rice soil. In: Green Manuring in Rice Farming, pp
131-149). International Rice Research Institute, Manila

Subba Rao NS, Gaur YD and Murthy A (1991) Biology of root
and stem nodules of Aeschynomene aspera and A. indica,
potential green manure plants. In: Dutta SK and Sloger C (eds)
Biological Nitrogen Fixation Associated with Rice Production,
pp 31-37. Oxford and IBH Publishing, New Delhi

Tauschel HD and Drews G. (1968) Thylakoid morphogenese bei
Rhodopseudomonas palustris. Arch Mikrobiol 59: 381-404

van Berkum P, Tuly RE and Keister DL (1995) Nonpigmented
and bacteriochlorophyll-containing bradyrhizobia isolated from
Aeschynomene indica. Appl Environ Microbiol 61: 623-629

Verma DPS (1992) Signals in root nodule organogenesis and
endocytosis of Rhizobium, Plant Cell 4: 373-382

Walter CA and Bien A (1989) Aerial root nodules in the tropical
legume Pentachlora macrolobata. Oecologia 80: 27-31

Wettlaufer SH and Hardy RWF (1992) Effect of light and
organic acids on oxygen uptake by BTAIi 1, a photosynthetic
rhizobium. Appl Environ Microbiol 58: 3830-3883

Wettlaufer SH and Hardy RWF (1993) The photosynthetic
nitrogen-fixing microsymbiont Bradyrhizobium, strain BTAi
1: Light quality and intensity effects on bacteriochlorophyll
production and accumulation. Plant Physiol (Suppl.) 102: 19

Willems A and Collins MD (1992) Evidence for a close
genealogical relationship between Afipia (the causal organism
of cat scratch disease), Bradyrhizobium japonicum and
Blastobacterdenitrificans. FEMS Microbiol Lett 96: 241-246

Woese CR (1987) Bacterial evolution. Microbiol. Rev. 51:
221-271.

Wong FYK, Stackebrandt E, Ladha JK, Fleischman DE, Date
RA and Fuerst JA (1994) Phylogenetic analysis of Brady-
rhizobium japonicum and photosynthetic stem-nodulatin
bacteria from Aeschynomene species grown in separated
geographical regions. Appl Environ Microbiol 60: 940-946

Yanagi M and Yamasato K (1993) Phylogenetic analysis of the
family Rhizobiaceae and related bacteria by sequencing of 16S
rRNA gene using PCR and DNA sequencer. FEMS Microbiol
Lett 107: 115-120

Yatazawa M, Hambali GO and Wiriadinata H (1987) Nitrogen-
fixing stem nodules and stem-warts of tropical plants. Biotropica
SpecPubl31: 191-205

Yatazawa M and Yoshida S. (1979) Stem nodules in
Aeschynomene indica and their capacity of nitrogen fixation.
Phys Plantarum 45: 293-295

Young JPW, Downer HL and Eardly BD (1991) Phylogeny of
the phototrophic Rhizobium strain BTAi 1 by polymerase
chain reaction-based sequencing of a 16S rRNA segment. J
Bacteriol 173:2271-2277



Chapter 8

Biosynthesis and Structures of the Bacteriochlorophylls

Mathias O. Senge and Kevin M. Smith
Department of Chemistry, University of California, Davis, CA 95616, USA

SUMIMEIY ..vivinr ettt st ses it ee e bt a et s e ese e b b esetsa 4 s 4 e b e bra e e S e b ee e Rt s S e e s SRt e s b et b aaesseserebenssesnnssnaes 137
L INEOAUCHON ...ttt et e et sae e e s h e bt e st et v ae ek e s e e s ebeesearesnresesnsanresanereens 137
IIl.  Structural Chemistry of the BacterioChlorophylls ...........coevevciieniirniinennineresie et sesssereenens 138
A. BacteriochlorophylS @, B, aNd G.......covvveerrierirrrerciicricivairccerrerisssiresesiestsienisirsssse s isssesssesessesanes 138
B. Bacteriochlorophylls €, d, €, and f.........ccvrovieiieerieieicirineeenrssrs e sis s e sess e st ssse e sseses 139
lll. Biosynthesis of the BacterioChlorophylls ...t cenaeseeseas 141
A. Formation of 5-AmINOIEVUIINIC ACI........ccvriimrierieresicinrer et seereesensssessiaserseereseresesseesssenens 141
B. Intermediate Steps 10 ProtOpOMPNYIIN ........ccveiiiiiiireinresre et e e st saes 142
C. Formation of Bacteriochlorophyll @ B and g .........ccccuveevrvrnencinnirireeseiniesisiessesesesesisesssssseseans 143
D. Biosynthesis of Bacteriochlorophyll ¢, d, and € ...........cuvicrimeeiiciiiiciciicsicevcne it 146
IV. Degradation of the BacterioChlOrophylIS ............coovieiiiniiisiiiine et coesae e seseas 149
ACKNOWIEBAGIMENES ...vevieiitirerirtstieiae ittt st s sb et vae e st st e b et e bR e e e e nesa b et sesaeneanaens 149
REFEIEBNCES .. v.eviviieeiieteireeieie ettt racse sttt st st rne s s er et s s e s st s e bt s et se b se et e ae et ke st nee b e se e e e be s e Rt eraete st ans 149
Summary

The current status of our knowledge on the structures and biosynthesis of the bacteriochlorophylls from
photosynthetic bacteria is reviewed. While the structural chemistry of the bacteriochlorophylls is well
established, not much is known about the biosynthesis of the chromophores. Except for the early biosynthetic
steps the current insight rests mainly with mutant studies performed in the sixties. For the bacteriochlorophylls
of the sulfur and non sulfur bacteria certain assumptions can be made about the biosynthesis on the basis of

analogy to chemical reactions.

l. Introduction

Bacteriochlorophylls (BChls) are the central
photopigments of the photosynthetic bacteria. As
such they function as antenna pigments in the light
harvesting complexes and as accessory and special
pair chlorophylls in the reaction center. Chemically,
all chlorophylls (Chls) are derivatives of the parent
compound porphyrin (1). All Chls have in common
the isocyclic pentanone ring V, a central magnesium
ion, and a propionic ester group at C17. The

nomenclature of these compounds has been
standardized (IUPAC, 1987; Smith 1994) and the
TUPAC system is used throughout this paper. Figure
1 shows as an example the numbering scheme for
porphyrin (Fig. 1.1) and Chl a (Fig 1.2). We have
however retained the use of the trivial names BChl ¢,
d, e for the antenna Chls from green sulfur and non
sulfur bacteria to prevent the use of confusing long
systematic names. These names are actually
misleading since the pigments are chlorins not
bacteriochlorins. In recent years a number of reviews

R. E. Blankenship, M. T. Madigan and C. E. Bauer (eds): Anoxygenic Photosynthetic Bacteria, pp. 137-151.
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Fig. 1. Numbering scheme for porphyrin (1) and Chl a (2).

have been published on the structure and biosynthesis
ofthe Chls (Riidiger and Schoch, 1988, 1989, 1991;
Beale and Weinstein, 1990; 1991; Leeper, 1991;
Scheer, 1991; Smith, 1991; Senge, 1992a,b, 1993).
Due to restricted space we have cited mostly leading
references for the older literature and have
concentrated more on giving complete literature
references to papers with newer results. An entire
special issue of Photosynthesis Research (Olson et
al., 1994) was recently devoted to Green and
Heliobacteria.

Il. Structural Chemistry of the
Bacteriochlorophylls

A. Bacteriochlorophylls a, b, and g

Bacteriochlorophyll a (Fig. 2.3) and b (Fig. 2.4) are
the most widely distributed Chls found in photo-
synthetic bacteria, and their purple color results
from the fact that the parent porphyrin macrocycle is
‘reduced’ not only in ring I'V [as is the case in Chl a
(2)], but also in ring II (Fig. 2). Therefore they are
often termed ‘tetrahydroporphyrins’ or bacterio-
chlorins. Besides this difference in the degree of
reduction another structural difference relative to
Chl a is the presence of an acetyl group at C3 instead
of a vinyl group. BChl a serves in most purple

Abbreviations: ALA — 5-Aminolevulinic acid; BChl -
bacteriochlorophyll; BPheo — bacteriopheophytin; BPhide —
bacteriopheophorbide; Cb. — Chlorobium; Cf. — Chloroflexus;
Chl-chlorophyll; Chlide—chlorophyllide; Cm. — Chromatium;
EC. — Ectothirhodospira; Pheo — pheophytin; Phide —
pheophorbide; Proto — protoporphyrin; Rb. — Rhodobacter;
RNAase — Ribonuclease; SAM — S-adenosylmethionine

Mathias O. Senge and Kevin M. Smith

bacteria (Rhodospirales) as the sole antenna and
reaction center pigment. In the green sulfur bacteria
it functions in the same roles while its Mg-free
derivative, bacteriopheophytin (BPheo) a (Fig. 2.5),
serves as an accessory pigment in the photosynthetic
reaction center. The structure elucidation for the
Chls and BChls a and b has been reviewed by
Brockmann (1978). Recently, a high precision crystal
structure was published for a BChl a derivative,
Bacteriopheophorbide (BPhide) a (Barkigia et al.,
1989; Barkigia and Gottfried, 1994). BChl b (Fig.
2.4) is found in Rhodopseudomonas viridis,
Rhodopseudomonas sulfoviridis, Thiocapsa pfen-
nigii, Ectothiorhodospira halochloris, and Ec.
abdelmaleki (Scheer, 1991) and is distinguished from
BChl a by possessing an ethylidene group at C8
instead of an ethyl (Brockmann and Kleber, 1970;
Scheer et al., 1974). Due to the ethylidene group the
degree ofreduction in BChl b can also be formulated
as that of adihydroporphyrin, since a simple migration
of the ring II ethylidene double bond into ring II
proper would actually yield a macrocycle at the same
reduction level as Chl a (Fig. 1.2).

BChls generally show a higher variability in their
esterifying alcohol than do the Chls. They often
contain phytol, which is the most widely found
esterifying alcohol (Fig. 3). However, BChl a from
Rhodospirillum rubrum contains geranylgeraniol,
while the BPheo a of the reaction center is esterified
with phytol. BChl b from Ec.halochloris and Ec.
abdelmalekii was found to contain A2,10-phytadienol
and smaller amounts of phytol and a trienol (Riidiger
and Schoch, 1988).

BChl g (Fig. 4.6) is closely related to BChl » and
possesses a vinyl at the 8-position instead of an
acetyl group (Brockmann and Lipinsky, 1983) (Fig.
4). BChl g is found in Heliobacterium chlorum and
contains farnesol as the esterifying alcohol (Michalski
et al.,, 1987). It functions both as the antenna and
reaction center pigment in the Heliobacteria. Two
special derivatives have been proposed to function in
the reaction center of photosynthetic bacteria besides
BChl a and b and their pheophytins. These are BChl
g' (Fig. 4.7), the 13*-S-epimer of BChl g (Fig. 4.6)
(Kobayashi et al., 1991) and 8'-hydroxy Chl a (Fig.
4.8) (van de Meet et al., 1991). However, these
compounds can be easily formed from the more
abundant BChl g—the a' pigment by simple
epimerization and the 8'-hydroxy-Chl a by isomer-
ization and oxidation in ring II of BChl g. Thus
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Fig. 2. Structural formulae for BChl a (3), BChl b (4), and BPheo « (5). R = mostly phytyl, see text for details.
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Fig. 3. Esterifying alcohols found in photosynthetic bacteria.

further studies are needed to clarify the situation.
B. Bacteriochlorophylls c, d, e, and f

The BChls ¢ (Fig.5.9), d (Fig.5.10) and e (Fig.5.11)
present a complex mixture of photosynthetic pigments
(Fig. 5). In contrast to the other Chls they can occur

as more than one defined compound within a given
organism (Holt et al., 1966). They function as antenna
pigments in the green, brown, or red sulfur bacteria
(Chlorobiaceae) and in Chloroflexaceae (Pfennig,
1977). Originally these pigments were named
‘Chlorobium chlorophylls’ (Holt, 1966), a term still
found sometimes in the Russian literature. In contrast
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Fig, 4. Structural formulae of BChl g (6), BChl g’ (7), and 8'-hydroxy-Chl a (8). R = farnesyl.
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Fig. 5. The structures of the bacteriochlorophylls ¢ (9), 4 (10), and e (11). R = esterified alcohol, for details see text.

to BChl @ and BChl b, these pigments have only one
reduced pyrrole ring and are, therefore chlorins like
Chl a or Chl b. The gross chemical structure of the
BChls ¢ (Fig. 5.9) and d (Fig. 5.10) and their similarity
to the plant chlorophylls was established by Holt and
coworkers (Holt et al., 1966) while subsequently
their stereochemistry (Brockmann, 1976; Brockmann

and Tacke-Karimdadian, 1979; Smithand Goff, 1985;
Smith, 1991) and absolute structure (Smith et al.,
1982, 1983) could be established. BChl e (Fig. 5.11)
was first isolated during the seventies (Gloe et al.,
1975) and subsequently its structure elucidated (Risch
etal., 1978; Simpson and Smith, 1988). Recently the
conformational flexibility of the macrocycles in Chls
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has come under active scrutiny (Barkigia et al.,
1988; Senge, 1992b; Senge et al., 1994).

All these Chls have in common that they lack the
132-carbomethoxy group and bear at the 3-position
a orhydroxyethyl group. BChl ¢ (Fig. 5.9) and e
(Fig. 5.11) are distinguished from BChl d (Fig. 5.10)
by an additional methyl group at C20. BChl e also
has the meso (Fig. 5.12) methyl group as well as an
aldehyde group at C7 and thus is similar to Chl b.
The name BChI f has been assigned to a generic
structure of a BChl e derivative without the C20
methyl group (analogous to BChl ¢— d), though this
series of pigments has not yet been found in nature
(Risch et al., 1988). All three Chls occur in nature as
so called homologous mixtures. The single
components of these mixtures are distinguished by
the substituents at C8 and C12, the stereochemistry
at C3' (R- or S-configuration) and the nature of the
esterified alcohol at C17%. On account of the various
combinatory possibilities a large variety of different
derivatives is possible. BChl ¢ (Fig. 5.9) most often
is found with an ethyl group at C8, as is the case in
most natural tetrapyrroles. In Chlorobium strains,
smaller amounts of pigments with a C8 n-propyl,
iso-butyl or even neo-pentyl groups are found. The
substituent at C12 is either ethyl or methyl in BChl
c and d. So far BChl e has been isolated only with an
ethyl group at CI12. In most cases the esterified
alcohol is farnesol (in Chlorobium) or stearol (in Cf.
aurantiacus). Smaller amounts of other esterifying
alcohols have been found in many cases (Caple et
al., 1978). A recent example is a strain of Cb. limicola
which produced BChl ¢ esterified with six different
alcohols (farnesol, geranylgeraniol, phytol, octadec-
9-en-1-ol, hexadecanol, and octadecanol) (Fig. 3)
(Fages et al., 1990).

lll. Biosynthesis of the Bacteriochlorophylls
A. Formation of 5-Aminolevulinic Acid

All tetrapyrroles are built up in a complex sequence
from small biosynthetic precursors. The first
intermediate which is common to all tetrapyrroles is
S-aminolevulinic acid (ALA) (Fig. 6.18). Depending
on the organism two biosynthetic pathways leading
to the formation of ALA are known (Fig. 6). The
ALA-synthase pathway was first found in Rhodo-
bacter sphaeroides (formerly called Rhodopseudo-
monas sphaeroides) (Kikuchi et al., 1958) and serves

in animals as the pathway for the formation of heme
(see Chapter 9 by Beale). Because of the pioneering
studies by Shemin on animals, this pathway is also
called the Shemin-pathway. Itinvolves the formation
of ALA (Fig. 6.18) by condensation of succinyl-CoA
(Fig. 6.16) and glycine (Fig. 6.17), catalyzed by the
pyridoxal-dependent enzyme, ALA-synthase.
Glycine is first bound as a Schiff-base to the
pyridoxalphosphate cofactor, on which a succinate is
transferred via succinyl-CoA. Subsequently CO, is
split off and ALA is released from the enzyme. The
other pathway, the so called C,-pathway, was first
found in plants and algae. This pathway involves the
conversion of glutamate (Fig. 6.12) into ALA. First
glutamate is bound by a glutamate-tRNA-synthase
to a tRNA™. This activated compound (Fig. 6.13) is
utilized by aNADPH dependent hydrogenase for the
formation of glutamate- 1-semialdehyde (Fig. 6.14).
The enzyme-bound aldehyde is then converted by a
pyridoxalphosphate dependent aminotransferase into
ALA (Jahn et al., 1992).

Which pathway is utilized in a given organism can
be determined by feeding radioactive precursors. For
example, feeding 1-["*C]-glutamate as substrate and
isolation of labeled ALA indicates the operation of
the C,-pathway. Similarly, addition of ribonuclease
(RNAase), which degrades the glutamyl-tRNA%",
resulting in unlabeled ALA indicates the C,-pathway.
On the other hand the ALA-synthase pathway is
operating if 2-["*C]-glycine is incorporated in ALA
in the presence of an RNAase. Such experiments
have been performed e.g. for Rhodopseudomonas
palustris indicating the ALA synthase route
(Andersen et al., 1983).

Similar labeling experiments with '*C-enriched
precursors allow a direct analysis of the final
tetrapyrrole of a given biosynthetic pathway. After
isolation of (e.g.) the BChls they can then be
investigated by "C-NMR for specifically enriched
positions. Such experiments were performed for BChl
a in Rb. sphaeroides (Oh-hama et al., 1985) again
indicating the ALA synthase route. The methoxyl of
the isocyclic ring methyl ester was derived from the
C2 carbon of glycine, presumably via methionine. In
Cm. vinosum the C-pathway was found (Oh-hama et
al., 1986). Figure 7 shows the labeling pattern found
for the macrocycle atoms of BChl a (Fig. 7.19) and ¢
(Fig. 7.20). Comparative analyses of various
organisms showed a large variability in the two
pathways found in photosynthetic bacteria. The C-
pathway is widely distributed and presumably is the
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Fig. 6. Scheme of the two biosynthetic pathways for ALA found in photosynthetic bacteria. The distribution of specifically labeled C-
atoms (from labeling experiments) is indicated by symbols (@ C1 from glutamate; B C2 from glycine).
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Fig. 7. Labeling of the macrocycle atoms in BCh! a from CS of
ALA (19) and in BChl ¢ from methionine (20).

phylogenetic oldest biosynthetic pathway for Chls. It
is found in the green sulfur bacteria, e.g. in
Chloroflexus. The ALA-synthase pathway is found
in the non-sulfur purple bacteria. A detailed analysis
of the pathway distribution has been performed by
Avissar et al. (1989) and a detailed description of the
two pathways has been given by Beale and Weinstein
(1991) and by Beale in Chapter 9.

B. Intermediate Steps to Protoporphyrin

The next biosynthetic step is catalyzed by the enzyme
ALA-dehydratase. It involves the condensation of
two ALA molecules, and by splitting off of two water
molecules, leads to the formation of the first pyrrole,
porphobilinogen. Besides detailed studies on the
biosynthesis of heme in animals, this enzyme has
been well studied in Rb. sphaeroides (van Heyningen
and Shemin, 1971; Jordan and Seehra, 1980). A
detailed description of the enzymes and mechanisms
involved in the steps to Proto has been given by
Leeper (1991) and by Beale in Chapter 9.

With the exception of the variability in ALA
biosynthesis discussed above, there has been little
progress in understanding BChl biosynthesis since
early experiments using Chlorella and Rb. sphaer-
oides mutants were published. This work has been
extensively reviewed (Jones, 1978). Not much is
known about the intermediate steps in biosynthesis
up to Proto. It can however be assumed that the
biosynthesis of the BChl utilizes the same inter-
mediates as were found in the biosynthesis of heme
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(Fig. 8). The enzymes hydroxymethylbilane synthase
and uroporphyrinogen III synthase catalyze the
formation of uroporphyrinogen III from four
molecules of porphobilinogen. This is the first
biosynthetic intermediate containing a tetrapyrrole
macrocycle. The uroporphyrinogen Il decarboxylase
then stepwise decarboxylates the four acetate
residues, eventually leading to the formation of
coproporphyrinogen III, which is converted by
oxidative decarboxylations of the propionate residues
at ring I and II to give the vinyls in protopor-
phyrinogen. The enzyme protoporphyrinogen oxidase
oxidizes this intermediate by removal of 6 hydrogen
atoms (2 NH, and the four H at C5, C10, C15, and
C20) to Proto, the first tetrapyrrole with a conjugated
ring system. While in higher plants dioxygen is
required for the aromatization and is the source of
the keto-oxygen in the isocyclic ring (Walker et al.
1989), this reaction occurs in photosynthetic bacteria
anaerobically (Tait, 1972). The electron acceptor in
photosynthetic bacteria has not been determined,
yet. The biosynthesis of all known tetrapyrroles uses
the same intermediates up to uroporphyrinogen III.
After this, branching occurs, leading to the formation
of the different tetrapyrroles (heme, chlorophylls,
corrins, and factor F430).

C. Formation of Bacteriochlorophyll a, b and g

Since the early studies on Rb. sphaeroides in the
sixties (reviewed in Jones, 1978) not much progress
has been made with elucidation of the steps after
Proto. The most important results were obtained by
experiments with photosynthetic mutants with blocks
in the BChl biosynthesis. (Protoporphyrinato
monomethyl ester)magnesium (Fig. 9.21), several
metal-free derivatives, Phide a, 3'-hydroxy-32-hydro-
Chlide a (Fig. 9.25) and -BChlide a (Fig. 9.26) and
BChlide a (Fig. 9.27) have all been isolated after
excretion from the mutants. Fig. 9 shows the currently
accepted pathway from (protoporphyrinato mono-
methyl ester)magnesium to BChl a (Fig. 9.3) and
this sequence is almost exclusively based on these
mutant studies.

The first step is the incorporation of magnesium
into Proto which is catalyzed by a magnesium
chelatase. The product of this reaction is then
converted by the enzyme S-adenosylmethionine: Mg-
protoporphyrin-O-methyl transferase. After forma-
tion of the isocyclic ring a vinyl group is hydrated to
(3,3%-didehydro-132-carbomethoxy-phytoporphyrin-

Porphobilinogen

i

f
f

3

Hydroxymethylbilan

Hydroxymethylbilane synthase

Uroporphyrinogen Il synthase

Uroporphyrinogen I
Uroporphyrinogen lll decarboxylase

Cé)proporphyrinogen I

l Coproporphyrinogen oxidase
Protoporphyrinogen
Protoporphyrinogen oxidase

Protoporphyrin

Fig. 8. Scheme of the putative intermediate steps in BChl
biosynthesis between porphobilinogen and Proto.

ato)magnesium (Fig. 9.23) (= monovinylproto-
chlorophyllide in biochemical usage). This is followed
by the reduction of ring IV to Chlide a (Fig. 9.24),
hydration of the vinyl group at C3 to 3'-hydroxy-32-
hydro-Chlide a (Fig. 9.25), reduction of a second
pyrrole ring II (Fig. 9.26) and formation of BChlide
a (Fig. 9.27) which is then esterified with an alcohol
to give BChl a (Fig. 9.3).

A possible alternate pathway has also been
proposed (Pudek and Richards, 1975) on account of
the fact that an Rb. sphaeroides mutant has been
shown to excrete a protein-pigment complex
containing 3-desacetyl-3-vinyl-BPhide a. This
suggests that reduction of chlorin to bacteriochlorin
can take place before, or after hydration of the 3-
vinyl in Chlide g, to 3'-hydroxy-32-hydro-Chlide a
(Fig. 9.25). Interestingly, BChl g (Fig. 9.6) possesses
a 3-vinyl in place of the 3-acetyl found in BChl ¢,
and thus would by necessity, require 3-vinyl
precursors for its biosynthesis. These contradicting
results indicate that the results from the mutant
studies have only limited use in elucidating the exact
biosynthetic pathway. The determination of the
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Fig. 9. Currently accepted biosynthetic pathway to BChl a.

individual biosynthetic steps has been hampered by
the fact that it is extremely difficult to develop active,
cell-free systems for enzymatic and labeling studies.
Some indications for the individual steps can however
be delineated from analogies with chemical syntheses
in situ.

A recent analysis of mutant strains of Rb. capsulatus
with blocks in its BChl a biosynthesis at different

steps of the magnesium branch showed that
(3',32,8},8%-tetradehydro-132-carbomethoxy-phyto-
porphyrinato)magnesium (divinyl-protoChlide) and
(3',32-didehydro- 13%-carbomethoxy-phytoporphy-
rinato)magnesium (monovinyl-protoChlide), 3-
devinyl-3-hydroxyethyl-Chlide a, and BChlide a were
all bound to a 32 kDa protein, which was identified
as the outer membrane porin protein (Bollivar and
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Bauer, 1992). For a wild-type Rb. capsulatus the
excretion of coproporphyrin bound to a protein with
the same N-terminal sequence was reported by Biel
(1991). No information is yet available on formation,
excretion, or specificity of these complexes. The
protein accumulated also in cells grown in high-
oxygen conditions, indicating that it is not involved
in regulation of tetrapyrrole biosynthesis. Recent
years have seen an increase in studies on the molecular
biology ofthe BChl biosynthesis (Bauer et al., 1993;
Bollivar et al., 1994ab,c). This is the topic of the
Chapter 50 by Alberti et al.

Using (2R,3R)-ALA-2,3-T,-2,3-4C,, Emery and
Akhtar (1985) have shown that the 8-ethyl group in
BChl a in Rb. sphaeroides is formed by addition of
hydrogen to the si-face of the corresponding double
bond, resulting in an overall, formal, trans-addition.
Chemical studies on model compounds have shown
(Smith and Simpson, 1987; Simpson and Smith,
1988), that a formal reduction of the vinyl group to
ethyl is possible by an initial reduction of the double
bond in the corresponding pyrrole ring (Fig. 10.29)
and subsequent migration of the double bond,
resulting in the ethylidene derivative (Fig. 10.30)
(Fig. 10). Another migration of the double bond
leads, then, to the unsaturated ethyl compound (Fig.
10.31). A similar mechanism might be involved in
the formation of the ethylidene group in BChl b. On
the basis of observations on photoisomerism reactions
of BPheo derived from BChl g of Heliobacterium
chlorum, Michalski et al. (1987) have also suggested

(31)

that all Chls are biosynthesized from a common
intermediate bearing an ethylidene group as is present
in BChl b (Fig. 2.4) and BChl g (Fig. 4.6).

The biosynthesis of phytol, which is esterified
with the C17 propionic ester group, proceeds coupled
to the biosynthesis of the chromophore (Brown and
Lascelles, 1972). Starting with the specific C,-
precursor of the isoprenoid pathway, isopentenyl-
diphosphate, geranylgeraniol diphosphate is formed,
which is then esterified with the chromophore. The
use of labeled ALA showed that the oxygen atoms of
the ester groups at C17 and C13 both are derived
from the carboxylate oxygen of ALA (Ajaz et al.,
1985; Akhtar et al., 1984; Emery and Akhtar, 1987).
This means that the ester groups in BChl a are
formed by attack of the carboxylate groups of the
chromophore on activated isoprenyl (and for C13,
methyl) moieties. For Chl « it is known that first
geranylgeraniol is bound by a chlorophyll synthetase
to the pigment. Subsequently three double bonds are
reduced in the side chain to give phytyl (Riidiger and
Schoch, 1988). The different esterified alcohols found
in the BChls ¢, d, and e show, however, that the
situation is much more complicated for the BChls.

The biosynthesis of BChl b (Fig. 2.4) presumably
proceeds similarly to that of BChl a as far as the 3'-
hydroxy-3%-hydro-Chlide a (Fig. 9.25) step. Reduc-
tion ofa double bond in ring II, as shown in Fig. 10,
leads to the formation of the respective 3-
hydroxyethyl-8-vinylbacteriochlorin, which after
migration of the double bond yields 3-hydroxyethyl-

Fig. 10. Pathways for vinyl reduction in Chl and BChl biosynthesis, and possible route to formation of ring Il ethylidene substituents in

BChl b and BCh! g biosynthesis.
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8-ethylidenebacteriochlorin. Subsequent oxidation
of the hydroxyethyl group to acetyl and esterification
of the C17 acid with an isoprenoid alcohol would
then yield BChl b. As of yet no studies on the
biosynthesis of BChl g have been reported. It can be
assumed that it follows in its biosynthesis that of
BChl a up to Chlide a and that the branch point
involves reduction of the Chlide a ring II double
bond to give a vinyl bacteriochlorin (Fig. 10.29).
Subsequent rearrangement of the double bond would
yield an ethylidene compound analogous to (Fig.
10.30), followed by esterification with farnesol.

D. Biosynthesis of Bacteriochlorophyll c, d,
ande

Similar to the situation found with BChl a and b,
detailed information on the biosynthesis of the
BChls ¢ (Fig. 5.9), d (Fig. 5.10), and e (Fig. 5.11) is
only available for the initial and ultimate steps. As
described above, ALA is formed via the C,-pathway
in the green sulfur bacteria (Chlorobium) and the
green nonsulfur bacteria (Chloroflexus). Detailed
labeling experiments have been described for Cb.
limicola (Andersen et al., 1983), Cf. aurantiacus
(Swanson and Smith, 1990; Oh-hama et al., 1991),
Prosthecochloris aestuarii (Oh-hama et al., 1986b)
and Cb. vibrioforme (Smith and Huster, 1987; Smith
and Bobe, 1987; Huster and Smith, 1990; Bobe et al.,
1990). A discussion of the different results has been
given by Smith (1991). No results are available on
the biosynthesis of the reaction center pigments
BChl a@ and b, which occur together with the BChls c,
d, and e in these bacteria. A number of inhibition
experiments have been performed recently. Earlier
inhibition studies (see Jones, 1978) indicated a
biosynthetic pathway closely resembling that of BChl
a on the basis that intermediates similar to those of
the BChl a biosynthesis were found. However, these
results can also be reinterpreted in terms of total
inhibition of BChl ¢ biosynthesis very early in the
pathway such that the metabolites being excreted
into the medium were simply intermediates of normal
BChl a biosynthesis. This problem could be partially
overcome with the finding that anaesthetic gases,
like N,O, ethylene, and acetylene, inhibit BChl d
(antenna pigment) formation but not that of BChl a
(reaction center pigment) in Cb. vibrioforme
(Ormerod et al., 1990). (Protoporphyrinato mono-
methyl ester)magnesium (Fig. 9.21) was found to
accumulate under these conditions, suggesting that
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the biosynthetic pathway of BChl a and d branch
prior to isocyclic ring formation. Another possibility
might be different compartmentalization of the
biosynthetic enzymes for both pigment types and/or
interference of the inhibitors with chlorosome
formation. Inhibition experiments with gabaculine
also supported the operation of the C-pathway in Cf.
aurantiacus (Kern and Klemme, 1989). For
Chlorobium it was shown that cell extracts have
RNA-dependent ALA formation from glutamate as
describe above (Rieble et al., 1989).

Labeling experiments with *C-labeled precursors
showed that all of the ‘extra’ carbon atoms in the side
chains of the BChl ¢ are derived from methionine
(Fig. 7, formula 20) (Kenner et al., 1978; Smith and
Huster, 1987; Huster and Smith, 1990). A lower level
incorporation of porphobilinogen was also found.

Enzymatic studies are still lacking, due to the
problems described above. However some insight
into the biosynthesis can be obtained from analogy
with chemical reactions. Not much is known with
certainty aboutthe latter stages in the biosynthesis of
the BChls ¢, d, and e, so much of what follows should
be regarded as conjecture rather than substantiated
fact. For the biosynthesis of the different alkyl
substituents at C8 two different pathways are feasible
(Fig. 11) (Smith, 1991) which, by successive
methylation and reduction of the side groups lead to
the different homologues. The ethyl group at C8 can
be formed analogous to that in BChl a (Fig. 10), 1. e.
by dehydrative decarboxylation of the propionate
(Fig. 10.31) and subsequent reduction of the vinyl
group (Fig. 11, steps 33 — 34). A methylation of the
o-methyl group of the propionate by SAM and
subsequent vinylation and reduction presents a
possible scheme for the formation of the propyl
homologue (Fig. 11, steps 35 — 37). Repetition of
this sequence would lead to the isobutyl homologue
(Fig. 11.40). Biosynthesis of the neopentyl group via
this ‘propionate alkylation pathway’ would however
involve a rather cumbersome concomitant decar-
boxylation and methylation of (Fig. 11.38) to (Fig.
11.44). The presumed more likely ‘vinyl alkylation’
pathway is shown as path B in Fig. 11. Starting with
the 8-vinyl derivative (Fig. 11.33) adirect methylation
with SAM would yield a carbocation which after
deprotonation to the corresponding alkene (Fig.
11.36) and subsequent reduction would yield the
propyl homologue (Fig. 11.37). Repetition of this
process would give the corresponding isobutyl and
neopentyl homologue (Fig. 11.41). A first indication
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Fig. 11. Scheme of the propionate (A) and viny! (B) alkylation pathway as a possible biosynthetic route for R® homologation in the BChl
¢, d, and e. Note that direct decarboxylation of intermediates (35) and (38) can lead directly to (37) and (40), respectively.

for the existence of this pathway was given by the
identification of the rearranged homologue (Fig.
11.43) in small quantity from Cb. vibrioforme (Goff,
1984). The formation of this derivative can only be
explained by a rearrangement of the carbocation
which precedes the formation of the neopentyl
homologue. Deprotonation of the tertiary carbocation

(Fig. 11.42) and reduction yields then the isolated
1,2-dimethylpropyl homologue (Fig. 11.43).

The biosynthesis of the C12 homologues can be
explained by a decarboxylation of the C12 acetic
acid group (Fig. 12). This step occurs in the other
Chls before the vinyl reduction ofthe C8 group and
thus constitutes a possible early branch point in the
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biosynthesis of the chlorophylls. After decarboxyl-
ation the methylene group (Fig. 12.46) can be
methylated by SAM to give an ethyl group (Fig.
12.47). This is corroborated by model studies on the
oxidation of C12 ethyl to acetyl in BPheo d (Senge et
al., 1991) and labeling experiments which show the
direct incorporation of the "*CD,-methyl group of
SAM at this position (Kenner et al., 1978).

The BChls ¢ and d are found with both possible
stereochemical configurations at the C3-hydroxyethyl
group (Fig. 5). The distribution of the different
homologues shows that the predominant isomer
depends on the size of the substituent at C8. If the
residue at C8 is small (e.g. ethyl) the R-configuration
is predominant. The S-configuration is preferred if
the C8 substituent is large (e.g. neopentyl). This has
been interpreted in terms or remote control of induced
stereochemistry by the bulk of the C8 substituent,
possibly involving rotamers of the presumed 2-vinyl
precursor (Smith et al., 1983b). This requires that the
formation of the different C8 homologues occurs
prior to the introduction of the hydroxy group at C-3!
(presumably by hydration of the respective vinylogous
precursor).

The question occurs as to why the green sulfur
bacteria produce only one BChl @ or b but a multitude
of different homologues of the antenna BChls ¢, d,

Mathias O. Senge and Kevin M. Smith

and e. Investigation of the absorption spectra of
BChl ¢, d, and e in nonpolar solvents revealed a
strong dependence of the absorption maxima from
the size of the substituent at C8 (Smith et al., 1983c¢).
Similar results were observed in living cells. Since
the light harvesting complex of the bacteria constitutes
of oligomeric BChls and a protein backbone it is
possible that modification of the homologue
composition allows a variation of the wavelengths
region in which light is absorbed. When the oligomer
is small, the bathochromic shift (monomer to
oligomer) in the optical spectrum of the antenna
system is small, and vice versa for large oligomers.
Thus, the size of the antenna aggregate is controlled
indirectly by the size of the C8 substituent and
directly by the chirality of the C3'-center, because a
major interaction holding the oligomer together
involves the central magnesium ion of one BChl and
the oxygen of the 3-(1-hydroxyethyl) group of another.
Under low light intensities an activation of the
corresponding methylating enzymes leads to
modification of the absorption spectrum. Alkylation
in newly developing cells causes a red shift in the
antenna system which in better light utilization
because of better penetration of low energy light
through the medium, and because existing bacteria
in the medium absorb at higher energy (Smith and

(a7) COOH

(a6) COOH

Fig. 12. Possible mechanism for the biosynthetic transformation of the 12-acetic side chain into 12-ethyl, mediated by SAM.
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Bobe, 1987; Bobe et al., 1990). Dilution of the
bacterial suspension results in a termination of the
alkylation process and a decrease in the content of n-
propyl and isobutyl containing pigments relative to
8-ethyl. Thus this adaptation process is reversible.

A similar adaptation to environmental conditions
has been observed for the BChl d producing strain
Cb. vibrioforme (Broch-Due and Ormerod, 1978).
Under low light intensities this bacterium slowly
converts BChl d to BChl ¢ (Smith and Bobe, 1987,
Bobe et al., 1990). This meso-alkylation shifts the
absorption maxima another 20 nm into the red spectral
region. The C20 methyl group is also derived from
methionine via SAM.

IV. Degradation of the Bacteriochlorophylls

Besides the many unsolved questions concerning the
biosynthesis of the BChls, the degradation of these
pigments remains unsolved, too. So far it is known
that the first steps in the catabolic pathway are
connected to loss of magnesium, removal of the
esterified alcohol at C17% and to oxidation reactions
at ring V (Haidl et al., 1985). The enzymes of these
steps remain unknown. For heme it is known that the
ring system is broken up at a meso-bridge and then
subsequently degraded (Brown et al., 1991). From
model compounds it is known that C20-substituted
BChls ¢ undergo photochemical ring opening
reactions at the C20 meso-bridge (Brockmann and
Belter, 1979; Brown et al., 1980; Struck et al., 1990).
The methyl group activates the molecule for such
reactions and it was believed that introduction of a
meso-substituent might be an essential part of Chl
breakdown (Riidiger and Schoch, 1989). Recent
reports on Chl degradation show however that in
plants the ring opening reaction occurs at the C5
meso-bridge (Krautler et al., 1991; Engel et al.,
1991). Thus the situation remains unclear for the
BChls.

Both the catabolic and anabolic pathway remain
largely unknown. Due to their easy cultivation and
simple physiology, photosynthetic bacteria remain
the premier objects for studies on photosynthesis.
Thus they also serve as models for studying the
photosynthesis in higher organisms. Therefore a more
detailed analysis of their biochemistry is of central
importance. A renewed effort with a combination of
chemical, biological, and physiological methods
might reveal more fascinating facets about these
interesting compounds.
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Summary

Anoxygenic phototrophs are capable of synthesizing all three major types of tetrapyrroles: hemes, chlorophylls,
and corrins. These molecules are derived from a common, branched biosynthetic pathway. Facultative aerobes
in the a-proteobacterial group (purple nonsulfur bacteria), which includes the genera Rhodobacter,
Rhodopseudomonas, and Rhodospirillum,have been used extensively as model systems for studying tetrapyrrole
biosynthesis, and much is known about the biosynthetic pathway and the physical and regulatory properties of
the enzymes in these organisms. Strictly anaerobic phototrophic species have been less thoroughly studied, but
they are known to derive their tetrapyrroles from metabolic precursors that differ from those used by the
facultative aerobes. This chapter describes the structures and biosynthesis of tetrapyrrole precursors, hemes,
and related molecules.
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l. Introduction

A. The Tetrapyrroles of Anoxygenic Phototrophic
Bacteria

Tetrapyrroles are ubiquitous molecules that play
essential roles in energy metabolism. The tetrapyrrole
family includes hemes, chlorophylls, and structurally
related compounds. In the anoxygenic phototrophs,
tetrapyrroles are used in the fundamental roles of
light absorption and electron transfer through which
these organisms achieve phototrophy.

The anoxygenic phototrophs are versatile tetra-
pyrrole synthesizers: along with the ability to produce
hemes and chlorophylls, a property which they share
with plants, algae, and cyanobacteria, some of these
organisms are capable of forming the corrin nucleus
of coenzyme B, ,. Moreover, these procaryotes contain
several heme types that are not found in eucaryotic
organisms. This chapter is concerned specifically
with the structures and biosynthesis of hemes in
anoxygenic phototrophs. However, inasmuch as all
tetrapyrroles share a common biosynthetic pathway,
much of the material covered here is applicable to the
biosynthesis of other tetrapyrrole end products.

B. Outline of the General Tetrapyrrole
Biosynthetic Pathway

All biological tetrapyrroles can be arranged as
products of a single, branched biosynthetic pathway
(Fig. 1). The biosynthetic steps from early precursors
to protoporphyrin-based hemes constitute the major,
common portion of the pathway, and other steps
leading to specific groups of products can be
considered to be branches off the common pathway.
The pathway is a highly conserved one and, with few
exceptions, the biosynthetic intermediates and
enzyme-catalyzed reactions are very similar or
identical in all organisms where they have been
studied. The existence of a branched pathway with
several categories of end products indicates the need
for complex regulation to ensure that the products
are synthesized in appropriate proportions in response

Abbreviations: ALA - 68-aminolevulinic acid; BChl —
bacteriochlorophyll; Cb. — Chlorobium; Cf. — Chloroflexus;
Cm. — Chromatium; E. coli — Escherichia coli; gabaculine — 3-
amino-2,3-dihydrobenzoic acid; GSA - L-glutamate-1-semi-
aldehyde; PBG - porphobilinogen; Rb. — Rhodobacter; Rc. —
Rhodocyclus; RNase A — Ribonuclease A; Rp. — Rhodo-
pseudomonas; Rs. — Rhodospirillum

Samuel |. Beale

to changing environmental and growth conditions.

Many major discoveries in the area of tetrapyrrole
biosynthesis have been made using one group of
anoxygenic phototrophs, the o-proteobacteria
(nonsulfur purple bacteria), as model systems. For
example, Rhodobacter sphaeroides and Rhodo-
spirillum rubrum were among the first organisms of
any kind to yield in vitro enzyme activities for early
steps of the pathway. Compared to the o-proteo-
bacteria, other groups of anoxygenic phototrophs
are much less well characterized with respect to their
tetrapyrrole biosynthetic capabilities. It is important
to be aware of the different extent of knowledge
abouttetrapyrrole biosynthesis in the different groups
oforganisms and to avoid premature generalizations,
since, as will be described below, there are some
major differences in the actual biosynthetic steps
used by the different organisms for producing the
same end product.

Anoxygenic phototrophs, like other phototrophic
organisms, are able to regulate the content and
composition of their tetrapyrroles, especially those
which are components of their photosynthetic
apparatus, in response to environmental signals such
as lightintensity and spectral composition, nutritional
status, and O, tension. Several of these topics are
covered in Chapter 52 byBiel. In the present chapter,
discussion of regulation will be primarily concerned
with the regulatory properties of individual
biosynthetic enzymes.

Il. The Early Common Steps
A. Biosynthesis of ALA

s-Aminolevulinic acid (ALA) can be considered to
be the firstuniversal, committed tetrapyrrole precursor
(Fig. 1). Discussion of ALA formation is complicated
by the fact that two different biosynthetic routes to
ALA exist. The a-proteobacteria include the
facultative phototrophic genera Rhodopseudomonas,
Rhodobacter and Rhodospirillum, obligately aerobic
bacteriochlorophyll-(BChl)-containing phototrophs
that have been placed in the Erythrobacter and
Methylobacterium groups, and non-chlorophyllic
relatives such as Agrobacterium, Rhizobium,
Azorhizobium, and Bradyrhizobium. These organ-
isms, as well as eucaryotes that do not contain plastids
(e.g., animals, yeasts, fungi), form ALA from glycine
and succinate (Fig. 2), Plants, algae, and most groups
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Fig. 1. Outline of tetrapyrrole biosynthesis.
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of bacteria, including cyanobacteria, the strictly
anaerobic phototrophs (green sulfur bacteria, green
nonsulfur bacteria, and heliobacteria), and
archaebacteria, form ALA by a different route (Fig. 3),
wherein glutamate, rather than glycine and succinate,
provides the C and N atoms.

1. The Glycine/Succinyl-CoA Route

Rb. sphaeroides and Rs. rubrum were among the first
organisms of any kind to yield in vitro ALA-forming
activity (Gibson, 1958; Kikuchi et al., 1958; Sawyer
and Smith, 1958). ALA is formed in these cells by
the condensation of succinyl-CoA and glycine,
mediated by the pyridoxal phosphate-requiring
enzyme, ALA synthase (succinyl-CoA:glycine C-
succinyltransferase (decarboxylating) EC 2.3.1.37)
(Fig. 2). In the reaction, the carboxyl carbon of
glycine is lost as CO, and the remainder is
incorporated into the ALA.

ALA synthase has been highly purified from Rb.

sphaeroides (Warnick and Burnham, 1971; Fanica-
Gaignier and Clement-Metral, 1973b; Nandi and
Shemin, 1977). The native enzyme has an apparent
molecular weight of 80,000 to 100,000 and is a
homodimer consisting of two 41,000-45,000
molecularweight subunits. A native molecular weight
of 61,000-65,000 was derived for ALA synthase
from Rhodopseudomonas palustris (Viale et al.,
1987a). One mole of pyridoxal-phosphate is bound
per subunit of the Rb. sphaeroides ALA synthase
(Davies and Neuberger, 1979b), but the relatively
loose binding (the apparent K was calculated to be
3-5 uM), and the fact that pyridoxal-phosphate
protects an essential thiol group, suggest that the
cofactor is not bound covalently as a Schiff base, but
instead may be complexed with a cysteine thiol. The
existence of two distinct ALA synthases, called
Fraction I and Fraction II, has been demonstrated in
Rb. sphaeroides (Tuboi et al., 1970ab; Fanica-
Gaignier and Clement-Metral, 1973a,b). Fraction I
and Fraction II are both repressed under high O,
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Fig. 2. ALA biosynthesis from glycine and succinyl CoA catalyzed by ALA synthase.

tension. Reduction of O, tension induces Fraction I,
and induction of Fraction II requires both low O,
tension and light (Tuboi et al., 1970). It has been
reported that one form of ALA synthase is
cytoplasmic and is functionally associated with dark
metabolism, and the other is found in the chromato-
phores, is specifically induced in the light, and is
functionally associated with photometabolism
(Fanica-Gaignier and Clement-Metral, 1973a). The
two enzyme forms may be encoded by different
genes (see below).

The ALA synthase reaction mechanism has been
extensively studied. Product inhibition studies with
the Rb. sphaeroides enzyme indicate a bi-bi reaction
sequence in which glycine binds first and ALA is
released last (Fanica-Gaignier and Clement-Metral,
1973c). During the reaction, the glycine o-proton
having the pro-R configuration is specifically removed
and the pro-S proton occupies the pro-S position at
C-5 of ALA (Zaman et al., 1973; Abboud et al.,
1974). The retention of only one glycine o-proton in

the product, and its stereospecific position in the
product, indicate that the reaction of pyridoxal-bound
glycine carbanion with succinyl-CoA precedes
decarboxylation, i.e., that enzyme-bound ¢-amino-
B-ketoadipic acid is an intermediate, and that the
decarboxylation step occurs before the final product
is released from the enzyme, which means that ALA
synthase is a decarboxylase as well as a condensing
enzyme. In the absence of succinyl-CoA, the enzyme
catalyzes the exchange of the glycine pro-R o-proton
with the solvent (Laghai and Jordan, 1976), and in
the absence of either substrate, the enzyme catalyzes
exchange of one of the C-5 protons of ALA with the
solvent (Laghai and Jordan, 1977). Protoheme, a
powerful allosteric inhibitor (see below), has little
effect on the exchange reaction with glycine but does
affect the exchange reaction with ALA.

Genes that encode ALA synthase have been cloned
and sequenced from Rhodobacter capsulatus (Biel
et al., 1988; Hornberger et al., 1990) and RbD.
sphaeroides (Tai et al., 1988; Neidle and Kaplan,
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1993a). Whereas Rb. capsulatus contains a single
ALA synthase-encoding gene, hemA, Rb. sphaeroides
contains two such genes, hemA and hemT, which
respectively are located on the large and small
chromosomes of these cells (Neidle and Kaplan,
1993b). The Rb. capsulatus hemA sequence predicts
a401 amino acid, 44,100 molecular weight peptide.
The Rb. sphaeroides hemA and hemT genes encode
peptides that are 53% identical to each other, and
each contains 407 amino acids. The Rb. capsulatus
and Rb. sphaeroides HemA peptides are 76%
identical. These bacterial ALA synthase peptides are
also significantly similar to ALA synthase peptides
from other bacterial and eucaryotic species.
Interestingly, there is detectable similarity to the
peptide sequences of two other enzymes that catalyze
similar condensation reactions, 7-keto-8-amino-
pelargonic acid synthase (BioF) and 2-amino-3-
ketobutyrate coenzyme A ligase (EC 2.3.1.29) (Neidle
and Kaplan, 1993a). It has been proposed (Tai et al.,
1988), but not directly proven, that the hemA and
hemT gene products correspond to the two types of
Rb. sphaeroides ALA synthase discussed above.

As might be expected for an enzyme that catalyzes
the first committed step of tetrapyrrole biosynthesis,
ALA synthase is highly regulated. Regulation is
exerted at both the enzyme (allosteric activity
modulation) and gene expression (transcriptional
control) levels. Rb. sphaeroides ALA synthase is
reversibly inhibited by protoheme at physiologically
relevant concentrations (Burnham and Lascelles,
1963; Yubisui and Yoneyama, 1972). Greater than
50% inhibition was caused by 1 uM protoheme, and
nearly complete inhibition was achieved at 10 uM
protoheme. The inhibition appeared to be competitive
with glycine. Unnatural protoheme analogs such as
hematoheme, deuteroheme, and dimethylprotoheme
also inhibited at concentrations comparable to that of
protoheme (Yubisui and Yoneyama, 1972). Other
physiological tetrapyrroles such as protoporphyrin
IX and Mg-protoporphyrin IX inhibited at higher
concentrations (Burnham and Lascelles, 1963;
Yubisui and Yoneyama, 1972), but it is doubtful that
these tetrapyrroles ever reach inhibitory concen-
trations in vivo.

Rb. sphaeroides ALA synthase is also inhibited by
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ATP and inorganic pyrophosphate at physiologically
relevant concentrations; purified enzyme was
inhibited 60-88% by 1 mM ATP (Fanica-Gaignier
and Clement-Metral, 1971; 1973c). The inhibition
was competitive with glycine. It has been noted that
exogenous ATP inhibits BChl formation in Rb.
sphaeroides, and the suggestion was made that ATP
may be a general repressor of the tetrapyrrole
biosynthesis in this species (Fanica-Gaignier and
Clement-Metral, 1971).

In addition to the inhibitory responses noted above,
Rb. sphaeroides ALA synthase activity has been
shown to be influenced by certain thiol-rich
compounds. Initially, it was reported that fresh cell
extracts from phototrophically-grown cells had low
ALA synthase activity and that activity spontaneously
increased upon preliminary purification (Kikuchi et
al., 1958) or exposure of the extract to air (Marriott et
al., 1970). It was suggested that activation requires
the oxidation of some unidentified inhibitor.
Disulfide-containing compounds, such as cystine,
oxidized glutathione, and lipoic acid, were shown to
activate ALA synthase in vitro (Tuboi and Hayasaka,
1972). Later, trisulfides such as cystine trisulfide and
the mixed trisulfide of glutathione and cystine, but
not disulfides, were reported to activate the enzyme
(Sandy et al., 1975) and to supplant air activation
(Davies and Neuberger, 1979a). In contrast to the
activating effect of O, on ALA synthase in vitro,
exposure of whole cells to O, reducesthe level of
extractable ALA synthase. Cellular levels of trisulfide
compounds were found to decrease upon oxygenation,
and the decrease was proposed to be responsible for
the decrease in extractable active ALA synthase
upon oxygenation of the cells. Finally, proteinaceous
activators, such as cystathionase (EC 4.4.1.1) (Inoue
et al., 1979; Oyama and Tuboi, 1979) and reduced
thioredoxin (Clement-Metral, 1979) were shown to
activate ALA synthase. It remains to be determined
whether the influence ofthe sulfhydryl environment
on ALA synthase activity is of importance in the
control of BChl formation by O, tension.

Rb. sphaeroides and Rs. rubrum cells accumulate
significantly more BChl when grown at low light
intensity than at high intensity (Cohen-Bazire et al.,
1957; Arnheim and Oelze, 1983; Oelze and Arnheim,
1983). It seems probable that the influence of light
intensity on BChl content is an indirect one, perhaps
mediated by effects of light on BChl stability (Biel,
1986) or on the rate of ALA synthesis via feedback
inhibition, cellular ATP concentration, and/or thiol
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oxidation/reduction state. However, there has been
one unconfirmed report that light directly inhibits
Rb. sphaeroides ALA synthase in vitro (Oelze, 1986).

Relatively little is known about the regulation of
the expression of ALA synthase-encoding genes.
These genes are not located within the major
photosynthetic gene clusters (Hornbergeretal., 1990).
ALA synthase is induced upon transfer of dark-
grown, aerobic Rb. sphaeroides cells to anaerobic,
light conditions (Kikuchi et al., 1958). Exogenous
protoheme inhibits this induction (Goto et al., 1967).
Oxygen completely blocks BChl formation in Rb.
sphaeroides (Cohen-Bazieretal., 1957). Oxygenation
of anaerobically-grown Rb. sphaeroides (Lascelles,
1960) and Rp. palustris (Viale et al., 1987b) cells
diminished the level ofextractable ALA synthase by
approximately 70%. Rb. capsulatus hemA-lacZ fusion
expression was inhibited by factors of 2-3 by high O,
tension. The relatively small effect of O, on ALA
synthase levels and the fusion expression suggests
that transcriptional regulation of hemA is not a major
factor in O,-mediated control of tetrapyrrole
biosynthesis in this species (Wright et al., 1991). In
Rb. sphaeroides, disruption of both ALA synthase-
encoding genes, hemA and hemT, was required to
produce ALA auxotrophy (Neidle and Kaplan,
1993b). However, disruption of either hemA or hemT
alone was sufficient to cause decreased cellular
contents of BChl, carotenoids, and light-harvesting
BChl-proteins, as well as lowered levels of puc and
puf transcripts. Somewhat paradoxically, hemT
transcripts could not be detected in wild-type cells
that had an intact, expressible hemA gene, although
hemT transcripts were present in hemA mutant cells
(Neidle and Kaplan, 1993a). In wild-type and hemT
mutants, the hemA transcript level was 3 times higher
under phototrophic conditions than during aerobic
conditions.

In contrast to facultative aerobes such as Rb.
sphaeroides and Rb. capsulatus which form BChl
only in the absence of O,, several obligately aerobic
BChl-containing species have been described (see
Chapters 6 and 7). These include the marine species
Erythrobacter longus (Harashima et al., 1978) and
Roseobacter denitrificans. OCh114 (Harashima et
al., 1980), the methylotrophs Methylobacterium
(Protomonas) ruber (Sato, 1978) and M. (Pseudo-
monas) radiora (Nishimuraetal., 1981), and a BChl-
containing Bradyrhizobium-like organism, strain
BTAIi 1 (Evans etal., 1990). These organisms are all
members of the a-proteobacterial group (Kawasaki
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etal., 1993) and all form ALA via the ALA synthase
route (Sato et al., 1981; Shioi and Doi, 1988). Whereas
O, prevents BChl synthesis in the facultatively aerobic
species, the obligate aerobes require O, for BChl
synthesis as well as growth (Chapters 6 and 7). In the
methylotrophs, BChl is formed in the dark, but not
under continuous illumination. After a shift from
light to dark, the ALA synthase level increased in
parallel with the rate of BChl synthesis (Sato et al.,
1985). However, detectable ALA synthase activity
was present in light-grown cells, even though BChl
was not formed. The cells contain two ALA synthase
isoenzymes, one of which is constitutive and the
other is induced in the dark (Sato et al., 1985).
Although the marine Erythrobacter species, like the
methylotrophs, synthesize BChl only in the dark, the
ALA synthase level does not correlate with BChl
synthesis, and is actually higher in the light than in
the dark (Shioi and Doi, 1988).

2. The Five-Carbon Pathway

Until the early 1970s, the only known route of ALA
formation was via condensation of succinyl-CoA
and glycine. The first evidence indicating an
alternative biosynthetic route was the preferential
incorporation of “C from exogenous five-carbon
precursors, such as glutamate, and poorer incorpor-
ation of C from glycine and succinate, into ALA by
greening intact plant tissues that had been treated
with the ALA analog, levulinic acid, which causes
ALA to accumulate in vivo by inhibiting porpho-
bilinogen (PBG) synthase (Beale and Castelfranco,
1974a, 1974b; Meller et al., 1975). Degradation
studies indicated that the glutamate carbon skeleton
was incorporated intact into ALA (Beale etal., 1975;
Meller et al., 1975). Shortly after the initial reports
on the plant studies appeared, similar results were
reported for cyanobacteria (Meller and Harel, 1978;
Avissar, 1980; Kipe-Nolt and Stevens, 1980). Later,
incorporation of glutamate into ALA or BChl was
shown to occur in the anoxygenic phototrophs
Chromatium vinosum (Oh-hama et al., 1986a),
Prosthecochloris aestuarii (Oh-hama et al., 1986b),
Chlorobium vibrioforme (Andersen et al., 1983; Smith
and Huster, 1987), and Chloroflexus aurantiacus
(Swanson and Smith, 1990; Oh-hama et al., 1991).

Particulate-free cell extracts capable of converting
glutamate to ALA were first obtained from plants
(Gough and Kannangara, 1977) and algae (Wang et
al., 1984; Weinstein and Beale, 1985a; Mayer et al.,
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1987; Breu and Dornemann, 1988). Later, active
cell-free preparations were obtained from cyano-
bacteria (Rieble and Beale, 1988; O’Neill et al.,
1988) and the prochlorophyte Prochlorothrix
hollandica (Rieble and Beale, 1988). Similar or
identical reaction mechanisms appear to operate in
all cases, and reaction components from some
heterologous sources can be mixed to reconstitute
activity in fractionated systems.

In a survey of ALA biosynthetic routes in
anoxygenic phototrophs, in vitro RNA-dependent
conversion of glutamate to ALA was measured in
extracts ofa green sulfurbacterium (Cb. vibrioforme),
a green nonsulfur bacterium (Cf. aurantiacus), a
Heliobacterium (Heliospirillum sp.), a phototrophic
B-proteobacterium (Rhodocyclus gelatinosus), and a
phototrophic y-proteobacterium (Cm. vinosum)
(Avissar et al., 1989). In contrast, ALA synthase-
catalyzed condensation of glycine and succinyl-CoA
was detected only in extracts from members of the o-
proteobacterial group (Rs. rubrum, Rb. sphaeroides).
Thus the five-carbon ALA biosynthetic route is the
predominant one in anoxygenic phototrophs.

The currently accepted model for the trans-
formation of glutamate to ALA requires three
enzyme-catalyzed reactions (Fig. 3). In the first,
glutamate is activated by ligation to tRNA in a
reaction identical to the charging reaction in protein
biosynthesis. Like aminoacyl-tRNA formation in
general, this reaction requires ATP and Mg?*. Next,
the tRNA-bound glutamate is converted to areduced
form in a reaction that requires a reduced pyridine
nucleotide. The product of this reduction has been
characterized as glutamate-1-semialdehyde (GSA)
(Hoober et al., 1988), the hydrated hemiacetal form
of GSA (Hoober et al., 1988), or a cyclized form of
GSA (Jordan et al., 1993). Finally, the positions of
the nitrogen and oxo atoms of the reduced five-
carbon intermediate are interchanged to form ALA.
Consistent with this reaction model, the ALA-forming
systems extracted from plants (Bruyant and
Kannangara, 1987), algae (Weinstein et al., 1987),
and cyanobacteria (Rieble and Beale, 1991) have
been separated into four macromolecular com-
ponents, all of which must be present to catalyze in
vitro ALA formation from glutamate. Three of these
components are enzymes and the fourth is a low
molecular weight RNA.

Most of the available information on the five-
carbon pathway has been derived from plants, algae,
cyanobacteria, and three nonphotosynthetic bacteria
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that have well understood genetic systems, Escher-
ichia coli, Salmonella typhimurium, and Bacillus
subtilis. However, one anoxygenic phototroph, Cb.
vibrioforme, has been examined in some detail: the
overall properties of in vitro ALA formation have
been described (Rieble et al., 1989) and a Cb.
vibrioforme gene that encodes a key enzyme has
been cloned (Avissar and Beale, 1990), expressed in
E. coli, and sequenced (Majumdar et al., 1991). The
results indicate that the Cb. vibrioforme system is
similar to those that have been examined in more
detail from other organisms that use the five-carbon
pathway.

a. tANAGu

ALA formation in extracts of organisms that form
ALA from glutamate is blocked by preincubation
with ribonuclease (RNase) A (Kannangara et al.,
1984; Breu and Doérnemann, 1988; Huang et al.,
1984; Weinstein and Beale, 1985b; Avissar et al.,
1989; Rieble et al., 1989). Addition of the RNase
inhibitor, RNasin, plus low molecular weight RNA
from the same species restores activity. In all species
that have been examined, the RNA required for ALA
formation is tRNASMUUO (Schon et al., 1986;
Schneegurt and Beale, 1988). The same tRNA is
used for both ALA and protein synthesis. The first
anticodon base of tRNA™ from E. coli cells and
barley chloroplasts is highly modified, to 5-
methylaminomethyl-2-thiouridine (Schon et al.,
1986). In E. coli, modification of this base is important
for efficient charging with glutamate by glutamyl-
tRNA synthetase (Sylvers et al., 1993). It has been
proposed that the modified base may have regulatory
significance, because oxidation of the 5-methyl-
aminomethyl-2-thiouridine with I, inactivated the
tRNA for both glutamate acceptance and ALA
synthesis, and subsequent reduction with thiosulfate
reactivated it (Kannangara et al., 1988). However,
treatment of the tRNA derived from dark-grown
barley leaves with thiosulfate did not increase its
activity.

b. Glutamyl-tRNA Synthetase

The same glutamyl-tRNA synthetase (EC 6.1.1.17)
is used to charge tRNA" forbothprotein and ALA
synthesis (Bruyant and Kannangara, 1987; Rieble
and Beale, 1991). Glutamyl-tRNA synthetase from
E. coli (Lapointe and Soll, 1972) and B. subtilis
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(Proulx et al., 1983) is a monomeric enzyme of
56,000 and 63,000 molecular weight, respectively,
and is encoded by the gltX gene. These enzymes co-
purify with a 46,000 molecular weight regulatory
peptide. Glutamyl-tRNA synthetase from E. coli and
B. subtilis contains a tightly-bound Zn* atom that is
required for native conformation and catalytic activity
(Liu et al., 1993). The aminoacylation reaction
requires ATP and Mg?*. Although Chlamydomonas
reinhardtii glutamyl-tRNA synthetase is inhibited
by heme under some conditions (Chang et al., 1990),
and the Scenedesmus obliguus enzyme is inhibited
by protochlorophyllide (Dornemann et al., 1989),
the Synechocystis sp. PCC 6803 glutamyl-tRNA
synthetase is insensitive to heme or protochloro-
phyllide at physiologically relevant concentrations
(Rieble and Beale, 1991). Moreover, it was
determined that Synechocystis sp. PCC 6803 tRNAS
was always fully acylated in vivo, and that the cellular
content of tRNA® was a constant fraction of the
total cellular tRNA population under growth
conditions in which chlorophyll content was
modulated over a 10-fold range (O’Neill and Soll,
1990). It therefore seems unlikely that either glutamyl-
tRNA synthetase or tRNA" has a regulatory role in
tetrapyrrole biosynthesis.

¢. Glutamyl-tRNA Reductase

Glutamyl-tRNA reductase catalyzes NADPH-linked
reduction of tRNA-activated glutamate to GSA, which
is the first committed step unique to ALA formation
from glutamate. For technical reasons, glutamyl-
tRNA reductase is usually measured in coupled
enzyme assays where the substrate is generated in
vitro from glutamate plus tRNA, and/or the product
is converted in situ to ALA by GSA aminotransferase.
However, glutamyl-tRNA reductase is physically
separable from the other enzyme components by
affinity chromatography (Weinstein et al., 1987;
Rieble and Beale, 1991). Affinity-purified glutamyl-
tRNA reductase is active in GSA formation from
glutamyl-tRNA in the absence of glutamyl-tRNA
synthetase and GSA aminotransferase (Rieble and
Beale, 1991). However, there is some evidence that
glutamyl-tRNA synthetase and glutamyl-tRNA
reductase may form an association. In the presence
of glutamyl-tRNA, C. reinhardtii glutamyl-tRNA
synthetase and glutamyl-tRNA reductase form a
complex that migrates as a single entity on glycerol
gradient centrifugation (Jahn, 1992). A complex
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between the two enzymes may facilitate the
channeling of glutamyl-tRNA toward ALA biosyn-
thesis and competition with the protein synthesizing
apparatus for glutamyl-tRNA.

Affinity-purified glutamyl-tRNA reductase from
Synechocystis sp. PCC 6803 and Chlorella vulgaris
requires a divalent metal such as Mg?*, Mn?, or Ca?*
for activity, with optimum activity occurring at 15
mM Mg? (Mayer et al., 1993b).

It is of interest that glutamyl-tRNA reductase from
a given source can use, as substrate, glutamyl-tRNA
from some, but not other, sources. For example, the
barley and C. vulgaris enzymes can use plant and
algal, but not E. coli, yeast, or animal glutamyl-
tRNA (Kannangara et al., 1984; Weinstein et al.,
1986). On the other hand, the reductases from C.
reinhardtii and Cb. vibrioforme can use E. coli
glutamyl-tRNA (Huang and Wang, 1986; Rieble et
al., 1989).

Native glutamyl-tRNA reductase isolated from
different sources appears to have widely divergent
physical properties. The C. reinhardtii enzyme was
reported to be amonomer with a molecular weight of
130,000 (Chen et al., 1990). In contrast, E. coli
appears to contain two different glutamyl-tRNA
reductases with molecular weights of 45,000 and
85,000 (Jahn et al., 1991). B. subtilis glutamyl-tRNA
reductase migrated as an oligomer with an apparent
molecular weight of 230,000 (Schroder et al., 1992).

Glutamyl-tRNA reductase is encoded by the hemA
gene in organisms that use the five-carbon pathway.
Mutation of the E. coli hemA gene results in a
deficiency of glutamyl-tRNA reductase (Avissar and
Beale, 1989a). The tRNA substrate specificity of
glutamyl-tRNA reductase in complemented hemA
strains of E. coli resembled that of the species from
which the complementing DNA was derived, which
indicates that the hemA gene encodes a structural
component of glutamyl-tRNA reductase (Avissar
and Beale, 1990; Majumdar et al., 1991). The
glutamyl-tRNA reductase-encoding hemA gene from
most sources encodes a peptide with a molecular
weight of approximately 45,000, although the B.
subtilis gene product is somewhat larger at 50,800
molecular weight (Petricek et al., 1990). The Cb.
vibrioforme predicted HemA peptide has a molecular
weight of 46,174 and is 30% identical to that of B.
subtilis (Majumdar et al., 1991).

Glutamyl-tRNA reductase from many sources is
allosterically inhibited by physiologically relevant
concentrations of protoheme. The Cb. vibrioforme

161

enzyme was inhibited 50% by 0.2 uM protoheme
(Rieble et al., 1989). Protoheme inhibition is likely
to be significant in regulating the rate of ALA
formation in response to the cellular demand for
end-product tetrapyrroles. The sensitivity of C.
vulgaris glutamyl-tRNA reductase to protoheme
inhibition is increased several fold by physiologically
relevant concentrations of GSH (Weinstein et al.,
1993).

d. GSA

GSA has been chemically synthesized by several
methods for use as a substrate for the enzyme-
catalyzed conversion to ALA (Kannangara and
Gough, 1978; Houen et al., 1983; Gough et al.,
1989). Material identical to chemically synthesized
GSA accumulates in greening leaves (Wang et al.,
1981; Kannangara and Schouboe, 1985) and algal
extracts (Breu and Dornemann, 1988) that have been
treated with 3-amino-2,3-dihydrobenzoic acid
(gabaculine), a mechanism-based suicide inhibitor
of w-aminotransferases (see below) that blocks
chlorophyll synthesis.

Jordan et al. (1993) have investigated the structure
of GSA in aqueous solution by NMR and mass
spectroscopy and concluded that it exists as the
cyclic ester between the y-carboxyl group and the
hydrated aldehyde group, rather than the free aldehyde
(Fig. 3). The cyclic structure does not contain free
aldehyde or carboxylic acid functions, and is more
compatible with previously reported properties of
the chemically synthesized product (stability in
aqueous solution, heat stability) than the free a-
aminoaldehyde. The cyclic compound, and not GSA,
was proposed to be the product of glutamyl-tRNA
reductase and the substrate of GSA aminotransferase.
It is likely that the cyclic and linear forms of GSA
coexist in solution in an equilibrium ratio, analogously
to the aldose sugars.

e. GSA Aminotransferase

GSA aminotransferase (EC 5.4.3.8) catalyzes the
conversion of GSA to ALA. Enzymes capable of
converting chemically synthesized GSA to ALA
have been purified from several plant, algal, and
bacterial sources. The transamination reaction
requires no added substrate other than GSA. The
enzyme contains bound pyridoxal-phosphate (Avissar
and Beale, 1989b; Bull et al., 1990). GSA
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aminotransferase is inhibited by the mechanism-
based suicide substrate analog gabaculine (Kannan-
gara and Schouboe, 1985; Avissar and Beale, 1989b).
Gabaculine reacts with enzyme-bound pyridoxal-
phosphate to irreversibly form a secondary amine.
Gabaculine-treated C. vulgaris GSA amino-
transferase can be reactivated by gel filtration (to
remove gabaculine-pyridoxal-phosphate adducts and
excess gabaculine) followed by incubation with
pyridoxal-phosphate (Avissar and Beale, 1989b).

A proposed reaction mechanism for GSA
aminotransferase involves transfer of NH, from
enzyme-pyridoxamine-phosphate to the terminal
aldehyde carbon of GSA to form enzyme-pyridoxal-
phosphate and 4,5-diaminovaleric acid, followed by
transfer of the NH, at the 4-position of the
intermediate back to the cofactor, thereby forming
ALA and regenerating the pyridoxamine-phosphate
form of the cofactor. Implicit in this mechanism is
that the N atom of ALA is derived from a different
precursor molecule than the C atoms. This prediction
was tested by the use of a mixture of *C- and '*N-
labeled glutamate molecules as substrate for
conversion to ALA by algal cell extracts. When the
heavy isotope labels were present on separate
substrate molecules, a significant proportion of the
ALA product molecules contained two heavy atoms,
indicating that the conversion occurs by inter-
molecular nitrogen transfer (Mau and Wang, 1988;
Mayer et al., 1993a). This result supports the proposed
reaction mechanism and indicates that the enzyme
catalyzes two aminotransferase reactions, rather than
an aminomutase reaction, even though the substrate
and product have the same atomic composition.

Native GSA aminotransferase from Synechocystis
sp. PCC 6803 has a molecular weight of 99,000
(Rieble and Beale, 1991b). Purified aminotransferase
from Synechococcus sp. PCC 6301 has a molecular
weight of 46,000 on denaturing SDS-PAGE (Grimm
et al., 1989). Therefore, the native enzyme appears to
be a homodimer, like other members of the aspartate
aminotransferase enzyme family.

The GSA aminotransferase-encoding hemlL gene
(called gsa in plants and algae) has been cloned and
sequenced from several plants, algae, and bacteria.
These genes encode highly conserved peptides that
have predicted molecular weights of approximately
46,000 and have recognizable similarity to other
members of the aspartate aminotransferase enzyme
family (Elliott et al., 1990; Matters and Beale, 1994).
All heml/gsa-encoded peptides have a conserved
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putative active site containing an essential lysine,
which is at position 265 in the Synechococcus sp.
PCC 6301 enzyme (Grimm et al., 1991a). It is believed
that the pyridoxal-phosphate cofactor binds to this
lysine. Mutagenesis of this lysine inactivates the
enzyme (Grimm et al., 1992; Ilag and Jahn, 1992). A
Synechococcus sp. PCC 6301 mutantthat was selected
for resistance to gabaculine has a GSA amino-
transferase with a lower specific activity than the
wild-type enzyme. The mutation that confers
gabaculine resistanceis M, .F (Grimmetal., 1991b).
Most, but not all GSA aminotransferases contain a
methionine at this position (Matters and Beale, 1994).

B. Formation of the Tetrapyrrole Skeleton from
ALA

1. Conversion of ALA to PBG

Formation of the first pyrrole in the pathway, PBG
(Fig. 4), by asymmetric condensation of two ALA
molecules is catalyzed by the enzyme PBG synthase
(ALA dehydratase) (EC 4.2.1.24). PBG synthase
from all sources examined, including plants and Rb.
sphaeroides, has an octameric structure with native
molecular weights ranging from 250,000 to 320,000
(Nandi and Shemin, 1968; Shibata and Ochiai, 1977,
Huault et al., 1987; Jordan, 1991). An interesting
difference among PBG synthase enzymes from
different sources is the metal requirement: the animal,
yeast, and E. coli enzymes require Zn*" for activity
(Jordan, 1991; Spencer and Jordan, 1993), the plant
enzyme requires Mg (Shibata and Ochiai, 1977,
Liedgens et al., 1983), and the Rb. sphaeroides
enzymerequires K* (Burnham and Lascelles, 1963;
Nandi and Shemin, 1968). A comparative study
concluded that PBG synthase from all sources has
tightly-bound Zn**, but that a second, weaker metal-
binding site binds Zn?* in the animal, yeast, and E.
coli enzymes and Mg*" in the plant enzyme (Mitchell
and Jaffe, 1993). The E. coli and plant enzymes were
proposed to have a third metal-binding site which
stimulates activity approximately two-fold when Mg?**
is bound (Mitchell and Jaffe, 1993). The hemB gene
thatencodes PBG synthase has been cloned from Rb.
sphaeroides and expressed in E. coli (Delaunay et
al., 1991). The expressed gene producthas amolecular
weight of 39,000.

Single turnover experiments with PBG synthase
from Rb. sphaeroides have established that in the
reaction, the first bound ALA molecule is the one
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that contributes the propionic acid side chain of the
product (Jordan and Seehra, 1980). The fact that the
pro-S hydrogen atom that is derived from the C;
hydrogens of ALA is stereospecifically retained in
the product indicates that during the in the formation
of PBG, removal of hydrogen to form the aromatic
pyrrole ring must occur on the enzyme (Abboud and
Akhtar, 1976).

Some evidence exists for a regulatory role of PBG
synthase in Rb. capsulatus. A bchH mutant strain of
Rb. capsulatus cannot form BChl and accumulates

protoporphyrin IX when grown anaerobically.
Oxygen inhibited the protoporphyrin IX accum-
ulation (Biel, 1992; Chapter 52). Exogenous PBG,
but not ALA, overcame the O, inhibition. The results
were interpreted to indicate that O, regulates the
conversion of ALA to PBG.

2. Conversion of PBG to Uroporphyrinogen Il

Uroporphyrinogen III, the last common precursor of
all end-product tetrapyrroles, is synthesized from



164

PBG by the sequential action of two enzymes,
hydroxymethylbilane synthase and uroporphyrinogen
I synthase (Fig. 4).

a. Hydroxymethylbilane Synthase

Hydroxymethylbilane synthase (PBG deaminase)
(EC 4.1.3.8) condenses four PBG molecules to form
the first tetrapyrrole, uroporphyrinogen. The initial
product of enzymic catalysis is the linear tetrapyrrole,
hydroxymethylbilane (preuroporphyrinogen), which,
in the absence of uroporphyrinogen III synthase,
spontaneously cyclizes to form uroporphyrinogen I.
Biosynthesis of the biologically relevant isomer,
uroporphyrinogen III, requires the action of
uroporphyrinogen III synthase during or immediately
after release of hydroxymethylbilane from PBG
deaminase.

Hydroxymethylbilane synthase from most sources
is a monomer of approximately 40,000 molecular
weight, and the enzyme does not require metal ions
or other cofactors for activity (Jordan, 1991). The
Rp. palustris enzyme was reported to have a native
molecular weight of 74,000, and it may be a dimer
(Kotler et al., 1987). The hemC gene, which encodes
hydroxymethylbilane synthase, has been cloned from
several bacteria including E. coli (Thomas and Jordan,
1986) and Cb. vibrioforme (Majumdar et al., 1991;
Moberg and Avissar, 1994), and the E. coli enzyme
has been crystallized and its structure determined by
X-ray crystallography (Louie et al., 1992).

Hydroxymethylbilane synthase from Rb. sphaer-
oides and Euglena gracilis was used to establish that
the order of assembly of the four PBG units is
ABCD, as they appear in uroporphyrinogen (Fig. 4)
(Jordan and Seehra, 1979; Battersby et al., 1979a).
The nascent monopyrrole- through tetrapyrrole-
enzyme complexes are bound via a dipyrrole cofactor
(Battersby et al., 1979b; Scott et al., 1980; Jordan
and Berry, 1981; Battersby et al., 1983; Hart et al.,
1987; Jordan and Warren, 1987; Warren and Jordan,
1988). In hydroxymethylbilane synthase from E.
coli, the dipyrrole cofactor is attached to a cysteine
residue (C,,, of the E. coli enzyme) after formation
of the apoprotein, and it remains permanently attached
to the enzyme, while the link between the cofactor
and the nascent oligopyrrole chain is severed after
the hexapyrrole stage is reached, which releases a
tetrapyrrole and prepares the enzyme to accept new
substrate molecules.
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C. Uroporphyrinogen Ill Synthase

Hydroxymethylbilane is unstable in solution and it
rapidly cyclizes to uroporphyrinogen I, a physio-
logically nonproductive end product. Uropor-
phyrinogen III synthase (EC 4.2.1.75) catalyzes
closure ofthe tetrapyrrole macrocycle with inversion
of ring D to form the type III product. The mechanism
of ring inversion has been the subject of intensive
investigation and is now generally believed toinvolve
a spiro intermediate (Crockett et al., 1991, Stark et
al., 1993). Uroporphyrinogen III synthase has been
purified from several sources including E. coli (Jordan
etal., 1988). The native enzyme from all sources is a
monomer of approximately 29,000 molecular weight
and contains no reversibly-bound cofactors or metal
ions. The hemD gene, which encodes uropor-
phyrinogen III synthase, has been cloned from E.
coli, sequenced, and overexpressed (Alwan et al.,
1989; Sasarman et al., 1987; Jordan et al., 1988,
Crockett et al., 1991). The Cb. vibrioforme hemD
gene has been cloned and expressed in E. coli (Moberg
and Avissar, 1994).

Hydroxymethylbilane synthase and uropor-
phyrinogen III synthase may form a complex that
facilitates transfer of hydroxymethylbilane between
the two enzymes. The presence of E. gracilis
uroporphyrinogen III synthase influences the K of
E. gracilis hydroxymethylbilane synthase for PBG
(Battersby et al., 1979c¢). The sedimentation velocity
of wheat germ hydroxymethylbilane synthase is also
influenced by the presence of wheat germ uroporphy-
rinogen III synthase (Higuchi and Bogorad, 1975).
The presence of Rb. sphaeroides uroporphyrinogen
III synthase was reported to facilitate release of the
tetrapyrrole product from hydroxymethylbilane
synthase (Rosé et al., 1988).

D. The Branch from Uroporphyrinogen lll to
Reduced Hemes and Corrinoids

Siroheme (Fig. 5) is the prosthetic group of the
assimilatory nitrite and sulfite reductases (ferredoxin-
nitrite reductase, EC 1.7.7.1; NAD(P)H-nitrite
reductase, EC 1.6.6.4; ferredoxin-sulfite reductase,
EC 1.8.7.1; and NAD(P)H-sulfite reductase, EC
1.8.1.2) that are required for full reduction of highly
oxidized forms of nitrogen and sulfur toNH," and $*
(Siegel, 1978). Heme d, (Fig. 5) is another reduced
heme that is a prosthetic group of the cytochrome cd|
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type of dissimilatory nitrite reductase (EC 1.9.3.2),
and is present in many bacteria. Interestingly, Rb.
sphaeroides f. sp. denitrificans has an entirely
different dissimilatory nitrite reductase that does not
contain a tetrapyrrole prosthetic group (Michalski
and Nicholas, 1985).

It is not clear how prevalent siroheme and heme d|
prosthetic groups are in anoxygenic phototrophs, but
siroheme-containing enzymes are likely to be present
at least in those facultative and obligately aerobic
species that must obtain their nitrogen and sulfur
nutrients from oxygen-rich environments. In any
case, many anoxygenic phototrophs are capable of
coenzyme B, biosynthesis, the initial step of which
is shared with that of siroheme.

Formally, siroheme can be derived from uropor-

phyrinogen III by: (@) methylation of the tetrapyrrole
ring at positions 1 and 3 to form precorrin 2; (b)
oxidation of precorrin 2 to the tetrahydroporphyrin,
sirohydrochlorin, by removal of two electrons; (c)
chelation of Fe?*. The alternative fate for precorrin 2
is conversion to corrins (coenzyme B, nucleus)
(Fig. 1).

Chemical arguments suggest that the order of the
steps of siroheme formation from uroporphyrinogen
IIT is probably that given above: first methylation,
then oxidation, and finally Fe* chelation. Methylation
of rings A and B of uroporphyrinogen III to produce
precorrin 2 effectively limits subsequent oxidation
beyond the tetrahydroporphyrin (dihydrochlorin)
state. Oxidation of precorrin 2 to sirohydrochlorin
produces a compound that has the aromaticity and
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metal-binding properties necessary for efficient
chelation of Fe**. Heme d, could be formed from
siroheme by the replacement of the propionate groups
onrings A and B with oxygen atoms, decarboxylation
of the acetate groups on rings C and D to methyl
groups, and the oxidation of the 7-propionate to an
acrylate group (Wu and Chang, 1987). The methyl
groups at positions 1 and 3 of heme & are in the same
configuration as those of siroheme and, like the
methyl groups of siroheme (see below), they are
derived from S-adenosyl-L-methionine (Yap-Bondoc
et al., 1990).

The methyl groups of siroheme were shown to be
derived from methionine in E. colicells (Siegel et al.,
1977), and precorrin 2 is formed in vitro from S-
adenosyl-L-methionine and uroporphyrinogen Il in
a reaction catalyzed by uroporphyrinogen methyl-
transferase (Warren et al., 1990). On the basis ofthe
structure of a singly-methylated (1-methyl) product
isolated from Clostridium tetanomorphum (Deeg et
al., 1977), and the incorporation of 1-methyl-
uroporphyrinogen III into cobyrinic acid by extracts
of Propionibacterium shermanii (Brunt et al., 1989),
the order of methylation was deduced to be first at the
1 -position, and then at the 3-position. In Pseudomonas
denitrificans, uroporphyrinogen methyltransferase
is encoded by the cobA gene (Crouzetetal., 1990). A
somewhat different methyltransferase is encoded by
the cysG gene in E. coli (Warren et al., 1990) and S.
typhimurium (Goldman and Roth, 1993). It is of
interest that cysG is the only known genetic locus
specifically associated with siroheme synthesis in
enteric bacteria. cysG encodes a 52,000 molecular
weight peptide. Its COOH-terminal region is similar
to the smaller, 29,200 molecular weight peptide
encoded by the cobA gene. Because cysG is the only
known gene of S. typhimurium that is involved in
siroheme synthesis, and because only a portion of its
encoded peptide is similar to the smaller cobA
product, the CysG protein may be a multifunctional
enzyme that catalyzes all steps of the conversion of
uroporphyrinogen III to siroheme in the enteric
bacteria (Goldman and Roth, 1993). In any case, it
appears that Fe** insertion into sirohydrochlorin is
not catalyzed by the ferrochelatase that is responsible
for protoheme formation (Powell et al., 1973; Hansson
and Wachenfeldt, 1993). That enzyme is encoded by
the hemH gene in E. coli (previously known as visA)
(Frustaci and O’Brian, 1993), B. subtilis (Hansson
and Hederstedt, 1992), and Bradyrhizobium
Jjaponicum (Frustaci and O’Brian, 1992) (see below).
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E. The Branch from Uroporphyrinogen Il to
Protoporphyrin 1X

1. Decarboxylation of Uroporphyrinogen Il to
Form Coproporphyrin Il

Uroporphyrinogen decarboxylase (EC 4.1.1.37)
catalyzes the decarboxylation of all four of the acetate
residues on uroporphyrinogen to yield copropor-
phyrinogen, which contains methyls in their place.
At physiological substrate concentrations, the
decarboxylations occur in a specific sequence,
beginning atring D and proceeding clockwise around
the macrocycle (Luo and Lim, 1993). At higher
substrate concentrations, the decarboxylation
sequence becomes random(Luo and Lim, 1993; Jones
and Jordan, 1993). No metal requirements were
detected. A stereochemical analysis of the reaction
indicated that the decarboxylations proceed with
retention of configuration about the a-carbon atoms,
i.e., the lost carboxyl groups are replaced with solvent
hydrogens in the same orientation (Barnard and
Akhtar, 1975).

Uroporphyrinogen decarboxylase has been purified
to homogeneity from Rb. sphaeroides, and the native
enzyme was characterized as a 41,000 molecular
weight monomer (Jones and Jordan, 1993). The
enzyme from Rp. palustris was also reported to be a
monomer, with a molecular weight of 46,000
(Koopman et al., 1986). The gene that encodes
uroporphyrinogen decarboxylase has been cloned
from several eucaryotes including yeast and
mammals, as well as B. subtilis, in which it has been
identified with the hemE locus (Hansson and
Hederstedt, 1992). B. subtilis hemE encodes a 40,347
molecular weight peptide.

2. Oxidative Decarboxylation of Copropor-
phyrinogen Il to Form Protoporphyrinogen IX

Coproporphyrinogen oxidase (EC 1.3.3.3) oxidatively
decarboxylates the propionate groups at positions 2
and 4 of coproporphyrinogen III to vinyls, thereby
producing protoporphyrinogen IX. The enzyme is
specific for the III isomer of coproporphyrinogen
over the nonphysiological I isomer, although
chemically synthesized coproporphyrinogen IV is
also decarboxylated by the enzyme (Mombelli et al.,
1976). Evidence indicating that the 2-propionate is
converted before the 4-propionate includes charac-
terization of a 2-monovinyl intermediate in rat liver
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preparations (Elder et al., 1978) and the preferential
action of the E. gracilis enzyme on the chemically
synthesized 2-monovinyl porphyrin compared to the
ring 4-monovinyl porphyrin (Cavaleiro et al., 1974).

In obligately aerobic organisms, coproporphy-
rinogen oxidase is an O,-requiring reaction. Extracts
of anaerobically-grown Rb. sphaeroides cells can
carry out the reaction anaerobically in the presence
of ATP, oxidized pyridine nucleotide, and methionine
(Tait, 1972). Similar requirements were reported for
anaerobic extracts of yeast (Poulson and Polglase,
1974) and B. japonicum (Keithly and Nadler, 1983).
Involvement of S-adenosyl-L-methionine in the
reaction is indicated by its inhibition by S-adenosyl-
L-homocysteine (Tait, 1972).

Seehra et al. (1983) have studied the anaerobic as
well as the aerobic coproporphyrinogen oxidase
reactions in extracts of Rb. sphaeroides. The oxidative
decarboxylations proceed with specific loss of the
pro-SB-protons of the propionate groups and retention
of the pro-R protons. A reaction mechanism was
proposed involving pyrrolic N-assisted removal of
single protons as hydride ions from the 3-carbons of
the propionate groups. The o-protons of the
propionate groups do not appear to be involved: In
the reaction catalyzed by an avian blood extract, both
of the a-protons of both propionate groups were
retained on the terminal carbon atoms of the
protoporphyrinogen vinyl groups (Zaman and Akhtar,
1978).

Yeast coproporphyrinogen oxidase is a 70,000
molecular weight homodimer that contains two
molecules of Fe (Camadro et al., 1986). A yeast gene
(HEM13) encoding coproporphyrinogen oxidase has
been cloned and sequenced (Zagorec et al., 1988),
and a soybean nuclear gene that encodes a 43,000
molecular weight protein complements a yeast
HEM 13 mutant (Madsen et al., 1993). The deduced
soybean gene product is 50% similar to the yeast
HEM 3 gene product. An Rb. sphaeroides gene has
been cloned and sequenced that, when overexpressed
in E. coli, causes increased coproporphyrinogen
oxidase activity (Coomber et al., 1992). The Rb.
sphaeroides gene product has a predicted molecular
weight of 34,000 and is 44% identical to the yeast
HEM 13 product. Because Rb. sphaeroides cells in
which this gene was disrupted were unable to form
BChl under anaerobic inducing conditions, but were
able to grow aerobically, it was proposed that in Rb.
sphaeroides, the gene product is an anaerobic
coproporphyrinogen oxidase dedicated to BChl
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synthesis. However, it was not reported whether 0,
was required for activity of the recombinant
coproporphyrinogen oxidase obtained from E. coli
cells expressing the Rb. sphaeroides gene.

The E. coli hemF gene has been cloned by
complementation of a yeast HEM13 mutant (Troup
etal., 1994). E. coli hemF encodes a 34,300 molecular
weight peptide that is 43% identical to the yeast
HEM 3 product. S. typhimurium contains two genes,
hemF and hemN, either of which can support aerobic
heme synthesis (Xu et al., 1992) The hemF gene
encodes a peptide with a predicted molecular weight
of 34,400 that is 44% identical to the yeast HEM13
product and 90% identical to the E. coli hemF product
(Xu and Elliott, 1993). Because hemN mutants
accumulated coproporphyrinogen III and were
auxotrophic for protoheme when grown anaero-
bically, the authors suggesed that the hemN product
is an anaerobic coproporphyrinogen oxidase. The
predicted S. typhimurium hemN product is a 52,800
molecular weight peptide that is 38% identical to the
Rb. sphaeroides hemF product but has little if any
similarity to the S. typhimurium hemF product (Xu
and Elliott, 1994). Interestingly, the predicted amino
acid sequence of the Rb. sphaeroides hemF and S.
typhimurium hemN products are significantly similar
(35% identity) to a portion of the Rhizobium phaseoli
and R. leguminosarum nifD gene product, which is
the o~subunit of nitrogenase.

3. Oxidation of Protoporphyrinogen IX to Form
Protoporphyrin IX

Protoporphyrinogen oxidase (EC 1.3.3.4) catalyzes
the removal of six electrons from the tetrapyrrole
macrocycle to form protoporphyrin IX, the last
biosynthetic step that is common to hemes and
chlorophylls. In obligately aerobic organisms, O, is
the electron acceptor and is required for enzyme
activity. In contrast, the Rb. sphaeroides protopor-
phyrinogen oxidase cannot use O, directly as an
oxidant, but instead, protoporphyrinogen IX oxidation
is coupled to the respiratory electron transport chain
(Jacobs and Jacobs, 1981). The same is true for the
protoporphyrinogen oxidase reaction in anaerobic E.
coli cells, which is coupled to the reduction of nitrate
or fumarate (Jacobs and Jacobs, 1976).

There is an interesting stereochemistry in the
removal of the four meso hydrogens from proto-
porphyrinogen IX. In the transformation of PBG to
protoporphyrinogen IX, the meso-bridge methylene
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carbon atoms are derived from the aminomethyl
carbon (C, ) of PBG (see Fig. 4). If the protoheme
was formed from PBG that was labeled nonstereo-
specifically with *HatC,,, then all four meso positions
of the porphyrin moiety were equally labeled with 3H
(Jones et al., 1984). However, if the PBG was labeled
specifically in the pro-S hydrogen at C,, then the
product contained *H only at the B-meso position
(the one between rings B and C). Given the fact that
the incorporation of the four PBG groups into the
original tetrapyrrole, hydroxymethylbilane, is an
oligomerization that probably involves a single
reaction mechanism, and given that cyclization of
the hydroxymethylbilane to form the porphyrinogen
macrocycle does not seem to cause loss of label from
the ¥y and & meso methylene hydrogens, it seems
likely that the C,, pro-S hydrogen of PBG will be
found on the same face of the porphyrinogen at all
four meso positions. Therefore, the hydrogen that is
removed from the S-meso position must be removed
from the opposite face of the molecule than the ones
that are removed from the ¢, ¥, and 6 meso positions.
It was hypothesized that three of the meso hydrogens
are lost by an oxidation process occurring on one
face of the molecule, and that the fourth proton is lost
from the other face by a tautomerization reaction
(Jones et al., 1984). Confirmation of this hypothesis
will require determination of whether the uropor-
phyrinogen III synthase reaction affects the
stereochemistry of the y and & meso methylene
hydrogens.

In eucaryotic organisms, protoporphyrinogen
oxidase is amitochondrial or chloroplast membrane-
associated protein that has an apparent molecular
weight of 210,000 and is composed of 36,000
molecular weight subunits (Jacobs and Jacobs, 1987).
The Rb. sphaeroides enzyme is also associated with
membranes (Jacobs and Jacobs, 1981). Detergent-
solubilized protoporphyrinogen oxidase from the
anaerobe D. gigas was reported to have a native
molecular weight of 148,000 and to contain three
dissimilar subunits of 12,000, 18,500, and 57,000
molecular weight (Klemm and Barton, 1987). In
contrast to the above enzymes, the B. subtilis
protoporphyrinogen oxidase is soluble (Dailey et al.,
1994).

In S. typhimurium, the hemG gene was suggested
to encode protoporphyrinogen oxidase, on the basis
ofthe accumulation of protoporphyrin IX (as well as
coproporphyrin III and uroporphyrin III) in hemG
mutants (Xu et al., 1992). In B. subtilis, mutations at
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the hemY locus caused accumulation of either
coproporphyrinogen III alone or both copropor-
phyrinogen III and protoporphyrinogen IX (Hansson
and Hederstedt, 1992). It was originally proposed
that the B. subtilis hem Y product, which at 51,400
molecular weight is significantly larger than the S.
typhimurium HemF and the 37,600 molecular weight
yeast coproporphyrinogen oxidase that is encoded
by the HEM 13 gene, may be a bifunctional enzyme
that has both coproporphyrinogen oxidase and
protoporphyrinogen oxidase activities (Hansson and
Hederstedt, 1992). More recently, however, the B.
subtilis hemY gene was expressed in E. coli and its
product was determined to have protoporphyrinogen
oxidase activity, butnotcoproporphyrinogen oxidase
activity (Dailey et al., 1994). It was suggested that
the B. subtilis gene designation be changed from
hemY to hemG, to correspond with the protopor-
phyrinogen oxidase-encoding gene of S. typhimurium.

The E. coli hemG gene has been cloned, sequenced
and expressed (Sasarman et al., 1993). The cloned
gene complements a protoporphyinogen oxidase-
deficient E. coli mutant and the expressed hemG
product has protoporphyrinogen oxidase activity. E.
coli hemG encodes a 21,202 molecular weight
membrane-associated peptide that is consideralby
smaller than the protoporphyrinogen oxidase peptides
from barley, B. subtilis, yeast and mouse liver, which
have molecular weights of 36,000, 51,400, 56,000
and 65,000, respectively.

F. Chelation of Iron to Form Protoheme

The last step of protoheme formation, insertion of
Fe?* into protoporphyrin IX, is catalyzed by
ferrochelatase (protoheme ferrolyase, EC 4.99.1.1).
In addition to its physiological substrates, ferro-
chelatase can use Zn** and Co** as the metal substrate
and deuteroporphyrin IX, mesoporphyrin IX, and
hematoporphyrin IX as the porphyrin substrate.
Ferrochelatase from most sources, including Rb.
sphaeroides, is an intrinsic membrane protein that
requires detergents or chaotropic agents for
solubilization (Dailey, 1982). An apparent exception
is the B. subtilis ferrochelatase, which was reported
to be a soluble enzyme (Hansson and Hederstedt,
1992). Detergent-solubilized ferrochelatase from Rb.
sphaeroidesisa 115,000 molecular weight monomer
(Dailey, 1982). No chromophoric prosthetic groups
were detected. Mg-protoporphyrin IX is a powerful
inhibitor of Rb. sphaeroides ferrochelatase: It inhibits
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by 50% at 4 uM and nearly completely at 80 uM
(Jones and Jones, 1970). However, it is uncertain
whether the intracellular free Mg-protoporphyrin IX
ever reaches inhibitory concentrations.

The hemH gene, which encodes ferrochelatase,
has been cloned and sequenced from yeast and several
animal sources, as well as from E. coli (Miyamoto et
al., 1991;Frustaciand O’Brian, 1993),S.typhimurium
(Xuetal., 1992),B. japonicum (Frustaci and O’ Brian,
1992), and B. subtilis (Hansson and Hederstedt,
1992). The molecular weights of the encoded
polypeptides from these bacterial genes range from
34,000 to 38,000 and are somewhat smaller than the
polypeptides encoded by the animal and yeast genes.

G. Biosynthesis of Other Protoporphyrin 1X-
Based Hemes

1. Protoheme Ligation to Apoproteins to Form
Heme c

All phototrophic organisms contain one or more
types ofcytochrome ¢ which function as components
of the photosynthetic and respiratory electron
transport chains (Meyer and Cusanovich, 1989).
Heme c is the covalently bound prosthetic group of
c-type cytochromes (Fig. 5). Apocytochromes ¢
incorporate protoheme by enzyme-catalyzed ligation
of the vinyl groups to cysteine residues on the protein.
A specific ligating enzyme, named cytochrome c
heme lyase, has been described in yeast and
Neurospora crassa (Taniuchi et al., 1983; Nicholson
et al., 1987). In these eucaryotic cells, heme lyase is
localized in the inner mitochondrial membrane
(Nargang et al., 1988; Enosawa and Ohashi, 1986)
and ligation requires reduced (ferro)protoheme as a
substrate (Nicholson and Neupert, 1989). Genes for
cytochrome ¢ heme lyase have been cloned and
sequenced from yeast (CYC3) and N. crassa (cyt-2)
(Dumont et al., 1987; Drygas et al., 1989). Although
the two encoded peptides are 32% identical, the
yeast peptide is considerably smaller than the M.
crassa peptide (molecular weights of 29,600 and
38,000, respectively). A second yeast heme lyase,
cytochrome-c,-heme lyase, is responsible for
assembly of cytochrome ¢, (Zollner et al., 1992).
This protein is encoded by the CYT?2 gene, which has
been cloned and sequenced. The two yeast heme
lyases are 35% identical. The yeast results suggest
that each c-type cytochrome may require a different,
specific heme lyase for its formation.
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In gram-negative bacteria, c-type cytochromes are
located in the periplasmic space. Rb. sphaeroides
and Rb. capsulatus contain at least five distinct
cytochromes ¢ (Meyer and Cusanovich, 1989). In
Rb. capsulatus, several genes have been identified
that are necessary for the biogenesis of all
cytochromes ¢ but are not required for synthesis and
secretion of apocytochrome ¢ into the periplasmic
space (Davidson et al., 1987; Biel and Biel, 1990;
Beckman et al., 1992). One group of these genes,
helA, helB, and helC, are similar to a class of
transporter proteins and their products may be
involved in exporting protoheme to the periplasmic
space (Beckman et al., 1992). The products of two
other genes, ccll and ccl2, have no recognizable
similarity to yeast heme lyases, but they do have
similarity to mitochondrial and chloroplast open
reading frames with unassigned function. The specific
roles of ccll and ccl2 in cytochrome ¢ formation
have not been identified. The topic of heme attachment
to cytochrome apoproteins is covered in more detail
by Kranz and Beckman in Chapter 33.

2. Terminal Oxidase Hemes

Cytochrome oxidase (EC 1.9.3.1) of the aa, type is
present in many obligate and facultative aerobic
bacteriaincluding B. subtilis, Rb. sphaeroides (Sasaki
et al., 1970; Gennis et al., 1982; Garcia-Horsman et
al., 1994; Chapter 44), and the BChl-containing
obligate aerobe Erythrobacter longus (Fukumori et
al., 1987). The heme a prosthetic group ofcytochrome
oxidase (Fig. 5) is formed from protoheme by ligation
of a farnesyl group to the 2-vinyl group and oxidation
or oxygenation of the 8-methyl group to a formyl
group. The precursor status of protoheme has been
shown in B. subtilis. Strains that are defective in
enzymes that catalyze the later steps of protoheme
formation (uroporphyrinogen decarboxylase,
coproporphyrinogen oxidase, protoporphyrinogen
oxidase, and ferrochelatase) could not form heme a
unless protoheme was added to the medium, even
though the same cells could form siroheme,
presumably using a different ferrochelatase for its
biosynthesis (Hansson and Wachenfeldt, 1993).
Cytochrome o is an O,-reducing terminal oxidase
present in many facultative aerobes including E. coli
and the phototrophs Rb. capsulatus (Zannoni et al.,
1976), Rhodopseudomonas viridis (Kimpf et al.,
1987), Rp. palustris, and Rb. sphaeroides (which
also contains cytochrome a«,) (Sasaki et al., 1970;
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Anraku and Gennis, 1987; Garcia-Horsman et al.,
1994). Heme o, the prosthetic group of cytochrome
o, has the structure of a possible heme a precursor in
which the 2-farnesyl group has been added but the 8-
methyl group has not been converted to a formyl
group (Wu et al., 1992). The cyoE gene of E. coli,
when overexpressed, caused conversion of protoheme
to heme o in vivo (Saiki et al., 1992), and the
overexpressed cyoE gene product catalyzed in vitro
condensation of ferrous protoheme and farnesyl-
pyrophosphate to form heme o (Saiki et al., 1993).
Two B. subtilis genes, ctaA and ctaB, are required for
heme a synthesis (Svensson et al., 1993). The ctaB
gene complements E. coli cyoE mutants. B. subtilis
ctaA mutants accumulate heme o instead of heme a.
B. subtilis ctaB mutants accumulate neither heme o
nor heme a. Interestingly, the B. subtilis ctaA gene,
when expressed in E. coli, caused the accumulation
of heme a, even though E. coli normally does not
produce this heme. These results indicate that ctaB
and ctaA encode a farnesyltransferase and a methyl
oxidase or oxygenase, respectively. The results also
suggest that farnesylation precedes formyl group
formation in heme a biosynthesis.

A third type of O,-reducing terminal oxidase,
cytochrome d, is present in some facultative aerobes
including E. coli (Gennis, 1987; Garcia-Horsman et
al., 1994) and Rp. viridis (Kdampf et al., 1987). Heme
d, the prosthetic group of cytochrome d, has a
dihydroxychlorin macrocycle structure (Fig. 5)
(Sotiriou and Chang, 1988) that differs greatly from
the sirohydrochlorin structure of heme d,. Although
the active form of heme d is believed to be the free
dihydroxyl form shown in Fig. 5, the 6-hydroxyl
group forms a lactone with the 6-propionate under
some isolation conditions. In addition to its presence
in cytochrome d, heme dis also found as the prosthetic
group of E. coli catalase (EC 1.11.1.6) type HPII.
However, heme d from these two sources is subtly
different: while the two ring C hydroxyl groups of
the cytochrome d prosthetic group are in the relative
trans configuration (Timkovich et al., 1985), the
hydroxyls are cis in the catalase HPII heme d (Chiu
et al., 1989). The absolute configurations of the
hydroxyl groups have not been determined for either
type ofheme d. It can be deduced from the structure
of heme d that it is derived from protoporphyrin IX
or protoheme by hydroxylation. It was proposed
(Timkovich and Bondoc, 1990) and later reported
(Loewen et al., 1993) that E. coli catalase HPII
catalyzes the formation of its own heme d prosthetic

Samuel |. Beale

group from protoheme. It is not known whether a
similar autologous conversion occurs for the
prosthetic group of cytochrome d.
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Summary

Differences in profiles of polar lipids and quinones distinguish major groups of phototrophic prokaryotes. Also
the fatty acid composition of representative species of purple sulfur bacteria, purple nonsulfur bacteria, green
sulfur bacteria, Chloroflexus aurantiacus and Heliobacterium and Heliobacillus species are significantly
different. Phospholipids, and specifically PG, are present in all phototrophic bacteria. The presence of ornithine
lipids and the sulfolipid SQDG has been clearly established only in purple nonsulfur bacteria. Various
glycolipids are major components in Chloroflexus and green sulfur bacteria and are also common in
Chromatiaceae, but absent from Ectothiorhodospiraceae and Heliobacterium; occasionally, they occur in
purple nonsulfur bacteria. The presence of MGDG has only been established for green sulfur bacteria. The
specific distribution of major quinones in anoxygenic phototrophic bacteria and the variety of hopanoid
triterpene structures found in these bacteria are considered in this chapter. A major part of the chapter is
concerned with polar lipids of Rhodobacter species because they have been most intensively studied in this
chapter. Also biosynthesis, lipid transfer activities, and incorporation of lipids into different membrane
fractions are discussed. Special attention is paid to the influence of growth conditions on lipid and fatty acid
composition and to possible differences in the composition of cellular membrane fractions (CM, ICM, OM).

l. Introduction

Lipids are important structural components of all
biological membranes. They are essential for the
formation of bilayer structures and for a number of
membrane associated processes. The term ‘lipids’ is
not clearly defined on the basis of a chemical structure,
but lipids are characterized as a group of molecules
which have only limited solubility in water and are
more readily dissolved in organic solvents. Struc-
turally and functionally completely different
molecules are known as lipids (Ratledge and
Wilkinson, 1988). In this chapter we will discuss
polar lipids (including phospholipids, glycolipids,
sulfolipids, aminolipids) and apolarlipids (including
quinones and hopanoids). Some representative
structures of lipids, quinones and hopanoids are
shown in Fig. 1. Fatty acids will also be treated
separately, although they are rarely present in the

Abbreviations: AL — aminolipid; APL — aminophospholipid;
BChl — bacteriochlorophyll; Cb. —Chlorobium; Cf.— Chloroflexus;
CK - chlorobiumquinone; CL — cardiolipin; CM — cytoplasmic
membrane; Cm. — Chromatium; DGDG - digalactosyldiglyceride;
Ec. — Ectothiorhodospira; GL — glycolipid; Hb. — Heliobacterium;
ICM - intracytoplasmic membrane; MGDG — monogalactosyldi-
glyceride; MK — menaquinone; NMR — nuclear magnetic
resonance; OA — ornithine amide; OM — outer membrane; PA —
phosphatidic acid; PC — phosphatidylcholine; PE — phosphatidyl-
ethanolamine; PG - phosphatidylglycerol; PI — phospha-
tidylinositol; PL — phospholipid; PS — phosphatidylserine; Q —
ubiquinone; Rb. — Rhodobacter; Rc. — Rhodocyclus; Rm. —
Rhodomicrobium;Rp. — Rhodopseudomonas; RQ — rhodoquinone;
Rs. — Rhodospirillum; Rv. — Rubrivivax; SL - sulfolipid;
SQDG - sulfoquinovosyldiglyceride; TLC - thin layer
chromatography

free form but constitute a molecular part of polar
lipids and other membrane lipids. Carotenoids,
bacteriochlorophylls and complex lipids such as lipid
A and lipoproteins typical of Gram-negative bacteria
are not considered in this chapter; the reader is
referred to Chapter 8 by Senge and Smith.

Phototrophic purple bacteria have three distinct
types of membranes, the cytoplasmic membrane
(CM), the intracytoplasmic membranes (ICM, also
called chromatophores) and the outer membrane
(OM), which is characteristic of all Gram-negative
bacteria. The green bacteria lack intracytoplasmic
membranes, but have chlorosomes that are bound by
a lipid membrane, which is proposed to be a lipid
unilayer (Staehelin et al., 1980). Though bacterial
membranes differ in composition and function,
various kinds of lipids and fatty acids are principal
constituents. Together with integral membrane
proteins, lipids form the continuum of the cytoplasmic
membrane that separates the internal space of the
bacterial cells from the external one. The functional
unit of CM, ICM and OM is a bilayer with the head
groups of polar lipids facing the inner and outer
surface of this bilayer and the fatty acid tails touching
each other in the membrane interior. In this way a
hydrophobic interior and a hydrophilic membrane
surface can be formed. The integrity of the
cytoplasmic membrane bilayer is crucial for energy
generation of the cells, for maintenance of gradients
of a variety of solutes and the success of transport
processes and thus for the survival of each single
cell.

A second property importantto membrane function
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Fig. 1. Representative structures of lipids, quinones and hopanoids.
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is the mobility of the membrane components, which
significantly influences reaction kinetics within the
membrane. Both bilayer stability and membrane
fluidity are influenced by the composition of lipid
headgroups, fatty acid structure, lipid-lipid and lipid-
protein interactions, as well as external parameters
such as temperature, pressure, salinity, pH and others.
In order to maintain the functional integrity of their
membranes, bacteria have developed mechanisms to

adapt their membrane composition to varying
environmental conditions. Therefore, the qualitative
and quantitative lipid composition of the membranes
of a specific bacterium is not constant but varies with
growth conditions and also with the growth phase.
Nevertheless, specific compositions of lipids, fatty
acids and quinones are characteristic properties of
numerous bacterial species and can be valuable tools
in species identification and taxonomy. However,
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whenever possible, standardized media and culture
conditions have to be used for this purpose.

Indeed, lipids, fatty acids and quinones have been
analyzed in recent years in a great number of bacteria.
Their composition varies greatly among different
bacteria and is used to differentiate bacterial groups
and even closely related bacterial species. As would
be expected from the great heterogeneity of
anoxygenic phototrophic bacteria derived from
physiological, structural as well as genetic infor-
mation, the composition of lipids, fatty acids and
quinones shows great variation among these bacteria.

This chapter will not give a comprehensive
overview on the relevant literature of lipids, fatty
acids and quinones of phototrophic bacteria. It rather
presents a quite personal view of this topic and
primarily will discuss the distribution of lipid

components among the species and groups of
anoxygenic phototrophic bacteria. A comprehensive
review and a detailed compilation of early data on
lipids and fatty acids of phototrophic bacteria can be
found in Kenyon (1978).

Il. Polar Lipids and Fatty Acids
A. Polar Lipids

Great variation occurs in the polar lipid structures of
differentphototrophic bacteria. However, analytical
procedures employed often do not give precise
information on their exact chemical structure, which
therefore, is still unknown for a number of lipids of
phototrophic bacteria. This applies in particular to
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some glycolipids and aminolipids.

Though the polar lipid composition under standard
cultivation conditions is a stable property, the
qualitative and quantitative composition may change
with the growth conditions much more than that of
quinones, but in general less than that of fatty acids.
From the data available it is obvious that major
groups of phototrophic bacteria can be differentiated
on the basis of their polar lipid composition (Table 1).
Qualitative and quantitative differences between
Heliobacterium chlorum, Chloroflexus aurantiacus,
green sulfur bacteria, Chromatiaceae, Ectothiorhodo-
spiraceae and purple nonsulfur bacteria are depicted
in respect to their content of different phospholipids,
glycolipids, sulfolipids and aminolipids. Relative
proportions of glycolipids are high in Chlorobiaceae
and Chloroflexaceae, but considerable lower in
Chromatiaceae, which have higher proportions of
phospholipids. Phospholipids are clearly dominant
in purple nonsulfur bacteria and glycolipids are absent
from the majority of these bacteria as they are from

Johannes F. Imhoff and Ursula Bias-Imhoff

Ectothiorhodospiraceae and Hb. chlorum.
1. Ectothiorhodospiraceae

The lipid composition of all Ectothiorhodospiraceae
is characterized by the predominance of PG, PC and
CL and minor but varying amounts of PE (Asselineau
and Triiper, 1982; Imhoff et al., 1982). All species
contain small to trace amounts of lyso-PE, and also
PA, lyso-PC, and unidentified phospholipids have
been found in some species. Glycolipids as found in
Chromatiaceae, purple nonsulfur bacteria and green
sulfur bacteria and ornithine lipids as known from
purple nonsulfur bacteria, are absent in Ectothio-
rhodospira species (Asselineau and Triiper, 1982;
Imhoff et al., 1982; Thiemann and Imhoff, 1991). In
strains of Ectothiorhodospira halophila, both PG
and CL separated into two distinct spots on two-
dimensional TLC plates and were significantly
different in their fatty acid composition (Thiemann
and Imhoff, 1991). Nothing is known about

Table 1. Major polar lipids of representative phototrophic prokaryotes®

PG CL PE PC OA MGDG DGDG SQDG Otherlipids
Chloroflexaceae
Cf. aurantiacus + +) - - e —* —* o* PI, GL(glu-gal)
Chlorobiaceae
Cb. limicola f. thiosulf. + + + - = + —* —* GLII, lipid 2, aminoglycosphingolipid
Pelodictyon luteolum + + - o - + —* —* GLII, lipid 2, aminoglycosphingolipid
Heliobacteriaceae
Heliobacterium chlorum  + + + - o - - - unknown aminolipids
Chromatiaceae
Chromatium vinosum + + + - - —* - o* lyso-PE, several glycolipids
Chromatium minus + * + - - o* - o* lyso-PE, several glycolipids
Thiocystis gelatinosa + + + - - o* o* o* lyso-PE, APL, several glycolipids
Ectothiorhodospiraceae
Ec. halochloris + + + + - - - - lyso-PE
Ec. halophila + + + + - - - - lyso-PE
Ec. vacuolata + + + + - - - - lyso-PE
Purple Nonsulfur Bacteria
Re. tenuis + + + = + - - - lyso-PE, PL
Rs. rubrum + + + = + = = (+) lyso-PE
Rp. marina + + + + + - - + lyso-PE, PL
Rp. palustris + + + + + - - +) lyso-PE, PL, AL
Rp. viridis + + + + + - - - SL
Rm. vannielii + = + + + = = tr PA, ornithine-PG, bis-PA

* A lipid with similar chromatographic properties is present. + component present; —component absent; o not investigated or not definitely
proven; (+) present in very small amounts or presence uncertain, has been detected in some but not in other studies; tr traces.

2 Data from references cited in the text.
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differences of localization and function of these two
fatty acid variants in Ec. halophila.

2. Chromatiaceae

The phospholipids, PG, PE and CL are major
components of Chromatiaceae species, none of which
is clearly predominant. Also lyso-PE could be detected
in the investigated species (Imhoff et al., 1982; Steiner
et al.,, 1969; Takacs and Holt, 1971). Additional
aminophospholipids were found in Thiocapsa
roseopersicina and Thiocystis gelatinosa, but not in
Chromatium vinosum, Chromatium minus and
Chromatium warmingii (Imhoff et al., 1982). PC was
absent from these species.

Several glycolipids were found in almost all
Chromatiaceae (Imhoff et al., 1982; Imhoff,
unpublished results). The number of glycolipid
components and their chromatographic properties
varied with the species. One of these glycolipids,
which was characterized from Chromatium vinosum,
had similar chromatographic and staining properties
to MGDG but was shown to lack galactose and to be
a monoglucosyldiglyceride (Steiner et al., 1969).
Galactose was also absent from hydrolyzed total
lipid extracts, proving the absence of galactolipids
from this species. This glycolipid may be present in
other species of the Chromatiaceae as well (Imhoff et
al., 1982; Imhoff, 1988; Imhoff, unpublished results).
Two other glycolipids from Chromatium vinosum
have been described as mannosyl, glucosyl-
diglyceride and as dimannosyl, glucosyl-diglyceride
(Steiner et al., 1969). Whether these also occur in
other Chromatiaceae is not known. Glycolipids from
Thiocapsa roseopersicina were found to contain
glucose and rhamnose (Takacs and Holt, 1971).
SQDG has so farnotbeen identified in Chromatiaceae
species, although glycolipids with similar chromato-
graphic properties were present (Imhoffet al., 1982).

3. Purple Nonsulfur Bacteria

The polar lipid composition of purple nonsulfur
bacteria shows the greatest diversity of all groups of
phototrophic bacteria. In many cases polar lipid
compositions are characteristic of the species.
Phospholipids are predominant in all species,
ornithine lipids and other aminolipids are charac-
teristic for these bacteria, whereas glycolipids are
not common, but present in some species in smaller
proportions (Kenyon, 1978; Imhoff et al., 1982;
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Imhoff, 1988). Among the lipids most commonly
distributed in these bacteria are PG, PE, OA and CL,
while PC and SQDG characteristically are present in
some species but absent from others. Glycolipids
with chromatographic properties similar to MGDG
only occasionally have been found. The presence of
such a glycolipid in Rs. molischianum reported by
Constantopoulos and Bloch (1967) could not be
verified later (Imhoff et al., 1982), but lipids with
similar chromatographic properties have been found
in Rs. salexigens and Rp. sulfoviridis (Imhoff,
unpublished results). Their exact chemical structure
is unknown.

a. Sulfolipids

Sulfolipids have obtained much interest because it
was thought that they may play a functional role in
photosynthesis. The first evidence of SQDG, the
‘plant type sulfolipid’, in an anoxygenic phototrophic
bacterium was obtained for Rs. rubrum (Benson et
al., 1959). Later this sulfolipid was found in Rm.
vannielii at very low proportions of only 0.01% of
cell dry weight (Park and Berger, 1967) and in Rb.
sphaeroides containing 2-4% of this sulfolipid (Wood
et al., 1965; Radunz, 1969; Russell and Harwood,
1979). Its presence in Rb. capsulatus at low
proportions (Russell and Harwood, 1979) could not
be reproduced by others (Wood et al., 1965; Imhoff
et al., 1982; Imhoff, 1991). On the basis of
incorporation of label from radioactive sulfur sources,
however, Sulfolipids were found in several other
species including Rb. capsulatus at very low
proportions (Imhoff, 1984b). Significant amounts of
the plant type sulfolipid have been found in Rp.
marina, Rs. salexigens and some Rhodobacter species
(Tables 1 and 2) (Imhoffetal., 1982; Imhoff, 1984b).
The identity of the head group of the sulfolipid from
Rb. sphaeroides with that from spinach leafs was
demonstrated by identical fragmentation pattern in
fast atom bombardment mass spectrometry (Gage et
al., 1992).

During studies with radioactively labelled sulfur
sources, several sulfolipids were detected in purple
nonsulfur bacteria (Imhoff, 1984b). Sulfate as well
as reduced sulfur compounds (thiosulfate and
cysteine) served as sulfur sources for the sulfolipids
in these species. The relative proportions of the
sulfolipid in Rb. sulfidophilus were not significantly
influenced by the sulfur source, but reduced sulfur
sources inhibited the incorporation of label from *S-



186

sulfate (Imhoff, 1984b). This indicates the preference
of reduced sulfur compounds over sulfate as a source
of sulfur for this sulfolipid. Sulfolipids in high
proportions were also found in Rp. sulfoviridis and
Rb. adriaticus, which are unable to assimilate sulfate
and depend on reduced sulfur sources. Both species
incorporated sulfur from the reduced sulfur sources
into their sulfolipids (Imhoff, 1984b). The major
sulfolipids of Rp. viridis and Rp. sulfoviridis had R -
values different from SQDG (Imhoff, 1984b).

b. Ornithine lipids

Many Gram-negative bacteria have ornithine lipids
with amide-linked hydroxy fatty acids that show
some structural similarity to the lipid A of
lipopolysaccharides and may fulfill some of its
functions (Wilkinson et al., 1982). Ornithine lipids
have been found in Rs. rubrum, Rp. palustris,
Rubrivivax gelatinosa, Rp. viridis, Rm. vannielii and
others (Brooks and Benson, 1972; DePinto, 1967,
Gorchein, 1968; Russell and Harwood, 1979; Wood
etal., 1965). Apparently ornithine lipids are generally
present in and characteristic for purple nonsulfur
bacteria (Imhoff et al., 1982). The presence of
ornithine-PG in several purple nonsulfur bacteria,
claimed by Wood et al. (1965), was not confirmed
later (Imhoffet al., 1982; Imhoff, 1991). A lipid that
could be ornithine-PG according to chromatographic
and staining properties, but was not clearly identified,
was found in Rm. vannielii and Rhodopila globiformis
(Imhoffetal., 1982), Ornithine-PG has been identified
in Rm. vannielii (Park and Berger, 1967).

The ornithine lipid from Rb. sphaeroides has been
shown to be an ester of N-acylornithine with a long-
chain fatty acid residue forming an amide bond with
the a-amino group of ornithine and an alcohol residue
esterified to its carboxyl group (Gorchein, 1968).
Another ornithine amide was identified in Rs. rubrum
with a long chain fatty acid esterified to the hydroxyl
group ofa 3-hydroxy fatty acid, which in turn forms
an amide bond with the o-amino group of ornithine
(Brooks and Benson, 1972). Either of these
compounds or a mixture of them may be present in
other species of purple nonsulfur bacteria.

4. Polar Lipids of Rhodobacter Species
Most reports on composition and metabolism of

phospholipids deal with one or the other species of
the genus Rhodobacter, in particular with Rb.
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sphaeroides. Polar lipids of Rb. sphaeroides and Rb.
capsulatus have been investigated repeatedly (Wood
et al., 1965; Russell and Harwood, 1979; Marinetti
and Cattieu, 1981; Gorchein, 1968; Imhoff et al.,
1982) and also the polar lipid composition of Rb.
sulfidophilus has been reported (Imhoffet al., 1982).
A comparison of polar lipid and fatty acid
compositions of the six described Rhodobacter
species on the basis of 21 strains has been undertaken
recently (Imhoff, 1991). All strains were grown under
identical conditions anaerobically in the light at their
respective optimum salinity. Each ofthe investigated
species revealed a specific polar lipid composition
(Table 2).

There is a general agreement upon the presence of
PC, PG and PE and the absence of SQDG and CL in
whole cell lipid extracts from Rb. capsulatus (see
Kenyon, 1978), though the results of Russell and
Harwood (1979) imply the presence of CL and SQDG
in one strain (NCIB 8253) of this species. An
aminolipid, which is most probably identical to the
ornithine amide from Rb. sphaeroides, has not been
reported in earlier literature, but has been regularly
found later (Russell and Harwood, 1979; Imhoff et
al., 1982; Imhoff, 1991). The presence of ornithine-
PG postulated by Wood et al. (1965) could not be
verified.

In Rb. sphaeroides, the presence of SQDG, CL
and ornithine amide in addition to PC, PG and PE is
generally agreed on. The ornithine lipid of this species
has been characterized (see above) and may be
common to all Rhodobacter species. It was named
ornithine lipid 1 (OL1, Imhoffet al., 1982) and later
aminolipid (AL, Imhoff, 1991). The analysis of the
lipids of Rb. sphaeroides by Marinetti and Cattieu
(1981) revealed the presence of three nitrogen bases,
ethanolamine, ornithine and an unidentified amino-
compound with chromatographic mobility as 1-
amino-3-propanol. These authors concluded that an
unknown aminolipid ‘is afatty acid amide of ornithine
and of l-aminopropanol or some other diamino
compound’. Although the structure of this lipid needs
to be established, it may well be that depending on
the species and the growth conditions, much more
structural variability among the aminolipids of purple
nonsulfur bacteria exists than hitherto known.

During studies on cell-cycle specific accumulation
of phospholipids into the intracytoplasmic membrane,
an unknown phospholipid, later identified as N-
acylphosphatidylserine (NAPS) was detected in Rb.
sphaeroides strain M29-5 (Cain et al., 1981; Donohue
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Table 2. Major polar lipids of Rhodobacter species®
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PG CL PE PC SQDG OA APL PLI PL2
Rb. sphaeroides + + + + + i, £
Rb. capsulatus + — + + i + i + -
Rb. veldkampii + — + - = 4 5 _
Rb. sulfidophilus T - + = + + _ %
Rb. adriaticus 1 = - - ‘E 5 _
Rb. euryvhalinus + + + = + + _ n N

2Data from Imhoff (1991)

etal., 1982a). Anunknown phospholipid with similar
properties to NAPS was also detected in Rb.
sphaeroides strain NCIB 8253 (Onishi and Nieder-
man, 1982). This lipid represented between 20-45%
of the total cellular phospholipids in several strains
of Rb. sphaeroides (except two wild type strains) and
Rb. capsulatus grown either photoheterotrophically
or chemoheterotrophically in Tris supplemented
culture media (Donohue et al., 1982b). Its accumu-
lation at the expense of PE ceased immediately upon
the removal of Tris (Donohue et al., 1982b). Together
with the other phospholipids, the accumulated NAPS
was distributed to all membrane systems of the cell.
Small levels (1.0 to 2.0%) of NAPS also were present
in Rs. rubrum and Rp. palustris (Donohue et al.,
1982b). From the labeling pattern observed in pulse-
chase experiments it was concluded that NAPS is
neither a product of the direct acylation of PS nor an
obligate precursor in the PS biosynthesis, but is
probably a metabolite of an undescribed branch of
phospholipid biosynthesis (Cain et al., 1982; 1983).

a. Biosynthesis and Lipid Transfer Activities

Biosynthesis of PE and PG in Rb. sphaeroides
apparently proceeds as in E. coli with CDP-
diglyceride as intermediate reacting either with sn-
glycerol-3-phosphate or L-serine to yield PG (via
phosphatidylglycerophosphate) or PE (via PS),
respectively (Cain et al., 1983). Enzymatic activities
that transfer fatty acids from acyl-ACP to glycerol-3-
phosphate forming lyso-PA and PA have been found
in a particulate fraction from Rb. sphaeroides grown
phototrophically (Lueking and Goldfine, 1975). In
pulse-chase experiments with (2-*H)glycerol, PA was
the earliest identifiable glycerol-containing inter-
mediate and was considered to be the product of the
sn-glycerol-3-phosphate acyltransferase activity
(Cain et al., 1983). PA labeling decreased with the
increase in PS label, followed by accumulation of

label in PE concomitant with a decrease in that of
PS. After treatment of the cells with 50 uM
hydroxylamine, a known inhibitor of PS decarbox-
ylase of E. coli (Raetz and Kennedy, 1972), an
accumulation of label in PS at the expense of that in
PE was observed. Both the transient labeling of PS
and the accumulation of label in PS in the presence
of hydroxylamine emphasize the precursor-product
relationship between these two phospholipids (Cain
et al., 1983). Synthesis of PC by successive
methylation of PE has been demonstrated by studies
with methyl-'*C-methionine that yielded label in
phosphatidyl-N-methylethanolamine, phosphatidyl-
N,N-dimethylethanolamine and PC (Gorchein et al.,
1968a).

Apparently lipids are synthesized in the CM or in
distinct domains thereof and transferred from the
location of biosynthesis to other membranes.
Intracytoplasmic membranes of Rb. sphaeroides
grown under photoheterotrophic conditions are
considered to originate from the cytoplasmic
membrane (Gorchein et al., 1968b; Drews and Oelze,
1981; Kaplan and Arntzen, 1982; Niederman and
Gibson, 1978). When non-pigmented cells of Rb.
sphaeroides double-labeled with **P and methy!-'"“C-
methionine were allowed to adapt to semi-anaerobic
growth conditions to induce the development of
intracytoplasmic membranes, lipids of the cyto-
plasmic membrane became incorporated into the
ICM (Gorchein et al., 1968b). Thus, a complete de
novo biosynthesis of ICM of Rb. sphaeroides was
ruled out and it was concluded that the ICM and their
lipids originate from the cytoplasmic membrane
(Gorchein et al., 1968b). These findings were
substantiated later by further detailed studies.
Enzymes of phospholipid biosynthesis mainly were
found located within the CM of Rb. sphaeroides
(Cooper and Lucking, 1984; Cain et al., 1984;
Radcliffe and Niederman, 1984; Radcliffe et al.,
1985). A separation of the membranes from Rb.
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sphaeroides strain NCIB 8253 by density gradient
centrifugation verified the localization of enzyme
activities catalyzing the first steps of phospholipid
biosynthesis in membrane fractions of the cells
(Radcliffe et al., 1985). Both in chemohetero-
trophically and in photoheterotrophically grown cells,
the majority of the activity of phosphatidyl-
glycerophosphate synthase (EC 2.7.8.5.) was found
in the CM and was distributed uniformly over this
membrane (Radcliffe et al., 1985; 1989). Phospha-
tidylserine (PS) synthase activity (EC 2.7.8.8),
however, was associated with a lower membrane
fraction present in photo- and chemotrophically
grown cells and located at the position of ICM of
phototrophically grown cells. The authors suggested
that PS synthase is localized in distinct domains of
the cytoplasmic membrane, which after cell disruption
and separation by density gradient centrifugation,
form aband together with the ICM fraction (Radcliffe
et al., 1985, 1989).

Phospholipid transfer activities have been detected
in Rb. sphaeroides cells grown chemotrophically
and phototrophically (Tai and Kaplan, 1984; 1985).
The cellular distribution of these activities was similar
under both conditions and the total cellular activity
was directly related to the growth rate (Tai and
Kaplan, 1985). Activities were found to be membrane-
associated as well as in soluble cell fractions (15%
membrane-associated, 32% periplasmic, 53%
cytoplasmic at medium light intensity). Cells grown
anaerobically at low light intensity, characterized by
large amounts of ICM, had the highest membrane-
associated transfer activity, whereas aerobically
grown cells (lacking ICM) only showed minor
activities of the membrane-associated enzyme,
indicating that this activity could be involved in ICM
biogenesis (Tai and Kaplan, 1985). Soluble transfer
activity was low under low light conditions, but
much higher under high light conditions (91.4% of
total transfer activity) (Tai and Kaplan, 1985). Both
cytoplasmic and periplasmic phospholipid transfer
activities had different preferences for their substrates.
The cytoplasmic transfer activities showed a clear
preference for PG over PE and PC, while the
periplasmic activity transferred phospholipids
without a specific preference (Tai and Kaplan, 1985).

b. Incorporation of Lipids into ICM

During the normal cell cycle lipid incorporation into
ICM apparently occurs only within a limited time
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interval in close relation to the division of the cells,
which does, however, not reflect cyclic changes in
lipid biosynthesis but rather transfer oflipids into the
growing ICM from other ‘places of the cell” (Lueking
et al., 1978; Fraley et al., 1979; Cain et al., 1981).
The discontinuous increase of net accumulation of
phospholipids into intracytoplasmic membranes was
in strong contrast to the continuous insertion of
proteins and pigments into this membrane (Lueking
et al., 1978). It was found in experiments with
synchronously dividing cells of Rb. sphaeroides that
the protein/phospholipid ratio of purified intracyto-
plasmic membrane preparations underwent cyclic
changes of 35-40% during the normal cell division
cycle (Luekinget al., 1978). This ratio increased to a
maximum value in membranes shortly before cell
division and decreased to a basic value with the cell
division, indicating that phospholipids are only
accumulated into the intracytoplasmic membrane at
the time of cell division.

Similar cell-cycle specific fluctuations in the
composition of intracytoplasmic membranes were
also observed in synchronous cultures of phototro-
phically grown Rs. rubrum (Myers and Collins, 1986).
Furthermore, in starvation-synchronized cells of this
species that were grown under aerobic conditions
and had no intracytoplasmic membranes, cell cycle
specific changes in the protein/phospholipid ratio
were found in the cytoplasmic membrane but not in
the outer membrane (Myers and Collins, 1987).
Asynchronous cultures, however, had a constant
protein/phospholipid ratio.

In contrast to the discontinuous incorporation of
phospholipids into ICM coupled to cell-division in
synchronously dividing cells of Rb. sphaeroides
(Luekingetal., 1978; Cainetal., 1981), acontinuous
incorporation of phospholipids into ICM was
demonstrated under conditions which induce ICM
formation and transiently repress cell division
(Radcliffe et al., 1985).

5. Green Sulfur Bacteria

All Chlorobiaceae contain considerable amounts of
glycolipids, the major part of which (more than
80%) is associated with the chlorosomes. Phospho-
lipids dominate in the cytoplasmic membrane
(Cruden and Stanier, 1970). On a molar basis
chlorosomes have 1-3 moles of sugar per mol of
phosphate, whereas membranes contain only 1 mol
of sugar per 5-12 moles of phosphate.
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First Constantopoulos and Bloch (1967) described
glycosyl glycerides in the phototrophic green
bacterium ‘Chloropseudomonas ethylica’ (later found
to be amixed culture) as monogalactosyl diglyceride
(MGDG) and glycolipid II (containing galactose,
rhamnose and a third unidentified sugar). Cruden
and Stanier (1970) substantiated these findings with
pure cultures of Chlorobium limicola (strain 1230)
and Chlorobium limicola f. thiosulf. (strains 6130
and 6230). They separated membranes and chloro-
somes and found monogalactosyl diglyceride
associated with the chlorosomes and the glycolipid
II with the membranes. It has been suggested later
that MGDG is specifically associated with the
chlorosomes and forms a monolayer covering its
cytoplasmic boundary (Staehelin et al., 1980). As a
consequence of this model the cellular content of
MGDG in green sulfurbacteria would be expected to
vary with their content of chlorosomes and BChl.
However, no such correlation could be found in cells
of Chlorobium vibrioforme f. thiosulf. (strain NCIB
8327)* (Holo et al., 1985). These authors found the
specific content of MGDG to be approximately
constant and independent of light intensity and BChl
content. Furthermore, the ratio of MGDG to BChl
was higher in whole cells than in the chlorosomes
and it was suggested that the chlorosomes are not the
only site of MGDG in green sulfur bacteria (Holo et
al., 1985).

Though only two glycolipids have been detected
in green sulfur bacteria using the diphenylamine
spray reagent (Constantopoulos and Bloch, 1967,
Cruden and Stanier, 1970), later work has shown that
this reagent gives no color reaction with several
other glycolipids of these bacteria. At least five
different glycolipids could be found in Cb.
vibrioforme f. thiosulf. (strain 8327) and in Cb.
limicola f. thiosulf. (strains 6230 and 6430) by using
1-naphtol, periodate-Schiff, and anisaldehyde spray
reagents (Bias, 1985). Two ofthese were identical to
MGDG and glycolipid II. Two others have been
described as lipid 1 and lipid 2 from Cb. vibrioforme
f. thiosulf. (strain 8327) and Cb. limicola f. thiosulf.

* This strain was isolated by June Lascelles and was deposited in
the NCIB as Chlorobium limicola f. thiosulf. However, its identity
is uncertain and it is more likely to belong to Chlorobium
vibrioforme f. thiosulf. (Norbert Pfennig, personal commun-
ication). This strain can be obtained from the DSM as a strain of
Chlorobium vibrioforme. We are using the name Cb. vibrioforme
f. thiosulf. in this chapter, though most of the literature refers to
it as Chlorobium limicola f. thiosulf.!
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(strains 6230 and 2230) by Knudsen et al. (1982).
Lipid 1 demonstrates R-values similar to PI, but
contains no phosphate, stains positive with ninhydrin
and shows characteristic color reactions with 1-
naphtol, anisaldehyde and periodate-Schiffreagents
(Bias, 1985). This aminolipid was characterized from
the membrane fraction of Cb. limicola f. thiosulf.
strain 6230 and shown to be a tertiary or secondary
amide containing one mole of myristic acid but no
phosphorus or known amino acid (Olson et al., 1983;
1984). Jensen et al. (1991) purified this aminolipid
and characterized it by TLC, IR-Spectroscopy, 'H-
NMR, BC-NMR, plasma desorption mass spec-
trometry and fast atom bombardment mass spec-
trometry. They revealed the lipid 1 to be an
aminoglycosphingolipid which in contrast to previous
reports (Olson et al., 1983), does not fluoresce in the
pure state. The carbohydrate component was
identified as neuraminic acid and the main fatty acid
as myristic acid.

By proton NMR studies it was confirmed that only
one mole of fatty acid is present per mole of
aminolipid. As a possible structure the authors
propose the neuraminic acid to be attached to the
sphingosine backbone with the myristic acid linked
to the sphingosine by an amide bond. The amino-
glycosphingolipid of Chlorobium was exclusively
found in the cytoplasmic membrane but not in the
chlorosomes (Olson et al., 1983, 1984; Jensen et al.,
1991). It was therefore speculated that this lipid
might operate as a membrane anchor for the
hydrophilic BChl a protein (Low and Slatid, 1988;
Ferguson and Williams, 1988), that forms a two-
dimensional crystal between the plasma membrane
and the chlorosomes of Chlorobium (Olson, 1980;
see also discussion of the Fenna—Matthews—Olson
[FMO] protein in Chapter 20 by Blankenship et al.).

Lipid 2 moves somehow similar to DGDG on one-
dimensional thin layer plates. The negative results of
staining reactions with molybdate and choline
reagents exclude this lipid to be PC. Lipid 2 also is
diphenylamine and ninhydrin negative, but shows
characteristic colorations with 1-naphtol, periodate-
Schiff and anisaldehyde reagents. Its characteristic
but atypical staining reactions demonstrate the
unusual nature of this lipid (Bias, 1985). Knudsen et
al. (1982) report on the presence of mannose and of
two unidentified sugars in this lipid.

In addition, one or two minor glycolipids with
chromatographic properties somehow similar to
SQDG are present in Chlorobium. Because of its
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similar R -values to the plant type SQDG, its negative
staining reactions with ninhydrin, molybdate and
diphenylamine reagents, and its positive reaction
with the 1 -naphtol, one of these lipids was suggested
to be SQDG (Kenyon and Gray, 1974; Knudsen et
al, 1982). However, comparison of the Rr-values of
authentic SQDG from spinach with those of the
glycolipids from Cb. vibrioforme f. thiosulf. 8327
under identical two-dimensional TLC conditions,
showed slight differences (Bias, 1985). In addition,
the color reactions with periodate Schiff and
anisaldehyde-sulfuric acid reagents of the Chlorobium
lipids were different from those of the spinach SQDG
(Bias, 1985). The absence of SQDG in Cb.
vibrioforme f. thiosulf. (strain 8327) and in Cb.
limicola f. thiosulf. (strains 6230 and 6430) was
further substantiated by culture experiments with
radioactively labelled sulfur isotopes in cysteine and
thiosulfate (labelled in sulfane or sulfone sulfur). All
polar lipids inclusive of the SQDG-like glycolipid
were present in the lipid extracts of cells from these
experiments. Although growing cells did incorporate
labelled sulfur from both substrates, no radioactivity
could be found in the polar lipid fraction and in
particular in the glycolipid chromatographically
similar to SQDG (Bias, 1985).

CL and PG have been commonly identified as
phospholipids of green sulfur bacteria. PE has been
found in some cases, but not in others. Olson et al.
(1983) working with Cb. limicola f. thiosulf. (strain
6230) mention that high proportions of PE in lipid
extracts from whole cells were correlated with the
presence of a colorless, motile contaminant in the
cultures, though very low levels of PE were also
found in the absence of the contaminant. PE has been
identified in pure cultures of Cb. vibrioforme f.
thiosulf. (strain 8327) and Cb. limicola f. thiosulf.
(strains 6230 and 6430) (Knudsen et al., 1982; Bias,
1985; Imhoff, 1988). PE was absent from Cb.
vibrioforme (6030, not thiosulfate-utilizing) and from
Pelodictyon luteolum (Imhoff, 1988). Though data
were not presented, the absence of PE from strains of
Pelodictyon luteolum, Cb. phaeobacteroides, Cb.
phaeovibrioides, Cb. limicola, Cb. vibrioforme and
Cb. vibrioforme f. thiosulf. have been reported
(Kenyon and Gray, 1974). In contrast to other reports
these authors did not find PE in Cb. limicola f.
thiosulf. strain 6230.

It may be concluded that the polar lipid composition
of green sulfur bacteria is characterized by the
presence of PG, CL, MGDG, glycolipid II, lipid 2
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and the aminoglycosphingolipid (lipid 1). It also
appears that PE, despite the discrepancies mentioned
above, is present in Cb. limicola f. thiosulf. and Cb.
vibrioforme f. thiosulf., but may be absent in other
green sulfur bacteria. PC, PI and sulfolipids are
absent from Chlorobiaceae.

6. Chloroflexus aurantiacus

Chloroflexus aurantiacus also contains large
proportions of glycolipids (Kenyon and Gray 1974;
Knudsen et al., 1982; Imhoff 1988). Glycolipid I,
lipid 1 (aminoglycosphingolipid) and lipid 2 as
described for Chlorobium species were absent (Jensen
et al., 1991; Imhoff, 1988). Instead two glycolipids
havebeen foundwith R -values and staining behavior
similar to MGDG and DGDG, respectively (Kenyon
and Gray, 1974). Both ofthese lipids contain galactose
and another sugar. The DGDG-like lipid contains
galactose and glucose in equal amounts and is
different from the lipid 2 of Chlorobiaceae by staining
with 1-naphtol, although its R -value is similar to this
lipid (Knudsen et al., 1982; Imhoff, 1988). Similar to
the situation in Chlorobiaceae, the presence of SQDG
has been postulated on the basis of negative results in
staining with molybdate and ninhydrin and its R.-
value, but is doubtful. The lipid with a similar R-
value to SQDG does not show the intense red color
typical for SQDG by staining with 1-naphtol and
40% sulfuric acid (Imhoff, 1988).

Cf. aurantiacus appears to be the only phototrophic
bacterium that contains PI as major phospholipid
(Kenyon and Gray, 1974). Analysis of phospholipids
in several strains of Cf. aurantiacus indicated the
presence of PG and PI whereas PE and PS were
absent (Kenyon and Gray, 1974; Knudsen et al.,
1982; Imhoff, 1988). In contrast to other reports, CL
has been tentatively identified in Cf. aurantiacus
strain OK-70-fl, by R.-value and positive staining
reaction with molybdate reagent (Imhoff 1988).

Similar to the findings with green sulfur bacteria,
also chlorosomes from Chloroflexus are enriched in
glycolipids relative to the cell membranes. The
chlorosomes of Cf. aurantiacus contain phosphate
and sugar in nearly equal molarity, whereas its
membranes have four times the amount of phosphate
compared to sugars (Schmidt, 1980). In Chloroflexus
cells grown aerobically in the dark, chlorosomes and
BChl are absent, whereas substantial amounts of the
lipid similar to MGDG are detectable (Sprague et al.,
1981; Holo et al., 1985). The specific cellular content
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of this lipid was approximately constant and
independent of light intensity and BChl content (Holo
et al. 1985). This suggests that this lipid, similar to
the MGDG of green sulfur bacteria, is enriched in
but not exclusively bound to the chlorosomes.

7. Heliobacterium chlorum

The lipid composition of Hb. chlorum is completely
different from that of the green sulfur and nonsulfur
bacteria. Glycolipids are absent and among the
phospholipids present, CL, PE and PG are dominant.
Lyso-PE and three further unidentified aminolipids
are present in smaller amounts (Imhoff, 1988).

B. Fatty Acids

Fatty acids of most phototrophic bacteria are mainly
saturated and mono-unsaturated straight chain C-16
and C-18 fatty acids. Small amounts of C-14 and C-
20 fatty acids are present in many phototrophic
purple bacteria and also C-15, C-17 and C-19 fatty
acids may occur in traces or small proportions.
Branched-chain fatty acids represent amajor fraction
of the cellular lipids only in Heliobacterium species
and related bacteria. 3-OH fatty acids are known as
constituents of the lipopolysaccharides and are
present in all phototrophic purple bacteria and in
Chlorobiaceae. Also C-17 and/or C-19 cyclopropane
fatty acids are present in many species. Altogether,
there are significant differences in the fatty acid
composition of the major groups of anoxygenic
phototrophic bacteria represented by the purple sulfur
bacteria, purple nonsulfur bacteria, green sulfur
bacteria, Chloroflexus sp. and heliobacteria.

Fatty acids are most susceptible to dynamic changes
during growth and to variations with growth
conditions and media compositions. This is certainly
the reason for greatly varying fatty acid compositions
found by different research groups. It is therefore
important to use standardized media composition
and growth conditions whenever the fatty acid
composition of different strains and species is to be
compared. In this respect surveys of a large number
of strains yield valuable data if attention has been
paid to standardization of the methods. Such surveys
have been published on purple nonsulfur bacteria
(Kato et al., 1985; Urakami and Komogata, 1988). A
congruent set of data was also obtained with more
than 20 strains of all known Rhodobacter species
(Imhoff, 1991).
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1. Purple Sulfur Bacteria

All Chromatiaceae examined have well balanced
proportions of 16:0, 16:1 and 18:1, with 18:1 as the
major but not dominant component (Table 3).

Under all culture conditions major fatty acids of
Ectothiorhodospira species were 18:1 and 16:0
(Asselineau and Triiper, 1982; Imhoff and Thiemann,
1991). These results are in accordance with previously
described observations on EC. halophila SL1 (see
Kenyon, 1978). 18:0 and 16:1 were found as minor
components in EC. mobilis and the species requiring
low salt concentrations. The content of 16:1 was
even lower in EC. halophila and other extremely
halophilic Ectothiorhodospira species (Table 3).
Various proportions of 19cyc were present in all
Ectothiorhodospira species. The presence of
branched-chain fatty acids in Ec. mobilis found by
Oyewole and Holt (1976) could not be verified by
others (Asselineau and Triiper, 1982; Imhoff and
Thiemann, 1991, Imhoff, unpublished).

3-OH-14:0 is the only hydroxy fatty acid of
Chromatiaceae analyzed so far (Meissner et al.,
1988a). 3-hydroxy fatty acids of Ectothiorhodospira
species are 3-OH-10:0 and 3-OH-12:0 (Ec. vacuolata
and EC. shaposhnikovii), 3-OH-10:0 (Ec. mobilis)
and 3-OH-10:0, 3-OH-12:0, 3-OH-14:0 and 3-oxo-
14:0 in Ec. halophila (Zahr et al., 1992; Meissner et
al., 1988b).

2. Purple Nonsulfur Bacteria

The fatty acid composition of all purple nonsulfur
bacteria is characterized by C-16 and C-18 straight-
chain saturated and monounsaturated fatty acids,
with minor amounts of C-14 fatty acids present in
most species. Also C-15 and C-17 fatty acids may be
present in trace amounts (Kato et al., 1985; Urakami
and Komagata, 1988; Kenyon, 1978; Imhoff, 1988,
1991). Gradual differences in the proportions of
18:1, 16:1, 16:0 and 18:0 allow the distinction of
several groups of species (Tables 4 and 5).

In contrast to all other purple nonsulfur bacteria,
in species of the genera Rhodocyclus, Rhodoferax
and Rubrivivax (B-subgroup of the Proteobacteria)
C-16 fatty acids are present in higher proportions
than C-18 fatty acids. 16:1 is the major component
and also proportions of 16:0 are higher than those of
18:1 (Table 4b). Species of the genus Rhodospirillum,
as shown in Table 4a, contain 18:1 as major but not
dominant component (approx. 45-55%) and a total
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Table 3. Major fatty acids of representative phototrophic purple sulfur bacteria

14:0 16:0 16:1 18:0 18:1 19cyc  Comments/References

Chromatiaceae
Cm. purpuratum 5500 0.6 30.3 28.2 1.7 38.5 5% salts, Imhoff and Thiemann ,1991
Thiocapsa roseop. 9314 + 20 28 + 45 Takacs and Holt, 1971
Thiocapsa roseop. 6311 0.4 22.1 254 0.9 43.8 Imhoff, 1988
Cm. vinosum D + 28.7 32.6 + 38.7 Haverkate et al., 1965
Cm. vinosum D 0.7 18.9 36.2 0.7 39.3 Imhoff, 1988
Cm. minus 1211 03 20.5 30.4 1.2 43.8 Imhoff, unpublished
Cm. warmingii 6512 1.3 25.7 36.5 0.8 323 Imhoff, unpublished
Thiocystis gelatinosa 2611 0.6 22.9 30.5 1.2 39.5 Imhoff, unpublished
Ectothiorhodospiraceae
Eec. halophila 9628 0.8 25.4 1.2 8.6 63.8% 10% salts,

Imhoff and Thiemann, 1991
Ec. halophila 9628 0.7 22.0 1.6 5.6 69.4* 20% salts,

Imhoff and Thiemann, 1991
Ec. halophila 9628 0.9 249 2:2 6.9 63.8*% 30% salts,

Imhoff and Thiemann, 1991
Ec. halophila SL1 - 11.4 0.9 8.7 63.8 7.3 Imhoff, unpublished
Ee. halophila 9630 1 16 1 15 33 31 Asselineau and Triiper, 1982
Ee. halochloris 9850 04 18.9 04 7.5 69.7 1.0 Imhoff, 1988
Ec. halochioris 9850 tr 19 tr 7 51 18 Asselineau and Triiper, 1982
Eec. abdelmalekii 9840 0.3 24.7 1.8 5.4 58.9 6.3 Imhoff, unpublished
Ec. abdelmalekii 9840 0.5 16 3 4 57 10 Asselineau and Triiper, 1982
Ec. mobilis 9903 0.2 14.0 5.5 4.8 72.3 tr 5% salts, 27 °C,

Imhoff and Thiemann, 1991
Ec. mobilis 9903 0.2 20.7 4.6 9.6 62.2 04 5% salts, 36 °C,

Imhoff and Thiemann 1991
Ec. mobilis 9903 0.5 23.1 34 10.9 59.7 0.3 5% salts, 42 °C,

Imhoff and Thiemann, 1991
Ee. shaposhnikovii N1 tr 17 8 tr 68 nd Asselineau and Triiper, 1982
Ec. shaposhnikovii N1 0.1 13.1 6.8 2.0 74.7* Imhoff, unpublished
Ee. vacuolata DSM 2111 - 15.3 48 24 73.5* Imhoff, unpublished
Lc. vacuolata DSM 2111 tr 20 6 ! 60 nd Asselineau and Triiper, 1982

* 18:1 including 19 cyc, nd not detected

of approx. 50% C-16 fatty acids. The clear
predominance of 18:1 is characteristic of species of
Rhodobacter, Rhodopseudomonas, Rhodopila and
Rhodomicrobium with 18:1 generally representing
more than 70% and in some species (Rm. vannielii,
Rp. blastica) reaching 90% or more. Species of the
genus Rhodobacter can be distinguished on the basis
of differences in their fatty acid pattern (Table 5).
Cyclopropane fatty acids have been found in several
species. They are usually present in quite small
proportions that may increase considerably in
stationary phase or under unfavorable growth
conditions.

3-OH-10:0 is the dominant 3-hydroxy fatty acid
in Rhodocyclus and Rubrivivax species, while 3-
OH-8:0 predominates in Rhodoferax fermentans
(Drews et al., 1978; Hiraishi et al., 1991). Major-3-
hydroxy fatty acids of Rhodobacter species are 3-

OH-10:0 and 3-OH-14:0, C-14 and C-16 chains are
dominant in other purple nonsulfur bacteria either
single or both together. 3-OH-14:0 and 3-OH-18:0
are present in Rhodopila globiformis (Drews et al.,
1978; Urakami and Komagata, 1988; see also Imhoff
and Triiper, 1989). 3-OH-18:0 and also 3-OH-12:0
occasionally have been found in other purple
nonsulfur bacteria.

3. Green Sulfur Bacteria

Green sulfur bacteria contain straight-chain, saturated
and monounsaturated fatty acids in the range of C-12
to C-18, with large amounts of 14:0, 16:0 and C 16:1
and small to trace amounts of 18:0, 14:1 and 18:1
(Kenyon and Gray, 1974; Knudsen et al., 1982). In
comparison to purple bacteria, Chlorobiaceae have a
relative higher ratio of saturated to unsaturated fatty
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Table 4a. Major fatty acids of representative purple nonsulfur bacteria (a-subgroup of Proteobacteria)?

Species Strains 14:0 16:0 16:1 18:0 18:1 References
Rp. palustris ATCC 17001 - 7.6 2.7 7.1 78.9 Urakami and Komagata, 1988
DSM 126 0.1 14.0 3.0 9.8 70.1 Urakami and Komagata, 1988
ATCC 17009 0.1 5.7 1.6 7.3 76.5 Urakami and Komagata, 1988
lal - 5.2 3.1 7.3 79.7 Imhoff, unpublished
Rp. acidophila ATCC 25092 0.7 19.6 42.7 23 315 Kato et al., 1985
ATCC 25092 0.8 14.8 37.2 0.8 46.0 Imhoff, unpublished
Rp. blastica ATCC 33485 04 1.5 2.8 4.9 90.1 Imhoff, 1988
Rp. rutila ATCC33872 1.0 8.7 3.6 10.3 TS Imhoff, unpublished
Rp. viridis DSM 133 0.3 12.7 10.0 0.7 74.0 Kato et al., 1985
DSM 133 0.5 8.4 55 2.2 74.6 Imhoff, unpublished
BN 170 0.5 6.7 5.6 1.1 76.7 Imhoff, unpublished
Rp. sulfoviridis DSM 729 2.5 8.6 9.2 1.7 76.5 Imhoff, unpublished
Rp. marina DSM 2698 0.4 1.9 0.5 14.1 69.0 Imhoff, 1988
DSM 2780 0.1 32 0.5 21.3 67.8 5% salts, Imhoff and Thiemann, 1991
Rm. vannielii ATCC 17100 24 37 0.6 3.6 85.6 Urakami and Komagata, 1988
ATCC 17100 1.0 23 0.4 1.6 923 Imhoff, unpublished
ns 1.8 54 1.0 0.1 88.2 Park and Berger, 1967
Rhodopila globiformis DSM 161 5.8 93 4.7 1.0 74.4 Urakami and Komagata, 1988
Rs. rubrum DSM 467 4.5 20.7 25.5 20 40.8 Urakami and Komagata, 1988
IFO 3986 0.2 13.8 26.1 1.4 46.1 Urakami and Komagata, 1988
DSM 467 21 14.0 27.1 1.3 54.8 Imhoff, 1988
1761-1a 1.7 14.6 21.8 3.0 53.3 Imhoff, unpublished
Rs. photometricum DSM 122 1.0 25.2 22.2 04 51.0 Imhoff, unpublished
Rs. molischianum DSM 120 0.7 18.1 36.5 0.7 43.5 Imhoff, 1988
ns tr 21.9 29.8 tr 47.1 Constantopoulos and Bloch, 1967
Rs. fulvum DSM 115 0.6 15.1 258 1.2 54.5 Imhoff, unpublished

3 All values are from phototrophically grown cells.
ns — not specified

Table 4b. Fatty acids of purple nonsulfur bacteria (§-subgroup of Proteobacteria)

Species Strains 14:0 16:0 16:1 18:0 18:1 References

Rv. gelatinosus BN 156 5.0 34.6 413 23 16.2 Imhoff, 1988
ATCC 17011 2.1 24.0 34.8 1.2 16.5 Urakami and Komagata, 1988
BN 151 0.8 294 45.1 3.0 21.5 Imhoff, unpublished
DSM 149 0.7 351 42.7 29 18.4 Imhoff, unpublished
DSM 151 0.8 31.7 39.0 33 25.0 Imhoff, unpublished

Re. tenuis BN 230 1.4 335 49.5 0.5 14.7 Imhoff, 1988
DSM 109 5 36 43 tr 15 Hiraishi et al., 1991

Re. purpureus DSM 168 1.4 335 44.5 1.3 18.2 Imhoff, unpublished
DSM 168 5 35 40 tr 18 Hiraishi et al., 1991

Rhodoferax fermentans FR 2 tr 35 54 tr 5 Hiraishi et al., 1991

tr —trace amounts
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Table 5. Major fatty acids of Rhodobacter species
Species strains 14:0 16:0 16:1 18:0 18:1 References
Rb. sphaeroides (5)* 0.2-0.3 3.9-8.3 1.2-2.0 1.9-16.2 72.0-77.9* Imhoff, 1991
2 - 1.7 1.0 4.8 90.8 Wood et al., 1965
GA tr 5.5 1.6 12 80 Marinetti and Cattieu, 1981
17023 - 7.8 15 10.7 75.9 Urakami and Komagata, 1988
Rb. capsulatus (6)* 0.1-0.4 4.1-5.0 5.1-74 3.8-93 78.1-84.2%  Imhoff, 1991
2,3,11 - 23 24 42 90.3 Wood et al., 1965
3764 tr 1.9 2.6 1.3 93.6 Schrader et al., 1969
NCIB 8254 - 13.8 15.0 4.0 63.5 Urakami and Komagata, 1988
Rb. veldkampii (1)* 0.1 43 17.5 6.5 69.4P Imhoff, 1991
Rb. adriaticus(4)* 0.2 3.8-6.4 0.2-0.4 19.8-22.0 61.6-67.2* Imhoff, 1991
Rb. sulfidophilus (4)* 0.1-0.3 11.6-14.6 0.7-1.5 7.6-9.8 72.8=75.0*  Imhoff, 1991
DSM 1374 16.0 04 24 72.1 Urakami and Komagata, 1988
DSM 2351 17.8 3.0 4.0 72.2 Urakami and Komagata, 1988
Rb. euryhalinus (1)* 0.1 49 2:5 21.8 67.50 Imhoft, 1991

* pumber of strains investigated are in brackets, the range of proportion of all strains is given.

19 cyc is present, ® 19 cye not detected.

acids. The large amounts of 14:0 are characteristic
for green sulfur bacteria (Table 6). This fatty acid
was found as major component of the aminoglyco-
sphingolipid from Chlorobium (Olson et al., 1983;
Jensen et al., 1991). 17cyc was present in all strains
examined though significant amounts were only found
in strains of Cb. limicola f. thiosulf. and Pelodictyon
luteolum (Kenyon and Gray, 1974; Knudsen et al.,
1982). Hydroxy fatty acids (3-OH-14:0; 3-OH-16:0)
were found in whole cells and phenol-water extracted
phases (Knudsen et al., 1982). Whole cells and
chlorosomes from Cb. limicola f. thiosulf. had a
largely similar fatty acid composition apart from a
lower content of 14:0 in chlorosomes (Schmitz, 1967).
In the thermophilic Chlorobium species Cb. tepidum
(Wahlund et al., 1991), C-16 and C-18 fatty acids
were predominant (Shiea et al., 1991). Similar to
Chloroflexus aurantiacus, Cb. tepidum also contained
large amounts of wax esters, predominantly of C-30
and C-32 chain length (Shiea et al., 1991).

4. Chloroflexus aurantiacus

The thermophilic nature of Cf. aurantiacus certainly
influences its fatty acid composition. Although
mesophilic strains of Chloroflexus have been observed
(Pirovarova and Gorlenko, 1977), nothing is known
about their lipid and fatty acid composition. The

fatty acid composition of Cf. aurantiacus is
characterized by the presence of 16:0, 18:0 and 18:1
as major components. Significant amounts of 16:0,
17:0, 17:1, 19:0, 19:1, 20:0 and 20:1 were present in
all strains investigated (Kenyon and Gray, 1974;
Knudsenetal., 1982). In addition, fatty alcohols and
wax esters (2.5-3.0% of cell dry weight) were present
(Knudsen et al., 1982). The chain length of these
saturated and monounsaturated wax esters was from
C-28 to C-38, those of C-34 and C-36 being
predominant (Knudsen et al., 1982). The results of
the two research groups showed major differences in
the proportions of various fatty acids (Table 7).
These differences may be due to differences in growth
temperature (45 °C by Kenyon and Gray, 1974 and
52 °C by Knudsen et al., 1982), but also due to
different media composition. In particular the ele-
vated proportion of 18:1 and the lower one of 16:0 at
the higher temperature (Knudsen et al., 1982)
resemble temperature-dependent changes observed
in Ectothiorhodospira species (Imhoffand Thiemann,
1991) and could indicate similar temperature
dependent adaptation phenomena in the two bacteria.
Two different media have been used in the work of
Knudsen et al. (1982), but it is not clear whether cells
taken for fatty acid analysis were grown in the
synthetic medium or not. Although these authors do
not discuss discrepancies to the earlier work in regard
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Table 6. Fatty acids of green sulfur bacteria
Species Strain  12:0 14:0 14:1 16:0 16:1 17:cy 18:0 18:1 14:0 16:0
3-OH 3-OH

Cb. limicola f. thiosulf. ~ 6330' 13 2 17 57 3 tr
Cbh. limicola f. thiosulf. 6230} 21 2 10 43 21 tr 1

6230 1.1 27.1 20.3 37.3 7.3 tr 3.1 1.1 1.4
Ch. vibriodes f. thiosulf. 1930! 12 tr 23 52 3 1 2
Ch.vibrioides f. thiosulf. 8327% 2.1 24.4 23 42.8 0.7 33 1.2 1.4 2.1
Cb. vibrioides . thiosulf. 2230% 2.9 23.8 22.1 434 2.6 tr 3.1 1.4 1.6
Cb. phaeobacteroides 2430! 16 1 15 64 1 tr 1
Cbh. phaeovibrioides 2631! 10 tr 29 51 2 tr 2
Pelodictyon luteolum 2530! 14 1 21 47 11 tr tr
Data from 'Kenyon and Gray (1974) and 2Knudsen et al. {1982).
Table 7, Fatty acids of Chloroflexus aurantiacus
Strain 16:0 16:1 17:0 17:1 18:0 18:1 18:2 19:0 19:1 20:0 20:1
OK-70-f1! 8 3 5 7 10 46 3 2 8 1 3
OK-70-2  23.7 2.5 12.3 3.1 28.6 9.0 3.6 1.3 0.8 2.5
J-10-f1! 17 2 3 1 27 34 3 1 2 1 5
J-10-f12 20.3 2.2 9.1 23 29.5 9.1 3.6 1.6 1.1 29
OH-64-11! 12 4 3 3 14 52 2 1 3 1 4

Data from !Kenyon and Gray (1974) and 2Knudsen et al. (1982),

to the presence of 18:2, it could well be that the
presence of complex nutrients led to the incorporation
of 18:2 in one of the studies (Kenyon and Gray,
1974), but that Chloroflexus is unable to synthesize
this fatty acid. This would explain the failure of
Knudsenetal. (1982) to detect 18:2 in Cf. aurantiacus
strains that presumably were grown in a synthetic
medium.

5. Heliobacterium and Heliobacillus Species

Fatty acids from Heliobacterium chlorum, Heliobac-
terium gestii and Heliobacillus mobilis revealed
significant differences to all other anoxygenic
phototrophic bacteria (Beck et al., 1990). This group
of bacteria is related to the Gram-positive bacteria
according to 16SrRNA sequence similarities (Woese
et al., 1985). Characteristic features of their fatty
acid composition are the high content of branched-
chain fatty acids (iso 13:0, anteiso 14:1, anteiso 14:0,
iso 15:0, iso 16:1) and the dominance of 16:1 (Beck
et al., 1990); 18:0 and 16:0 were minor components
(Table 8).

C. Influence of Growth Conditions on Lipid
and Fatty Acid Composition

Growth conditions may have considerable influence
on the polar lipid and fatty acid composition of
phototrophic bacteria. However, detailed studies on
the influence of growth conditions have rarely been
undertaken. Differences in lipid and fatty acid
compositions obtained for the same species or even
the same strain may be the result of different
conditions applied to cultivate the bacteria much
more than variations in analytical methods. In
particular, variation of proportions ofindividual lipids
and the detection of some minor constituents may
depend upon the cultivation methods. However, little
emphasis is given to this aspect in the literature and
often media and growth conditions are reported
insufficiently to evaluate the results in this respect.
The presence of Tris (20 mM) in media of Rb.
sphaeroides and its effect on synthesis and proportions
of N-acylphosphatidylserine (NAPS) well demon-
strate the effect of minor changes in culture media on
lipid proportions quite well. Very minor levels of 1—-
2% of NAPS increased to more than 40% of total
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Table 8. Fatty acids of Heliobacterium chlorum, Heliobacterium gestii and Heliobacillus mobilis
Fatty acid Hb. chlorum Hb. gestii He. mobilis

I[so 13:0 0.6 1:1 <5.0

anteiso 14:1 2.5 4.0 13.7

anteiso 14:0 4.8 35 10.2

16:1 359 48.6 23.5

Iso 15:0 10.7 29 <5.0

Iso 16:1 30.3 274 37.2

17:0 0.8 1.0 <5.0

18:1 12.1 9.7 <5.0

18:0 0.6 1.1 nd

* Data from Beck et al. (1990); nd — not detected

lipids in the presence of Tris (Cain et al., 1981;
Donohue et al., 1982a; 1982b). In respect to the
findings with Rb. sphaeroides it is of interest that
Ectothiorhodospira halophila has been cultivated in
media containing 20 mM Tris-HCI by Raymond and
Sistrom (1969) and that these authors found a
ninhydrin-positive phospholipid in addition to PE
that could be NAPS (see Kenyon, 1978). This lipid
was never found in our studies, in which media
without Tris were used. It needs to be established
whether the effect of Tris on the lipid composition of
Ec. halophila is similar to that of Rb. sphaeroides.

Also phosphate concentrations of the media are
important, because phospholipids may be replaced
by other phosphate-free lipids under conditions of
phosphate limitation. It has been shown recently that
the proportions of the sulfolipid in Rb. sphaeroides
increased under phosphate limiting growth condi-
tions. Phosphate limitation caused reduced growth
of mutants deficient in sulfolipid biosynthesis, but
not of wild type cells (Benning et al., 1993), indicating
a clear advantage of the sulfolipid under these
conditions. Different concentrations of phosphate in
growth media could be of relevance in explaining
discrepancies in the literature in regard to sulfolipid
presence within some purple nonsulfur bacteria.

Also complex nutrients that contain lipid
components or precursor molecules must have an
impact on the lipids and fatty acids incorporated into
the bacterial membranes. For example, cells of Rs.
rubrum contained PC when peptone was present in
the medium but PC was absent when yeast extract
was substituted for peptone as complex nutrient
source (see Kenyon, 1978). The formation of PI may
depend on the supplementation with inositol, which
is present in yeast extract. Therefore, it was necessary
to assure synthesis of PI in Cf. aurantiacus also in
synthetic medium lacking yeast extract (Knudsen et
al., 1982).

The growth phase also has significant influence on
the fatty acid composition. Proportions of cyclopro-
pane fatty acids are known to increase in stationary
phase cells. In particular proportions of 19cyc
increased at the expense of 18:1 in stationary phase
cells of Ec. mobilis and other Ectothiorhodospira
species (Oyewole and Holt, 1976; Imhoff and
Thiemann, 1991; Imhoff, unpublished results).
Proportions of 19cyc may be as high as 25-33% in
stationary phase cells of Ec. mobilis 8113 (Oyewole
and Holt, 1976) and as low as 2-3% in exponentially
growing cells of Ec. mobilis 9903 (Ditandy and
Imhoff, 1993).

Apart from this, an increase in temperature caused
a decrease of C-18 and of unsaturated fatty acids in
Ec. mobilis (strain 9903), while the contents of C-16
and saturated fatty acids increased (Imhoff and
Thiemann, 1991; Table 3). These effects were
principally due to changes of 16:0 and 18:1 and were
regarded as mechanisms to regulate membrane
fluidity and bilayer stability of the membranes in
response to temperature changes (Imhoff and
Thiemann, 1991).

1. Phototrophic Versus Chemotrophic Growth
and Lipids of Cell Fractions

a. Lipids From Cell Fractions

Many investigations have attempted the analysis of
differences in lipid and fatty acid composition of
membrane fractions. The failure to detect such
differences may be due to the fact that clear separation
of CM, ICM and OM is difficult to achieve, and that
significant differences in overall composition may
not exist. Polar lipid compositions apparently were
very similar in CM and ICM of Rb. sphaeroides
(Gorchein, 1968b), and ICM and whole cell lipids
from Chromatium vinosum (Haverkate et al., 1965)
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and Thiocapsa roseopersicina (Takacs and Holt,
1971). The analysis of pure fractions of CM, ICM
and OM from Ec. mobilis (strain 9903) revealed no
significant qualitative and quantitative differences in
polar lipid and fatty acid composition between CM
and ICM, though both were not identical and showed
minor quantitative variations (e.g. content of C-14
and C-16 fatty acids) (Ditandy and Imhoff, 1993).
Differences were, however, noted between OM and
other membrane fractions. Lyso-PE was specifically
and exclusively found in the OM fraction of Ec.
mobilis, which also had higher proportions of CL
compared to the other membrane fractions. Also in
Rs. rubrum, relative proportions of individual
phospholipids were similar in CM and OM fractions,
though lyso-PE was specifically associated with the
outer membrane fraction (Oelze et al., 1975). 18:1
was the major fatty acid of all membrane fractions
from Ec. mobilis, although its proportion was
significantly lower in OM, which in turn had higher
proportions of all shorter chain and saturated fatty
acids (14:0, 16:0, 18:0, 20:0) (Ditandy and Imhoff,
1993). The proportions of saturated fatty acids, in
particular those of 14:0, were higher in the OM
fraction of Rhodospirillum rubrum grown aerobically
(chemoheterotrophically), whereas the CM fraction
had higher amounts of 16:1 and 18:1 (Collins and
Niederman, 1976; Oelze et al., 1975).Very similar
trends were reported for OM fractions from Rb.
capsulatus (Flamman and Weckesser, 1984), Rp.
palustris (Weckesser et al., 1973) and Cm. vinosum
(Hurlbert et al., 1974). It was concluded that this
trend could be a general phenomenon in Gram-
negative bacteria (Ditandy and Imhoff, 1993).

b. Phototrophic Versus Chemotrophic Growth

Because major differences between ICM and other
cellular membranes were not observed, it was not
surprising that no significant changes in qualitative
and quantitative phospholipid compositions were
observed in cells of Rb. sphaeroides grown aerobically
or phototrophically at high light intensities (Onishi
and Niederman, 1982). In phototrophically grown
cells, the phospholipid composition was dependent
upon the incident light intensity (Onishi and
Niederman, 1982).

Nevertheless, relative proportions of PC, PG and
PE of Rb. capsulatus were found to be different in
cells grown phototrophically or chemotrophically
(Steiner et al., 1970), although no significant
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differences in the polar lipid composition between
CM and ICM were reported. Russell and Harwood
(1979) found increasing proportions of PG in cells of
Rb. sphaeroides, Rb. capsulatus and Rs. rubrum
when cells were transferred from chemotrophic to
phototrophic growth conditions. Proportions of PE
(and in Rb. sphaeroides also PC) decreased
concomitantly.

Kato et al. (1985) and Urakami and Komagata
(1988) analyzed fatty acids from a number of strains
and species of purple nonsulfur bacteria grown
aerobically in the dark and anaerobically in the light.
The cellular fatty acid composition was not much
different in cells grown phototrophically or
chemotrophically, but the results from Urakami and
Komagata (1988) were different from those of Kato
et al. (1985), although they came from the same lab.
In the case of disagreement between the two papers
results from Urakami and Komagata (1988) were
included in Table 4. Similar findings have been made
earlier with Rs. rubrum (Oelze et al., 1970; Brooks
and Benson, 1972) and Rb. sphaeroides (Scheuer-
brandt and Bloch, 1962). Differences in fatty acid
composition were noted, however, by some other
authors. The cellular content of saturated fatty acids
was found to be lower in chemotrophically grown
cells of Rubrivivax gelatinosus, Rs. rubrum and Rp.
palustris (Hands and Bartley, 1962; Wood et al.,
1965).

2. The Influence of Salt Concentration

Ectothiorhodospira species represent a group of
halophilic phototrophic bacteria with a characteristic
dependence on saline and alkaline growth conditions
(Imhoff, 1989). Certain strains of the extremely
halophilic Ec. halophila are the most halophilic
eubacteria known and are able to grow in saturated
salt solutions. Comparative analyses of salinity-
dependent lipid composition of slightly, moderately,
and extremely halophilic Ectothiorhodospira strains
revealed strong effects on their lipid composition.
Most significant salt-dependent changes were
observed in the proportions of PG, CL and PE. These
changes reflect phenomena of salinity-dependent
PG/PE antagonism known from other Gram-negative
eubacteria; increasing the salinity promotes the
biosynthesis of PG relative to that of PE, CL and PC.
Upon dilution stress responses were reversed and
corresponded in a strong increase of PE synthesis
(Thiemann and Imhoff, 1991). Significant increases
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in the proportions of PG and concomitant decreases
in those of PE and CL resulted in a considerable
increase of the excess negative charges with
increasing salinity (Imhoff et al., 1991; Thiemann
and Imhoff, 1991). This effect was most dramatic in
the slightly halophilic Ec. mobilis (strain BN 9903)
and quantitatively less significant in moderately and
extremely halophilic strains of Ec. halophila (strains
BN 9626 and BN 9630) which had, however, an
overall higher percentage of negative charges oftheir
lipids.

The most important aspect of structural adaptation
oflipid composition upon increasing medium salinity
was assumed to be the stabilization of the membrane
bilayer. The portions of PC and PG, which are both
regarded as lipids supporting the bilayer structure,
steadily increased with salinity in all three
Ectothiorhodospira strains and were expected to
counterbalance the bilayer destabilizing effects of
the increasing ionic strength (Thiemann and Imhoff,
1991).

Of crucial importance for integrity of the bilayer
and its proper fluidity also are changes of the fatty
acid composition. The salt concentration had strong
influences on the fatty acid composition in
Ectothiorhodospira species. Minimum values of C-
16 and saturated fatty acids and maximum values of
C-18 and unsaturated fatty acids were found at or
close to the salt optimum. Similar changes and
correlations with minima of C-16 and saturated fatty
acids at the salt optima also were found in Rb.
adriaticus, Rp. marina and Chromatiumpurpuratum
(Imhoff and Thiemann, 1991). Despite the fact that
the species-specific proportions of major fatty acids
in these bacteria were significantly different, in
principal similar changes occurred in respect to
changing salt concentrations, when related to their
growth optima. It was concluded that the underlying
mechanisms were the same in all of these purple
bacteria and that the data obtained were ofrelevance
to the fatty acid composition of Gram-negative
bacteria in general.

lil. Apolar Lipids
A. Quinones
The characteristic feature of all quinones is their

ability to function as redox carriers in electron
transport processes within the membranes. While

Johannes F. Imhoff and Ursula Bias-Imhoff

the important role of Q in photosynthetic electron
transport is well recognized, the functions of RQ and
MK are much less studied. Their crucial role in
electron transport processes is discussed in other
chapters of this book (see Chapters 14 and 44 by
Vermeglio et al. and Zannoni, respectively). The
chemical structure of quinones contains two elements,
the quinoid ring system and an isoprenoid side chain.
Variation occurs in both ofthese elements. According
to the quinone ring structure we distinguish between
menaquinones, ubiquinones and rhodoquinones.
Variation of the side chain is obtained by the chain
length (number of isoprenoid units) and in some
cases by specific modifications of its chemical
structure.

The presence of quinones with defined structures
of ring system and side chain apparently is a
characteristic feature of bacterial species and can be
used for taxonomic classification. Also different
species of the same genus are expected to have
identical quinone composition. Minor variations of
growth conditions have no or only small influence on
the quinone composition. However, depending on
the quinone composition and on their different
functions in respiratory and photosynthetic electron
transport, changes may be expected during adaptation
of the more versatile species from aerobic dark to
anaerobic light conditions.

1. Purple Nonsulfur Bacteria

The older literature on quinones in phototrophic
purple bacteria has been reviewed by Collins and
Jones (1981) and reveals scattered and sometimes
conflicting results, which varied in particular
regarding the presence of menaquinones and the
determination of the predominant chain length of
some species. More recently several investigations
on the quinone composition of phototrophic purple
bacteria have been published and give a quite
comprehensive view of quinone occurrence in this
group (Hiraishi and Hoshino, 1984; Hiraishi et al.,
1984; Imhoff, 1984a; Kato et al., 1985). Available
data are summarized in Tables 9 and 10.

All known purple nonsulfur bacteria contain
ubiquinones. Some species have ubiquinones as sole
quinone component and lack menaquinones and
rhodoquinones. Others contain ubiquinone and
rhodoquinone, ubiquinone and menaquinone or
ubiquinone, menaquinone and rhodoquinone.
Rhodoquinones, which were first discovered in Rs.
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Table 9. Major quinones of purple nonsulfur bacteria®
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Rhodospirillum

Rs. rubrum Q-10 -

Rs. photometricum Q-8 =

Rs. molischianum Q-9 MK-9
Rs. fulvum Q-9 MK-9
Rs. salexigens Q-10 MK-10
Rs. salinarum Q-10 MK-10
Rhodopseudomonas

Rp. palustris Q-10 -

Rp. acidophila Q-10 MK-10
Rp. viridis Q-9 MK-9
Rp. sulfoviridis Q-8/10 MK-7/8
Rp. marina Q-10 MK-10
Rp. rutila Q-10 -

Rp. blastica Q-10 -
Rhodobacter

Rb. sphaeroides Q-10 -

Rb. capsulatus Q-10 =

Rb. veldkampii Q-10 -

Rb. sulfidophila Q-10 -

Rb. adriaticus Q-10 -
Rhodopila

Rhodopila globiformis Q-9/10 MK-9/10
Rhodomicrobium

Rm. vannielii Q-10 -
Rhodocyclus

Re. tenuis Q-8 MK-8
Re. purpureus Q-8 MK-8
Rubrivivax

Rubrivivax gelatinosus' Q-8 MK-8
Rhodoferax

Rhodoaferax fermentans Q-8 -

RQ-10

RQ-9/10

RQ-10

RQ-8

aData from Hiraishi and Hoshino, 1984; Hiraishi et al., 1984; Hiraishi et al., 1991; Imhoff, 1984a; Kato et al., 1985.
Y Rhodocyclus gelatinosus (formerly Rhodopseudomonas gelatinosa) has been transferred to Rubrivivax gelatinosus (Willems et al.,

1991)

rubrum (Glover and Threlfall, 1962) also were found
in several other purple nonsulfur bacteria. RQ-8
dominates in Rhodospirillum photometricum, RQ-9
and RQ-10 in Rhodopila globiformis, RQ-10 in Rs.
rubrum, Rhodopseudomonas acidophila, and
Rhodomicrobium vannielii (Hiraishi and Hoshino,
1984; Imhoff, 1984a). In Rs. rubrum also epoxy
derivatives of Q-10 have been found (Friis et al.,
1967), although it was not clear whether these occur
naturally or are formed during extraction and
purification procedures.

Species grouped according to their quinone ring
systems can be further differentiated on the basis of

the isoprenoid chain length of their predominant
quinone components. Regardless of the quinone ring
structure, the side chains of the major components in
an individual species normally are ofthe same length,
though exceptions do exist. In the majority of the
species quinones with one specific chain length
predominate over all others with 90-99% of the total
amount. In most, but not all cases the major
component has the longest side chain. In general, the
analogue with one isoprenoid unit less can be found
in amounts of less than 10% and others in very low
amounts or traces, with relative concentrations
decreasing with the chain length. Only high-
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CK-7
CK-7
CK-7
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Table 10. Major quinones of purple sulfur bacteria, Chiorobiaceae, Chloroflexus and Heliobacterium®
Ec. mobilis Q-7 MK-7
Ee. shaposhnikovii Q-7 MK-7
Eec. vacuolata Q-7 MK-7
Ee. halophila Q-8 MK-8+4
Ee. halochloris Q-8 MK-8+4
Ec. abdelmalekii Q-8 MK-8+4
Chromatium warmingii Q-8 MK-8
Chromatium vinosum Q-8 MK-8
Thiocapsa roseopersicina Q-8 MK-8
Thiocystis gelatinosa Q-8 MK-8
Chloroflexus aurantiacus - MK-10
Chlorobium limicola - MK-7
Chlorebium vibrioforme - MK-7
Pelodictyon luteolum - MK-7
Heliobacterium chlorum - MK-9

#Data from Hale et al., 1983; Hiraishi, 1989; Imhoff, 1984a; Imhoff, 1988.

sensitivity mass spectrometry of ubiquinones from
Rs. rubrum revealed the presence of Q-1 through Q-
10 with extremely low levels even of Q-1 through Q-
4 (Daves et al., 1967).

2. Purple Sulfur Bacteria

Much less information is available on quinones in
other groups of phototrophic bacteria. From the data
available it may be concluded that all Chromatiaceae
species uniformly have Q-8 and MK-8 (Imhoff,
1984a), though more species have to be analyzed.
Among Ectothiorhodospiraceae differences occur
between species with low and high salt requirements
(Imhoff, 1984a; Table 10).

3. Green Sulfur Bacteria

Quite a few reports deal with the quinones of green
sulfur bacteria. The presence of MK-7 and 1'-oxo-
MK-7 (also called chlorobiumquinone) was found to
be highly specific for Cb. limicola f. thiosulf.
(Frydman and Rappaport, 1963; Redfearn and Powls,
1968; Powls et al., 1968). MK-7 and chlorobium-
quinone were later found in strains of Cb. vibrioforme
(strain 6030), Cb. vibrioforme f. thiosulf. (strain 8327)
and Pelodictyon luteolum (strain 2530) (Imhoff,
1988). These components may be characteristic for
all species of the green sulfur bacteria but more
species have to be analyzed to prove this.

4. Chloroflexus aurantiacus

Chloroflexus aurantiacus has menaquinone (MK-
10) as the only quinone component but lacks Q, RQ
and chlorobiumquinone (Hale et al., 1983; Imhoff,
1988).

5. Heliobacterium chlorum

The presence of menaquinones (MK-9 being the
major component) but the absence of ubiquinones,
rhodoquinones and chlorobiumquinone in Helio-
bacterium chlorum has been demonstrated (Imhoff,
1988; Hiraishi, 1989).

B. Hopanoids

Hopanoid triterpenes are present in many bacteria.
They are structural analogues and putative phylo-
genetic precursors of the eukaryotic sterols, which
are generally absent from prokaryotes. They posses a
quasi-planar, rigid, amphiphilic structure similar to
that of sterols and therefore also may be functional
equivalents in bacteria (Rohmeretal., 1979; Ourisson
et al., 1987). Major components always were C,j
bacteriohopanepolyols with bacteriohopanetetrol as
the most common one (Rohmer et al., 1984). In
addition, the C,; hopanoids diploptene and diplopterol
were found in almost all hopanoid-containing
bacteria. Their biosynthesis is completely independent
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from molecular oxygen since no oxidation step is
required as in sterol biosynthesis. Therefore hopanoid
biosynthesis is possible under anoxic conditions and
evolution of the biosynthetic pathways could have
occurred in strictly anaerobic bacteria. Hopanoids
are formed by direct cyclization of squalene by a
squalene cyclase resulting in the formation of
pentacyclic triterpenoids (Ourisson et al., 1987).
Some squalene analogues that act as inhibitors of
squalene cyclases were growth inhibitory to hopanoid
producing bacteria (including Rm. vannielii, Rp.
acidophila and Rp. palustris) at concentrations in
the 4M range, whereas hopanoid non-producers were
not affected (Flesch and Rohmer, 1987). These results
demonstrate the importance of hopanoids for life
and survival of their producers.

Hopanoids were not detected (less than 10 ug/g
dry weight) in the phototrophic green and purple
bacteria Chromatium vinosum (strain D), Thiocapsa
roseopersicina (strain 6311), Amoebobacter roseus
(strain 6611), Thiocystis violacea (strain 2311),
Ectothiorhodospira mobilis (strain 8115), Ectothio-
rhodospira shaposhnikovii (strain Moskau N1) and
Chlorobium limicolaf. thiosulf. (strain 6230) (Rohmer
et al., 1984).

The first triterpene (paluol) in a phototrophic purple
bacterium was found in Rp. palustris (Jensen, 1962).
From inhibitor studies it had been concluded that
sterols may occur in this bacterium (Aaronson, 1964).
This author found that benzmalecene and triparanol
inhibited growth of Rp. palustris and that ergosterol,
squalene and oleic acid overcame this inhibition. In
a screening of purple nonsulfur bacteria for squalene
and hopanoid components, squalene was found only
in Rubrivivax gelatinosus and hop-22(29)-ene and
hopan-22-ol in Rp. palustris and Rp. rutila (Urakami
and Komagata, 1988). Other authors found hopanoids
in several purple nonsulfur bacteria, including Rs.
rubrum, Rb. sphaeroides, Rp. palustris, Rp.
acidophila and Rm. vannielii (Rohmer et al., 1984;
Ourisson et al., 1987). The principal fraction was
represented by bacteriohopanepolyols present in these
species in amounts from 1.4-4.8 mg/g dry weight.
Lower amounts (below 0.3 mg/g dry weight) of
diploptene and diplopterol were also found.
Diplopterol was absent from two strains of Rp.
acidophila (Rohmeretal., 1984). The highest content
of bacteriohopanepolyols were found in Rm. vannielii
(Rohmer et al., 1984).

The structural variety of the triterpenoid compon-
ents is great. For example, in cells from Rhodo-
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microbium vannielii grown phototrophically 16
different hopanoids and fernens have been isolated
(Howard et al., 1984). In this report 33-hydroxy-21-
methylhopane, 29-hydroxy-3,21 dimethylhopane and
hop-22(29)-ene (diploptene) were identified as
principal components (Howard et al., 1984). Further
components were hop-21 (22)-en-3-one, 22-hydroxy-
hopan-3-one, and other minor components, some of
which, however, may be isolation artifacts (Ourisson
et al., 1987). The presence of 22-hydroxyhopan-3-
one could not be confirmed by Neunlist et al. (1985),
though reference material was available and
sensitivity was at the microgram level. These authors
recognized derivatives of bacteriohopanetetrol with
an amino group in their side chain and linked to
aminoacyl residues as the major hopanoids of Rm.
vannielii (Neunlist et al., 1985). 35-aminobac-
teriohopane-32,33,34-triol and N-tryptophanyl and
N-ornithyl derivatives thereof were identified and
represented the first hopanoids known to contain an
amino group in the side chain. Bacteriohopane-
aminotriol and free aminopolyols also have been
found in Rp. palustris (Ourisson et al., 1987). The
first evidence of the triterpenoid tetrahymanol in a
prokaryote has recently been obtained in Rp. palustris
(Kleemann et al., 1990). Furthermore, nucleoside
analogues, 30-(5'-adenosyl)-hopanes, were isolated
and identified from Rp. acidophila (Neunlist et al.,
1988). Another new hopanoid has been described
from Rs. rubrum as a derivative of bacterioho-
panetetrol having an glucuronopyranosyl residue
linked alpha-glycosidically to the hydroxyl group of
C,, (Lopitz et al., 1992). In addition to the principal
structural variation in different bacteria, a strong
dependence of the relative levels of different
triterpenes on growth conditions was revealed in Rs.
rubrum (Barrow and Chuck, 1990).
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Summary

The purple bacteria—being spread in the different subdivisions of the Proteobacteria—have a Gram-negative
cell wall organization. Satisfactory matching oflipopolysaccharide composition, in particular ofthe conservative
lipid A but also of the core-regions, with genetic studies confirms in many cases the phylogenetic relationship
between distinct species of purple bacteria and their nonphototrophic relatives. The deep phylogenetical
separation between the green sulfur bacteria (Chlorobiaceae) and the green non-sulfur bacteria (Chloroflexaceae)
finds also a remarkable confirmation in the analyses of cell wall composition: The cell wall of Chlorobiaceae
is typically Gram-negative with Al jtype peptidoglycan and lipopolysaccharide, whereas that of Chloroflexus
aurantiacus has characteristic properties in common with the Gram-positive cell wall type.

The different lipid A types (lipid A, ., lipid A, , lipid A, ) found in purple bacteria have proven to be either
highly toxic (Rubrivivax gelatinosus) or to exhibit little (Rhodocyclus tenuis) or no toxicity (Rhodobacter
capsulatus, Rhodobacter sphaeroides, Rhodopseudomonas viridis). A comparison of their structure-endotoxic
activity relationships may contribute to the knowledge of the structural requirements for exhibiting endotoxic
activity as well as of the fate and site of action of endotoxin in the higher organism.

The complete three-dimensional structure of the porin of Rhodobacter capsulatus 37b4 (and recently also
that of Rhodopseudomonas blastica DSM 2131) has been identified at atomic resolution by X-ray diffraction
of crystals. The functional complex is a trimer built up by three identical subunits each forming a pore. Each
subunit consists of an antiparallel 16-stranded f-barrel twisted in the usual right-handed manner. The strands
are connected mainly by short loops. Among the longer loops, the largest one runs into the inside of the barrel
and narrows the channel, defining the pore size. A strong charge-gradient exists within the pore. The porin of
Rhodobacter capsulatus is assumingly a paradigm for the hydrophilic pores presently considered as nonspecific
of the outer membrane of Proteobacteria.

l. Introduction

In this chapter the cell wall and the external layers of
the anoxygenic phototrophic bacteria will be
discussed. We will focus on more recent data; for
respective earlier reviews see Weckesser et al. (1978),
Weckesser et al. (1979), Mayer et al. (1985), and
Mayer et al. (1990a). The cell walls of the oxygenic
cyanobacteria (Weckesser and Jiirgens, 1988; Jiirgens
and Weckesser, 1990), phylogenetically quite distant
from the anoxygenic phototrophic bacteria, are not
considered here.

A brief characterization of the cell wall and its
constituents will be given first, then the various
phylogenetic groups of anoxygenic phototrophic

Abbreviations: Ara— D-arabinose; 4-A A—4-amino-L-arabinose;

Cb. — Chlorobium,; Cf. — Chloroflexus; Cm. — Chromatium; DAG

- 2,3 - diamino-2,3-dideoxy-D-glucose;  D-GalA -
D-galacturonic acid; D-GIcN - D-glucosamine; D-GIcA -
D-glucuronic acid; D,D-Hep - D-glycero-bD-manno-heptose;

DOC-PAGE - sodium deoxy-cholate-polyacrylamide gel-
electrophoresis; L,bD-Hep-L-glycero-D-manno-heptose; Kdo-3-
deoxy-D-manno-octulosonic acid; LPS - lipopolysaccharide;
D-Man —D-mannose; m-A,pm — meso-diaminopimelic acid;
MurN — muramic acid; NeuSAc — neuraminic (sialic) acid; Orn —
L-ornithine; P - Phosphate; Rb. - Rhodobacter; Rc. -
Rhodocyclus; Rm.—Rhodomicrobium; Rp. —-Rhodopseudomonas;
Rs. — Rhodospirillum; Rv. — Rubrivivax;, Thr— threonine

bacteria and of some of their nonphototrophic
relatives will be discussed. Separate sections will be
devoted to the contribution of their LPS’s to endotoxin
research, to the structure of their porins, and to the so
far limited knowledge of their external surface layers.

Il. Definition, Function, and Constituents of
the Cell Wall

The term cell envelope comprises all layers
surrounding the cytoplasm (Fig. 1): the cytoplasmic
membrane, the cell wall (peptidoglycan plus outer
membrane) and the external layers (capsule and
slime materials, S-layers). The function of the cell
wall may be summarized very briefly: The peptido-
glycan (mureinsacculus)contributes tothe formation
and maintenance of size and shape of the cell, it
withstands the osmotic pressure of the protoplast. In
the Gram-negative cell wall type, the outer membrane
represents an effective permeability barrier in
controlling the permeation of substrate and antibiotics
as well as the export of substances. In addition, the
outer membrane carries the molecules responsible
for the serological O-specificity of the respective
cells and their phage-receptors. With the exception
of Chloroflexus aurantiacus, anoxygenic photo-
trophic bacteria are Gram-negative. The macro-
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lig. 1. The cell envelope of Gram-negative bacteria (Hancock, 1991). CM, cytoplasmic membranc; LPS, lipopolysaccharide; Ip,
lipoprotcin; OM, outer membrane; p, proteins; PG, peptidoglycan; PL, phospholipids; pp, porin proteins; PPS, periplasmic space.

molecular constituents of the Gram-negative wall
type are peptidoglycan of the Aly-type, and the
outer membrane constituents LPS (O-antigen,
endotoxin), lipoprotein, porin and other proteins,
and phospholipids.

The external layers, often being lost during growth
under laboratory conditions, protect the cell from
generally unfavorable conditions such as dryness or
mechanical stress. Compounds often found as the
most external layers are acidic polysaccharides of
the more or less amorphous capsule or slime layers,
or the regular arranged proteins or glycoproteins of
the (surface) S-layers (Beveridge and Graham, 1991;
Messner and Sleytr, 1992). The S-layers may serve
as protective coats, molecular sieves and/or ion traps.

lll. Phylogenetic Relevance of Cell Wall
Constituents
A. Phylogenetic Considerations

The anoxygenic phototrophic bacteria are spread
throughout the phylogenetic tree of Bacteria,

phototrophic and nonphototrophic phenotypes are
intermixed in many cases, in particular within the
Proteobacteria (Woese, 1987; Stackebrandt et al.,
1988a,b; Olsen and Woese, 1993). Restriction to
only phototrophic bacteria in this article would bring
about neglect of their intimate nonphototrophic
relatives. Consequently, some nonphototrophic
Proteobacteria will also be discussed briefly.

B. Major Groups of Anoxygenic Phototrophic
Bacteria and Their Cell Wall Composition

1. Proteobacteria: Purple Bacteria and Relatives

As far as studied, the anoxygenic phototrophic
Proteobacteria have a Gram-negative cell wall
organization with lipoprotein likely bound to
Aly-type peptidoglycan, as revealed for Rhodobacter
sphaeroides and Rhodobacter capsulatus (Drews et
al., 1978; Briutigam et al., 1988; Woitzik et al.,
1989), Rhodospirillum rubrum (Newton, 1968),
Chromatium tepidum, Thiocystis violacea (Meissner
et al., 1988a) and Ectothiorhodospira vacuolata
(Meissner et al., 1988b). Baumgardner et al. (1980)
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described in Rhodobacter sphaeroides ATCC 17023
two different outer membrane proteins (app. M, 8,000
and 10,000, respectively). They were suggested to be
equivalents to the free and peptidoglycan-bound form,
respectively, of the Escherichia coli lipoprotein. The
rigid layer ofboth Rb. sphaeroides ATCC 17023 and
Rb. capsulatus 37b4, however, did not react with
antisera against lipoprotein of E. coli K12 (Drews et
al., 1978; Woitzik et al., 1989). Antisera against heat-
killed cells of Rb. capsulatus, Rp. viridis and Rp.
palustris also showed little or no serological cross-
reactivity with lipoprotein of Escherichia coli (Drews
et al., 1978). In the peptidoglycan of Rp. viridis, Rp.
sulfoviridis, and Rp. palustris there is a partial lack
of N-acetyl substitution of the D-GIcN residues,
rendering this peptidoglycan lysozyme-resistant
(Schmelzer et al., 1982).

In general, Proteobacteria have LPS’s in their
outer membrane. From a phylogenetic point of view—
aside from peptidoglycan—the composition of their
lipid A regions is particularly ofinterest (Fig. 2). Itis
the most conserved domain of the heteropolymer;
the core-structure is less conserved but in some cases
also valuable as a taxonomical criterion. The O-
chains are highly variable and confer the serological
O-specificity to a given strain (Framberg et al., 1974;
Drews et al., 1978; Weckesser et al., 1979), but they
are absent in many species.

In the following, the purple bacteria and some of
their nonphototrophic relatives will be discussed
according to their grouping into the @, 3, and y
subdivisions of Proteobacteria (Table 1; Woese et
al., 1984 a,b; Woese et al., 1985; Woese, 1987;

STRUCTURAL REGIONS

Jurgen Weckesser, Hubert Mayer and Georg Schulz

Stackebrandt et al., 1988a). The & subdivision does
notinclude phototrophic species. The analytical data
are compiled in Table 1. For the definition of lipid
A IPId Ay lipid A o and ‘mixed’ lipid A, see
Section IV (‘Lipid A’) and Fig. 6.

a. o Subdivision

Subgroup o-1: Among the subgroup a-1, Rhodo-
spirillum rubrum, Rhodospirillum molischianum, and
Rhodopila globiformis have been investigated for
the composition of their LPS’s (Pietsch et al., 1990).
Rs. rubrum and Rs. molischianum have lipid A, .,
while the lipid A of Rhodopila globiformis, more
distantly related to Rs. rubrum and Rs. molischianum,
contains in addition, DAG. It also contains the rare 3-
OH-19:0, possibly in its iso- or anteiso-branched
form. It is not yet clear whether we are dealing here
with alipid Ay, type or ‘mixed’ lipid A, or whether
the GIcN found in the lipid A fraction is part of the
polysaccharide. The latter would indicate the presence
of lipid Ap,s in Rhodopila globiformis, otherwise
found mainly in subgroup o-2 of Proteobacteria.
The moderately halophilic Rhodospirillum salex-
igens, belonging also to the ¢ subdivision (cited in
Evers et al., 1986) lacks LPS(Evers et al., 1986), and
therefore neither B-hydroxy fatty acids nor Kdo were
found in hot phenol-water extracts and in whole
cells. However, an outermost protein layer of
hexagonally arranged subunits was observed in
Rs. salexigens (Golecki and Drews, 1980). The
protein (app. M, = 68,000) forming the outermost
layer had a high excess of acidic over basic amino

I‘h‘—“lm}—”{ Outer core }ﬂl"{ Inner core }-—1,—{ I_I[aid‘ﬂ—|

STRUCTURAL VARIABILITY Very high 1 ll'llli%t.::::[:[c i l:L“""] ,,__

Very
low

ENDOTOXIC ACTIVITY
{pyrogenicity, lethality)

el e e SN

“—I Essential |—|

Fig. 2. Structure makeup of enterobacterial lipopolysaccharide (Rictschel et al., 1987, modified).
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acids, which is in accord with its low isoelectric
point of 4.4 (Evers et al., 1984). A thin, apparently
outer membrane but no peptidoglycan layer was seen
in ultrathin sections. Although peptidoglycan was
described as a major constituent of a cell envelope
fraction (Tadros et al., 1982), whole cells of Rs.
salexigens were found to have a very low peptido-
glycan content (0.17 gmol muramic acid/mg cell dry
weight), which is apparently not sufficient to form a
complete sacculus structure (Evers et al., 1986). A
polysaccharide consisting of D-GIcN and a 2-amino-
2-deoxy-pentose (likely ribosamine) was extracted
into the water phase of phenol water extracts of
whole cells. Removal ofthe cell surface layer exposed
six proteins to labeling with radioactive iodine
catalyzed by lactoperoxidase. They were suggested
to be constituents of an outer membrane of Rs.
salexigens (Evers, 1984; Evers et al., 1986). The cell
wall of Rs. mediosalinum (Kompanseva and
Gorlenko, 1985) shows a fine structure typical of
Gram-negative bacteria, but chemical data are not
yet available. An outermost layer of hexagonal
subunits and a thick capsule were also observed.
Subgroup «-2: The finding of lipid A, in
Rhodopseudomonas palustris, Rhodopseudomonas
viridis, Rhodopseudomonas sulfoviridis, Nitrobacter
winogradskyi, Pseudomonas diminuta, and Phenylo-
bacterium immobile (Fig. 3 A) supports their common
phylogenetic grouping (Mayer et al., 1983, 1984;
Mayer, 1984; Mayer and Weckesser, 1984;Weckesser
and Mayer, 1987). They all exhibit amide-bound 3-
OH-14:0. The close relationship between Rp. palustris
and Nitrobacter winogradskyi 1is additionally
expressed by the common presence of L,D-Hep in the
core-region, which is absent in other members of the
subgroup @-2. It should be noted that lipid A, is
not uniformly distributed in all members of the
subgroup a-2. Itis found neither in Rhodomicrobium
vannielii nor in Rp. acidophila and especially not in
species of Rhizobiaceae(Weibgen et al., 1993). Lipid
A Of Rm. vannielii and Rp. acidophila contain
nonphosphorylated f-1, 6-linked D-GIcN disaccha-
rides, carrying D-Man as a non-acylated substituent
at C'-4.

Recently, long-chained n-2-hydroxylated fatty
acids, a new characteristic class of lipid A
components, were detected in a-2 subgroup species
(Hollingsworth and Carlson, 1989). In acomparative
study, 27-OH-28:0 was found in lipid A of almost all
species of the subgroup a-2 (Bhatet al., 1991). The
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distribution of 27-OH-28:0 and higher homologues
was restricted to this subgroup; strains of the 8 and y
subdivisions, including also the enterobacterial LPS’s,
were devoid of this unusual fatty acid. The long-
chained fatty acids are usually ester-bound to ester-
or mostly amide-linked 3-OH-fatty acids. The diesters
reach chain lengths which allow them to stretch
through the entire outer membrane. Their functional
OH-group at the penultimate position of the
hydrocarbon chain may interact with components of
the hydrophilic part of the inner leaflet of the outer
membrane, thus, possibly contributing to membrane
stabilization. Long-chained n-2-hydroxylated fatty
acids are found in both, D-GlcN- or DAG-containing
lipid A’s. They have also been detected in the LPS of
methane-utilizing (methanotrophic) bacteria (Bow-
man et al., 1991).

The polysaccharide moiety also allows to
distinguish between the species of the subgroup o-2.
The O-antigens of Rp. palustris strains have a core
structure with Kdo and L,D-Hep, while those of Rp.
viridis and Rp. sulfoviridis lack heptoses (Weckesser
et al., 1979; Ahamed et al., 1982). The O-chains of
Rp. palustris and Rp. viridis are complex and reveal
a ladder-like pattern on DOC-PAGE, indicating
possible S-layers in Rp. palustris (Krauss et al.,
1988a).

Subgroup o-3: Most studies on the cell wall of
anoxygenic phototrophic bacteria were performed
with species ofthe subgroup a-3. Both Rhodobacter
capsulatus 37b4 and Rhodobacter sphaeroides ATCC
17023 have lipid Ag (see chapter A, ‘Lipid A).
Both also share a rare variation in their fatty acid
composition: The amide-bound 3-OH-14:0 is partly
(Rb. sphaeroides ATCC 17023) or almost entirely
(Rb. capsulatus 37b4; Roseobacter denitrificans)
replaced by 3-oxo0-14:0 (Salimath et al., 1983; Qureshi
et al., 1988; 1983; Krauss et al. 1989). Both have
ester-linked 3-OH-10:0, and this was recognized to
be due to a highly specific acyltransferase (Williamson
et al., 1991). Comparable fatty acid patterns have
been found in nonphototrophic species of this cluster
(Fig. 3A) such as Paracoccus denitrificans and
Thiobacillus versutus (Wilkinson et al., 1986; Mayer
et al., 1990a,b).

In all the species mentioned, the core region
contains Kdo but no heptoses. It is worth mentioning
that in a comparative study (Krauss et al., 1988b)
Neu5SAc was found as a constituent of LPS only in
the o-3 group, in particular only in Rhodobacter
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species (Rb. capsulatus, Rb. sphaeroides, Rb.
sulfidophilus, Rb. veldkampii).

Outer membrane lipoprotein with a fatty acid
pattern of 18:1, 18:0, and 16:0 was isolated from Rb.
sphaeroides ATCC 17023 (Woitzik et al., 1989). In
accordance with lipoprotein of Escherichia coli, a
major part of 18:1 is amide-bound and lysine possibly
represents the C-terminal amino acid. In another
study (Baumgardner et al., 1980), two different outer
membrane proteins (app. M_ 8,000 and 10,000,
respectively) in the same strain were suggested to be
equivalents of the lipoprotein of E. coli, the app. M,
8,000 protein to the free and the app. Mr 10,000
protein to the peptidoglycan-bound form of
lipoprotein. The rigid layer of both Rb. sphaeroides
ATCC 17023 and Rb. capsulatus 37b4 did not react
with antisera against lipoprotein of E. coli K12 (Drews
et al., 1978; Woitzik et al., 1989).

b. B Subdivision

Subgroup B-1: Lipid A, of Rubrivivax (Rhodo-
cyclus) gelatinosus also resembles that of entero-
bacterial lipid Ag (see Section IV ‘Lipid A’) in
having a bisphosphorylated lipid A glcN. Charac-
teristic are the amide- and ester-linked 3-OH-10:0
fatty acids, ester-bound are also 12:0 and 16:0 (Fig. 4).
Sphaerotilus natans, closely related to Rubrivivax
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gelatinosus (Fig. 3B), has high structural similarities:
also here 3-OH-10:0 is both amide- and ester-linked
(Masoud et al., 1991a). All Rubrivivax gelatinosus
strains studied so far have R-type LPS’s (Krauss et
al., 1988a) with D,D-Hep as the only heptose.

Subgroup B-2: Lipid A, of Rhodocyclus tenuis
2761 carries a third, unsubstituted D-GIcN unit in its
backbone structure (see Section IV ‘Lipid A’). In
further contrast to Rubrivivax gelatinosus, the
phosphate moieties at C-1 and C-4' are substituted
with D-Araf and 4-amino-L-arabinose (4-AA),
respectively. Lipid A,  from Rhodocyclus purpureus
is similar to that of Rc. tenuis in also containing these
two sugars (Weckesser et al., 1983). The ester-bound
fatty acids of both Rc. purpureus and Rc. tenuis are
14:0 and 16:0.

In contrast to Rubrivivax gelatinosus, both Rc.
tenuis and Rc. purpureus have L,D-Hep (in some
cases together with D,D-Hep) and O-chains with
typical repeating units as indicated by a ladder-like
pattern on DOC-PAGE (Fig. 4; Krauss et al., 1988a).

c. y Subdivision
Among the Chromatiaceae, five species (Chroma-

tium vinosum, Chromatium tepidum, Thiocapsa
roseopersicina, Thiocapsa pfennigii, Thiocystis

0O-Chains Core Lipid A
" { . TR
S I 304100 12:0 140 v
Rhodocyclus gelatinosus
8 1 T T | Lok
G

ok [ xo \
Rhodocyclus tenuis
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Rhodocyclus purpureus
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Fig. 4. Structural regions with their characteristic constitucnts, and DOC-PAGE of LPS’s from Rubrivivax (Rhodocyclus) gelatinosus
(short), Rhodocyclus tenuis (middle), and Rhodocyclus purpureus (long); in parenthesis are given the lengths of the sugar chains of the

respective LPS’s. Taken from Weckesser and Mayer (1987).
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violacea) have been investigated for their LPS
composition (Hurlbert et al., 1976; Hurlbert and
Hurlbert, 1977; Meissner et al., 1988c). The so far
incomplete data reflect the close phylogenetic
relationship within the Chromatiaceae (Fig. 3C).
Lipid A, from all of these species has uniformly a
phosphate-free backbone with D-GIcN as the only
amino sugar (only traces of DAG were found), and
contain terminally-bound, nonacylated D-Man,
probably attached to the C-4' position, but proven so
far only for Cm. vinosum lipid A (Hurlbert et al.,
1976). They all have amide-bound 3-OH-14:0 and
12:0 as the major ester-bound fatty acid. Other
common characteristics are a core structure with
D,D-Hep, as well as long O-chains, built up by
repeating units as first demonstrated for aphototrophic
bacterium by Hurlbert and Hurlbert (1977) using
SDS-PAGE.

Several features in LPS composition have
confirmed the separation of the Ectothiorho-
dospiraceae from the Chromatiaceae, as examined
for the moderate halophilic species Ectothiorho-
dospira vacuolata, Ectothiorhodospira mobilis,
Ectothiorhodospira shaposhnikovii and for the
extreme halophilic Ectothiorhodospira halophila
(Meissner et al., 1988d; Zahr et al., 1992). None of
the species of Ectothiorhodospiraceae contain D-
Man in their lipid A. The lipid A’s from the
Ectothiorhodospiraceae are phosphate-containing and
have both D-GIcN and DAG with the diamino sugar
being found in at least similar amounts as D-GIcN,
revealing lipid Ay, or ‘mixed’ lipid A. In EC.
halophila, DAG is strongly dominating over D-GIcN,
indicating the presence oflipid A, .. Lipid A, ; has
been found so far mostly within the subgroup o-2.
Amide-bound 3-OH-14:0, as found with Chro-
matiaceae, is absent from the Ectothiorhodospiraceae.
Within the Ectothiorhodospiraceae, the three
moderately halophilic species can be differentiated
from Ec. halophila by their LPS fatty acid spectra
(Zahr et al., 1992). The similarities between the less
moderately halophilic species confirm the data of
16S rRNA analyses (Stackebrandt et al. 1988b),
revealing particular genome similarities between Ec.
shaposhnikovii, Ec. mobilis and Ec. vacuolata. The
finding of 3-ox0-14:0 in Ec. halophila is remarkable.
This fatty acid has been found so far only in the
species ofthe subgroup o3 and in Vibrio anguillarum
(cited in Mayer et al. 1990b). Also notable is the
amide-linkage of 3-OH-10:0. It has been found
elsewhere only in Rhodocyclus (Tharanathan et al.

1985) and in some Aquaspirillum species (Rauetal.,
1993) belonging to the B subdivision of Proteo-
bacteria.

Like the Chromatiaceae, the LPS’s of all of the
Ectothiorhodospiraceae species studied so far have
D,D-Hep as the only heptose and Kdo in their core,
but the Ectothiorhodospiraceae are lacking typical
O-chains with repeating units.

2. Green Sulfur Bacteria (Chlorobiaceae)

Among the green sulfur bacteria (Chlorobiaceae),
only Chlorobium vibrioforme f. thiosulfatophilum
NCIB 8327 has been studied for its cell wall
composition. Peptidoglycan with m-A,pm of the
Aly-type was present (Jiirgens et al., 1987), and
LPS is found in their outer membrane (Meissner et
al., 1987). The latter has a phosphate-containing
lipid A, withD-GIcN (and only traces of DAG). It
is free of D-Man, a fact which clearly differentiates
lipid A, of Chlorobiaceae from that of Chroma-
tiaceae. The fatty acid spectrum is very characteristic
by having three different amide-bound f-hydroxy
fatty acids (3-OH-14:0, 3-OH-16:0, iso-branched 3-
OH-18) but no ester-bound fatty acids. The
polysaccharide moiety has a core region with Kdo
and heptoses (L,D-Hep and D,D-Hep). On DOC-PAGE
no ladder-like pattern was seen, indicating an R-type
LPS (Table 1).

3. Green Non-Sulfur Bacteria (Chloroflexaceae)

The deep phylogenetic separation of the thermophilic
green-nonsulfur bacterium Chloroflexus aurantiacus
from the Chlorobiaceae is remarkably confirmed by
cell wall analyses, although both contain the
characteristic chlorosome structures (Fig. 5): Firstly,
Cf. aurantiacus, although staining Gram-negatively
(the peptidoglycan layer is thin), has partly
phosphorylated muramic acid in which m-A pm is
completely replaced by L-Orn (Jiirgens et al., 1987).
Secondly, a large polysaccharide of complex
composition is likely covalently linked to muramic
acid-6-phosphate via phosphodiester bridges in this
peptidoglycan. Thirdly, peptidoglycan-bound protein
or lipoprotein was not found here. Fourthly, LPS is
absent, no S-hydroxy fatty acids, nor Kdo or heptoses
were found in hot phenol-water extracts of cells of
Cf. aurantiacus (Meissner et al., 1988e). In addition,
an outer membrane is not seen in ultrathin sections.
These properties are characteristic of Gram-positive
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CHLOROSOMES

CHLOROBIACEAE CHLOROFLEXACEAE

(Chiorabium vibrioforme) (Chloroflexus aurantiacus)
LPS: D-GleN
KDO 3-0H-14:0 —
Hep 3-OH-16:0
3-OH-18:0
Peptidoglycan: m-Agpm L-Om and MurN-6-P
(Lipo)protein Complex polysaccharide

Fig. 5. Cell wall composition of Chlorobiaceae (Gram-negative
type) and Chloroflexaceae (Gram-positive type). Taken from
Stackebrandt et al. (1988Db).

bacteria. It deserves mention that the cell wall of the
nonphototrophic gliding bacterium Herpetosiphon
aurantiacus, which together with Cf. aurantiacus
belongs to the same phylum of eubacteria (Woese,
1987) and which shows clear, but not close, affinities
with Cf. aurantiacus (Gibson et al., 1985), also was
found to have characteristics of the Gram-positive
cell wall organization comparable to those of Cf.
aurantiacus (Jirgens et al., 1989).

4. Heliobacteriaceae

The cell wall of heliobacteria has properties
reminiscent of the Gram-positive cell wall type
(Madigan, 1992). Heliobacterium chlorum contains
L,L- instead of m-A,pm in its peptidoglycan, and
glycine forms the interpeptide bridges according to
preliminary studies (as stated in Beer-Romero et al.,
1988). Both properties are found with Gram-positive
but not with Gram-negative bacteria. Corres-
pondingly, LPS was absent from both hot phenol-
water or phenol-chloroform-petroleum ether (PCP)
extracts of several species of heliobacteria (Beck et
al., 1990). Instead, a polysaccharide was extractable
by hot phenol-water. The walls of heliobacteria are
unusually fragile and penicillin-sensitive, the reason
for this is so far not known.

IV. Structure of Lipopolysaccharide (LPS)
A. Lipid A

The backbone amino sugar oflipid A in anoxygenic
phototrophs can vary (Fig. 6), as first detected by
Roppel et al. (1975) in Rhodopseudomonas viridis:
‘Lipid A ’~ has D-GIcN as the only amino sugar,
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Lipid A
GleN DAG
GleN-GleN
e GlcN~ DAG DAG -DAG
DAG- GleN

Hybrid forms

LETdA o
|

mixed forms

Fig. 6. Definition of lipid A, ., lipid AHyb, lipid A and

‘mixed’ lipid.

DAG?

‘lipid A, ,’ (hybrid lipid A) has D-GIcN and DAG in
the backbone (Moran et al., 1991), and ‘lipid A, ;’
has exclusively DAG (Weckesser and Mayer, 1988).
‘Mixed lipidA’ indicates the concomitant occurrence
of lipid A, and lipid Ap,,; and sometimes also of
hybrid forms in one and the same strain (Moran et
al., 1991;Rietschel etal., 1992). Although lipid AH),b
is likely present in distinct anoxygenic phototrophic
bacteria, there is so far only a single proof for it,
namely in Rhodospirillum salinarum (Heike Rau,
unpublished data). The explanation for the structural
variability in the backbone structure results probably
from the reported lack of specificity of the lipid A
synthetase (Raetz, 1992) as pointed out by Weckesser
and Mayer (1988), and secondary processing of lipid
A structure.

Lipid A, from Rhodobacter sphaeroides and
Rhodobacter capsulatus: Lipid A, , ofboth ofthese
species (Fig. 7C and D) is structurally similar to
enterobacterial lipid A, (Fig. 7A), which results
also in a complete serological cross-reactivity (H. M.
Kuhn, unpublished; Mayer et al., 1992). They all
share a bisphosphorylated p-GleN-8(1,6)D-GIcN
backbone (Strittmatter et al., 1983; Krauss et al.,
1989). In Rb. sphaeroides the phosphate groups are
unsubstituted and 3-OH-10:0 is ester-linked at both
the C-3 and C-3' positions. The acyloxyacyl group
[(either 3-O-(cis A’-14:1)-10:0 or 3-0(14:0)14:0)]
and the 3-0x0-14:0 or 3-OH-14:0 occupy the 2'- and
2-positions, respectively (Qureshi et at., 1988). In
free lipid A, the hydroxyl groups at C-4 and C-6' are
free (Salimath et al., 1983).

In contrast to Rb. sphaeroides, both amino groups
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Fig. 7. Structures of toxic lipid Ag,, from (A) Escherichia coli and (B) Rubrivivax gelatinosus, and of nontoxic lipid A, from (C)
Rhodobacter capsulatus and (D) Rhodobacter sphaeroides (Weckesser and Mayer, 1988). Toxic forms with asymmetrical (A) and

symmetrical (B) distribution of fatty acyl groups.

of the D-GIcN backbone are almost entirely
substituted in Rb. capsulatus by 3-oxo0-14:0, but like
in Rb. sphaeroides, 3-OH-10:0 occupies both C-3
and C-3', the 3-OH-10:0 at C-3' being substituted
with cis A*-12:1 (T. Merkofer, unpublished diploma
work), forming the diester 3-O(cisA’-12:1)-10:0. In
Rb. capsulatus 37b4 lipid A, ,, the C-4' and C-1
positions are partially substituted by ethanolamine
and ethanolamine phosphate, respectively. Inter-
estingly, lipid A, from Rb. capsulatus and RD.
sphaeroides are almost completely nontoxic (see
next paragraph).

Lipid A, from Rubrivivax (Rhodocyclus)
gelatinosus: The highly toxic lipid Agey from Ru.
gelatinosus (Galanos et al., 1977) is also structurally
very similar to enterobacterial lipid Agy but the six
fatty acids are symmetrically distributed over both D-
GIcN residues (Fig. 7B). The bisphosphorylated D-
GleN-B(1,6)D-GlcN backbone is in some strains
substituted at the phosphate groups at C-1 and C-4'
by ethanolamine (Masoud et al., 1990). The amino

groups of D-GIcN are occupied by 3-OH-10:0, which
in turn are substituted by 12:0 and 14:0 forming
acyloxyacyl residues. Unsubstituted 3-OH-10:0
residues occupy the C-3 and C-3' positions.

Lipid A , from Rhodocyclus tenuis: The
backbone of this lipid Agy is the commonly found S-
D-GIcN-( 1,6)D-GlcN disaccharide, but at least in Rc.
tenuis 2761, the C-4 position is substituted by a third,
non O- or N-acylated D-GlcN. The positions C-1 and
C-4' are substituted by the rare D-Araf and by 4-AAp,
respectively. The amino groups of both backbone D-
GIcN units are substituted by 3-OH-10:0. In further
contrast to Ru. gelatinosus, C-3 and C-3' are occupied
by 14:0 and 16:0. In cultures grown at lower
temperature (14 or 20 °C) the ratio of unsaturated/
saturated fatty acids increased significantly (Masoud
et al., 1990).

Lipid A, , from Rhodomicrobium vannielii: This
lipidA,;,, hasalso a 3-p-GleN-(1,6)p-GlecN backbone
which, however, is not phosphorylated (Holst et al.,
1983). Instead, the OH-group at C-1 is free, that of
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C-4' carries partially D-Man. A comparison of photo-
and chemotrophically grown Rm. vannielii cells
revealed no significant difference in fatty acid
composition except for the presence of an additional
palmitic acid in chemotrophically grown cells
(Rézalski and Kotelko, 1985). The amino group of
the reducing GIcN is substituted by 3-OH-16:0.
Lipid A, , from Rhodopseudomonas viridis: A
first structural proposal of this lipid A, has been
published (Roppel et al.; 1975; Mayer et al., 1989).
The backbone consists of nonphosphorylated DAG
substituted by amide-linked 3-OH-14-OH. Although
a monosaccharide backbone structure was proposed,
it is very likely that we are dealing here also with a
disaccharidic backbone ofthe diamino sugar similar
to that of lipid A, from Pseudomonas diminuta
(Kasai et al., 1987). The only ester-linked fatty acids
inlipid A, of Rp. viridis (see Section III B, la) are
the long-chained fatty acids such as 27-OH-28:0 and
28-OH-29:0. They are linked to the amide-linked 3-
OH-14:0 (M. Busch and H. Mayer, unpublished

data).
B. Polysaccharide Moiety

There are only a few structural studies available on
the polysaccharide moieties of LPS’s of phototrophic
bacteria. One example is the core region of the LPS
of Rubrivivax gelatinosus Dr2. It contains one residue
of Kdo ketosidically linked to C-6' of the non-reducing
D-GIcN of lipid A, (Masoud et al., 1991b). The
Kdo unit is substituted at C-4 by an -1, 4-linked D-
GalA disaccharide and at C-5 by a single unit of D,D-
Hep partially substituted at C-7 by phosphate (Fig. 8).
Ru. gelatinosus strains are lacking ADP-D,D-Hep-6-
epimerase (Masoud et al., 1991b), which in
Enterobacteriaceae converts ADP-D,D-Hep to ADP-
L,D-Hep.

Rhodocylus tenuis strains have a common core
composed of a branched trisaccharide of L,pD-Hep
and Kdo comparable to the inner core of entero-
bacterial LPS’s, but there are strain-specific variations
in the substituents (Fig. 8). They all share the D-
manno-configuration (D-Man, L,bD- and D,D-Hep) and
are assumed to be transferred to the 4-position of the
heptose unit of the L,D-heptosyl-Kdo-disaccharide
by related or even identical transferases (Radzie-
jewska-Lebrecht et al., 1981). Both, the core
trisaccharide and the strain-specific regions are
partially phosphorylated.

With the Neu5SAc-containing S- and R-type LPS’s
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of Rb. capsulatus a structural investigation of the
core or the core-adjacent region was performed
(Krauss et al., 1992). With the deep R-type LPS of
strain Sp 18 which lacks the outer core region, the
nonreducing terminal position of NeuSAc was
determined. In the R- and S-type LPS’s of strains
Kb-1 and 37b4, however, Neu5Ac is chain-linked. A
trisaccharide of D-Gal-a(1,6)D-Gle-f(1,7)NeuSAc
was proven in the core-oligosaccharide of strain
37b4. It represented the first demonstration of a 7-
substituted Neu5Ac in nature (Carfield and Schauer,
1982).

The structure of the oligosaccharide moiety of the
Rb. sphaeroides ATCC 17023 O-antigen has been
elucidated by Salimath et al. (1984). It is a L-Thr-
containing 1,4-linked trisaccharide of a-linked
D-GIcA disaccharide units linked to the 4-position of
Kdo. Phosphorylation of Kdo at C-8 contributes
further to this high accumulation of negative charges.
L-Threonine is linked to the carboxylic group of D-
GlcA by its amino group (Fig. 8). The linkage between
core and lipid A ,, is by a single 1,4-substituted unit
of Kdo attached by a 2,6"-linkage to lipid A ..
Together with the knowledge of the respective lipid
A, (see Section IV ‘Lipid A’), the complete structure
of the Rhodobacter sphaeroides ATCC 17023 LPS is
thus known.

V. Contribution of the Lipopolysaccharides
(LPS) of Purple Bacteria to Endotoxin
Research

The different structural variants of lipid A found in
anoxygenic phototrophic bacteria (for some structures
see Fig. 7) can be nontoxic, as first observed with
Rhodobacter capsulatus 37b4 (Weckesser et al., 1972;
Strittmatter et al., 1983), or highly toxic, as in case of
Rubrivivax gelatinosus 29/1 (Galanos et al., 1977).
A comparison of their structure-endotoxic activities
relationship has been undertaken in order to elucidate
the structural requirements of lipid A for exhibiting
endotoxic activity. For recent publications on the
mechanism of endotoxic action including the
activation of monocytes by the LPS-binding protein
(LBP) via the LBP-LPS-complex, and the CD-14-
receptor of monocytes, cytokine release including
the tumor necrosis factor (TNF) as the prime mediator
of endotoxic activity, and other cytokines see
Mathison et al. (1992), Rock and Lowry (1991), and
Schumann (1990).
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R: D,D-Hep(1,2)L,D-Hep (strain 2761)
L,D-Hep (strain EU1)
D,D-Hep(1,2)D,D-Hep (strain 3661)

X(1,2)D-Man (X=unknown) (strain GFUy)

Rhodobacter sphaeroides ATCC 17023 aD-GlcA(1,4)aD-GlcA(1,4)aD-GlcA(1,4)Kdo
6

Thr

Fig. 8 Examples of core structures of LPS’s from purple bacteria (according to Holst and Brade, 1992).

The nontoxic variants comprise two different
groups, the first one (Rb. capsulatus 37b4, Rb.
sphaeroides ATCC 17023) possessing a backbone
structure comparable to enterobacterial lipid A, .
The affinity of nontoxic lipidA . of Rb. capsulatus
37b4 and Rb. sphaeroides ATCC 17023 to LBP is
only 1/100 and 1/40, respectively, of that of lipid
A, of Salmonella sp. (Mayer et al., 1992).
Lipopolysaccharide of Rb. capsulatus 37b4 induces
mononuclear cell-derived interleukin-1 and inter-
leukin-6 only at very high concentrations, and does
not induce TNF activity. The Rb. capsulatus 37b4
LPS or the lipid A precursor Ia, or synthetic lipid A
precursor (‘compound 406°) can act as endotoxin
antagonists not only for lethality but virtually for all
endotoxic activities (Loppnow etal., 1990; Loppnow
et al.,, 1992). The mechanism of the antagonism is
still unknown, but a strong inhibition of cytokine-
induction by toxic LPS specimens from various
bacteria was observed in co-incubation experiments
in vitro (Loppnow et al., 1990).

Considering cytokine and especially TNF release
as a measure of endotoxic activity, Rb. sphaeroides
lipid A, , has been recognized to specifically inhibit
in vitro the biological action of toxic LPS’s, including
blocking the stimulatory effect of toxic LPS for 2
integrin CD11b/CD18 expression on neutrophils in
a variety of human and mouse cell types (Golenbock
etal., 1991; Lynn et al., 1991; Lynn and Golenbock,
1992). The LPS of Rb. sphaeroides ATCC 17023
(Strittmatter et al., 1983) was used to serve as an

antagonist in the activation of macrophages by toxic
lipid A, ,, by studies on competitive binding to the
receptor sites on the macrophage. Its purified
bisphosphoryl lipid A, was shown to block the
induction of TNF by toxic Re-type LPS of Escherichia
coli in macrophage cell lines; it does not activate B-
lymphocytes and does not induce cytokines in
macrophages (Takayama et al., 1989). Lipid A from
Rb. sphaeroides ATCC 17023 also did not stimulate
the murine pre-B cell line 70Z/3 to synthesize surface
immunoglobulin or mRNA(Kirkland et al., 1991). It
was, however, able to block specifically Escherichia
coli LPS-induced activation of 70Z/3 cells. Kirkland
et al. (1991) conclude that lipid A from Rb.
sphaeroides ATCC 17023 may antagonistically
compete with the toxic LPS for lipid A receptors on
the 70Z/3 cell, but this is not a generally accepted
hypothesis.

In vivo tolerance to endotoxin-shock in rats by
lipid A, from Rb. sphaeroides was recently
described by Carpati et al. (1993). Qureshi et al.
(1993) reported lipid A of Rb. sphaeroides to induce
corticosteroids. Chemical reduction of 3-oxo-14:0
and A’-14:1 did not render the Rb. sphaeroides ATCC
17023 lipid A, toxic, which indicated that the
lacking endotoxic activity is not due to the presence
of 3-oxo and unsaturated fatty acids (Qureshi et al.,
1991). The authors concluded that the lack of
endotoxic activity may be either due to the presence
of only five (instead of six in toxic lipid A, ) fatty
acyl groups or to the presence of unusually short
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ester-linked 3-OH-10:0 coexisting with much longer
amide-linked fatty acids (3-oxo0-14:0) at positions 3
and 3' and the higher variation in size of the fatty
acids (Qureshi et al., 1993). Since lipid A, ,, from
both Rb. capsulatus 37b4 and Rb. sphaeroides ATCC
17023 express complete serological cross-reactivity
with enterobacterial lipid A, using polyclonal
(Galanos et al., 1977) and defined monoclonal
antibodies against various lipid A, with known
epitope specificities (Mayer et al., 1992; Kuhn et al.,
1992), the lack of toxicity should be caused by
structural differences residing in the hydrophobic
(fatty acid) part. For discussion of a lamellar
supramolecular structure in the nontoxic lipid A,
versus an inverted structure in toxic lipid A’s, see
below.

The other group of nontoxic lipid A is represented
by phosphate-free lipid A,,, ; orlipid A, , (see Section
IV A), thus, having profound modifications in the
hydrophilic part of lipid A. Lipid A, from Rp.
viridis does not cross-react with either of the other
lipid A, variations mentioned.

Recent studies have indicated that the sole
replacement of D-GIcN by DAG in a toxic lipid A,
while keeping all other structural parameters identical
does not lead to a decrease in lethality (Moran et al.,
1991). Variation in the phosphate substitutionpattern
of the backbone disaccharide is accompanied by
reduced lethality (Takada and Kotani, 1992), although
it seems that the endotoxic activities are (partly)
retained by an exchange of one of the backbone
phosphate groups by D-GIcA as in Pseudomonas
vesicularis (Arata et al., 1992), and as recently
documented also by D-GalA in Rs. fulvum (Heike
Rau, unpublished results). Using X-ray diffraction
with synchrotron radiation as well as by Fourier
Transform (FT) infrared spectroscopy with toxic
(Rv. gelatinosus, Salmonella sp.) and nontoxic (Rb.
capsulatus, Rp. viridis) LPS’s, it was found that
differences in the primary lipid A structure led to
differences in their supramolecular aggregation. The
toxic lipid A, variants have a strong tendency to
form inverted, the nontoxic lipid A, variants as
well as the nontoxic lipid A, from Rp. viridis,
however, lamellar structures even at low temperature
(Brandenburg et al., 1993). As opposed to the toxic
properties (lethality, pyrogenicity, cytokine induc-
tion), the anticomplementary activity is most
pronounced for compounds with lamellar structure.
These findings may indicate that receptor molecules
such as CD-14 or distinct proteins with high affinity
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for LPS/lipid A complexes with LPS-binding protein
(LBP) or bactericidal permeability increasing protein
(BPI) (Gazzano-Santoro et al., 1992), may react
preferentially with lipid A having inverted structures.

VI. Porin
A. Porins in Anoxygenic Phototrophic Bacteria

Porins are proteins of the outer membrane which
form large water-filled channels which allow for
diffusion of hydrophilic molecules into the peri-
plasmic space (Nikaido, 1992). Among phototrophic
bacteria, biochemical and functional characterizations
of porins were performed with Rhodobacter
sphaeroides ATCC 17023, Rhodobacter capsulatus
strains St. Louis and 37b4 and Rhodobacter blastica
DSM 2131 (Weckesser et al., 1984; Flammann and
Weckesser, 1984; Benz et al., 1987; Woitzik et al.,
1990; Butz et al., 1993). A major outer membrane
protein (42 kDa) was described in Chromatium
vinosum but not investigated for porin-function (Lane
and Hurlbert, 1980a,b). The same is true for the
major outer membrane proteins (app. Mr 43,000 and
14,000, respectively) of Rhodospirillum rubrum FR 1
(Oelze et al., 1975).

In contrast to porin from e.g. Escherichia coli, the
oligomeric forms of the porins from both Rb.
sphaeroides and Rb. capsulatus form monomeric
porin upon treatment with 10 mM EDTA at 30 °C for
20 min (Weckesser et al., 1984; Flammann and
Weckesser, 1984; Woitzik etal., 1990). The monomers
chromatofocused revealing an isoelectrical point of
about 4.0. With the oligomer, a single channel
conductance of 3.15 nS in 1 M KCI was determined
after reconstitution into artificial lipid bilayer
membranes (Benz et al., 1987; Woitzik et al., 1990).
The value was essentially in agreement with the pore
diameter of the porin of Rb. capsulatus St. Louis, as
determined by the liposome swelling assay (Flam-
mann and Weckesser, 1984). The native porin of Rb.
sphaeroides 2.4.1 (ATCC 17023) has been reported
to be composed of heterologous subunits, an app. M,
47,000 subunit and additional polypeptides of smaller
molecular masses. The N-terminal alanine was found
to be blocked due to bound fatty acids (Baumgardner
et al., 1980; Deal and Kaplan, 1983a,b). Polyclonal
antibodies against the major outermembrane protein
of Rb. sphaeroides 2.4.1 (ATCC 17023), suggested
to be a portion of the porin structure, reacted with
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outer membrane preparations of various Rb.
sphaeroides and one Rs. rubrum strain, but not with
those of Rb. capsulatus and Paracoccus denitrificans
(Deal and Kaplan, 1983c). No serological cross-
reaction was obtained with porins from Rb. capsulatus
and Rb. sphaeroides (Woitzik et al., 1989).

The export of the porin of Rb. capsulatus 37b4
was studied with the use of an uncoupler of the
electron transport chain, radioactive labeling and
immunoprecipitation (Woitzik et al., 1989). A
protease-sensitive preform porin was accumulated
in the cells in the presence of the uncoupler; the
exported form was resistant to the enzyme. A 32 kDa
protein associated with tetrapyrrole intermediates in
the bacteriochlorophyll a biosynthetic pathway was
found to be identical to the porin of Rb. capsulatus in
biochemical and serological features (Bollivar and
Bauer, 1992). It was discussed by the authors that the
intermediates excreted by the cell become non-
specifically lodged within the porin complex.

B. Structure of Porins

The porin of Rhodobacter capsulatus 37b4 was first
crystallized by Nestel et al. (1989), showing at that
time an X-ray diffraction to 3.2 A resolution and a
trigonal R3 space group. The resolution was later on
increased up to 1.8 A (Kreusch et al., 1991; Weiss
and Schulz, 1992). Recently, the structure of porin
from Rhodopseudomonas blastica was also elucidated
to atomic resolution (Fig. 9A). The primary structure
ofthe porin from Rb. capsulatus 37b4 was determined
after trypsin, CNBr and Asp-N protease cleavage
(Schiltz et al.,, 1991). The peptides obtained were
aligned to a total length of 301 residues with an Mr of
31,536. A high excess of 34 Asp and 17 Glu (16.9%)
over 10 Lys, 7 Arg, and 2 His (6.3%) confirmed the
low isoelectric point of 3.9. The sequence was used
as the basis for the interpretation of the electron
density map derived from X-ray diffraction of porin
crystals (Weiss et al., 1991a,b). Using the above
mentioned techniques, the complete three-dimen-
sional structure ofthe Rb. capsulatus 37b4 porin was
elucidated (Weiss et al., 1991a,b). The functional
complex is a trimer of three identical subunits each
forming a separate pore. The three pores merge on
the cell external surface side. Each monomer is a 16-
stranded f-barrel (Fig. 9B). The f-strands are all
antiparallel, the barrel is twisted in a right-handed
manner, all strands are connected to their direct
neighbors. Three ofthe 15 connecting loops contain

short « helices. The barrel rim, orientated to the
external surface side, contains quite irregularly folded
chain segments (no loop is shorter than 3 residues)
and is called the ‘rough side’. The largest connecting
loop contains 43 residues and is between the fifth and
the sixth B-strand at the rough side of the barrel. It
runs into the inside ofthe barrel where it narrows the
channel at the approximately halfheight and defines
the pore size. In contrast, the lower rim of the barrel
at the periplasmic space side of the pore is formed by
7 B-strand loops, 5 of them with short two-residue
loops and 2 with three or more residue loops in a
rather regular way. It is therefore called the ‘smooth
side’. The smooth side contains the N- and C-termini
of the porin protein. Within the pore, 12 negatively
charged amino acids (Asp and Glu) are localized at
the large 43 residue loop. Opposite to them in this
area, at the other inside of the pore, are located 6
positively charged amino acids (Arg, His, Lys),
producing a strong charge-gradient across the pore
(Fig. 9 C and D).

Thus, the trimer contains 3 distinct functional
channels separated from each other by walls with an
axial length of about 20 A. If one divides one subunit
at the barrel equator one observes only 7 negative
and 7 positive charges in the lower halfwhereas there
are as many as 44 negative and 12 positive charges in
the upper half. The large excess of negative charges
inthe upperhalfis obvious and therefore the channel
is electrostatically asymmetric along the axis. Around
the equatorial circumference of the trimer there are
non-polarside chains contacting the non-polarinner-
partofthe membrane, whereas the side-chains lining
the channel are polar.

VII. External Envelope Layers
A. Capsules and Slimes

In Rhodobacter capsulatus St. Louis, capsule and
slime polysaccharides with different chemical
compositions and which differed in sugar composition
from the respective O-chains of LPS were found
(Omar et al., 1983a,b,c). The capsule was found to be
strongly attached to the lipoprotein-peptidoglycan
forming an unusually firm capsule polysaccharide-
protein-peptidoglycan complex, insoluble inboiling
sodium dodecyl sulfate and hot phenol-water
(Bréutigam et al., 1988). The assumed capsule
polysaccharide-protein bond was sensitive to
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hydrofluoric or hydrochloric acid, and to alkaline
hydrolysis. Digestion of the complex with pronase
solubilized the capsule polysaccharide moiety with a
characteristic amino acid pattern (Gly, Glu, Ser and
Ala) remaining associated with it. On treatment of
the protein-peptidoglycan moiety with lysozyme,
the protein with peptidoglycan residues bound to it
was solubilized. In the phage-resistant mutant Rb.
capsulatus St. Louis RC1, in which the capsule
polysaccharide is present in a free form, the same
protein was obtained by lysozyme digestion without
preceding acid treatment. The capsule-free Rb.
capsulatus 37b4 contained the protein-peptidoglycan
complex but not the capsule polysaccharide moiety.

B. S-Layers

Surface (S)-layers are planar arrays of proteinaceous
or glycoproteinaceous subunits which can be aligned
as regular (crystalline) layers on the cell surface.
They are found in many taxonomic groups of both
Bacteria and Archaea species, but can be lost on
cultivation under laboratory conditions. Amongst
anoxygenic phototrophic bacteria, they were found
in strains of the Chromatiaceae (Chromatium okenii,
Cm. weissei, Cm. warmingii, Cm. buderi, Cm. gracile,
Thiocapsa floridana, Amoebobacter sp.), and in the
Ectothiorhodospiraceae (the moderate halophilic
Ectothiorhodospira mobilis and the extremely
halophilic Ectothiorhodospira halochloris). Layers,
especially those of hexagonal symmetry, are widely
distributed in nonsulfur purple bacteria of the
subgroups -1 (Rhodospirillum rubrum, Rhodo-
spirillum molischianum, likely also in Rhodospirillum
salexigens) and in the subgroup -2 (Rhodopseudo-
monas palustris, Rhodopseudomonas acidophila).
They have been at least tentatively identified in the
green bacteria (Pelodictyon sp., Chlorochromatium
aggregatum), as summarized by Messner and Sleytr
(1992). The DOC-PAGE pattern of LPS preparations
can provide valuable hints for the presence of S-
layers as exemplified with a number of anoxygenic
phototrophic bacteria (Krauss et al., 1988a). Detailed
structural studies on S-layers from phototrophic
bacteria, however, are to our knowledge not yet
available.

VIIl. Concluding Remarks

It has been urgently requested to use chemotaxonomic
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or other phenotypic characteristics for proving or
disproving the validity of relatedness of species based
on nucleic acid sequence analyses (Murray et al.,
1990). The analyses of cell wall macromolecules of
anoxygenic phototrophic bacteria generally confirm
ribosomal RNA sequencing investigations. One
impressive example is the confirmation of the
disparate phylogeny ofthe green sulfur and the green
non-sulfur bacteria by their completely different cell
wall organization. The cell wall of the thermophilic
Chloroflexus aurantiacus may represent a character
phylogenetically more ancientthan the Gram-negative
cell wall organization of the purple and the green
sulfur bacteria, or the cyanobacteria.

A particularly attractive feature of phototrophic
Proteobacteria and green-sulfur bacteria for
comparative cell wall studies is their polyphyletic
origin. Thus, they can be used as model organisms
for study ofthe cell wall chemistry ofnonphototrophic
bacteria as well. The relatedness is especially
expressed and confirmed withinthe ¢ subdivision of
Proteobacteria. Matching of lipid A composition and
phylogenetic position of species is recognizable for
most of the phototrophic bacteria studied so far,
confirming in particular the phylogenetic relation-
ship existing between phototrophic bacteria and their
nonphototrophic relatives. Since bacterial photo-
synthesis is considered to have developed relatively
early in evolution, it is not surprising that some ofthe
LPS’s of recent phototrophic bacteria may represent
analogues of biosynthetic precursors or variants of
the R-core and lipid A of more developed nonpho-
totrophic species as discussed with examples by
Mayer (1984) and Weckesser and Mayer (1988).

The spectrum of lipid A structural variants found
with phototrophic bacteria (including the cyano-
bacteria), with a high variability of their biological
properties, forms a reservoir of naturally occurring
lipid A variants. This is of pharmacological and even
actual clinical interest. Structural analyses of nontoxic
and toxic lipid A’s can contribute to answers
concerning structure and endotoxic activity, in
particular to the differentiation between the wanted
biological properties of LPS, such as increase in
unspecificresistance, and undesired properties, such
as toxicity orendotoxic shock. The interest is focused
today on those lipid A’s which show highly reduced
toxicity, for their possible use as endotoxin
antagonists; in this regard lipopolysaccharide of
Rhodobacter sphaeroides has recently become
commercially available (List Biological Laboratories,
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Fig. 9. (See also Color Plate 4.) Structure representations of porins from Rhodopseudomonas blastica and Rhodobacter capsulatus: (A)
Space-filling model of the porin from Rp. blastica DSM 2131 as established at 2.0 A resolution (Kreusch et al., 1994). The view is
perpendicular to the membrane plane, the three pore eyelets are clearly visible. Hydrogens are not considered in this model. (B) Secondary
structure of one subunit of the major porin from Rb. capsulatus 37b4 as viewed from the threefold symmetry axis. The external medium
is at the top, the periplasm at the bottom. The 16 B-strands are given by blue arrows and the 3 short a-helices by orange helices. The long
43-residue loop inserting into the barrel is obvious. The interface part of the barrel is rather low while the membrane-facing part is high.
The ‘rough’ barrel end at the top and the ‘smooth’ barrel end at the bottom can be visualized clearly.
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Fig. 9. Continued (See also Color Plate 5.) (C) Color-coded projection of one subunit from the Rb. capsulatus 37b4 porin onto the
membrane plane. Aromatic side chains are yellow; positively and negatively charged side chains are red and dark blue, respectively.
The interface and the threefold symmetry axis are at the bottom. Obviously, the rim of the pore eyelet is lined by positively charged side
chains protruding from the interface area of the barrel juxtaposed to negatively charged side chains from the 43-residue loop running
into the barrel interior. Most likely these charges form an electric field that facilitates permeation of polar solutes and hinders nonpolar
ones. (D) Detail of the construction of the pore eyelet of the Rb. capsulatus porin. The amino acid residues are given in the usual color
code, the fixed water molecules by crosses and the calcium ions by balls. Hydrogen bonds are indicated by dashed lines. ‘Fixation’ of
the water molecules means that they are clearly visible in the X-ray structure analysis at the high resolution of 1.8 A, This implies that
water molecules are accommodated at the water positions most of the time. Still, these water molecules can move away. It should be
noted that there is a defined nctwork of hydrogen bonded water molecules at the eyelet leaving a rather small nonstructured cross-section
in the center.
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Inc., Campbell, CA, USA).

Knowledge of the structure of the porin of
Rhodobacter capsulatus 37b4 at atomic resolution
was achieved by X-ray diffraction studies. The main
properties of the Rb. capsulatus 37b4 porin have
been used to predict those of the OmpF and PhoE
porins of Escherichia coli (Welte et al., 1991), which
were later essentially confirmed (Cowan et al., 1992),
indicating that the porin from Rb. capsulatus 37b4
can be used as a model for the non-specific hydrophilic
pores of the outer membrane of species of
Proteobacteria. Thus, anoxygenic phototrophic
bacteria have been proven to be useful as model
organisms for cell wall studies contributing to a
number of questions of general biological interest.
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Summary

Photosynthetic Proteobacteria are used as model systems for many fields of modern biological research. The
exciting results increased the progress considerably: Transduction of light energy into an electrochemical
gradient of protons and electron- and proton-translocation in reaction centers and other membrane bound
complexes has been studied on the molecular and atomic level with purple bacteria. Theories on the phylogeny
of the energy metabolism have been stimulated and supported by 16S rRNA evolutionary analyses and
biochemical investigations. Facultative purple bacteria have also been used to study cell and membrane
differentiation. In this chapter it will be shown that most members of the anaerobic, anoxygenic photosynthetic
bacteria develop a continuous system of cytoplasmic (CM)-intracytoplasmic membranes (ICM). The ICM is
organized in characteristic, species-specific patterns of vesicles, tubules, thylakoid-like membrane sacs or
highly organized membrane stacks. This development is strictly regulated by external growth factors like
oxygen tension and light intensity. The ICM is formed under low oxygen tension by invaginations of the CM.
At high oxygen tension and high light intensities the formation of ICM is suppressed. Although CM and ICM
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form a membrane continuum, they are not homogenous in their composition. Membrane fractions differ in
buoyancy density (lipid/protein ratio), pigment content, and biochemical activities. The photochemical
apparatus is concentrated in the ICM and the enzymes of the respiratory chain and transport systems in the CM,
respectively. Functional complexes of the photosynthetic apparatus have been visualized by freeze-fracture
electron microscopy. Photochemical reaction centers are surrounded by oligomers of the core antenna
complexes (B870) in stoichiometric ratios. The working hypothesis that core particle and ubiquinone-
cytochrome bc, complexes form supramolecular structures in the membrane and that the dense population of
membranes with proteins limits the free lateral mobility of proteinous complexes in the fluid-crystalline phase
of the CM and ICM, is a challenge for future research on protein-protein interactions in membranes. Another
interesting observation is the characteristic size and structure of ICM in the form of vesicles, tubules or stacks
of flat membrane sacs. It has been proposed but not proved that distinct proteins are morphogenetic factors.

The morphogenesis of the photosynthetic apparatus is mainly regulated on the transcriptional level, but the
signal chains, from sensing the external oxygen-partial pressure or light intensity to activation of transcription,
is known only in parts, and an interesting field for future research. Targeting and translocation of pigment-
binding proteins to and across the membrane is proposed to be supported by chaperonene and membrane-bound
assembling proteins. Exchange or deletion of highly conserved amino acid positions in the pigment-binding
proteins resulted in an inhibition of stabile insertion and assembly. The cofactors bacteriochlorophyll,
carotenoids and cytochromes are important factors in the assembling process. A blockade of their biosynthesis
inhibits formation of stable complexes. Biosynthesis of the photosynthetic apparatus is presumably regulated
via a signal chain and many activators which initiate transcription of supraoperonal DNA structures. Since no
large precursor pools for phospholipids, membrane proteins, pigments, hemes and quinones have been
observed, the process of membrane synthesis and differentiation must be highly coordinated. It is a challenge
for future research to analyze and discover this process on transcriptional and posttranscriptional levels.

l. Introduction

Most of the anoxygenic photosynthetic purple
bacteria have in addition to the cytoplasmic membrane
(CM), which encloses the protoplast, intracytoplasmic
membranes (ICM), which have a characteristic
organization and function (Oelze and Drews, 1972;
Collins and Remsen, 1991). The third type of
membranes, the outer membrane, is a part of the cell
wall of Gram-negative bacteria and has been described
in Chapter 11 by Weckesser et al. ICMs are
characteristic of but not restricted to phototrophic
proteobacteria. Obligate methylotrophic bacteria and
nitrifying bacteria also contain ICMs (Drews, 1992).
Obviously, ICMs have developed during evolution
as afunctional adaptation to environmental conditions
and as a process of functional differentiation of
membrane-bound energy-transducing systems.

Abbreviations: BChl — bacteriochlorophyll; CM — cytoplasmic
membrane; EF—-exoplasmic fracture face; ICM—intracytoplasmic
membrane; LH — light-harvesting; PF — plasmic fracture face;
Rb. — Rhodobacter; RC — reaction center; Rc. — Rhodocyclus; Rp.
— Rhodopseudomonas; Rs. — Rhodospirillum

Structure, function and biogenesis of the CM-ICM
system has been studied extensively in Rhodo-
spirillum rubrum, Rhodobacter capsulatus, and other
facultative photosynthetic bacteria, which grow under
chemotrophic and phototrophic conditions as well
(Fig. 1). These bacteria are excellent models to study
membrane biosynthesis and differentiation under
well defined external growth conditions. The major
components of the ICM are the membrane-bound
complexes of the photosynthetic apparatus.

The reader of this chapter will be introduced by
the classical static view of electron microscopy, which,
along with biochemical studies, opened the field of
modern research on photosynthetic bacteria about
forty years ago. Electron microscopical studies of
thin sections from cells cultivated under defined
conditions showed very early that formation of ICM
and bacteriochlorophyll (BChl) and increase of
photophosphorylating activity run parallel as a
dynamic process. Quantitative freeze-fracture
electron microscopy opens the interior of membranes
and exposes the integral membrane particles, showing
the asymmetry of the fracture halves of the lipid
layer and distinct size classes of particles which have
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Fig. 1. Scheme of structure and arrangement of intracytoplasmic membranes (ICM) bearing the photosynthetic apparatus. 1) Vesicle type,
realized in Rhodospirillum rubrum (see also Fig. 12), Rhodobacter capsulatus (Figs. 7, 8, 15), Chromatium vinosum (Figs. 5, 6),
Thiocapsa roseopersicina and other species. 2) ICM consisting of tubuli in Thiocapsa pfennigii and some other bacteria. 3) ICM are flat
thylakoid-like membranes organized in regular stacks, present in Rhodospirillum molischianum, Ectothiorhodospira shaposhnikovii
(Fig. 4) and other species. 4) Large thylakoids, partially stacked and irregularly arranged, are presented in Rhodopseudomonas palustris
(Fig. 13) and Rhodopseudomonas viridis (Reproduced from G. Drews and J. F. Imhoff, 1991).

Fig. 2. Scheme of the photosynthetic apparatus in the intracytoplasmic membrane of Rhodobacter capsulatus and related bacteria. The
reaction center (RC), consisting of subunits M, L and H, is surrounded by the light-harvesting complex LH I (B870) forming the core
complex. The core complexes are connected by LH I (B800—-850) antenna complexes. B870 has 2 mol BChl per monomer and B800—
850 3 mol BChl per monomer (1o, 15-polypeptide). All LH complexes form oligomers (= hexamers, octamers). Rb. capsulatus, Rb.
sphaeroides and Rhodospirillum rubrum have no tetra-heme cytochrome unit bound to RC. The electrons are shuttled by cytochrome ¢,
from the ubiquinone-cytochrome bc, complex to RC. The functional subunits of the respiratory chain, such as NADH dehydrogenase and
the terminal oxidases, which are present in CM and ICM, have been omitted for clarity.

been identified as pigment protein complexes. High-
resolution electron microscopy of isolated defined
complexes confirmed and extended results from
freeze-fracture electron microscopy. Today many of
the functional complexes of CM and ICM have been
isolated, the primary structure of their proteins
determined by protein or DNA sequencing, and the
structure, topography and organization (Fig. 2)
analyzed to different levels. The most exciting work
on biosynthesis and assembly of membranous
functional complexes and their regulation is in an

early state. The first results will be reported at the end
of this chapter.

Il. Structure and Supramolecular
Organization of Cytoplasmic and
Intracytoplasmic Membranes

A. Ultrastructure

The outer membrane of the cell wall is characterized
in ultrathin sections as a typical double track layer
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Fig. 3. Invaginations ( # ) of the cytoplasmic membrane (CM ) to form intracytoplasmic membranes (ICM) demounstrating the continuity
of both membranes. a) Ultrathin section of Rhodobacter capsulatus. b) Freeze-fracture micrograph of the plasmic fracture face (PF) of
the cytoplasmic membrane of Rhodospirillum salexigens (reproduced from Golecki and Drews, 1980). Arrow in the upper right corner
of the freeze-fracture micrograph indicates, as in all following freeze-fracture pictures, the direction of shadowing. Bars represent 100

nm.

Fig. 4. Ultrathin section of Ectothiorhodospira shaposhnikovii exposing several lamellar stacks of ICM. Cell wall (CW). Bar represents

200 nm.

with two electron-dense lines separated by an electron
transparent middle zone (Figs. 3, 4; see also Figs. 8,
15). The thickness of the outer membrane is
approximately 8 nm.

In this report we only want to mention a connection
of the outer membrane with the cytoplasmic
membrane by adhesion sites which could be detected
in ultrathin sections of some purple bacteria (Golecki,
unpublished results). The adhesion sites described
for Escherichia coli and Salmonella typhimurium
(Bayer, 1968; Miihlradt et al., 1974) have been
interpreted to be export sites of newly synthesized
lipopolysaccharides into the outer membrane. In
respect to the presence of lipopolysaccharides in the
outer membrane of purple bacteria (Weckesser et al.,
1979), these adhesion sites may have the same
function as in enteric bacteria.

The CM underlying the cell wall surrounds the
protoplast and represents a selective barrier to the
environment. In ultrathin sections the CM presents
the same ultrastructure of a double track layer (7-8
nm of thickness) as the outer membrane (Figs. 3, 4;
see also Figs. 8, 15). In some micrographs the CM

appears to be separated from the cell wall by an
electron transparent periplasmic space. This seems
to be an artifact because the periplasmic space is a
densely populated space and not empty. In the CM
the components of the respiratory chain, other energy
transducing complexes and transport systems are
localized, whereas the photosynthetic activities
generally are housed in the ICM (Fig. 2)(Bowyer et
al., 1985). Most phototrophically grown purple
bacteria form ICM that carry out photosynthetic
activities. The continuity of the CM and ICM has
been demonstrated in several facultative phototrophic
bacteria (Drews and Giesbrecht, 1963; Cohen-Bazire
and Kunisawa, 1963; Boatman 1964; Holt and Marr
1965a; Tauschel and Drews, 1967).

The ICM is formed by invagination of the CM
(Fig. 3)(Drews and Giesbrecht, 1963; Hickman and
Frenkel, 1965; Tauschel and Drews, 1967). In spite
of the morphological continuity and possible
morphogenetic relationships, both membrane types
present clear differences in chemical and structural
composition, physical properties, function and
kinetics ofbiosynthesis (Section I1.B-D).
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Fig. 5. Negative stained preparation of intracytoplasmic
membranes of Chromatium vinosum isolated by a mild procedure.
Large parts of the ICM vesicles are still connected to each other
(> ). Bar represents 200 nm (Reproduced from Hurlbert et al.,
1974, courtesy of J.R. Golecki).

Fig. 6. Negatively stained I[CM vesicles (= chromatophores) of
Chromatium vinosum after French press isolation. The connections
between the vesicles are interrupted. Bar represents 200 nm
(Reproduced from Hurlbert et al., 1974; courtesy of J.R. Golecki).

Fig. 7. Ultrathin section of a spheroplast preparation of
Rhodobacter capsulatus exposing the transition of tubular into
vesicular ICM types (W). The sample was taken early after
induction of membrane differentiation. Bar represents 100 nm
(Reproduced from Diersteinetal., 1981; courtesy of J.R. Golecki).
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Fig. 8. Ultrathin sections of Rhodobacter capsulatus. (a)y grown
at high light conditions exhibiting only a small number of [CM
vesicles. (b) grown at low light conditions with numerous ICM of
vesicular type. Bars represent 200 nm.

Among the numerous members of the purple
bacteria, several types of ICM have been discovered
(Fig. 1; Bachofen and Wiemken, 1986; Sprague and
Varga, 1986). The ICMs consist of a network of
vesicles (Figs. 5, 6, 7, 8; see also Figs. 12, 15),
tubules (single or arranged in bundles), thylakoid-
like flat lamellae sometimes forming grana-like stacks
(Fig. 4; see also Fig. 13), or irregular non-stacked
membranes (Oelze and Drews, 1972). The ICM are
connected to each other (Fig. 5), at least during their
morphogenesis, and form a large membrane
continuum together with the cytoplasmic membrane
(Holt and Marr, 1965a; Hurlbertet al., 1974; Dierstein
et al.,, 1981).

During isolation procedures, the small tubular
connections between the ICM vesicles or lamellae
are interrupted and single ICM vesicles are obtained,
which have been described as ‘chromatophores’
(Fig. 6). Due to the process of invagination during
morphogenesis, the interior of the ICM structures is
an extra-cytoplasmic space. Therefore the intra-
membrane components of the ICMs are oriented
inversely (see Figs. 12 and 15) in comparison to
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cytoplasmic membranes (Hochman et al., 1975;
Michels and Konings, 1978). The extension of ICM
is dependent on several external factors like oxygen
tension, light intensity, and some other growth factors
(Holt and Marr, 1965 b).

Under strictly aerobic, chemotrophic growth
conditions, purple bacteria generally exhibit no ICM.
One exception is Rhodobacter capsulatus which
forms a few polar tubular ICMs even under high
oxygen tensions (Lampe and Drews, 1972; Lampe et
al., 1972; Dierstein et al., 1981; Fig. 7).

Turning to phototrophic growth conditions (i.e.
anaerobic in the light) the formation of ICM is
induced (Figs. 3, 7). In the early stages of ICM
differentiation (i.e. 1 to 4 h after the shift to
phototrophic growth conditions) in Rb. sphaeroides,
the newly formed ICM often has the form of flat
sheets or broad tubules with a high lipid-to-protein
ratio as indicated by the low particle number per
membrane area (Chory et al., 1984). Later on during
the adaptation the broad tubules or flat sheets became
more rounded and reduced in size. When at the end
of the adaptation period the cells were growing
photosynthetically, the ICM is composed of small
vesicles (40 to 70 nm in diameter) seen in
photosynthetically grown control cells. Similar
observations were obtained with Rb. capsulatus after
the shift from chemotrophic to phototrophic growth
conditions (Dierstein et al., 1981; Kaufmann et al.,
1982; Fig. 7). The amount of ICM produced under
anaerobic conditions depends on light intensity
(Cohen-Bazire and Kunisawa, 1963; Holt and Marr,
1965 b; Golecki et al., 1980; Reidl et al., 1983,
1985): Under high-light conditions only a few vesicles
are detectable at the periphery of the protoplast in
cells ofRs. rubrum and Rb. capsulatus (Fig. 8a).
Under low light conditions, however, the bacteria
contain a much higher number of vesicles filling
most of the cytoplasmic space (Fig. 8b). Cells of Rb.
capsulatus grown at low light conditions (7 W m™)
contained 1150 ICM vesicles per cell, which is 6.3
fold more than in cells grown at high light intensities
(2000 W m2)(Golecki et al., 1980).

Due to an increase of the number of vesicles under
low light conditions the total surface area of ICM per
cell is enlarged to approximately6 um?; this represents
an area 2.7-fold larger than the area ofthe whole CM.
Concomitant with the enlargement of the ICM area
in low light grown cells, the BChl content as well as
the size and concentration of photosynthetic units
increases (a photosynthetic unit is one photochemical
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reaction center (RC) plus surrounding antenna
pigment-protein complexes and is calculated as mol
total BChl per mol RC).

In contrast to most nonsulfur purple bacteria, which
adapt from chemotrophic to phototrophic growth
conditions by forming photosynthetically active
ICMs, cells of Rubrivivax gelatinosus, Rhodocyclus
purpureus, and, in particular, Rhodocyclus tenuis,
exhibit only occasional small single tubular intrusions
of the CM (De Boer, 1969). This lack of ICM is
compensated by a larger area of CM (Wakim et al.,
1978) and higher density of photosynthetic units.

Occasionally ICMs with non-photosynthetic
activities have been described for purple bacteria.
These mesosomes, also described for other non-
photosynthetic bacteria, were defined as sac-like
invaginations of the cytoplasmic membrane (Reavely
and Burge, 1972). They were thought to be involved
in cell processes like replication and segregation of
the chromosomes and in cell division. However,
modern electron microscopic preparation techniques
(Ebersold et al., 1981; Dubochet et al., 1983) gave
evidence that classical mesosomes are artifacts of
the preparation technique. Another type of ICM with
a myelin-like configuration was observed in cells
ofRs. rubrum after long-term anaerobic dark growth
(Schonand Ladwig, 1970; Uffen etal., 1971). It was
suggested that these myelin-like deposits resulted
from the degradation of photosynthetically active
membranes (chromatophores).

B. Membrane Architecture Shown by Freeze-
Fracture Electron Microscopy

Much information about the supramolecular
organization of photosynthetic membrane systems
in purple bacteria has been obtained by freeze-fracture
studies. This method exposes the internal architecture
of the membranes on two complementary fracture
faces (i.e. the plasmic and exoplasmic fracture face
[PF and EF, respectively]) by splitting the membranes
along their hydrophobic middle zone. Therefore
membrane components like proteins or pigment-
protein complexes become visible as so-called
intramembrane particles of different size. The number
of the particles per membrane area is an indication of
the numerous biochemical activities of the membrane
(Figs. 9, 10, 11).

Participation of the CM in the ICM-forming
process has been demonstrated by freeze-fracture
for several purple bacteria. In chemotrophically (dark)



Chapter 12 Membranes of Purple Bacteria

Fig. 9. Plasmic fracture face ( PF ) of the cytoplasmic membrane
of Rhodobacter sphaeroides grown under chemotrophic
conditions aerobically in the dark. A high population of
homogeneously distributed intramembrane particles is visible on
the PF of the cytoplasmic membrane. Bar represents 200 nm.

BT
ST Ry
Fig. 10. Freeze-fracture micrographs of Rhodocyclus tenuis
exposing the exoplasmic fracturc face (EF) of the cytoplasmic
membrane. (a) Under chemotrophic growth conditions the
cytoplasmic membrane is covered only by a small number of
intramembrane particles. The exoplasmic fracture face (EF) of
the outer membrane (OM) is also exposed. (b) Under phototrophic
growth conditions photosynthetically active complexes are
incorporated in a high number into the exoplasmic leaflet of the
CM. Bars represent 200 nm (Reproduced from Wakim et al.,
1978; courtesy J.R. Golecki).

Fig. 11. Freeze-fracture micrograph of Rhodospirillum rubrum
exposing numerous invaginations (W ) on the EF of the CM after
induction of [CM formation by shifting to photosynthetic growth.
Bar represent 200 nm (Reproduced from Golecki and Oelze,
1975).

grown cells of Rs. rubrum, Rb. sphaeroides,Rc. tenuis
and Rb. capsulatus (Golecki and Oelze, 1975, 1980;
Wakim et al., 1978; Golecki et al., 1979) the plasmic
fracture face (PF) is usually densely covered with
intramembrane particles of varying sizes (Fig. 9; see
also Fig. 13), while the exoplasmic fracture face
(EF)(Fig. 10a) of the CM is sparsely covered with
large particles. Apart from some minor differences
in the number and size ofthe intramembrane particles
among the different strains, the fracture faces of
chemotrophically grown purple bacteria are not
distinguishable from those of other bacteria like E.
coli (Fig. 9). Clear differences become visible when
chemotrophically grown cells are transferred to
phototrophic growth conditions (Fig. 10, 11). Among
the different members of photosynthetic bacteria a
great variation was demonstrated concerning the
participation of the CM in the formation of
photosynthetically active structural components
(Golecki and Oelze, 1980).

Cells ofthe facultative purple bacteria Rhodocyclus
tenuis, Rubrivivax gelatinosus andRc. purpureus are
distinguished from other phototrophic bacteria by
their poorly developed ICM. They contain only small
single tubular intrusions ofthe CM. This lack of ICM
system is compensated by a larger area of CM and a
higher density and diameter of intramembrane
particles in the CM of phototrophic compared with
chemotrophic cells. The extension of the CM area
results from incorporation of photosynthetic units in
the existing electron transport system of chemotrophic
cells (Wakim et al., 1978; Wakim and Oelze, 1980).
Cells of Rhodocyclus species have a lower diameter
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than most other purple bacteria. The incorporation of
the photosynthetic apparatus is not accompanied by
invaginations but by extension of CM. In a
comparative study by freeze-fracture electron
microscopy, Golecki and Oelze (1980) demonstrated
the striking difference in intramembrane particle
patterns between the ICM-forming species Rhodo-
spirillum rubrum and Rhodobacter sphaeroides and
the CM extension-type represented by Rhodocyclus
tenuis.

The number and size of intramembrane particles
in the CM ofRs. rubrum and Rb. sphaeroides remain
relatively constant under various culture conditions,
but in the CM of Rhodocyclus tenuis the particle size
and number change strongly upon induction of the
photosynthetic apparatus. The newly formed
photosynthetic units are placed in the outer leaflet of
the CM. On the EF of the CM the number of
intramembrane particles increases by a factor 6.9
after transfer to phototrophic conditions, whereas
the particle number on the PF is nearly constant
under both conditions. The increased number of
particles on the EF was mainly the result of an
increased occurrence of particles with diameters of
> 10 nm (Fig. 10b).

InRs. rubrum, however, the number of particles on
the EF of the CM stayed nearly constant, but on the
PF the particle number increased from 4,700 to
6,200 particles per um?after transfer to phototrophic
conditions. The increase in number was largely caused
by an enhanced occurrence of 10 nm particles.

Invaginations ofthe CM to form the ICM could be
demonstrated as indentations and protuberances (Fig.
11) on both complementary fracture faces ofthe CM
(Golecki and Oelze, 1975). Before the first invagina-
tions could be observed, BChl was detected in the
cells. The synthesis of BChl before forming ICM
indicates that BChl and BChl-binding proteins
become incorporated into the CM during the initial
phase of adaptation. In a second phase, the BChl
content increased and invaginations of the CM
occurred and increased in number. In a later stage the
number ofinvaginations and the cellular BChl content
do not increase in the same rate. InRs. rubrum the
particular involvement of the CM in the process of
BChl incorporation and ICM formation could be
demonstrated by particle size histograms of freeze-
fractured cells (Golecki and Oelze, 1980). After
transfer to phototrophic conditions, the number of 10
nm particles increased on the PF of the CM by 33%.
The 10 nm class is the predominant class of particles
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Ilig. 12. ICM vesicles of Rhodospirillum rubrum exposing
regularly arranged intramembrane particles of approx. [0 nm in
diameter. (a) on the plasmic fracture face of the ICM and (b) on
the outer surface of frozen-etched ICM vesicles. Bar represent
100 nm,

visible on the plasmic fracture faces of ICM vesicles
(Fig. 12). These 10 nm particles could be extracted
with lauryl dimethylamine oxide from ICM vesicles
concomitant with the extraction of reaction centers
(Oelze and Golecki, 1975).

In Rb. sphaeroides the number of particles of both
fracture faces ofthe CM stayed nearly constant after
transfer to phototrophic conditions. The mean
diameter appeared to be slightly increased under
phototrophic conditions. Particles in CM and ICM of
phototrophically grown cells were of similar diameter
(7.0 — 8.0 nm). In cells of Rb. sphaeroides
invaginations were demonstrated on fracture faces of
the CM under phototrophic and under chemotrophic
conditions at low oxygen tension.

InRb. capsulatus (Goleckietal., 1979) the particle
number on the PF of the CM increased about 20—
55%; after the induction of BChl synthesis the 9.5
nm particle class dominates under all conditions.
The distribution of particles on the fracture faces of
the CM is homogenous. The same was observed in
other purple bacteria.

The CM of photosynthetically grown cells of
Rhodopseudomonas palustris, however, is spatially
differentiated into regions of extremely high particle
density and areas of lower particle densities (Varga
and Staehelin, 1983). Areas with a higher particle
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Fig. 13. Rhodopseudomonas palustris exposing plasmic fracture
faces of the cytoplasmic membrane and of the lamellar arranged
ICM membranes. Bar represents 200 nm.

density correspond to the adhesion sites between
CM and ICM. The stacked ICM of Rp. palustris
occupied the same areas of high particle density as
detected on the CM (Fig. 13). This implies that the
CM too is differentiated for photosynthesis in these
regions. On the respective fracture faces of the ICM
stacks, changes in particle size distribution could be
demonstrated in response to changes in the light
intensity supporting growth. When light intensity
was decreased from 8500 to 100 lx, the average
particle diameter on the PF of stacked ICM and CM
increased in size. Four prominent particle classes of
7.5, 10.0, 12.5, and 15.0 nm were measured. When
light intensity decreased, the portion oflarger particles
increased, suggesting that after lowering the light
intensity subunits of discrete size are being added to
the core particle. The smaller particles (7.5-10.0
nm), which are the most prevalent at high light
conditions, were interpreted to represent the core
particles formed by reaction center and light-
harvesting I (LH I) complexes (Figs. 13, 14). The
larger particles (10.0-15.0 nm), only seen in
appreciable amounts in low-light cells, were proposed
to be formed by adding light-harvesting II (LH II)
complexes in defined portions to the core particles
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Fig. 14. Freeze-fracture micrograph of a liposome with
incorporated reaction center-LH [ core complexes of Rhodobacter
capsulatus. Bar represents 200 nm.

(Fig. 2). The arrangement of the LH I and LH II
complexes around the reaction centers results in a
six-fold axis of symmetry.

The influence of different light intensities on the
size and number of intramembrane particles on the
fracture faces of ICM was demonstrated also for Rb.
sphaeroides (Yen et al., 1984) and Rb. capsulatus
(Golecki et al., 1979, 1980). An increasing size of
intramembrane particles on the PF of the ICM
concomitant with decreasing light intensities was
shown also for Rb. sphaeroides (Yen et al., 1984).
This is similar to Rp. palustris, where the RC and LH
I complexes are in a fixed stoichiometry while the
number of LH II complexes vary inversely as a
function of light intensity.

Different particle sizes ofthe LH I-core complexes
inpurple bacteriacontaining either BChl a or BChl b,
were explained by adifferent polypeptide composition
(Meckenstock et al., 1992). The number of LH
polypeptides per reaction center was calculated to be
36 in BChl b-containing bacteria compared to 24 in
BChl a-containing bacteria. The size of the BChl a-
containing LH I-core complex was believed to be
smaller. This is in good agreement with the RC-to-
RC distance of 10.2 and 10.0 nm for the BChl a-
containing core complexes of Rp. marina (Mecken-
stock et al., 1992) andRs. rubrum (Oelze and Golecki,
1974), respectively, compared with RC-to-RC
distances of 13.0 nm for the BChl b-containing
bacterium Rhodopseudomonas viridis (Stark et al.,
1984).

The intramembrane particles ofthe photosynthetic
apparatus showed a hexagonal lattice in several BChl
b-containing (Giesbrecht and Drews, 1966; Miller,
1979; Wehrli and Kiibler, 1980; Engelhardt et al.,



240

1983) and also some BChl a-containing (Oelze and
Golecki, 1975, Meyer et al., 1981; Merckenstock et
al., 1992) purple bacteria. The ordered arrangement
was shown by freeze-fracturing (Fig. 12), negative
staining, and shadow casting. From the concomitant
disappearance of 10 nm particles and RC it was
concluded that the 10 nm particles ofRs. rubrum are
formed by the reaction center and LH I complexes.

Generally the particle density (= particle number
per defined membrane area) on fracture faces of
photosynthetic ICMs is higher than the particle
density on the respective fracture faces of the CM
(Lommen and Takemoto, 1978 a; Golecki et al.,
1979; Golecki and Oelze, 1980; Varga and Staehelin,
1983). In Rb. capsulatus, a decrease in light intensity
leads to an increase in the number of particles in the
ICM (Golecki et al., 1980), whereas in Rp. palustris,
the particle number decreases with reduction of light
intensity while particle size increases (Varga and
Staehelin, 1983).

The analysis of freeze-fractured or negative stained
preparations of ICMs with image processing methods
like Fourier filtration techniques increased the
resolution and gave new information about the
supramolecular organization of the RC-LH I core
complexes. This was demonstrated with Rp. viridis
(Miller, 1979, 1982; Wehrli and Kiibler, 1980; Stark
et al., 1984) and some other BChl b-containing
species (Engelhardt et al., 1983) and the BChl a-
containing Rhodopseudomonas marina (Mecken-
stock et al., 1992).

A combination of image analysis and immuno-
electron microscopy with monoclonal antibodies
against the H-polypeptide ofthe reaction center (Stark
et al., 1986) leads to the following model of the
photosynthetic unit of Rp. viridis: the reaction center
is surrounded by 12 LH complexes. The H-
polypeptide is located in the central core with an
asymmetrical lateral distribution on the CM surface.
The LH units are arranged in a ring of 24
transmembrane or-helices. It is speculated that each
of these o-helices belong to a B1015-o or B1015-8
polypeptide and their N-termini are located on the
plasmic surface.

C. Identification and Organization of Membrane
Particles

Immunoelectron microscopical methods using
specific antibodies against defined components of
the photosynthetic apparatus were applied to get
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information on the topography of defined components
of the photosynthetic apparatus in the ICM (Valkirs
and Feher, 1982; Collins and Remsen, 1984; Crook
et al., 1986). The ATPase was demonstrated on the
surface of the CM of Rb. sphaeroides (Reed and
Raveed, 1972) and Rs. rubrum (Low and Afzelius,
1964) as knob-like particles of 9 nm in diameter.
Labeling with ferritin-conjugated antibodies against
H , L and M proteins of the RC demonstrated the
asymmetrical distribution ofthe reaction center across
the Rb. sphaeroides membrane(Reed et al., 1975;
Valkirs and Feher, 1982). The H and M subunits were
labeled at both the cytoplasmic and periplasmic
surface of the ICM, whereas the L subunit was
labeled only at the periplasmic surface of the
membrane. These data in combination with iodination
experiments indicated very early that RC complexes
span the membrane. Using gold-labeled antibodies
against the LH complex of Rb. sphaeroides, the
presence of LH antigens on the PF of the chroma-
tophore membrane was demonstrated (Collins and
Remsen, 1984).

The asymmetrical distribution of RC and light-
harvesting proteins on cytoplasmic and periplasmic
surfaces has been demonstrated for Rp. viridis (Jay et
al., 1983). A cytoplasmic location of the reaction
center cytochrome, H, M and L-chain and of the
light-harvesting polypeptides o, 8 and gamma was
observed on isolated ICM vesicles by the use of
ferritin-conjugated antibodies in combination with
surface-specific iodination and protease treatment.
In addition, an exoplasmic location of polypeptide H
was noted.

Subchromatophore particles with photosynthetic
activity were detected in Triton X-100 treated
preparations of Rhodopseudomonas sp. (Garcia et
al., 1968). The particle had an outer diameter of 13.5
nm and showed an inner core which was 6.0 nm in
diameter. A pure fraction of native photoreceptor
units isolated from ICMs of Rp. viridis could be
shown in negative stained preparations (Jay et al.,
1984, Stark et al., 1984). The isolated photoreceptor
unit presented the same symmetry and dimensions
as the particles in the intact ICM.

Defined membrane particles, for example RC +
LH I core complexes, have been incorporated into
liposomes to study size and structure (Fig. 14).
Pigment-protein complexes from Rp. palustris were
inserted into phospholipid liposomes (Varga and
Staehelin, 1985). In freeze-fracture preparations of
the liposomes the different particles could be
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classified in distinct size classes which could be
related to specific components of the photosynthetic
apparatus. The following correlations were observed:
5 nm particles represent free RC or LH I tetramers;
7.5 nm particles LH I or LH II octamers (or both); 10
nm particles RC-LH I core complexes (1 RC plus 12
LHI)(Fig. 14) orlarge LH Il oligomers (or both), and
large particles of 12.5 and 15 nm LH II associated
with the RC-LH I core complex (Varga and Staehelin,
1985). The purified reaction centers ofRs. rubrum
presented after incorporation into liposome mem-
branesinfreeze-fracture preparations, slightly smaller
(9-11 nm) particles than in native chromatophores
(Meyer et al., 1981). The functional interaction and
the lateral topography of photosynthetically active
components were examined by combined electron
microscopic and functional test methods with
reconstituted complexes of the photosynthetic
apparatus (Baciou et al., 1991; Takemoto et al.,
1985; Crielaard et al., 1989). Reaction centers from
Rp. viridis reconstituted into liposomes were frozen
for freeze-fracturing at temperatures between, above,
and below the phase transition temperatures of the
lipids forming the liposomes (Baciou et al., 1991). It
was shown that the phase transition affects the
thermodynamic parameters associated with the
electron-transfer process in the reaction center.

Isolated chromatophores of Rb. capsulatus and
Rb. sphaeroides were fused with liposomes. The
fused chromatophores were examined electron
microscopically after freeze-fracturing and the
kinetics of excitonic energy transfer were studied. It
was shown that lipid dilution lowered efficiencies of
energy transfer between the LH I complex and the
reaction center in Rb. capsulatus (Takemoto et al.,
1985), and in a decrease of cytochrome b-561
reduction (Snozzi and Crofts, 1984) and a slightly
reduced absorption due to the LH I complex (Theiler
and Niederman, 1991) in Rb. sphaeroides.

D. The Influence of Proteins on the Structure of
Intracytoplasmic Membranes

The different morphological types of ICM (Fig. 1)
were investigated with respect to a possible
morphogenetic effect of defined components of the
photosynthetic apparatus on the ICM formation. In
the carotenoid- and LH II-less mutant strain R 26 of
Rb. sphaeroides (Lommen and Takemoto, 1978 b)
both vesicular and large lamellar ICM has been
observed instead of small regular vesicles normally
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seen in the wild type. According to experiments with
several mutants of Rb. sphaeroides having defects in
the LH II-complex it was supposed that incorporation
of the v and J polypeptides of the LH II-complex is
essential for molding and maturation of the ICM
(Hunter et al., 1988; Kiley et al., 1988). In these
mutants the ICM consists mainly of long tubes
spanning the cell in the longitudinal axis. It was
suggested that in absence of the LH II-complex the
ICM was arrested at a tubular stage.

However, the LH II-deficient mutant 19 of Rb.
sphaeroides exhibited in ultrathin sections not only
regularly shaped ICM vesicles (average diameter of
43 nm), but also long tubes of ICM with diameters of
60-95 nm (Golecki et al.,, 1989, 1991). Freeze-
fracture preparations revealed that these tubes were
densely covered with intramembrane particles
regularly arranged in rows. Therefore these tubes do
not represent lipid-enriched ICM-invaginations as
discussed for other mutants of Rb. sphaeroides with

Fig. 15. Ultrathin section of Rhodobacter capsulatus mutant Al
a*, lacking the LH Il complex. The cells contain ICM vesicles of
larger diameter (mean diameter =72 £ 9 nm) than wild type. Bar
represents 200 nm. Inset: ICM vesicles of Rb. capsulatus Al a*
exposing intramembrane particles on the PF. OM, outer
membrane. Freeze-fracture preparation. Bar represents 100 nm,
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similar tubular ICM (Kiley et al., 1988). Phototrophic
and RC positive, but LH 1T and/or LH II negative
mutants of Rb. capsulatus (Dorge et al., 1990; Stiehle
et al., 1990) still retain vesicular ICM (Golecki et al.,
1989, 1991; Golecki unpublished results; Fig. 15).Rs.
rubrum, which does not contain the LH II complex,
forms regularly shaped ICM vesicles with diameters
ranging from 60 to 100 nm. It is remarkable that all
ICM vesicles from LH II-lacking purple bacteria are
larger than vesicles from bacteria with LH II besides
the core complex (Figs. 8, 15). A defined LH II
deletion mutant (ApucBACDE) of Rb. capsulatus
contains vesicles of irregular size but no tubules
(Golecki and Drews, unpublished).

lll. Biosynthesis of Membranes and the
Assembly of the Functional Complexes of
the Photosynthetic Apparatus

A. Coordinated Biosynthesis of Phospholipids,
Proteins and Pigments during Membrane
Formation

The major lipid compounds of CM and ICM
membranes are the phospholipids phosphatidyl
ethanolamine, phosphatidyl choline, phosphatidyl
serine, diphosphatidyl glycerol, phosphatidyl inositol
and ornithine lipids, which are esters of C16:0, C16:1,
C18:0,C18:1; fatty acids (Kenyon, 1978 and see also
Chapter 10 on quinones and lipids by Imhoff).
Glycolipids appear to be absent in nonsulfur purple
bacteria; they were found in Chromatiaceae and
green sulfur bacteria. Sulfolipids (sulfoquinovosyl-
diacylglycerol) are present in many photosynthetic
bacteria (Imhoffet al., 1982; and see also Chapter 10
by Imhoffand Imhoff). Hopanoid pentacyclic triter-
penoids were found in purple nonsulfur bacteria but
not in purple sulfur bacteria (Rohmer et al., 1984;
Neunlist et al., 1988; Urakami and Komagata, 1988).
Ubiquinone-10 is the major mobile electron carrier
in the membrane. Ubiquinone-9, menaquinone-8, 9
or 10, and rhodoquinone-10 have been found
occasionally (Urakami and Komagata, 1988; and see
also Chapter 10 by Imhoff and Imhoff).

The phospholipid biosynthetic enzymes, i.e. CDP-
diglyceride synthetase, phosphatidylglycerophos-
phate synthetase, phosphatidylglycerophosphate
phosphatase, phosphatidylserine (PS) synthase, PS
decarboxylase, and S-adenosyl-L-methionine:
phosphatidylethanolamine N-methyltransferase, were
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detected in the soluble fraction of cells of Rb.
sphaeroides while CDP-diglyceride synthetase,
phosphatidylglycerophosphate synthase, and PS
decarboxylase was localized in the CM (Cain et al.,
1984). The pathway for synthesis of phosphatidyl-
ethanolamine and phosphatidylglycerol in purple
bacteria seems to be the same as in other eubacteria
(Cain et al., 1984). A phospholipid transfer protein
and an acyl carrier protein have been isolated and
purified (Tai and Kaplan, 1984; Cooper et al., 1987).

Kaplan’s group has shown that phospholipids are
synthesized at the CM and from there transferred to
the ICM just prior to cell division (Lueking et al.,
1978; Cain et al., 1984). Proteins and pigments,
however, are inserted into the CM and ICM
continuously throughout the cell cycle (Fraley etal.,
1977, 1979; Kaplan et al., 1983; Myers and Collins,
1987). As a consequence, the protein/phospholipid
ratio and the specific density and fluidity of the
membrane fluctuate with the cell cycle. The
discontinuous accumulation of cellular phospholipids
during synchronous growth is directly attributable to
observed changes in the rate of phospholipid synthesis
(Fraley et al., 1979). The number of photosynthetic
units per membrane area can vary by nearly a factor
oftwo over the course of the cell cycle (Kaplan et al.,
1983). Under constant growth conditions the average
size and density of intramembrane particles remains
unchanged during the cell cycle (Yen et al., 1984).
The cell-cycle-dependent fluctuation in membrane
composition, shown for Rb. sphaeroides, has been
likewise confirmed for CM preparations ofRs. rubrum
(Myers and Collins, 1987).

Shifts of light intensity or oxygen tension do not
change significantly the patterns of phospholipids
and fatty acids in the membrane fractions of non-
synchronized cells (Kaufmann et al., 1982; Onishi
andNiederman, 1982; Campbell and Lueking, 1983).

B. Characteristics of Membrane Fractions

Several membrane fractions have been isolated by
sucrose density gradient centrifugation from various
purple bacteria induced to form the photosynthetic
apparatus. These membrane fractions differ in specific
density and composition. Components of the
respiratory chain, photosynthetic apparatus, transport
systems, penicillin-binding proteins, and other
functional units and phospholipids are present in
variable but different amounts in the different
membrane fractions (Hurlbertetal., 1974; Barrett et
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al., 1978; Dierstein et al., 1981; Garcia at al., 1981;
Inamine and Niederman, 1982; Kaufmann et al.,
1982; Inamine et al., 1984). Penicillin-binding
proteins have been found exclusively in the CM
(Shepherd et al., 1981). Table 1 illustrates the
compositional heterogeneity of membrane fractions
isolated from cells of Rb. capsulatus grown
chemotrophically and phototrophically, respectively.
A generalization is not possible, because data are
available from few species only.

The isolated ‘light’” membrane fraction consists of
small membrane pieces (Lampe et al., 1972;
Kaufmann et al.,, 1982). The concentration of
bacteriochlorophyll-protein complexes is low and
the ratio of reaction center plus light-harvesting
complex I (LHI) : LHII is much higher than in the
‘heavy’ fraction (Reilly and Niederman, 1986). The
transfer ofexcitation energy from LHII to LHI is not
coupled efficiently. Rates of photophosphorylation
and photoreduction of b-type cytochromes are low
(Hunteret al., 1979; Garciaet al., 1981; Kaufmann et
al., 1982). Barrett et al. (1978) found cytochrome ¢
and NADH-cytochrome ¢ reductase activity enriched
in the light fraction. The light fraction seems to be
identical with the CM or those parts ofthe CM where
the insertion of photosynthetic units is initiated (Reilly
and Niederman, 1986).

The low activities of oxidative phosphorylation,
NADH oxidation, cytochrome oxidase and other
enzymes of electron transport chains in the light
fraction seems to be caused by harsh treatment of
cells during disruption and isolation. The separation
of CM from ICM and outer membrane is a difficult
task, especially when phototrophically grown cells
are used (Oelze and Drews, 1972; Hurlbert et al.,
1974; Kaplan and Arntzen, 1982). Small pieces of
CM, formed during cell disruption, do not form
vesicles. Washing of membranes reduces the level of
soluble cytochrome ¢, and of enzyme constituents
loosely bound to the membrane. Even when CM is
isolated under mild and controlled conditions it
remains difficult to quantify light-driven and
respiratory coupled functions because CM vesicles
are at best 70% right-side out, while ICM vesicles
can be 100% inside out with a higher content of
cytochrome ¢, than CM vesicles (Lommen and
Takemoto, 1978; Michels and Konings, 1978; Garcia
et al., 1987). Moreover, apparent activity of
cytochrome oxidase and amount of oxidase protein,
detected by immunoelectrophoresis, do not follow
the same kinetics when cells are shifted from
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phototrophic to chemotrophic growth conditions
(Hidig and Drews, 1985; Hiidig et al., 1987).
Enzymatic activity and synthesis of membrane bound
components seem to be regulated differently.

The light membrane fractions of Chromatium
vinosum and Ectothiorhodospira mobilis contained
the highest BChl content and were not contaminated
with cell wall constituents (Hurlbert et al., 1974;
Ditandi and Imhoff, 1993). Obviously the photo-
synthetic apparatus of both species is extended to the
CM, which may be caused by the obligately or
primarily phototrophic way of life in these species.
The fractions of highest density are enriched in cell
wall constituents.

The heavy membrane fraction of facultative
phototrophic bacteria consists of ICM vesicles
(i.e. chromatophores) which are enriched in the photo-
synthetic apparatus (Fig. 6). Chromatophores catalyze
light-driven proton translocation into the vesicles
and photophosphorylation by the H*-ATPase
(Frenkel, 1954; Lampe and Drews, 1972; Lampe et
al., 1972).

The morphological continuity of the CM-ICM
system has been described in Section IL.A of this
chapter (Figs. 3, 5). The continuity ofthe membranes
implies that ICM vesicles have an inverted orientation
after isolation; they have an inside-out orientation,
while protoplasts and CM vesicles should have right-
side out orientation. This canbe shownby localization
of the F, part of ATPase on the outer surface of ICM
vesicles and on the inner surface of CM vesicles.
Light-induced proton translocation is directed into
the ICM vesicles but from the cytoplasm to the
periplasmic space in whole cells and spheroplasts.
Likewise, light-driven amino acid transport is directed
oppositely in chromatophores and CM vesicles,
(Michels and Konings, 1978). Opposite membrane
asymmetry ofthe CM and ICM was also detected by
freeze-fracture electron microscopy (see Section
I1.B).

Since membranes are fluid-crystalline structures
it cannot be excluded that the connections between
ICM vesicles or lamellae and CM and ICM are
transient. From the heterogeneity of membrane
fractions it can be inferred that a barrier must exist
between membranous domains which inhibits or
slows down free lateral diffusion of phospholipids
and proteins in the membrane continuum (Lavergne
and Joliot, 1991).
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C. The Formation of Intracytoplasmic
Membranes

Rhodospirillum rubrum and Rhodobacter sphaer-
oides are facultative photosynthetic bacteria which
do not contain either BChl or ICM vesicles when
cultivated under strictly aerobic conditions in the
dark. Upon induction ofthe photosynthetic apparatus
by lowering the oxygen tension or shifting to
anaerobic light conditions, invaginations of the CM
and BChl synthesis appear simultaneously (Cohen-
Bazire and Kunisawa, 1963; Drews and Giesbrecht,
1963; Peters and Cellarius, 1972; Golecki and Oelze,
1975). The formation of ICM by invaginations of the
CM was also visualized by immunochemical means
(Crook et al., 1986). A shift of newly incorporated
radioactivity from CM into the ICM fraction was
demonstrated by pulse-chase experiments (Oelze
and Drews, 1969).

It was suggested that an ‘upper pigmented band’
(light membrane fraction) represents peripheral
regions of immature ICM invaginations (Niederman
et al., 1979; Inamine and Niederman, 1982; Inamine
et al., 1984). This fraction was found to be enriched
in b- and c-type cytochromes, in succinate-
cytochrome c¢ oxidoreductase and in reaction center
(Bowyer et al., 1985; Reilly and Niederman, 1986).
The incorporation of newly synthesized proteins
into this membrane fraction was demonstrated in
pulse-chase experiments (Niederman et al., 1979,
1981).

The H-subunit of RC, present in the membrane
fraction of aerobically grown cells of Rb. sphaeroides
(Chory et al., 1984) and Rb. capsulatus (N. Cortez,
unpublished), was proposed to function as a structure
to initiate assembly ofthe core complex (RC + LHI).
A rapid shift from aerobic, chemotrophic growth to
anaerobiosis in the presence of light in Rb.
sphaeroides results in an immediate cessation of cell
growth, and of protein, DNA and phospholipid
accumulation. But the synthesis of phosphatidyl-
choline begins midway through the lag period and
well before the resumption of total phospholipid
synthesis. Small indentations within the CM appear
early in the lag phase and seem to be converted into
discrete ICM invaginations and mature ICM vesicles.
It was speculated that specific regulatory sites of
phospholipid synthesis at the level of phos-
phatidylethanolamine methyltransferase and acyl
carrier protein, besides H-subunit and other proteins,
are locally enriched where indentations in the
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membrane are formed as initiation sites for assembly
of pigment-proteins and invaginations of the CM or
ICM (Chory et al., 1984). Throughout the cell cycle
the level of LH complex II remains low in the light
membrane fraction. It was shown by pulse-labeling
with [**S] methionine that the incorporation of
proteins into the light membrane fraction was much
higher than in the heavy membrane fraction. Pulse-
chase experiments showed a shift of radioactivity
from the light into the heavy membrane fraction.
These results were interpreted as support of the idea
that core complexes of the photosynthetic apparatus
were incorporated preferentially into sites of
membrane growth initiation which were visualized
as small indentations of the CM (Chory et al., 1984;
Reilly and Niederman, 1986). Later, when the
indentation became CM invaginations and ICM
vesicles, light-harvesting complexes II were
incorporated and due to ahigher density, these vesicles
were isolated with the heavy membrane fraction.

The molecular mechanism ofthis local membrane
growth and differentiation resembles the budding
process at the plasma membrane of eukaryotic cells
during assembly ofenveloped viruses. In this process
host membrane proteins are displaced by virus
proteins which serve as anchor proteins for virus
assembly.

The insertion of pigment- or redox carrier-binding
proteins of the photosynthetic apparatus into the
membrane lowers the fluidity of the membrane. This
might be a signal to transfer phospholipids to ICM.
New ICM vesicles are formed notonly by invagination
of CM but also by incorporation of new photo-
synthetic units into buds ofpreexistent ICM vesicles
or thylakoids (Drews and Giesbrecht, 1963; Oelze
and Drews, 1969, 1972; Hurlbert al., 1974; Dierstein
et al., 1981) or flat membranes (thylakoids) which
appears as branching of membranes in Rp. palustris
(Tauschel and Drews, 1967).

D. The Influence of Oxygen Tension and Light
Intensity on Membrane Differentiation

The external signals of oxygen partial pressure and
light intensity are the major factors which determine
membrane differentiation and formation of the
photosynthetic apparatus (Lascelles, 1959; Cohen-
Bazire and Kunisawa, 1963; Biedermann et al., 1967,
Marrs and Gest, 1973; Dierstein and Drews, 1975;
Drews 1978, 1988, 1991; Schumacher and Drews,
1979; Arnheim and Oelze, 1983a,b; Donohue and
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Kaplan, 1986; Kiley and Kaplan, 1987; Oelze, 1988;
Reidl et al., 1983, 1985; Chory et al., 1984; Klug et
al., 1985, 1991; Lee and Kaplan, 1992 ab). In
addition, temperature and substrate composition and
concentration influence the morphogenesis of the
photosynthetic apparatus (Kaiser and Oelze, 1980a,b;
Grether-Beck and Oelze, 1987; Gardiner et al., 1992).

Lowering the oxygen tension in a dark culture of
facultative phototrophic bacteria induces the
formation of the photosynthetic apparatus. The
threshold value of oxygen partial pressure which is
critical for triggering the morphogenetic process is
different in the species which have been examined.
Cells ofRs. rubrum and Rb. sphaeroides are free of
ICM and BChl when cultivated in air saturated culture
medium. The threshold value for these species is
relatively sharp at about 5 mm Hg = 666 Pa = 6.66
mbar oxygen partial pressure (Biedermann et al.,
1967).

Cultures of Rb. capsulatus always contain small
amounts of BChl and some polar tubular ICM, even
when grown at 500 kPa pO, (Lampe et al., 1972; Fig.
7). The BChl concentration increases strongly when
in chemotrophically grown cells of Rb. capsulatus
the oxygen tension is lowered below 1 kPa (Dierstein
and Drews, 1974, 1975). In other species, like Rb.
sulfidophilus (Doi et al., 1991) or Rs. centenum
(Yildiz et al., 1991) changes in oxygen tension are
much less effective on the formation of the
photosynthetic apparatus.

Lowering ofthe oxygen tension below the threshold
value stimulates, in species responsive to oxygen,
not only synthesis of the photosynthetic apparatus
but also formation of ICM. Both processes are light-
independent and have been observed even in
anaerobic dark cultures of Rb. capsulatus (Madigan
et al., 1982). Activities of respiratory enzymes are
higher in cells grown chemotrophically than
phototrophically (King and Drews, 1975; Drews and
Oelze, 1981; Cox et al., 1983; Hiidig et al., 1987).
Thus, variation of oxygen tension has an opposite
effect on synthesis of components of the photo-
synthetic versus respiratory apparatus. Oxygen
stimulates synthesis and/or activity of NADH-
dehydrogenase and cytochrome c¢ oxidases, but the
redox components of electron transport, which are
active for respiratory and light-driven electron
transport, like the bc -complex, cytochrome ¢, and
the ubiquinone pool, are regulated differently
(Kaufmann et al., 1982; Garcia et al., 1987).

BChl synthesis is regulated on the level of key
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enzymes, i.e. the aminolevulinic acid synthase and
Mg-chelatase, the branching point of tetrapyrrole
synthesis to heme and BChl synthesis, respectively
(Lascelles, 1959, 1978; Gorchein, 1973). Trans-
criptional and posttranscriptional regulatory
processes are involved (see Chapters 9 by Beale and
52 by Biel).

When cells of facultative phototrophic bacteria
are shifted from anaerobic light to aerobic dark
conditions, the synthesis of pigments, pigment-
binding proteins ofthe photosynthetic apparatus and
formation of ICM are immediately suppressed (Marrs
and Gest, 1973; Drews et al., 1987). The components
ofthe photosynthetic apparatus are not degraded but
remain in the ICM. Instead of these components,
structures of the respiratory apparatus and other
housekeeping components are incorporated into the
CM. Hence the relative concentration of photo-
synthetic structures in the membrane gradually dilutes
out. Since phototrophically growncells ofRs. rubrum
and Rb. capsulatus and other facultative phototrophic
bacteria have under all growth conditions a potentially
active respiratory system, they continue to grow
after shift from phototrophic to chemotrophic
conditions. Growth and membrane differentiation
are separately regulated (Marrs and Gest, 1973;
Baccarini-Melandri and Zannoni, 1978; Zannoni et
al., 1978; Arnheim and Oelze, 1983a,b; Oelze and
Arnheim, 1983; Drewsetal., 1987; Kiley and Kaplan,
1988).

In all phototrophic organisms light is the energy
source for growth and also an external factor which
determines morphogenesis. The quantum efficiency
of light on growth has been studied in chemostat
cultures (Gobel, 1978) and the influence of light on
growth and morphogenesis by Oelze’s group
(Arnheim and Oelze, 1983a; Grether-Beck and Oelze,
1987). Changes of light intensity modify the
composition and activity of the photosynthetic
apparatus. Lowering of light intensity under
anaerobiosis increases the BChl content of cells and
membranes and the ratio of the pigment-binding
proteins of LH II/RC + LH I (Cohen-Bazire et al.,
1957, Cohen-Bazire and Kunisawa, 1963; Drews
and Giesbrecht, 1963; Lien and Gest, 1973;
Schumacher and Drews, 1979; Golecki et al., 1980;
Reidl et al., 1985; Garcia et al., 1987; Oelze, 1988
and Fig. 2). Cells exposed to a downshift in light
intensity adapt to a new energy level of light
irradiation. In cells of Rb. capsulatus and Rb.
sphaeroides this process takes about 2—3 generations.
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During adaptation, the growth rate is lowered due to
energy limitation. The amount of ICM vesicles and
the number of photosynthetic units per cell increase
(Fig. 8, Table 1). The size of the photosynthetic unit
(mol BChl/mol RC) increases due to the relative
increase of the peripheral LH complex II (Reidl et
al., 1985). In species likeRs. rubrum and Rp. viridis,
which have one light-harvesting complex only, the
number of photosynthetic units and the ICM increase
(Oelze et al., 1969). In species like Rp. palustris,
Rp. acidophila and Cm. vinosum, which contain
different types of peripheral LH complexes, the
development of single species of LH complexes is
differentlyregulated by lightintensity, oxygentension
and temperature (Firsow and Drews, 1977; Mechler
and Oelze, 1978 a,b,c; Hayashi et al., 1982; Cogdell
et al., 1983; Evans et al., 1990; Deinum et al., 1991;
Gardiner et al., 1992; Takaichi et al., 1992). The
primary acceptor for light energy transduction is the
pigment system of the photosynthetic apparatus. The
sensor for light effecting morphogenesis is unknown.
Blue light seems to inhibit BChl synthesis (Drews
and Jaeger, 1963; Oelze, 1986; Takamiya et al.,
1992).

Variation of light intensity influences not only the
synthesis of pigment-proteins of the photosynthetic
apparatus, but also the concentration of redox carriers.
The molar ratios of ubiquinone and cytochromes c,,
¢,, b-561 and b-566 per reaction center were three to
five fold higher in membranes from high-light than
from low-light grown cells (Table 1; Garcia et al.,
1987) and the photochemical and respiratory activities
change accordingly (Table 1; Reidl et al., 1983,
1985; Garcia et al., 1987; Hiidig et al., 1987).

Membrane differentiationisregulated ondifferent
levels, transcriptionally and posttranscriptionally,
which has been reviewed by Kiley and Kaplan (1988)
and Sganga and Bauer (1992) and detailed in several
chapters of this volume.

E. Assembly of the Photosynthetic Apparatus

The complexes of the photosynthetic and of the
respiratory apparatuses are multicomponent,
supramolecular integral membrane-bound structures.
From several complexes we have detailed information
on the primary structure of proteins, localization and
orientation of the bound cofactors, and organization
and topography ofthe complex in the membrane (see
Chapters 18, 23, 37 and 38, by Cogdell and Zuber,
Roy et al., Gromet-Elhanon, and Jackson, respec-
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tively). The organization of proteins and cofactors
has been optimized during evolution to an efficient
communication between the cofactors within the
complex and redox carriers in the lipid layer of the
membrane (cofactors e.g. quinones). Furthermore,
the complexes have to interact with ions, substrates,
or redox carriers on the cytoplasmic and periplasmic
side of the membrane, respectively. Excitation energy
or electrons have to be efficiently translocated. All
these functions and the formation of a membrane
potential and an electrochemical gradient of protons
across the membrane are dependent on the correct
assembly of subunits resulting in a functional
organization and a correct orientation of the
complexes and cofactors in the membrane. All
immunochemical, ultrastructural, and biochemical
studies have confirmed thatcomplexes are uniformly
oriented when synthesized in native membranes, but
they may be more or less randomly oriented when
incorporated in liposomes (Tadros et al., 1987;
Crielaard et al., 1989; Giiner et al., 1991; Brunisholz
and Zuber, 1992).

F. Targeting and Insertion of Proteins into the
Membrane

Targeting of proteins to the membrane surface is the
first important step of the assembly process which is
initiated by distinct signals, the signal sequences on
the so-called targeting protein (Saier et al., 1989;
Miiller and MacFarlane, 1994). Signal sequences of
proteins which are translocated across the membrane
are cleaved off after translocation. Proteins which
are inserted into the CM generally have non-cleavable
signal sequences. These non-cleavable signal
sequences are difficult to identify because they are
not split off and the sequence is not well defined
(Saier et al., 1989). The N-terminal region of the
LH I polypeptide & of Rb. capsulatus has some
features in common with typical signal sequences,
i.e. two positively charged amino acids at the end of
the N-terminus followed by a short sequence of
hydrophobic amino acids and two other positively
charged amino acids immediately before the central
hydrophobic membrane spanning domain of the
polypeptide. Exchange of four positively charged
with four negatively charged amino acids on the N-
terminal domain of the & subunit inhibits a stable
insertion of @and f proteins into the membrane and
the assembly ofthe LHI complex (Dorge et al., 1990;
Stiehle et al., 1990). Interestingly, the B polypeptide



248

ofthe LHI complex, which has a net negative charge
in its N-terminal region and no similarity to a signal
sequence, is inserted earlier into the membrane than
the LHI apolypeptide. Moreover, the Spolypeptide
inserts in the absence of azbut does not remain stably
integrated as it does in presence of ¢ (Richter and
Drews, 1991). LHI « in absence of B is also inte-
grated into the membrane (A. Meryandini, personal
communication). Site-directed mutagenesis of other
highly conserved amino acids in the N-terminal
region of the o and B LHI polypeptides interfered
with stable formation of a light-harvesting complex I,
indicating that the N-termini ofthe LHI polypeptides
contains important topogenic information (Dorge et
al., 1990; Richter et al., 1991, 1992).

Intensive studies on insertion and translocation of
proteins into and across the CM of Escherichia coli
have shown that the process is generally sec-
dependent (Miiller and MacFarlane, 1994). Sec A,
Sec B and SecY are proteins which support targeting
(Sec B+A) or translocation (Sec Y) of proteins across
the CM of E. coli (Miiller and MacFarlane, 1994).
Sec A- and Sec B-activities for protein export have
not been found in cells of Rb. capsulatus, but proteins
similar in function are present (Miiller et al.,
unpublished). In vitro experiments using a cell-free
homologous system of Rb. capsulatus have shown
that the incorporation of LHI & and 8 and of the H-
protein of the RC into the ICM fraction is more
efficient in the presence than in absence or
posttranslationally addition of membranes (Troschel
and Miiller, 1990; Troschel et al., 1992). A low salt
extract from ICM-vesicles contains one or more
proteins which support targeting and translocation
of precytochrome ¢, and LHI o8 (Wieseler and Miiller,
1993; A. Meryandini, unpublished). These experi-
ments suggest but do not prove that targeting and
insertion of LH and RC proteins are cotranslational
processes. They indicate that the competence of
these proteins for insertion is diminished when
membranes are added posttranslationally (Troschel
and Miiller, 1990). LHI «cand B polypeptides seem to
interact before insertion. In absence of DnaK, LHI &
and 3 were not synthesized in a cell-free translation
system. When GroEL was removed from the system,
the LHI proteins were not stably inserted into the
membrane (A. Meryandini and G. Drews unpub-
lished).

LH-proteins of purple bacteria are very small,
(about 50 residues) and they span the membrane
only once (Drews, 1985). The translocation of the
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M13 coat protein and some other small proteins is
Sec A or Sec Y independent (Kuhn and Troschel,
1992). The translocation of leader peptidase became
Sec A independent when the protein was shortened
(Andersson and von Heijne, 1993). This, and the
failure to detect Sec functions in Rb. capsulatus,
suggest that all topogenic information necessary for
targeting and insertion already exist in the primary
structure of LH proteins. However, several obser-
vations support the idea that protein targeting and
membrane insertion in Rb. capsulatus is assisted by
a system of proteins. Trypsin-treatment of ICM
interfered with integration of LHI awand B and the H-
subunit of the RC into ICM (Troschel et al., 1992;
Troschel and Miiller, unpublished) indicating that
proteins exposed on the membrane surface assist
targeting and insertion. LHI o polypeptide is not
stably inserted into membranes in the absence of
LHI S, although its N-terminus has a positive net
charge, suggesting that o and B bind to each other
before or during targeting. This could be shown
recently in a cell-free translation system of Rb.
capsulatus (A. Meryandini and G. Drews, unpub-
lished). The N-terminal region of LHI Shas a negative
net charge which interferes with the negative charge
of the phospholipid head groups on the membrane
surface during targeting. A surface exposed
membrane protein could overcome this problem and
act as a receptor for targeting and insertion. Gene
products which are not identical with the pigment-
binding proteins have been identified which are
essential for correct and stable assembly (Tichy et
al., 1989, 1991; Drews, 1992). Others which may
have a more general function for insertion and
assembly of proteins in the membranes of photo-
trophic bacteria are yet to be detected. LHI & becomes
phosphorylated during or after incorporation into
the membrane of Rb. capsulatus (Cortez et al., 1992;
Garcia et al., 1994).

G. Translocation and Assembly of Antenna-
Pigment-Proteins

The N-terminal regions of LH « and 8 and RC
proteins M and L of several species become exposed
on the cytoplasmic side of the membrane after
insertion and translocation (Tadros et al., 1987,
Brunisholz and Zuber, 1992). Translocation of the
hydrophobic a-helical region of these proteins across
the membrane depends on the proton motive force.
Addition of uncouplers completely inhibits trans-
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location (Dierstein and Drews, 1986). The sequence
of steps in the assembly of the LH-complexes is not
known. The binding of BChl and carotenoids to the
proteins of the LH-complexes seems to be an early
step that influences the conformation of proteins and
therefore assembly. In mutant strains blocked at
different stages of BChl synthesis, LHI ¢, LHI 3, and
LHII Bproteins are incorporated into the membrane,
as shown by pulse experiments, but disappear during
the chase period (Klug et al., 1986; Brand and Drews,
unpublished). The pufQ gene product seems to be of
importance for assembly of BChl and proteins (see
Chapters 57, 58 and 59 by Beatty, Bauer, and Klug,
respectively). LHII axpolypeptide, however, remains
stable in the membrane when BChl is absent. The
steps of BChl synthesis, catalyzed by Mg-chelatase
and methyl-transferase, seem to be membrane bound
(Gorchein, 1973). The pool of unbound BChl in the
membrane and whole cells is very small (Beck and
Drews, 1982). Precursors of BChl can be accumulated
inmutant strains. They are excreted as free precursors
or nonspecifically bound to proteins (Drews et al.,
1971; Bolivar and Bauer, 1992). They do not form
LH complexes. However, pseudo complexes may be
formed by interaction with other LH proteins in the
absence ofthe specific ones (Tadros etal., 1989). The
LH-complexes in the membrane are oligomers of the
basic o-f-pigment-subunit. This has been shown by
molecular mass determination ofisolated complexes
in lipid micelles or in crystals using different methods
(Shiozawa et al., 1982; Guthrie et al., 1992;
Kleinekofort et al., 1992) and by in vitro resolution
and reconstitution ofisolated complexes (see Chapter
16 by Zuber and Cogdell). The monomeric subunits
differ from oligomers in their spectroscopic properties
(van Grondelle et al., 1992).

Besides BChl, the carotenoids are a morphogenetic
factor for LHII complexes. Carotenoid-less mutants
of Rb. capsulatus are unable to form the stable, wild-
type LHII complex (Kaufmann et al., 1984; Zsebo
and Hearst, 1984; Dorge et al., 1987; Lang and
Hunter, 1994).

Within the transmembrane o-helical segment of
both o and f§ antenna polypeptides a strong conserved
histidine residue, serving as a fifth ligand for BChl,
is positioned. Other conserved amino acids in a
distance of approximately one helix turn [Ala-X-X-
X-His-X-X-X-Leu (Trp, Tyr, Phe)] (His + 4 and
His — 4) are candidates to interact and stabilize the
position of BChl in the periplasmic bilayer halfofthe
membrane (Brunisholz and Zuber, 1992). Exchange
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of histidine or one of the conserved amino acids in
position £ 4 for another amino acid impair or inhibit
not only BChl binding but also formation ofthe LHI
complex and stable insertion of oand f polypeptides
(Bylina et al., 1988; M. Brand, G. Drews, unpub-
lished). Interestingly, an exchange of Ala-34 and
His-38 of LHI Bdoes not impair the assembly of LHI
or alter the wild type in vivo absorption spectrum.
Deletion ofthe highly conserved His-20 in LHI B did
not inhibit LHI formation but resulted in a broadening
ofthe absorption peak in one membrane fraction (M.
Brand, G. Drews, unpublished). Pulse chase
experiments have shown that inhibition of BChl
binding to o or B polypeptides by mutation of amino
acids very often impairs insertion and translocation
ofthe mutated and of the partner protein (Klug et al.,
1986; M. Brand, G. Drews, unpublished). These
multiple effects of mutations in amino acid positions
are possibly caused by changes in conformation and
topogenic signals of proteins and, therefore, influence
targeting, translocation and assembly.

The interpretation of results of the influence of
pigments on the synthesis and assembly of pigment-
binding proteins is conflicting in the literature. The
light-harvesting chlorophyll-binding protein of
chloroplast thylakoid membranes was stably
incorporated into the CM of E. coli after addition of
a bacterial signal peptide, although chlorophyll was
not present (Kohorn and Auchincloss, 1991). In
eukaryotic systems, the chlorophyll apoprotein
expression and accumulation was found to be
influenced by the level of chlorophyll (Eichacker et
al., 1992; Herrin et al., 1992).

The LHII complex of Rb. capsulatus contains,
besides the o and B polypeptides, a third protein,
called ¥ which does not bind BChl. It can be removed
from the membrane by an alkaline wash (Tadros et
al., 1990) or by trypsin treatment (Feick and Drews,
1978) and is not necessary for the function of LHII
(Tadros et al., 1990). Deletion of pucE, the gene
coding for the gamma protein, and of pucD, a gene of
unknownfunction, affectsthe formationand stability
of LHII (Tichy et al., 1991). Cells which are
suppressed in transcription of pucD, and E, form less
LHII than in the wild type and the absorption
maximum at 800 nm decreased (Tichy et al., 1991).
It has been shown that the gamma protein stabilizes
the LHII complex stronly (C. Kortliike, F. Weber, G.
Drews, unpublished). The gene product of pucC is
essential for expression of the puc operon and for
synthesis and assembly of LHII proteins (Tichy et
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al., 1991; LeBlanc and Beatty, 1993). The function
of PucC is unknown but it is neither a structural
component of LHII nor a protein which assists
targeting and assembly. Presumably it contributes to
regulation of gene expression (Tichy et al., 1991);
under control ofthe T7 promoter and a strong Shine-
Dalgarno sequence, pucC was overexpressed in E.
coli (C. Kortliike, unpublished).

Phosphorylation of BChl-binding proteins and
other membrane proteins have been observed in
several eukaryotic and prokaryotic photosynthetic
organisms (Bennet, 1977; Owens and Ohad, 1982;
Holuigue et al., 1985; Holmes and Allen, 1988;
Pairoba and Vallejos, 1989; Harrison et al., 1991;
Cortez et al., 1992). The intensity of phosphorylation
of LHIex of Rb. capsulatus was found to be redox-
controlled which indicates that phosphorylation and
dephosphorylation regulate the organization and
function of the antenna system (Cortez et al., 1992).
The LHIa protein is phosphorylated presumably by
a Ser/Thr kinase after insertion into the membrane
(Garcia et al., 1994; M. Brand, unpublished).

1. Assembly of Other Membrane-Bound
Complexes

RC, like LHII of Rb. capsulatus, contains a third
subunit, called the H-subunit, which does not bind
pigments (see Chapter 23 by Lancaster et al.). The
gene for the H subunit is located some 35 kb upstream
from the puf-operon (coding for RC-M and RC-L) in
the puhA locus (Youvan et al., 1984; Socket et al.,
1989). Deletion of the puhA gene results in a photo-
synthetically incompetent mutant strain of Rb.
sphaeroides which synthesizes only trace amounts
of RC and no LHI complex, although puf mRNA 1is
synthesized. It was speculated that the H subunit is
necessary for either insertion of RC M and RC L
polypeptides into the ICM or for stabilization of RC
complexes (Sockett et al., 1989). Since the H subunit
is present in membranes of chemotrophically grown
cells, it was proposed that the H subunit directs M
and L subunits to the proper site and facilitates
assembly (Sockett et al., 1989). The effect of a
deletion in puhA on the expression of pufB may be
due to an inhibition of the expression of the open
reading frame F1696. An insertion mutation in F1696
affects a 67% reduction in LHI in Rb. capsulatus
(Bauer et al., 1991). The primary structure of F1696
is very similar to that of pucC (Bauer et al., 1991;
Tichy et al., 1991) These proteins may have a similar
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function in activation of gene expression. Until now
there is no direct evidence for proteins (chaperones),
besides GroEL, which keep the pigment-binding
proteins ofthe LH- and RC-complexes in an unfolded
state after translation and before insertion, or which
assist targeting, translocation, and assembly in the
membrane.

The ubiquinol:cytochrome ¢ oxidoreductase, an
ubiquitous proton pump, comprises three catalytic
subunits, a two-heme Cyt b, a cytochrome ¢, and a
Rieske 2Fe-2S protein (see Chapter 35 by Gray and
Daldal). The Rieske subunit from Rb. sphaeroides
has been expressed in Escherichia coli and also in a
strain of Rb. sphaeroides lacking the other subunits
of the bc, complex. The Rieske subunit forms a
Rieske-like iron-sulfur cluster and assembles in the
CM showing the characteristic EPR signal (van Doren
et al., 1993). The data are consistent with models in
which the Rieske subunit is bound to the membrane
and assembled via a single membrane-spanning «
helix and independently of the other subunits of the
be, complex (van Doren et al., 1993). Otherwise the
apoproteins for cytochromes b and c, are stably
assembled in the ICM of Rb. capsulatus mutants
containing no Rieske subunit. The two-protein
subcomplex was functional with intact Q, and Q,
sites (Davidson et al., 1992). These data indicate that
synthesis, cofactor binding and assembly of subunits
of the hc, complex seem to be relatively independent
from each other. Specific factors for targeting and
incorporation of the subunits into the membrane are
not known.

Cytochrome ¢, is a soluble periplasmic redox
carrier involved in both aerobic and photosynthetic
electron transport in Rhodobacter (see Chapter 34
by Meyer and Donohue). The N-terminal sequence
of21 amino acids is absent in the mature polypeptide
and contains all of the features of a typical signal
peptide (Brandner et al., 1991). The signal peptidase
and cleaving of the signal sequence has been
demonstrated in an in vitro system in Rb. capsulatus
(Wieseler et al., 1992). Translocation of pre-
cytochrome ¢, across the ICM requires the proton-
motive force and proceeds at a higher efficiency
when cell-free membranes are present cotrans-
lationally. Peripheral membrane proteins, which can
beremoved from the membrane by low-salttreatment,
support translocation. Deletion of the signal peptide
does notpreventexport, heme attachment, or function
of cytochrome ¢, (Brandner and Donohue, 1994).
The extract of peripheral proteins does not contain
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activities that in vitro could replace the E. coli
transport factors Sec A and Sec B (Wieseler and
Miiller, 1993). From cycA-phoA translational fusion
experiments it was concluded that cytochrome ¢,
export does not require heme attachment as was
shown for Cyt ¢ import into mitochondria (Brandner
et al., 1991). Heme is covalently attached to two
cysteines in the Cyt ¢, polypeptide via thioether
linkages. His-19 and Met-100 are noncovalent axial
ligands to the iron in the porphyrinring. Heme can be
attached to the Cyt a apoprotein which lacks as many
as 94 C-terminal amino acids, including Met-100
(Brandner et al., 1991).

Acknowledgments

The work of the authors described in this article was
supported by Deutsche Forschungsgemeinschaft,
Land Baden-Wiirttemberg, and Fonds der Chem-
ischen Industrie. We thank Ms Kerstin Jakobs and
Brunhilde Schmidt for typing the manuscript.

References

Andersson H and von Heijne G (1993) Sec dependent and sec
independent assembly of E. coli inner membrane proteins: The
topological rules depend on chain length. EMBO J 12: 683—
691

Arnheim K and Oelze J (1983a) Differences in the control of
bacteriochlorophyll formation by light and oxygen. Arch
Microbiol 135: 299-304

Arnheim K and Oelze J (1983b) Control by light and oxygen of
B875 and B850 pigment-protein complexes in Rhodobacter
sphaeroides. FEBS Lett 162: 57-60

Baccarini-Melandri A and Zannoni D (1978) Photosynthetic and
respiratory electron flow in the dual functional membrane of
facultative photosynthetic bacteria. J Bioenerg Biomembr 10:
109-138

Bachofen R and Wiemken V (1986) Topology of the
chromatophore membranes of purple bacteria. In: Staehelin
LA and Arntzen CJ (eds) Photosynthesis III, pp 620-631.
Springer Publ Berlin, Heidelberg

Baciou L, Gulik-Krzywicki T and Sebban P (1991) Involvement
of the protein-protein interactions in the thermodynamics of
the electron-transfer process in the reaction centers from
Rhodopseudomonas viridis. Biochemistry 30: 1298-1302

Barrett J, Hunter CN and Jones OTG (1978) Properties of a
cytochrome c-enriched particulate fraction isolated from the
photosynthetic bacterium Rhodopseudomonas capsulata.
Biochem J 174: 267-275

Bauer CE, Buggy JJ, Yang Z and Marrs B (1991) The
superoperonal organization of genes for pigment biosynthesis
and reaction center proteins. Mol Gen Genet 228: 433-447

251

Bayer ME (1968) Areas of adhesion between cell wall and
membrane of Escherichia coli. ] Gen Microbiol 53: 395-401

Beck J and Drews G (1982) Tetrapyrrole derivatives shown by
fluorescence emission and excitation spectroscopy in cells of
Rhodopseudomonas capsulata adapting to phototrophic
conditions. Z Naturforsch 37c: 199-204

Bennet J (1977) Phosphorylation of chloroplast membrane
polypeptides. Nature 269: 43444346

Biedermann M, Drews G, Marx R and Schroder J (1967) Der
Einfluf des Sauerstoffpartialdruckes und der Antibiotica
Actinomycin und Puromycin auf das Wachstum, die Synthese
von Bacteriochlorophyll und die Thylakoidmorphogenese in
Dunkelkulturen von Rhodospirillum rubrum. Arch Mikrobiol
56: 133-147

Boatman ES (1964) Observations on the fine structure of
spheroplasts of Rhodospirillum rubrum. J Cell Biol 20: 297—
311

Bollivar DW and Bauer CE (1992) Association of tetrapyrrole
intermediates in the bacteriochlorophyll a biosynthesis pathway
with the major outer-membrane porin protein of Rb. capsulatus.
Biochem J 282: 471-476

Bowyer JR, Hunter CN, Ohnishi T and Niederman RA (1985)
Photosynthetic membrane development in Rhodopseudomonas
sphaeroides. J Biol Chem 260: 3295-3304

Brandner JP and Donohue TJ (1994) The Rhodobacter
sphaeroides cytochrome ¢, signal peptide is not necessary for
export and heme attachment. J Bacteriol 176: 602-609

Brandner JP, Stabb EV, Temme R and Donohue TJ (1991)
Regions of Rhodobacter sphaeroides cytochrome ¢, required
for export, heme attachment and function. J Bacteriol 173:
3958-3965

Brunisholz RA and Zuber H (1992) Structure, function and
organization of antenna polypeptides and antenna complexes
from the three families of Rhodospirillaneae. J Photochem
Photobiol B: Biol 15: 113-140

Bylina EJ, Robles SJ and Youvan DC (1988) Directed mutations
affecting the putative bacteriochlorophyll-binding sites in the
light-harvesting I antenna of Rhodobacter capsulatus. Israel J
Chem 128: 73-78

Cain BD, Donohue TJ, Shepherd WD and Kaplan S (1984)
Localization of phospholipid biosynthetic enzyme activities in
cell-free fractions derived from Rhodopseudomonas sphaer-
oides J Biol Chem 259: 942-948

Campbell TB and Lueking DR (1983) Light-mediated regulation
of phospholipid synthesis in Rhodopseudomonas sphaeroides.
] Bacteriol 155: 806-816

Chory J, Donohue TJ, Varga AR, Stachelin LA and Kaplan S
(1984) Induction of the photosynthetic membranes of
Rhodopseudomonas sphaeroides: Biochemical and morpho-
logical studies. J Bacteriol 159: 540-554

Cogdell RJ, Durrant I, Valentine J, Lindsy JG and Schmidt K
(1983) The isolation and partial characterisation of the light-
protein complement of Rhodopseudomonas acidophila.
Biochim Biophys Acta 722: 427-435

Cohen-Bazire G and Kunisawa R (1963) The fine structure of
Rhodospirillum rubrum. J Cell Biol 16: 401-419

Cohen-Bazire G, Sistrom WR and Stanier RY (1957) Kinetic
studies of pigment synthesis by non-sulfur purple bacteria. J
Cell Comp Physiol 49: 25-68

Collins MLP and Remson ST (1984) Immunogold detection of
chromatophore antigens on the surface of Rhodopseudomonas



252

sphaeroides spheroplasts. Current Microbiol 11: 269-274

Collins MLP and Remsen CC (1991) The purple phototrophic
bacteria. In: Stolz JF (ed) Structure of Phototrophic Prokaryotes,
pp 49-77. CRC Press, Boca Raton

Cooper CL, Boyce SG and Lueking DR (1987) Purification and
characterization of Rhodobacter sphaeroides acyl carrier
protein. Biochemistry 26: 2740-2746

Cortez N, Garcia AF, Tadros MH, Gad’on N, Schiltz E and
Drews G (1992) Redox-controlled, in vivo and in vitro
phosphorylation of the o subunit of the light-harvesting complex
I in Rhodobacter capsulatus. Arch Microbiol 158: 315-319

Cox JC, Beatty T and Favinger JL (1983) Increased activity of
respiratory enzymes from photosynthetically grown Rhodo-
pseudomonas capsulata in response to small amounts of oxygen.
Arch Microbiol 134: 324-328

Crielaard W, Hellingwerf KJ and Konings WN (1989)
Reconstitution of electrochemically active pigment-protein
complexes from Rb. sphaeroides into liposomes. Biochim
Biophys Acta 973: 205-211

Crook SM, Treml SB and Collins MLP (1986) Immunochemical
ultrastructural analysis ofchromatophore membrane formation
in Rhodospirillum rubrum. J Bacteriol 167: 89-95

Davidson E, Ohnishi T, Tokito M and Daldal F (1992)
Rhodobacter capsulatus mutants lacking Rieske FeS form a
stable cytochrome bc¢; subcomplex with an intact quinone
reduction site. Biochemistry 31: 33351-33357

DeBoer WE (1969) On ultrastructure of Rhodopseudomonas
gelatinosa and Rhodospirillum tenue. Antonie van Leeuwen-
hoek J Microbiol Serol 35: 241-242

Deinum G, Otte SCM, Gardiner AT, Aartsma TJ, Cogdell R and
Amesz J (1991) Antenna organization of Rhodopseudomonas
acidophila: A study of the excitation migration. Biochim
Biophys Acta 1060: 125-131

Dierstein R and Drews G (1974) Nitrogen-limited continuous
culture of Rhodopseudomonas capsulata growing photo-
synthetically or heterotrophically under low oxygen tensions.
Arch Microbiol 99: 117-128

Dierstein R and Drews G (1975) Control of composition and
activity of the photosynthetic apparatus of Rhodopseudomonas
capsulata grown in ammonium-limited continuous culture.
Arch Microbiol 106: 227-235

Dierstein R and Drews G (1986) Effect of uncoupler on assembly
pathway for pigment-binding protein of bacterial photosynthetic
membranes. J Bacteriol 168: 167-172

Dierstein R, Schumacher A and Drews G (1981) On insertion of
pigment-associated polypeptides during membrane biogenesis
in Rhodopseudomonas capsulata. Arch Microbiol 128: 376—
383

Ditandi T and Imhoff JF (1993) Preparation and characterization
of highly pure fractions of outer membrane, cytoplasmic and
intracytoplasmic membranes from Ectothiorhodospira mobilis.
J Gen Microbiol 139: 111-117

Doi M, Shioi Y, Gad’on N, Golecki JR and Drews G (1991)
Spectroscopical studies on the light-harvesting pigment protein
complex II from dark aerobic and light anaerobic grown cells
of Rhodobacter sulfidophilus. Biochim Biophys Acta 1058:
235-241

Donohue TJ and Kaplan S (1986) Synthesis and assembly of
bacterial photosynthetic membranes. In: Staehelin LA and
Arntzen CJ (eds) Photosynthesis III, pp 632-639. Springer
Publ, Berlin

Gerhart Drews and Jochen R. Golecki

Dorge B, Klug G and Drews G (1987) Formation of the B800—
850 antenna pigment-protein complex in the strain GK2 of
Rhodobacter capsulatus defective in carotenoid synthesis.
Biochim Biophys Acta 892: 68-74

Dorge B, Klug G, Gad’on N, Cohen SN and Drews G (1990)
Effects on the formation of antenna complex B870 of Rb.
capsulatus by exchange of charged amino acids in the N-
terminal domain of the o and B pigment-binding proteins.
Biochemistry 29: 7754-7758

Drews G (1978) Structure and development of the membrane
system of photosynthetic bacteria. In: Sanadi DR, Vernon LP
(eds) Current Topics Bioenerg Photosynthesis, Vol 8 B, pp
161-207. Academic Press, New York

Drews G (1985) Structure and functional organization of light-
harvesting complexes and photochemical reaction centers in
membranes of phototrophic bacteria. Microbiol Rev 49: 59-70

Drews G (1988) Effect of oxygen partial pressure on formation
of the bacterial photosynthetic apparatus. In: Acker H (ed)
Oxygen Sensing in Tissues, pp 3—11. Springer Verlag, Berlin

Drews G (1991) Regulated development of the photosynthetic
apparatus in anoxygenic bacteria. In: Bogorad L and Vasil IK
(eds) The Photosynthetic Apparatus: Molecular Biology and
Operation, pp 113-148. Academic Press, New York

Drews G (1992) Intracytoplasmic membranes in bacterial cells:
Organisation, function and biosynthesis. In: Mohan S, Dow C
and Cole JA (eds) Prokaryotic Structure and Function: A New
Perspective. Soc Gen Microbiol Symp, Vol 47, pp 249-274.
Cambridge Univ Press

Drews G and Giesbrecht P (1963) Zur Morphogenese der
Bakterien Chromatophoren und zur Synthese des Bakterio-
chlorophylls bei Rhodopseudomonas spheroides und
Rhodospirillum rubrum. Zbl Bakt Parasitenkd Infekt.Krankh.
und Hygiene I Orig 190: 508-536

Drews G, and Imhoff JF (1991) Phototrophic purple bacteria. In:
Shively JM and Barton LL (eds) Variations in Autotrophic
Life, pp 51-97. Academic Press, London

Drews G and Jaeger K (1963) Influence of light on the biosynthesis
of bacteriochlorophyll by Rhodopseudomonas spheroides.
Nature 199: 1112-1113

Drews G and Oelze J (1981) Organization and differentiation of
membranes of phototrophic bacteria. Adv Microb Physiol 22:
1-92

Drews G, Klug G, Liebetanz R and Dierstein R (1987) Regulation
of gene expression and assembly of the photosynthetic pigment-
protein complexes. In: Biggins J (ed) Progress in Photosynthesis
Research, Vol IV, pp 691-697. Marinus NijhoffPubl, Dordrecht

Drews G, Leutiger I and Ladwig R (1971) Production of
protochlorophyll, protopheophytin and bacteriochlorophyll by
the mutant Ala of R. capsulata. Arch Mikrobiol 76: 349-363

Dubochet J, McDowall AW, Menge B, Schmid EN and Lickfeld
KG (1983) Electron microscopy of frozen-hydrated bacteria. J
Bacteriol 155: 381-390

Ebersold HR, Cordier JL and Liithy P (1981) Bacterial
mesosomes: Method dependent artifacts. Arch Microbiol 130:
19-22

Eichacker L, Paulsen H and Riidiger W (1992) Synthesis of
chlorophyll a regulates translation of chlorophyll a apoprotein
P 700, CP47, CP43 and D2 in barley etioplasts. EurJ Biochem
205: 17-24

Engelhardt H, Baumeister W and Saxton WO (1983) Electron
microscopy of photosynthetic membranes containing



Chapter 12 Membranes of Purple Bacteria

bacteriochlorophyll b. Arch Microbiol 135: 169-175

Evans MB, Hawthornthwaite AM and Cogdell RJ (1990) Isolation
and characterization of the different B800-850 light-harvesting
complexes from low- and high-light grown cells of
Rhodopseudomonas palustris. Biochim Biophys Acta 1016:
71-76

Feick R and Drews G (1978) Protein subunits of bacterio-
chlorophyll B802 and B855 of the light-harvesting complex II
of Rhodopseudomonas capsulata. 7. Naturforsch 34c: 196—
199

Fraley RT, Lueking DR and Kaplan S (1977) Intracytoplasmic
membrane synthesis in synchronous cell populations of
Rhodopseudomonas sphaeroides. J Biol Chem 253: 458-464

Fraley RT, Lueking DR and Kaplan S (1979) The relationship of
intracytoplasmic membrane assembly to the cell division cycle
in Rhodopseudomonas sphaeroides. J Biol Chem 254: 1980-
1986

Frenkel AW (1954) Light induced phosphorylation by cell-free
extracts of photosynthetic bacteria. J Amer Chem Soc 76:
5568-5569

Garcia A, Vernon LP, Ke B and Mollenhauer H (1968) Some
structural and photochemical properties of Rhodopseudomonas
species NHTC 133 subchromatophore particles obtained by
treatment with Triton X-100. Biochemistry 7: 326-332

Garcia AF, Drews G and Reidl HH (1981) Comparative studies
of two membrane fractions isolated from chemotrophically
and phototrophically grown cells of Rhodopseudomonas
capsulata. J Bacteriol 145: 1121-1128

Garcia AF, Venturoli G, Gad’on N, Ferndndez-Velasco JG,
Melandri BA and Drews G (1987) The adaptation of the
electron transfer chain of Rhodopseudomonas capsulata to
different light intensities. Biochim Biophys Acta 890: 335-
345

Garcia AF, Meryandini A, Brand M, Tadros MH and Drews G
(1994) Phosphorylation of the ¢ and f polypeptides of the
light-harvesting complex I (B870) of Rhodobacter capsulatus
in an in vitro translation system. FEMS Microbiol Lett 124:
87-92

Gardiner AT, MacKenzie RC, Barrett SJ, Kaiser K and Cogdell
R (1992) The genes for the peripheral antenna complex
apoproteins from Rhodopseudomonas acidophila 7050 form a
multigene family. In: Murata N (ed) Research in Photosynthesis,
Vol I, pp 77-80. Kluwer Academic Publishers, Dordrecht

Giesbrecht P and Drews G (1966) Uber die Organisation und die
makromolekulare Architektur der Thylakoide lebender
Bakterien. Arch Microbiol 54: 297-330

Gobel F (1978) Quantum efficiency of growth. In: Clayton RK,
Sistrom WR (eds) The Photosynthetic Bacteria, pp 907-925.
Plenum Press, New York

Golecki JR and Oelze J (1975) Quantitative determination of
cytoplasmic membrane invaginations in phototrophically
growing Rhodospirillum rubrum. J Gen Microbiol 88: 253—
258

Golecki JR and Oelze J (1980) Differences in the architecture of
cytoplasmic and intracytoplasmic membranes of three
chemotrophically and phototrophically grown species of the
Rhodospirillaceae. J Bacteriol 144: 781-788

Golecki JR, Drews G and Biihler R (1972) The size and number
of intramembrane particles in cells of the photosynthetic
bacterium Rhodopseudomonas capsulata studied by freeze-
fracture electron microscopy. Cytobiology 18: 381-389

253

Golecki JR, Schumacher A and Drews G (1980) The
differentiation of the photosynthetic apparatus and the
intracytoplasmic membrane in cells of Rhodopseudomonas
capsulata upon variation of light intensity. Eur J Cell Biol 23:
1-5

Golecki JR, Tadros MH, Ventura S and Oelze J (1989)
Intracytoplasmic membrane vesiculation in light-harvesting
mutants of Rhodobacter sphaeroides and Rhodobacter
capsulatus. FEMS Microbiol Lett 65: 315-318

Golecki JR, Ventura S and Oelze J (1991) The architecture of
unusual membrane tubes in the B800-850 light-harvesting
bacteriochlorophyll-deficient mutant 19 of Rhodobacter
sphaeroides. FEMS Microbiol Lett 77: 335-340

Gorchein, A (1973) Control of magnesium-protoporphyrin
chelatase activity in Rhodopseudomonas spheroides. Biochem
J 134: 833-845

Grether-Beck S and Oelze J(1987) The development of the
photosynthetic apparatus and energy transduction in malate-
limited phototrophic cultures of Rhodobacter capsulatus. Arch
Microbiol 149: 70-75

Giiner S, Robertson DE, Yu L, Quin ZH, Yu CA, Knaff DB
(1991) The Rhodospirillum rubrum cytochrome bc, complex:
Redox properties, inhibitor sensitivity and proton pumping.
Biochim Biophys Acta 1058: 269-279

Guthrie N, MacDermott G, Cogdell RJ, Freer AA, Isaacs NW,
Hawthornthwaite AM, Halloren E and Lindsay JG (1992)
Crystallization of the B800-820 light-harvesting complex from
Rhodopseudomonas acidophila strain 7750. J Mol Biol 224:
527-528

Harrison MA, Tsinoremas NFand AllenJF (1991) Cyanobacterial
thylakoid membrane proteins are reversibly phosphorylated
under plastoquinone-reducing conditions in vitro. FEBS Lett
282: 144-148

Hayashi H, Nakano M and Morita S (1982) Comparative studies
of protein properties and bacteriochlorophyll contents of
bacteriochlorophyll-protein complexes from spectrally different
types of Rhodopseudomonas paluatris. J Biochem 92: 1805-
1811

Herrin DL, Battey JF, Greer K and Schmidt GW (1992) Regulation
ofchlorophyll apoprotein expression and accumulation. J Biol
Chem 167: 8260-8269

Hickman DD and Frenkel AW (1965) Observations on the
structure of Rhodospirillum rubrum. J Cell Biol 25: 279-291

Hochman A, Friedberg I and Carmeli C (1975) The location and
function of cytochrome ¢, in  Rhodopseudomonas capsulata
membranes. Eur J Biochem 58: 65-72

Holmes NG and Allen JF (1988) Protein phosphorylation in
chromatophores from Rhodospirillum rubrum. Biochim
Biophys Acta 935: 72-78

Holt SC and Marr AG (1965a) Location of chlorophyll in
Rhodospirillum rubrum. J Bacteriol 89: 1402-1412

Holt SC and Marr AG (1965b) Effect of light intensity on the
formation of intracytoplasmic membrane in Rhodospirillum
rubrum. J Bacteriol 89: 1421-1429

Holuigue L, Lucero HA and Vallejos RH (1985) Protein
phosphorylation in the photosynthetic bacterium Rhodo-
spirillum rubrum. FEBS Lett 181: 103-107

Hiidig H and Drews G (1985) Kinetic studies on formation of
cytochrome oxidase of Rhodopseudomonas capsulata after a
shift from phototrophic to chemotrophic growth. J Bacteriol
162: 897-901



254

Hiidig H, Stark G and Drews G (1987) The regulation of
cytochrome c oxidase of Rhodobacter capsulatus by light and
oxygen. Arch Microbiol 149: 12-18

Hunter CN, Holmes NG, Jones OTG and Niederman RA (1979)
Photochemical properties of a fraction enriched in newly
synthesized bacteriochlorophyll a-protein complexes. Biochim
Biophys Acta 548: 253-266

Hunter CN, Pennoyer JD, Sturgis JN, Farrelly D and Niederman
RA (1988) Oligomerization states and associations of light-
harvesting pigment-protein complexes of Rhodobacter
sphaeroides as analyzed by lithiumdodecyl sulfate-polyacryla-
mide gel electrophoresis. Biochemistry 27: 3459-3467

Hurlbert RE, Golecki JR and Drews G (1974) Isolation and
characterization of Chromatium vinosum membranes. Arch
Microbiol 101: 169-186

Imhoff JF, Kushner DJ, Kushwaha SC and Kates M (1982) Polar
lipids in phototrophic bacteria of the Rhodospirillaceae and
Chromatiaceae families. J Bacteriol 150: 1192-1201

Inamine GS and Niederman RA (1982) Development and growth
of photosynthetic membranes of Rhodospirillum rubrum. J
Bacteriol 150: 1145-1153

Inamine GS, van Houton J and Niederman RA (1984) Intracellular
localization of photosynthetic membrane growth initiation
sites in Rhodopseudomonas capsulata. J Bacteriol 158: 425-
429

Jay F, Lambillotte M, Miihlethaler K (1983) Localization of
Rhodopseudomonas viridis reaction centre and light-harvesting
proteins using ferritin antibody labelling. Eur J Cell Biol 30: 1—
8

Jay F, Lambillotte M, Stark W and Miihlethaler K (1984) The
preparation and characterization of the native photoreceptor
units from thylakoids from Rhodopseudomonas viridis EMBO
J3:773-776

Kaiser 1 and Oelze J (1980a) Growth and adaptation to
phototrophic conditions of Rhodospirillum rubrum and
Rhodopseudomonas sphaeroides at different temperatures.
Arch Microbiol 126: 187-194

Kaiser I and Oelze J (1980b) Temperature dependence in
Rhodospirillum rubrum and Rhodobacter sphaeroides. Arch
Microbiol 126: 195-200

Kaplan S and Arntzen CJ (1982) Photosynthetic membrane
structure and function. In: Govindjee (ed) Photosynthesis:
Energy Conversion By Plants and Bacteria, Vol II, pp 65-157.
Academic Press, New York

Kaplan S, Cain BD, Donohue TJ, Shepherd WD and Yen GSL
(1983) Biosynthesis of the photosynthetic membranes of
Rhodopseudomonas sphaeroides. J Cell Biochem 22: 15-29

Kaufmann N, Reidl HH, Golecki JR, Garcia AF and Drews G
(1982) Differentiation of the membrane system in cells of
Rhodopseudomonas capsulata after transition from chemo-
trophic to phototrophic growth conditions. Arch Microbiol
131:313-322

Kaufmann N, Hiidig H and Drews G (1984) Transposon Tn5
mutagenesis of genes for the photosynthetic apparatus in R.
capsulata. Mol Gen Genet 198: 153-158

Kenyon CN (1978) Complex lipids and fatty acids of
photosynthetic bacteria. In: Clayton RK and Sistrom WR (eds)
The Photosynthetic Bacteria, pp 281-313. Plenum Press, New
York

Kiley PJ and Kaplan S (1988) Molecular genetics of
photosynthetic membrane biosynthesis in Rhodobacter

Gerhart Drews and Jochen R. Golecki

sphaeroides. Microbiol Rev 52: 50-69

Kiley PJ, Varga A and Kaplan S (1988) Physiological and
structural analysis of light-harvesting mutants of Rhodobacter
sphaeroides. J Bacteriol 170: 1103-1115

King MT and Drews G (1975) The respiratory electron transport
system of heterotrophically-grown Rhodopseudomonas
palustris. Arch Microbiol 102: 219-231

Kleinekofort W, Germeroth L, Van den Brock JA, Schubert D
and Michel H (1992) The light-harvesting complex II from
Rhodospirillum molischianum is an octamer. Biochim Biophys
Acta 1140: 102-104

Klug G, Kaufmann N and Drews G (1985) Gene expression of
pigment-binding proteins of the bacterial photosynthetic
apparatus: Transcription and assembly in the membrane of
Rhodopseudomonas capsulata. Proc Natl Acad Sci USA 82:
6485-6489

Klug G, Liebetanz R and Drews G (1986) The influence of
bacteriochlorophyll biosynthesis on formation of pigment-
binding proteins and assembly of pigment protein complexes
in Rhodopseudomonas capsulata. Arch Microbiol 146: 284—
291

Klug G, Gad’on N, Jock S and Narro ML (1991) Light and
oxygen effects share a common regulatory DNA sequence in
Rhodobacter capsulatus. Mol Microbiol 5: 1235-1239

Kohorn BD and Auchincloss AH (1991) Integration of a
chlorophyll-binding protein into E. coli membranes in the
absence of chlorophyll. J Biol Chem 266: 12048-12052

Kuhn A, Troschel D (1992) Distinct steps in the insertion pathway
of bacteriophage coat proteins. In: Neupert W and Lill R (eds)
Membrane Biogenesis and Protein Targeting, pp 33-47.
Elsevier, Amsterdam

Lampe HH and Drews G (1972) Die Differenzierung des
Membransystems von Rhodopseudomonas capsulatahinsicht-
lich seiner photosynthetischen und respiratorischen Funktionen.
Arch Mikrobiol 84: 1-19

Lampe HH, Oelze J and Drews G (1972) Die Fraktionierung des
Membransystems von Rhodopseudomonas capsulata und seine
Morphogenese. Arch Mikrobiol 83: 78-94

Lang HP and Hunter CN (1994) The relationship between
carotenoid biosynthesis and the assembly of the light-harvesting
LH2 complex in Rhodobacter sphaeroides. Biochemistry,
298: 197-205

Lascelles J (1959) Adaptation to form bacteriochlorophyll in
Rhodobacter sphaeroides, changes in activity of enzymes
concerned pyrrole synthesis. Biochem J 72: 508-518

Lascelles J (1978) Regulation of pyrrole synthesis. In: Clayton
RK and Sistrom WR (eds) The Photosynthetic Bacteria, pp
795-808. Plenum Press, New York

Lavergne J and Joliot PC (1991) Restricted diffusion in
photosynthetic membranes. TIBS 16: 129-134

Le Blanc HN and Beatty T (1993) Rhodobacter capsulatus puc
operon; promoter location, transcript sizes and effects of
deletions on photosynthetic growth. J Gen Microbiol 139:
101-109

Lee JK and Kaplan S (1992a) cis-acting regulatory elements
involved in oxygen and light control of puc operon transcription
in Rhodobacter sphaeroides. J Bacteriol 174: 1146-1157

Lee JK and Kaplan S (1992b) Isolation and characterization of
trans-acting mutations involved in oxygen regulation of puc
operon transcription in Rhodobacter sphaeroides. J Bacteriol
174: 1158-1171



Chapter 12 Membranes of Purple Bacteria

Lien S and Gest H (1973) Regulation of chlorophyll synthesis in
photosynthetic bacteria. Bioenergetics 4: 423-434

Lommen MAJ and Takemoto J (1978a). Comparison, by freeze
fracture electron microscopy, of chromatophores, spheroplast-
derived membrane vesicles, and whole cells of Rhodo-
pseudomonas sphaeroides. J Bacteriol 136: 730-741

Lommen MAJ and Takemoto J (1978b) Ultrastructure of
carotenoid mutant strain R-26 of Rhodopseudomonas
sphaeroides. Arch Microbiol 118: 305-308

Low H and Afzelius AB (1964) Subunits of the chromatophore
membrane inRs. rubrum. Exp Cell Res 85: 431-434

Lueking DR, Fraley RT and Kaplan S (1978) Intracytoplasmic
membrane synthesis in synchronous cell populations of
Rhodopseudomonas sphaeroides. J Biol Chem 253: 451-457

Madigan MT, Cox JC and Gest H (1982) Photopigments in
Rhodopseudomonas capsulata cells grown anaerobically in
darkness. J Bacteriol 150: 1422-1429

Marrs B and Gest H (1973) Regulation of bacteriochlorophyll
synthesis by oxygen in respiratory mutants of Rhodo-
pseudomonas capsulata. J Bacteriol 114: 1052-1057

Mechler B and Oelze J (1978a) Differentiation of the
photosynthetic apparatus of Chromatium vinosum, strain D.
Arch Microbiol 187: 91-97

Mechler B and Oelze J (1978b) Differentiation of the
photosynthetic apparatus of Chromatium vinosum, strain D. 11,
Structural and functional differences. Arch Microbiol 187:
99-108

Mechler B and Oelze J (1978c) Differentiation of the
photosynthetic apparatus of Chromatium vinosum, strain D.
ITI, Analyses of spectral alterations. Arch Microbiol 187: 109—
114

Meckenstock RU, Krusche K, Brunisholz RA and Zuber H
(1992) The light-harvesting core-complex and the B820 subunit
from Rhodopseudomonas marina. FEBS Lett 311: 135-138

Meyer R, Snozzi M, and Bachofen R (1981) Freeze fracture
studies of reaction centers from Rhodospirillum rubrum in
chromatophores and liposomes. Arch Microbiol 130: 125-128

Michels PAM and Konings WN (1978) Structural and functional
properties of chromatophores and membrane vesicles from
Rhodopseudomonas sphaeroides. Biochim Biophys Acta 507:
353-368

Miller KR (1979) Structure of a bacterial photosynthetic
membrane. Proc Natl Acad Sci USA 76: 6415-6419

Miller KR (1982) Three-dimensional structure of a photosynthetic
membrane. Nature 300: 53-55

Miihlradt PF, Menzel J, Golecki JR and Speth V (1974) Lateral
mobility and surface density oflipopolysaccharide in the outer
membrane of Salmonella typhimurium. Eur J Biochem 43:
533-539

Miiller M and MacFarlane J (1994) Membrane assembly in
bacteria. In: Maddy AH and Harris JP (eds) Subcellular
Biochemistry: Membrane Biogenesis, Vol 22, pp 327-359.
Plenum Press, New York

Myers CR and Collins MLP (1987) Cell cycle-specific fluctuation
in cytoplasmic membrane composition in aerobically grown
Rhodospirillum rubrum. ] Bacteriol 169: 5445-5451

Neunlist S, Bisseret P and Rohmer M (1988) The hopanoids of
the purple non-sulfur bacteria Rhodopseudomonas palustris
and Rhodopseudomonas acidophila and the absolute
configuration of bacteriohopanctetrol. Eur J Biochem 171:
245-252

255

Niederman RA, Mallon DE and Parks LC (1979) Isolation of a
fraction enriched in newly synthesized bacteriochlorophyll a
protein complexes. Biochim Biophys Acta 555: 210-220

Oelze J (1978) Proteins exposed at the surface of chromatophores
of Rhodospirillum rubrum. The orientation of isolated
chromatophores. Biochim Biophys Acta 509 : 450-461

Oelze J (1986) Inhibition by light of 5-aminolevulinic acid
synthase in extracts from Rhodopseudomonas sphaeroides.
FEMS Microbiol Lett 37: 321-323

Oelze J (1988) Regulation of tetrapyrrole synthesis by light in
chemostat cultures of Rhodobacter sphaeroides. ] Bacteriol
170: 46524657

Oelze J and Arnheim K (1983) Control of bacteriochlorophyll
formation by oxygen and light in Rhodopseudomonas
sphaeroides. FEMS Microbiol Lett 19: 197-199

Oelze J and Drews G (1969) Die Kinetik der Thylakoidsynthese
nach Markierung der Membranen mit [2'4 C] Azetat. Biochim
Biophys Acta 173: 448-455

Oelze J and Drews G (1972) Membranes of photosynthetic
bacteria. Biochim Biophys Acta 265: 209-239

Oelze J and Golecki JR (1975) Properties of reaction center
depleted membranes of Rhodospirillum rubrum. Arch
Microbiol 102: 59-64

Oelze J, Biedermann M, Freund-Mélbert E and Drews G (1969)
Bakteriochlorophyllgehalt und Proteinmuster der Thylakoide
von Rhodospirillum rubrum. Arch Mikrobiol 66: 154-165

Onishi JC and Niederman RA (1982) Rhodopseudomonas
sphaeroides membranes: Alterations in phospholipid
composition in aerobically and phototrophically grown cells. J
Bacteriol 149: 831-839

Owens GC and Ohad I (1982) Phosphorylation of Chlamydomonas
reinhardii chlorophyll membrane protein in vivo and in vitro.
J Cell Biol 93: 712-718

Pairoba C and Vallejos RH (1989) Protein phosphorylation in
purple photosynthetic bacteria. Biochemie 71: 1039-1041

Peters GA and Cellarius RA (1972) Photosynthetic membrane
development in Rhodopseudomonas sphaeroides. ] Bioenerg
3: 345-359

Reaveley DA and Burge RE (1972) Walls and membranes in
bacteria. In: Rose AH and Tempest DW (eds) Adv Microb
Physiol Vol 7 pp 1-81. Academic Press, New York

Reed DW and Raveed D (1972) Some properties of the ATPase
from chromatophores of Rhodopseudomonas sphaeroides and
its structural relationship to the bacteriochlorophyll proteins.
Biochim Biophys Acta 283: 79-91

Reed DW, Raveed D and Reporter M (1975) Localization of
photosynthetic reaction centers by antibody binding to
chromatophore membranes from Rhodopseudomonas
spheroides strain 26. Biochim Biophys Acta 387: 368-378

Reidl H, Golecki JR and Drews G (1983) Energetic aspects of
photophosphorylation capacity and reaction center content of
Rhodopseudomonas capsulata grown in a turbidostat under
different irradiances. Biochim Biophys Acta 725: 455-463

Reidl H, Golecki JR and Drews G (1985) Composition and
activity of the photosynthetic system of Rhodopseudomonas
capsulata. The physiological role of the B800-850 light-
harvesting complex. Biochim Biophys Acta 808: 328-333

Reilly PA and Niederman RA (1986) Role of apparent membrane
growth initiation sites during photosynthetic membrane
development in synchronously dividing Rhodopseudomonas
sphaeroides. ] Bacteriol 167: 153-159



256

Richter P and Drews G (1991) Incorporation oflight-harvesting
complex I o and B polypeptides into the intracytoplasmic
membrane of Rhodobacter capsulatus. J Bacteriol 173: 5336—
5345

Richter P, Cortez N and Drews G (1991) Possible role of the
highly conserved amino acids Trp-8 and Pro-13 in the N-
terminal segment ofthe pigment-binding polypeptide LHI exof
Rhodobacter capsulatus. FEBS Lett 285: 80-84

Richter P, Brand M and Drews G (1992) Characterization of
LHI" and LHI" Rhodobacter capsulatus pufA mutants. J
Bacteriol 174: 3030-3041

Rohmer M, Bouvier-Nave P and Ourisson G (1984) Distribution
of hopanoids triterpenes in prokaryotes. J Gen Microbiol 130:
1137-1150

Saier Jr MH, Werner PK and Miiller M (1989) Insertion of
proteinsintobacterial membranes: Mechanism, characteristics
and comparisons with the eukaryotic process. Microbiol Rev
53: 333-366

Schon G and Ladwig R (1970) Bacteriochlorophyllsynthese und
Thylakoidmorphogenese in anaerober Dunkelkultur von
Rhodospirillum rubrum. Arch Microbiol 74: 356-371

Schumacher A and Drews G (1979) Effects of light intensity on
membrane differentiation in Rhodopseudomonas capsulata.
Biochim Biophys Acta 547: 417-428

Sganga MW and Bauer CE (1992) Regulatory factors controlling
photosynthetic reaction center and light-harvesting gene
expression in Rhodobacter capsulatus. Cell 68: 945-954

Shepherd WD, Kaplan S and Park JT (1981) Penicillin-binding
proteins of Rhodopseudomonas sphaeroides and their
membrane localization. J Bacteriol 147: 354-362

Shiozawa JA, Welte W, Hodapp N and Drews G (1982) Studies
on the size and composition of the isolated light-harvesting
B800-850 pigment-protein complex of Rhodopseudomonas
capsulata. Arch Biochem Biophys 213: 473485

Snozzi M and Crofts AR (1984) Electron transport in
chromatophores from Rhodopseudomonas sphaeroides GA
fused with liposomes. Biochim Biophys Acta 766: 451-463

Sockett RE, Donohue TJ, Varga AR and Kaplan S (1989) Control
of photosynthetic membrane assembly in Rhodobacter
sphaeroides mediated by puhA and flanking sequences.
J Bacteriol 171:436-446

Sprague SG and Varga AR (1986) Membrane architecture of
anoxygenic photosynthetic bacteria. In: Stachelin LA and
Arntzen CJ (eds) Photosynthesis III, pp 603-619. Springer,
Berlin

Stark W, Kiihlbrandt W, Wildhaber I, Wehrli E and Miihlethaler
K (1984) The structure of the photoreceptor unit of
Rhodopseudomonas viridis. EMBO J3: 777-783

Stark W, Jay F and Miihlethaler K (1986) Localization of reaction
centre and light-harvesting complexes in the photosynthetic
unit of Rhodopseudomonas viridis. Arch Microbiol 146: 130~
133

Stiehle H, Cortez N, Klug G and Drews G (1990) A negatively
charged N-terminus in the & polypeptide inhibited formation
ofthe light-harvesting complex I in Rhodobacter capsulatus. ]
Bacteriol 172: 7131-7137

Tadros MH, Frank R, Dérge B, Gad’on N, Takemoto JY and
Drews G (1987) Orientation of the B800-850, B870 and
reaction centerpolypeptides onthecytoplasmicandperiplasmic
surfaces of Rhodobacter capsulatus membranes. Biochemistry
26: 7680-7687

Tadros MH, Garcia AF, Gad’on N and Drews G (1989)

Gerhart Drews and Jochen R. Golecki

Characterization of a pseudo-B870 light-harvesting complex
isolated from the mutant strain Az1* pho™ of Rhodobacter
capsulatus which contains B800-850 type polypeptides.
Biochim Biophys Acta 976: 161-167

Tadros MH, Garcia AF, Drews G, Gad’on N and Skatchkov MP
(1990) Isolation and characterization of a light-harvesting
complex II lacking the gamma-polypeptide from Rhodobacter
capsulatus. Biochim Biophys Acta 1019: 245-249

Tai, S-P and Kaplan S (1984) Purification and properties of a
phospholipid transfer protein from Rhodopseudomonas
sphaeroides. J Biol Chem 259: 12178-12183

Takaichi S, Gardiner AT and Cogdell R (1992) Pigment
composition of light-harvesting pigment-protein complexes
from Rhodopseudomonas acidophila. Effect oflight intensity.
In: Murata N (ed) Research in Photosynthesis, Vol I, pp 149-
152. Kluwer Academic Publishers, Dordrecht

Takamiya K, Shioi Y, Shimada H and Arata H (1992) Blue-light
inhibition of accumulation of photosynthetic pigments in
Roseobacter denitrificans under anaerobic conditions. In:
Murata N (ed) Research in Photosynthesis, Vol 111, pp 91-94.
Kluwer Academic Publishers, Dordrecht

Takemoto JY, Schonhardt T, Golecki JR and Drews G (1985)
Fusion of liposomes and chromatophores of Rhodo-
pseudomonas capsulata: Effect on photosynthetic energy
transfer between B875 and reaction center complexes. J
Bacteriol 162: 1126-1134

Tauschel HD and Drews G (1967) Thylakoidmorphogenese bei
Rhodopseudomonas palustris. Arch Mikrobiol 59: 381-404

Theiler R and Niederman RA (1991) Localization of chroma-
tophore proteins of Rhodobacter sphaeroides. 1. Rapid Ca -
induced fusion of chromatophores with phosphatidyl-glycerol
liposomes for proteinase delivery to the luminal membrane
surface. J Biol Chem 266: 23157-23162

Tichy HV, Oberlé B, Stiehle H, Schiltz E and Drews G (1989)
Genes downstream from pucA and pucA are essential for
formation of the B800-850 complex of Rhodobacter
capsulatus. J Bacteriol 171: 4914-4922

Tichy HV, Albien KV, Gad’on N and Drews G (1991) Analysis
of the Rhodobacter capsulatus puc operon: The pucC gene
plays a central role in the regulation of LHII (B800-850)
complex expression. EMBOJ 10: 2949-2955

Troschel D and Miiller M (1990) Development of a cell-free
system to study the membrane assembly of photosynthetic
proteins of Rhodobacter capsulatus. J Cell Biol. 111: 8§7-94

Troschel D, Eckhardt S, Hoffschulte HK and Miiller M (1992)
Cell-free synthesisand membrane-integration ofthe reaction
center subunit H from Rhodobacter capsulatus. FEMS
Microbiol Lett 91: 129-134

Uffen RL, Sybesma C and Wolfe RS (1971) Mutants of
Rhodospirillum rubrum obtained after long-term anaerobic,
dark growth. J Bacteriol 108: 1348-1356

Urakami T and Komagata K (1988) Cellular fatty acid composition
with special reference to the existence of hydroxy fatty acids,
and the occurrence of squalene and sterols in species of
Rhodospirillaceae genera and Erythrobacter longus. J Gen
Appl Microbiol 34: 67-84

van Doren SR, Yun CH, Crofts AR and Gennis RB (1993)
Assembly ofthe Rieske iron-sulfursubunit ofthe cytochrome
bey complex in the E. coli and Rb. sphaeroides membranes
independent ofthe cytochrome b and ¢; subunits. Biochemistry
32: 628-636

van Grondelle R, van Mourik F, Visschers RW, Somson OJG and



Chapter 12 Membranes of Purple Bacteria

Valkunas L (1992) The bacterial photosynthetic light-harvesting
antenna: Aggregation state, spectroscopy and excitation energy
transfer. In: Murata N (ed) Research in photosynthesis, Vol I,
pp 9-16. Kluwer Academic Publishers, Dordrecht

Valkirs GE and Feher G (1982) Topography of reaction center
subunits in the membrane of the photosynthetic bacterium,
Rhodopseudomonas sphaeroides. J Cell Biol 95: 179-188

Varga AR and Staehelin LA (1983) Spatial distribution in
photosynthetic and non-photosynthetic membranes of
Rhodopseudomonas palustris. J Bacteriol 154: 1414-1430

Varga AR and Staehelin LA (1985) Pigment-protein complexes
from Rhodopseudomonas palustris: Isolation, characterization,
and reconstitution into liposomes. J Bacteriol 161: 921-927

Wakim B and Oelze J (1980) The unique mode of adjusting the
composition of the photosynthetic apparatus to different
environmental conditions by Rhodospirillum tenue. FEMS
Microbiol Lett 7: 221-223

Wakim B, Golecki JR and Oelze J (1978) The unusual mode of
altering the cellular membrane content by Rhodospirillum
tenue. FEMS Microbiol Lett 4: 199-201

Weckesser J, Drews G and Mayer H (1979) Lipopolysaccharides
of photosynthetic prokaryotes. Ann Rev Microbiol 33: 215-
239

Wehrli E and Kiibler O (1980) The two-dimensional lattice ofthe
photosynthetic membrane of Rhodopseudomonas viridis. In:
Baumeister W and Vogell W (eds) Electron Microscopy of

257

Molecular Dimensions, pp 56-88. Springer Publ, Berlin

Wieseler B and Miiller M (1993) Translocation of precytochrome
¢, into intracytoplasmic membrane vesicles of Rhodobacter
capsulatus requires a peripheral membrane protein. Mol
Microbiol 7: 167-176

Wieseler B, Schiltz E and Miiller M (1992) Identification and
solubilization of a signal peptidase from the phototrophic
bacterium Rhodobacter capsulatus. FEBS Lett 298: 273-276

Yen GSL, Cain BD and Kaplan S (1984) Cell-cycle specific
biosynthesis of the photosynthetic membrane of Rhodo-
pseudomonas sphaeroides. Biochim Biophys Acta 777: 41-55

Yildiz FH, Gest H and Bauer CE (1991) Attenuated effect of
oxygen on photopigmentsynthesis in Rhodospirillum centenum.
J Bacteriol 173: 5502-5506

Youvan DC, Bylina EJ, Alberti M, Begusch H and Hearst JE
(1984) Nucleotide and deduced polypeptide sequences of the
photosynthetic reaction center, B870 and antenna, and flanking
polypeptides from Rhodobacter capsulata. Cell 37: 949-957

Zannoni D, Jasper P and Marrs B (1978) Light-induced oxygen
reduction as a probe of electron transport between respiratory
and photosynthetic components in membranes of Rhodo-
pseudomonas capsulata. Arch Biochem Biophys 191: 625-
631

Zsebo K and Hearst JE (1984) Genetic physical mapping of a
photosynthetic gene cluster from Rhodopseudomonas
capsulata. Cell 37: 937-947



This page intentionally left blank



Chapter 13

Membranes and Chlorosomes of Green Bacteria: Structure,
Composition and Development

Jurgen Oelze and Jochen R. Golecki
Institut fiir Biologie Il (Mikrobiologie), Universitét Freiburg, Schénzlestrasse 1, D-79104 Freiburg

SUMIMATY ..ottt ettt oot ettt e h s eb et aeeheeR e e ea e eateae e R e SR €4 Hes b an b ek emeebe et st b€ eh2besaeebeneeabsanbabesmtantenssnren 259

L INEOAUCHION vttt sttt st e s et b et ee e s b s e b ae et b et et e ens b e s seeaaeseens 260

II. URFGSIIUCIUIE 1eueeeieeriaetiree sttt vt st ittt ettt e bbb s r et eme e et ne e h e s a e s eb st b€ e et ekt st een et £ et e be st e ebe s et ebaansrabarneas 260

AL MEBIMDIANES ...eoureritietiitieie i ettt sttt e bbbt ek s s ettt e b ek ra s s s e sesss s ne s e aranssannetan 260

B. ChIOTOSOMES ....c.vteuiieerintiereintericericrrssass et e et et esre e eesenesaten e aaseeseenteaeasaesetaraesberaseeraeaseesaessnenntsereenas 262

[l Chemical COMPOSHION ......cccrireeerierrieer ittt sttt b b e st et e er et s b en e sa s eas e e s naseemee 264

A. Isolation of Chlorosomes and MEMDIANES .........c.ciceeiiiiiiiininierenie st et see s 264

1. CRIOTOSOMES -..veviieeiritireete e ste bt et et eateseastes st sttt e b ere e e ese b e ebeebesheoresmenaesee s bt sbesenanssaresnes 264

2. IMEIMDIANES ...eeuvrerierieuiireeseetrretenreareesse e e eereeacesseansesnesreaesenesaae s resabesan s sese s ern sreesesennesbaasnensnnenns 264

B. Composition of Chlorosomes and Membranes ............cocuvvirorrrerineaiienminieceteereeeseesrareenes 265

1. CRIOTOSOMES....c.veuieirteniaire et eta et er et e e b e eae b s s ta st es b etk e s s b e r e e eh e e e bt se e b et reeare e enras 265

A PIGMENES .ottt et e aa et ereens 265

D, LDIOS v.etveeeeeecriiieriseeeite ettt et et en et se s etk h e an e ee bt b e er e ntenrenes 265

C. POIYPEPHAES ...veveeerieiieriirere ettt bbb s et 266

2. MEMDBIANES ...ttt ettt bbb et hes 266

IV. Supramolecular Organization of ChIOTOSOMES .......cccrviiriiiiimiiniiriie i e bbb s e ree 267

A. ChlOrOSOME ENVEIOPE .-v.vveiirirsiiiriresereereiercisiere st sessatens s esessseesasssenecentrsenessnsaiessanaseasasensstsannensosen 267

B. ChIOTOSOME COME ... verueriiaierresirseseeieteeresut oo st s b et et e b bt er stk se bt emsabe s st anbat e et s eaeemeeneenneas 267

C. BASEPIALE ...vc.vevieeeereee sttt bbb bR s are e 267

V. Development of the Photosynthetic APParatus ..........cvcoivieiiciiriiiiiccic v 268

A. Control of Bacteriochlorophyll SYNtNESIS ........cecveriiiiriiiieiii et e 268

TR e o OO OO OO OO O OO 268

2. OXYGEIN uveirieareeieie et eeres e e st rae et s et i e bt et e e s bR e e ae bR s e ekt k£eeE Rt e R e R bR Rt e bbbt e r bt enres 269

3. SUPPIY OF NUFBNS .v.eevevieiieceeieee ittt sttt et e st et s be s s b ean et b be e aasetasaeanas 270

4. Non-Physiological INNIDItOFS .........ccoiriieiiiiiiccriicr et et 270

B. CONCIUSIONS ..e.veviiereeuiireaiaesesrestvrees e ste st st ese s st et ea st e ke shes s ee st et ese et st et e nebe e eseanenbaneenens 271

B. Development of ChlOrOSOMES ........c.eevieciirririiitieri it 271

C. Formation of the Photosynthetic Apparatus ..........cccccvciiiiiriciniiic e 272

VI, OPEN QUESHIONS ..ovvverieeiieeireeeeereereteseeeareereseeresssessssressseeberessesssbeseserbsseetssestesm st e s sbesaatses s se et e sess s e b e s abasterebesaens 274

ACKNOWIBAGMENES ....eeteiiieesieeir ettt ettt e s bt s et es et caeb e s b e as st she s sae st s sae e e e ebaeebesatnens 275

RETEIEINCES .....eecvieve ettt ettt b e b et d e eca bR e sae bbb b e b es b e sa s b se s sae s ettt 275
Summary

Although belonging to evolutionary distantly related groups, cells of members of the Chlorobiaceae and the
Chloroflexaceae exhibit structurally and functionally comparable substructures. While the photochemical
reaction center complex plus a light-harvesting unit are housed in the peripheral cytoplasmic membrane (CM)
system, an accessory light-harvesting unit is localized in specialized structures, the chlorosomes, underlying
the CM. In this chapter, the present knowledge on the fine structure of chlorosomes and the CM is reviewed.
After a description of methods commonly employed to isolate chlorosomes and CM, data of chemical analyses
ofboth subcellular fractions are detailed. In spite of considerable similarities in the overall ultrastructural and
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functional properties, the chemical composition reveals significant differences between chlorosomes and CM,
when isolated from Chlorobium and Chloroflexus, respectively. The same holds true with respect to the
supramolecular organization, particularly of chlorosomes and elements involved in their connection to the CM.
Since the photosynthetic apparatus of green bacteria is composed oftwo different moieties, i.e. the chlorosomes
and the CM-bound unit, the important questions arise how these different units are synthesized, how the
synthesis of individual constituents is controlled and how the syntheses of chlorosomes and the CM-bound
units are coordinated. In the present contribution these problems are approached on the basis of the pigments
characteristic of both units. In addition, the knowledge on polypeptide formation is presented. These data are
combined with the respective changes in number and size of chlorosomes. In spite of a considerable amount of
detailed information available as yet, it is finally concluded that considerable research efforts are still required
in order to understand the development of the biologically unique type of photosynthetic apparatus characteristic

of the green bacteria.

l. Introduction

Early studies on the ultrastructure of several members
of the purple phototrophic bacteria revealed the
presence of an intracytoplasmic membrane con-
tinuum, which upon cell breakage formed closed
vesicles. These vesicles contained the entire
photosynthetic apparatus and were named chromato-
phores according to their pigmentation (Oelze and
Drews, 1972). Any attempts to identify similar
structures within cells ofthe green bacteria, however,
remained unsuccessful. Instead, Cohen-Bazire (1963)
was able to show that thin sections of cells of
Chlorobium limicola and Cb. thiosulfatophilum
exhibit the presence of oblong inclusion bodies
adjacent to the CM. These structures surrounded by
a thin layer were named Chlorobium vesicles.
Subsequently, similar structures containing high
amounts of bacteriochlorophyll (BChl) could be
isolated from homogenates of these and related
organisms. On this basis, it was proposed that, in
members of the green bacteria, Chlorobium vesicles
were the major sites of the photosynthetic apparatus
(Cohen-Bazire, 1963) including the photochemical
reaction centers (Fowler et al., 1971). The latter
suggestion, however, was not supported by subsequent
investigations. Instead, it could be shown that the
photochemical reaction center, containing BChl q,
was localized in the CM, while Chlorobium vesicles
house accessory light-harvesting BChl units (Boyce
et al., 1976; Olson et al., 1976; Olson 1980).

Abbreviations: ALA - 5-aminolevulinic acid; BChl -
bacteriochlorophyll; Cb. — Chlorobium; Cf. — Chloroflexus;
CM - cytoplasmic membrane; CW — cell wall; D — dilution rate;
EF - exoplasmic fracture face; MGDG - monogalactosyl
diglyceride; Pa — Pascal; PF — plasmic fracture face; SDS-PAGE
— sodium dodecyl sulphate polyacrylamide gel electrophoresis

In 1974 it became apparent that Chlorobium
vesicles were formed not only by members of the
Chlorobiaceae but also by the distantly related and
newly discovered Chloroflexus aurantiacus (Pierson
and Castenholz, 1974a,b). Therefore, it was proposed
to more generally name such vesicles chlorosomes
(= green bodies) (Staehelin et al., 1978). In this
contribution we will compile the present knowledge
on the structure and composition as well as on the
developmentof the photosynthetic apparatus of green
bacteria comprising the chlorosomal and the CM-
boundunits.

Il. Ultrastructure
A. Membranes

The CM of green bacteria is visualized by electron
microscopy of ultrathin sections of cells as a double
track layer underlying the cell wall. This membrane
with a thickness of approximately 8 nm represents
the outer layer of the protoplast (Fig. 1). The
periplasmic space becomes visible in thin sections as
an electron transparent space localized between the
CM and the cell wall. In freeze-fracture electron
micrographs of chemoorganotrophically grown Cf.
aurantiacus (Sprague et al., 1981b) the CM exposes
the well known architecture of other bacteria (Golecki
and Oelze, 1980) that is to say, a plasmic fracture
face (PF) densely covered with intramembrane
particles of different size and an exoplasmic fracture
face (EF) sparsely covered with larger particles.
However, in phototrophically grown cells of both
Cb. limicola and Cb. tepidum, distinct areas enriched
in larger intramembrane particles (> 9 nm) were
demonstrated onboth fracture faces ofthe CM (Fig. 2
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Fig. 1. Ultrathin sections of Chlorobium vibrioforme strain 6230 exhibiting the cytoplasmic membrane (CM) with underlying
chlorosomes (C) as well as the cell wall (CW) including the outer membrane (OM) and the peptidoglycan (P) layer. Bar represents 200
nm. Sections in (a) longitudinal (reproduced from Staehelin et al., 1980, with permission) and (b) horizontal axis of the cell; (¢)
chlorosomes at higher magnification presenting the baseplate ( 4 ) between the chlorosome and the CM as an electron dense layer, L =

chlorosome envelope,

and Staehelin et al, 1980). These areas of the CM are
localized at the presumptive sites of chlorosome
attachment. The larger particles were interpreted as
structural equivalents of the photosynthetic units.

Both fracture faces of the CM ofphototrophically
grown cells of Chloroflexus and Chlorobium exhibit,
in addition, characteristic chlorosomes (Fig. 3 and
Staehelin et al., 1978). Because of the close
association of chlorosomes and the CM, the fracture
plane can be deflected very often from the CM into
the underlying chlorosome.

In Chloronema (Dubinina and Gorlenko, 1975),
Oscillochloris (Sprague and Fuller, 1991) and in
some mesophilic Chloroflexus-like organisms from
marine environments, the CM forms invaginations
studded with chlorosomes (Larsen et al., 1991).
Internal membranes originally described as meso-
somes (Cohen-Bazire et al., 1964) may be the results
of artificial preparation conditions as demonstrated
with several other bacterial species (Ebersold et al.,
1981). Additional artifacts may be the lipid bilayer
structures, which can be identified on freeze-fracture
preparations of the thermophilic Cf. aurantiacus
strain J-10-f] as large flattened vesicles without
detectable substructure (Staehelin et al., 1978). It
appears likely that these vesicles arise in the CM by
phase separation induced by a shift-down in
temperature.

Fig. 2. Freeze-fracture micrograph of Chlorobium tepidum
exposing the plasmic fracture face (PF) of the cytoplasmic
membrane (CM). The membrane fracture face reveals the presence
of elongated patches of mostly larger (> 9 nm) intramembrane
particles corresponding to the attachment sites of the underlying
chlorosomes. Some of these patches have been outlined (black
dots). Arrow in the upper right corner indicates direction of
shadowing. Bar represents 200 nm.



262

IFig. 3. Freeze-fracture micrograph of Chlorobium tepidum
showing the exoplasmic fracture face (EF) of the cytoplasmic
membrane with associated chlorosomes. The crystalline baseplate
( = ) exhibits striations with a periodicity of 6 nm. The ridges of
the baseplate make an angle of 40-60° with the longitudinal axis
of the chlorosome. Each ridge possesses a regular, globular
substructure with a periodicity of approximately 3.5 nm. In
addition some rod elements ( 5—>) of 10 nm in diameter are
visible in the core of the chlorosome. Inset: baseplate at higher
magnification. Arrow in the upper right corner indicates direction
of shadowing. Bar represents 200 nm.

In the filamentous cells of Chloroflexus, the CMs
of two neighbouring cells are connected by 10-30
microplasmadesmata, which can be identified within
the central area ofthe septum (Staehelin et al., 1978).

Cell envelopes of Gram-negative bacteria are
composed of the CM and the peptidoglycan layer as
well as the outer membrane of the cell wall. All of
these structural elements can be identified on ultrathin
sections of Chlorobium strains (Fig. 1). However, in
Cf. aurantiacus it is difficult to identify an outer
membrane or a defined peptidoglycan layer. These
morphological findings, together with biochemical
data such as the the lack of both lipoprotein and
lipopolysaccharides and the presence of L-ornithine
in the peptidoglycan, revealed that Chloroflexus forms
a cell wall resembling that of Gram-positive rather
than that of Gram-negative bacteria (Jiirgens et al.,
1987.)
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B. Chlorosomes

Chlorosomes are elliptical structures, which are
arranged in a single layer underlying the CM (Figs.
la, 1b, 8). Usually chlorosomes are not detectable
within the cytoplasm of the cells. As mentioned
above, however, Oscillochloris and some mesophilic
Chloroflexus-like organisms (Larsen et al., 1991)
were reported to form internal foldings of the CM
with aligned chlorosomes.

On the average, chlorosomes exhibit lengths of
about 70-260 nm and widths of 30-100 nm. With
chlorosomes from Cb. limicola widths of 40-100 nm
and lengths of 70-260 nm have been determined.
The chlorosomes of Cf. aurantiacus seem to be
smaller. They exhibit an average length of 106 + 24
nm and a width of 32 = 10 nm. The height ofthe latter
chlorosomes is 10-20 nm (Golecki and Oelze, 1987).
The lengths and widths of chlorosomes of other
members of the green bacteria are generally within
the same range: for ‘Chloropseudomonas ethylicum’:
130-150 nm and 30-50 nm (Holt et al., 1966), Cb.
thiosulfatophilum: 100-150 nm and 30-40 nm
(Cohen-Bazire et al., 1964), Chloroherpeton
thalassium: 140 nm and 33 nm (Gibson et al., 1984),
Cb. tepidum: 100-180 nm and 40-60 nm (Wahlund
et al., 1991), Cb. vibrioforme, Pelodictyon luteolum
and Pelodictyon phaeum: 70—150 nm and 30-80 nm
(Puchkovaetal., 1975). However, external conditions
may have asignificantinfluence on the size and, thus,
the volume of chlorosomes (Broch-Due et al., 1978;
Golecki and Oelze, 1987). A more detailed descrip-
tion of the effects of external factors on the size and
development of chlorosomes will be given in Section
V-B of'this chapter.

As yet, detailed studies on the ultrastructure of
chlorosomes have been performed only with cells of
either Cb. limicola or Cf. aurantiacus. In these studies,
freeze-fracture electron microscopy has been
employed to obtain insights into the internal
architecture and organization of chlorosomes and
the underlying membrane (Staehelin et al., 1978 and
1980; Sprague et al., 1981a,b; Golecki and Oelze,
1987). The results revealed that the chlorosomes of
Chloroflexus and Chlorobium exhibit essentially the
same ultrastructure with the following comparable
elements; 1.) adistinct area within the CM referred to
as the membrane attachment site, ii.) a highly ordered
baseplate between the chlorosome core and the CM,
iii.) internal rod elements in the core of chlorosomes,
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iv.) an envelope forming the cytoplasmic boundary
of the chlorosome.

As mentioned above, in Chlorobium, the attach-
ment sites are visible as distinct oblong areas on the
plasmic (PF) and exoplasmic (EF) fracture faces of
the CM enriched in larger intramembrane particles
(> 9 nm) in a non-crystalline order (Fig. 2). The size
of these non-crystalline ordered particles is larger
than the average size of the other particles on the
respective fracture face of the CM. In Cf. aurantiacus,
on the other hand, the attachment site presents a
highly ordered array of particles. The periodicity of
the lattice is 6 nm with an orientation perpendicular
to the long axis of the chlorosome (Staehelin et al.,
1980).

According to the original definition, the baseplate
connects the chlorosome to the CM (Staehelin et al.,
1980). In ultrathin sections, the baseplate appears as
an electron dense layer of 5-6 nm thickness (Figs. 1
and 8). The supramolecular architecture of the
baseplate, however, is detectable only with freeze-
fracture preparations. The baseplates of Cb. limicola
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and Cb. tepidum are detectable on the exoplasmic
fracture-face of the CM as elliptical, striated plate-
like structures exhibiting a crystalline substructure
(Fig. 3 and Staehelin et al., 1980). The ridges of the
baseplate lattice (6 nm distance) form an angle of 40°
to 60° with the longitudinal axis of the plate. Each
ridge exhibits a fine granular substructure with a
periodicity of 3.3-3.5 nm. Baseplates are nearly as
large as complete chlorosomes. In Chloroflexus,
baseplates exhibit a crystalline arrangement with
fine striations of 6 nm periodicity (Fig. 4d, Stachelin
et al., 1978; Sprague et al., 1981a,b). In contrast to
Chlorobium, these striations are oriented at right
angles to the longitudinal axis ofthe baseplate. With
Chloroflexus an average baseplate size of 3,200 +
800 nm? was determined (Golecki and Oelze, 1987).

The cores of Chlorobium and Chloroflexus
chlorosomes are filled with a variable number of
closely packed rod-shaped elements with diameters
of 10 and 5.2 nm, respectively (Fig. 4 and Staehelin
et al., 1978 and 1980). The rod elements are embedded
in an unetchable matrix, oriented longitudinally to

Fig. 4. Freeze-fracture micrographs of cells of Chloroflexus aurantiacus. The fracture faces of the CM show baseplates ( = ) and
chlorosomes ( » ) with fractures along the cytoplasmic face of the envelope layer. (a) Exoplasmic fracture face (EF) exhibiting small
chlorosomes (Table I, culture 1C); (b) EF exhibiting long chlorosomes (Table I, culture 2C); (c) plasmic fracture face (PF) exhibiting
the rod elements (5—>)of chlorosomes; (d) baseplate with a lattice order with a periodicity of 6 nm. Arrow in the upper right corner

indicates direction of shadowing. Bar represents 200 nm.
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the long axis and spanning the full length of the
chlorosomes (Stachelin et al., 1980). In Chlorobium
the presence of 10 to 30 rod elements per chlorosome
was described. In Chloroflexus, however, the number
of rod elements seems to vary in a wider range as a
response to changes in external growth factors and,
thus, to changes in BChl ¢ contents (Sprague et al.,
1981 a; Golecki and Oelze, 1987).

On their plasmic sides, chlorosomes are bounded
by a layer which exhibits a thickness of 2-3 nm
(Fig. 1). This boundary appears as a single electron
dense layer in ultrathin sections.

lll. Chemical Composition
A. Isolation of Chlorosomes and Membranes
1. Chlorosomes

Pierson and Castenholz (1978) compiled the methods
employed to isolate subcellular fractions from green
bacteria. Since then a number of improvements have
been developed. However, differences in isolation
procedures have yielded chlorosome preparations of
different composition. This in turn, may be considered
as one of the primary reasons for the formulation of
controversial hypotheses on the functional archi-
tecture of chlorosomes. Basic principles of the most
commonly used methods are detailed below.

Feick et al. (1982) suspended washed cells of Cf.
aurantiacus in Tris-hydrochloride buffer (1 g wet
weight per 5 ml, 10 mM, pH 8.0) and passed the
suspension three times through a precooled French
pressure cell (138 MPa). After a low spin centri-
fugation, the homogenate was centrifuged for 90 min
at 180,000 x g. The pellet, containing more than 95%
of the total cellular BChl, was treated with sodium
iodide and the dipolar detergent Deriphat (N-lauryl-
B-iminodipropionate) in order to detach chlorosomes
from CM fragments. Subsequent centrifugation
yielded a supernatant (referred to as supernatant I)
and a floating pellet, which was enriched in
chlorosomes. The floating pellet was withdrawn and
dialysed against buffer. After addition of the dipolar
detergent Miranol, the material was separated by
sucrose gradient centrifugation. Chlorosomes banded
at 27% (w/w) of sucrose. Gradient centrifugation
was repeated if contaminations of CM-bound BChl a
absorbing at 866 nm were observed. Alternatively,
the whole membrane pellet of the first high spin
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centrifugation was directly treated with Miranol and
separated by sucrose centrifugation.

Chlorosomes isolated by the method of Feick et al.
(1982) contained BChl ¢ and small, yet constant,
amounts of BChl a in a ratio of 25: 1.

Gerola and Olson (1986) published a widely
accepted method to isolate chlorosomes from Cb.
limicola f. thiosulphatophilum by sucrose density
gradient centrifugation. This method has subsequently
been used to successfully isolate chlorosomes from
Cf. aurantiacus as well. The procedure includes the
chaotropic agent NaSCN in the presence ofascorbate
rather than of detergents. NaSCN was shown to
stabilize Chlorobium chlorosomes, which are much
more fragile than those of Cf. aurantiacus. Stable
chlorosomes from Chlorobium isolated by the Gerola/
Olson-method contain BChls ¢ and a at a ratio of
approximately 90.

Chlorosomes completely free of any detectable
amounts of BChl a were isolated from Cf. aurantiacus
by Griebenow and Holzwarth (1989) (Fig. 5). After
sonication of cell suspensions, chlorosomes were
isolated from homogenates by a combination of
native gel electrophoresis and gel filtration (i.e. gel-
electrophoretic filtration) in the presence of the Li
salt of the detergent dodecyl sulfate. In addition, it
turned out that Chloroflexus chlorosomes obtained
by the Gerola/Olson-method can be purified from
residual amounts of BChl a by treatment with sodium
dodecyl sulfate (Olson et al., 1990).

2. Membranes
All of the relevant methods employed as yet to

isolate membrane fractions from cell homogenates
of green bacteria include sucrose gradient centri-

Fig. 5. Negative staining preparation of isolated chlorosomes
from Chloroflexus aurantiacus. The intact chlorosomes present
the typical oblong shape. Bar represents 200 nm.
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fugation. According to Schmidt (1980), CM from Cf.
aurantiacus band at a density corresponding to 40—
45% (w/w) of sucrose. CM from Cb. limicola f.
thiosulfatophilum, on the other hand, bands at 35%.
Interestingly, CM fractions from Cf. aurantiacus
were reported to exhibit flat, irregular pieces, while
fractions from Chlorobium appear as vesicular and
regular structures.

Probably the purest CM preparations depleted of
any detectable amounts of the chlorosomal BChl ¢
were isolated by Feick etal. (1982). These membranes
were purified from supernatant I (mentioned above
in context of chlorosome isolation) by sucrose density
gradient centrifugation in the presence of sodium
iodide and the detergent Deriphat.

B. Composition of Chlorosomes and Membranes

Cell breakage as well as isolation procedures may
affect severely the structure and composition of
subcellular structures. Thus, when evaluating results
of biochemical analyses, it should be kept in mind
not only that essential constituents might have been
lost or decomposed, but also that other cellular
constituents may have become attached during the
isolation of subcellular fractions. Moreover, these
artifacts may affect comparable fractions from
different organisms to different extents. An example
for the latter is given by chlorosomes from
Chlorobium species, which appear much more fragile
than chlorosomes from Chloroflexus.

1. Chlorosomes
a. Pigments

Chlorophylls. BChls are the most prominent
constituents of chlorosomes. Depending on the
bacterial species, the chlorosomes house the majority
of BChls ¢, d or e. These different types of magnesium
tetrapyrroles can be further subdivided into different
homologues. In the cases of BChls e and d,
respectively, at least eight and six homologues are
known. These homologues are characterized on the
basis ofdifferent substituents at the chlorine nucleus.
In addition, there are indications that the most
common farnesyl ester side chains of BChls ¢ and d
may be substituted to a minor extent by several other
alcohols (Smith et al., 1983; Bobe et al., 1990; Otte
et al., 1993).

It should also be noted that different basic types of
BChl may be formed by one organism as a response

to changes in culture conditions. This latter effect
has been observed with Cb. vibrioforme f. thiosulfato-
philum, which synthesizes BChl ¢ instead of BChl d
when adapting from high to low light conditions
(Broch-Due and Ormerod, 1978; Huster and Smith,
1990). It has been suggested that methylation of
BChl d to BChl c¢ increases the hydrophobicity,
giving rise to a higher degree of packing of antenna
BChl molecules in the chlorosome (Bobe et al.,
1990). On this basis it is not surprising that, recently,
Otte et al. (1993) reported on the presence of
significant amounts of BChl ¢ together with BChl d
in chlorosomes of Cb. vibrioforme.

BChl ¢ of chlorosomes of Cf. aurantiacus (strain
OK-70-f1) was identified as a mixture of at least ten
derivatives. In contrast to BChl ¢ homologues of
Chlorobium, the BChls of Cf. aurantiacus differ on
the basis of five different esterifying alcohol side
chains, each of which has two epimeric forms (either
2aR, 7S, 8S or 2a8S, 7S, 8S, Fages et al., 1990). In
addition, Cf. aurantiacus strain J-10-fl synthesizes
small amounts of BChl d (Bobe et al., 1990).

As mentioned above, minor amounts of BChl a
have been reported for chlorosomes from various
Chlorobiaceae as well as from Cf. aurantiacus.
However, while a BChl a polypeptide complex with
an absorption peak at 794 nm apparently forms an
integral part of chlorosomes of Chlorobium, a
comparable BChl a complex absorbing at 790 nm
can be removed from chlorosome preparations from
Cf. aurantiacus (Griebenow and Holzwarth, 1989;
Gerola and Olson, 1986).

Carotenoids. Schmidt (1980) analyzed the
carotenoid composition of Cb. limicolaf. thiosulfato-
philum and Cf. aurantiacus. Most of the carotenoids
synthesized by both species were localized in the
chlorosome fraction. Specific carotenoid contents of
chlorosomes from both species were 19 and 33 ug
per mg of protein, respectively. About 80% of the
total carotenoids of Cf. aurantiacus are composed of
almost equal amounts of - and ycarotene. In
addition, minor amounts of lycopene, 4-oxo-y or
B- carotene as well as hydroxy-ycarotene and its
glucoside were identified. The predominant carote-
noids of Chlorobium chlorosomes are chlorobactene
(69%) and neurosporene (21%).

b. Lipids

Glycolipids are the major lipids of chlorosomes of
Chlorobiaceae and Chloroflexaceae (Cruden and
Stanier, 1970; Schmidt, 1980). Chlorosomes from
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Chlorobium preferentially contain monogalactoside
diglyceride (MGDG), while those of Cf. aurantiacus
contain digalactosyl diglyceride as well (Holo et al.,
1985).

c. Polypeptides

Chlorosomes isolated from different members of the
green bacteria contain significant amounts of protein
(Schmidt, 1980; Feick and Fuller, 1984; Holo et al.,
1985). Chloroflexus chlorosomes were shown by
SDS-PAGE to comprise four major polypeptides of
18, 11, 5.8 and 3.7 kDa (Feick and Fuller, 1984). The
5.8 kDa polypeptide belongs to the baseplate, which,
depending on the isolation method employed, may
co-purify with chlorosomes. Amino acid analysis of
the 3.7 kDa polypeptide revealed a mass of 5,592 Da.
Therefore, in the following and in the literature, this
polypeptide is referred to as 5.6 kDa polypeptide
(Zuber and Brunisholz, 1991). In spite of the large
body of results obtained on the structure and
molecular genetics ofthe 5.6 kDa polypeptide, it was
claimed that this polypeptide was a degradation
product (Griebenow et al., 1990). This claim, however,
was not supported by subsequent investigations
(Eckhardt et al., 1990; Niedermeier et al., 1992;
Waullink etal., 1991). Nevertheless, it gave rise to the
development of, until then, unknown concepts on the
organization of photosynthetic antenna systems (see
Chapter 20 by Blankenship et al.).

A 6.3 kDa polypeptide with 30% sequence
homology to the 5.6 kDa polypeptide of Cf.
aurantiacus was isolated from different species of
green sulfur bacteria (Wagner-Huber et al., 1988). In
addition, a second polypeptide of 7.5 kDa molecular
mass and an amino acid sequence significantly
different from the 6.3 kDa polypeptide, was isolated
from chlorosomes of Cb. limicola (Gerola et al.,
1988). The sequence homology of this 7.5 kDa
polypeptide with the 5.6 kDa Chloroflexus poly-
peptide was only 17% (Gerola et al., 1988). Lack of
cross reactivity of antisera to chlorosome peptides
from Chloroflexus with chlorosome polypeptides
from various green sulfur bacteria support the low
degree of homology described on the basis of the
amino acid sequence (Stolz et al., 1990).

2. Membranes

The chemical composition of CM isolated from Cf.
aurantiacus and Cb. limicola f. thiosulfatophilum
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was compared by Schmidt (1980). Interestingly, CM
from Cf. aurantiacus contained significantly lower
amounts of gluco- and phospholipids than those
from Chlorobium. With respect to the cellular
composition and distribution of carotenoids it is
interesting to note that typical carotenoids of both
species are present as glucosides, while chlorosomes
contain the corresponding carotenoids in a non-
glucosylated form. Moreover, while membranes from
Cf. aurantiacus exhibited both NADH-oxidase and
succinate-dehydrogenase activities, the latter activity
could not be detected in preparations from
Chlorobium.

All species of green bacteria synthesize a CM-
bound moiety of the photosynthetic apparatus
characterized by the presence of BChl a as the major
tetrapyrrole pigment. In Cf. aurantiacus, this BChl is
associated with both light-harvesting antenna units
and photochemical reaction center complexes with
absorption properties very similar to the corres-
ponding complexes of purple bacteria. However,
reaction centers from Cf. aurantiacus are composed
of two polypeptides, which do not show any amino
acid sequence homology to known reaction center
polypeptides from purple bacteria (Shiozawa et al.,
1987). This difference is supported on the basis of
the pigment composition of reaction centers, which,
in Cf. aurantiacus, contains the primary electron
donor BChl a dimer (P 865), an additional BChl a,
three bacteriopheophytins a and two menaquinones
(Pierson and Thornber, 1983; Blankenship and Fuller,
1986).

The CM-bound antenna complex of Cf. auran-
tiacus, designated B808-866 (Feick and Fuller, 1984),
contains BChl, carotene and two different poly-
peptides (Zuber and Brunisholz, 1991; Wechsler et
al., 1991). This complex resembles that of purple
bacteria not only on the basis of spectral properties
(Vasmel et al., 1986) but also on the homology ofthe
twopolypeptides. The proportionoflight-harvesting
BChl a per reaction center was shown to stay fairly
constant at (20-25): 1 (Feick et al., 1982; Feick and
Fuller, 1984).

Since Cf. aurantiacus is a facultatively phototrophic
organism, it is able to perform a respiratory energy
metabolism. Constituents of the respiratory chain
are assembled together with the photochemical
electron transport chain in the CM. However, when
growingstrictly chemotrophically,i.e. aerobicallyin
the dark, the photosynthetic apparatus is missing in
membranes from Cf. aurantiacus (Fosteretal., 1986).
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The latter applies not only to BChl complexes but
also to cytochromes like the high potential
cytochrome c¢-554, which is assumed to function as
electron donor to the reaction center. Nevertheless,
membranes isolated from chemotrophically grown
cells contain at least three c-type and one b-type
cytochromes in addition to menaquinone (Wynn et
al., 1987). According to Zannoni and Fuller (1988)
aerobic cells of Cf. aurantiacus exhibit a branched
electron transport chain from NADH to two different
terminal oxidases as based on their different
sensitivities toward KCN and CO (see also Chapter
44 by Zannoni).

The CM-bound moiety of the photosynthetic
apparatus of green sulfur bacteria exhibits a high
degree ofrelatedness to photosystem I ofplants. The
presence of a quinone pool, of photo-reducible
cytochrome b and of photo-oxidizable cytochrome ¢
suggests participation of a cytochrome bc complex
in photochemical electron transport (Hurt and
Hauska, 1984). The analysis of a recently isolated
reaction center complex from Chlorobium revealed
the presence of about 40 molecules of BChl a and
about four cytochromes c¢-553 per primary donor,
P840 (Feiler et al., 1992). It has been suggested that
the primary electron donor BChl P840 is associated
with a chlorophyll-like primary acceptor as well as
with a set of acceptors comprising a ubiquinone-type
compound and three FeS centers (Nitschke et al.,
1990). Recently, the primary acceptor, originally
designated BChl;, hasbeenidentified as an isomeric

form of chlorophyll a (van de Meent et al., 1992).

IV. Supramolecular Organization of
Chlorosomes

A. Chlorosome Envelope

As mentioned above, results of freeze-fracture studies
suggest that a single layered envelope with a thickness
of 2-5 nm forms the cytoplasmic boundary of
chlorosomes. This together with the localization of
MDGD in chlorosomes has led to the hypothesis that
the chlorosome envelope is composed of a monolayer
of galactolipids (Staehelin et al., 1980). Indeed, the
presence of galactose moieties pointing to the
cytoplasmic outside ofthe envelope was demonstrated
by the agglutination of isolated chlorosomes from
Cb. limicola and Cf. aurantiacus with Ricinus lectin
(Holo et al., 1985). Agglutination was enhanced

after trypsin treatment of chlorosomes, suggesting in
situ masking of galactose moieties by protein. The
presence of a lipid monolayer with polar groups on
the outside infers that the core of chlorosomes is
largely hydrophobic. A detailed study on the
localization of polypeptides in chlorosomes from Cf.
aurantiacus gave rise to a hypothetical model
structure, in whichthe 18 and the 11 kDapolypeptides
are constituents of the envelope (Feick and Fuller,
1984). Immunogold-labeling electron microscopy
performed subsequently showed, however, that each
of the three antisera raised against the 18, the 11, or
the 5.6 kDa polypeptides of Chloroflexus chlorosomes
reacted with isolated chlorosomes (Wullink et al.,
1991). Consequently, the 5.6 kDa polypeptide is now
considered a constituent of the envelope as well.

B. Chlorosome Core

Originally, it was proposed that the rod elements of
the chlorosome core were composed of regularly
arranged antenna BChl c-polypeptide complexes
(Feick and Fuller, 1984). However, through numerous
studies, performed more recently, the hypothesis has
been developed that the proper arrangement of BChl ¢
molecules within the chlorosome does not require
the presence of polypeptides (Holzwarth et al., 1990,
1992; Matsuura and Olson, 1990; Matsuura et al.,
1993; see Chapter 20 by Blankenship et al.).

C. Baseplate

It is assumed that the baseplates of Chloroflexus
chlorosomes contain the chlorosome-specific BChl
a-polypeptide complex of 5.8 kDa (Sprague and
Fuller, 1991). (This complex should not be confused
with the 5.6 kDa polypeptide believed to be localized
in the chlorosome envelope). As mentioned above,
the baseplate BChl a-polypeptide usually co-purifies
with chlorosomes. It can, however, be detached from
chlorosome preparations without impairing their
structure and function.

Chlorosomes from different members ofthe green
sulfur bacteria, like Cb. limicola f. thiosulfatophilum,
Cb. vibrioforme, Cb. phaeobacteroides and Prosthe-
cochloris aestuarii, contain small but significant
amounts of BChl a with an absorption peak near 800
nm (Gerola and Olson, 1986; Otte et al., 1991). This
chlorosomal BChl a seems to be involved in energy
transfer from the pool of major antenna pigments in
the chlorosome to the CM-bound moiety of the
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photosynthetic apparatus. In contrast to chlorosomes
of Cf. aurantiacus, however, the chlorosomal BChl a
of Chlorobiaceae absorbing near 800 nm appears to
be functionally connected to a second type of BChl
a-protein complex. This complex, with an absorption
peak at 809 nm, is commonly referred to as the
‘water soluble BChl a-protein’. Originally, this water
soluble complex was postulated to form the baseplate
of green sulfur bacteria (Staehelin et al., 1980).
However, in more recent models, BChl a moieties of
chlorosomes rather than the water soluble BChl a-
complexes of Chlorobiaceae are referred to as
baseplates because of their functional similarities to
BChl a (790 nm) complexes of baseplates of Cf.
aurantiacus (Otte et al., 1991).

V. Development of the Photosynthetic
Apparatus

A. Control of Bacteriochlorophyll Synthesis

Most of the BChl a of green bacteria is localized in
the CM and most ofthe BChls ¢, dor e in chlorosomes.
Therefore, formation of these different BChl species
can be used, in a first approximation, to follow the
formation of the two structurally as well as
functionally defined units of the photosynthetic
apparatus. Moreover, the ratio of BChl a/c is a basis
for estimating the ratio of the CM-bound to the
chlorosomal moieties ofthe photosynthetic apparatus
of Cf. aurantiacus.

For obvious reasons, light may be considered the
physiologically most relevant external factor involved
in the control ofthe development ofthe photosynthetic
apparatus. However, factors like oxygen or the proper
supply of substrates and cofactors may become
important, too. In the following, the effects of these
physiological factors are detailed as well as those of
physiologically probably less important inhibitors.

1. Light

The first studies on the regulation of BChl synthesis
in green bacteria were performed with ‘Chloro-
pseudomonas ethylicum’ strain 2-K, which was later
identified as Prosthecochloris aestuarii (Holt et al.,
1966; Triiper and Pfennig, 1978). These cultures
increased their specific BChl c contents by a factor of
5-8 when illumination was increased from about 0.1
to 110 klx. (Interestingly, the specific growth rate of
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the culture was hardly affected by this variation in
light energy supply). A comparable, however less
pronounced effect, was observed by Broch-Due et al.
(1978) upon analyzing light dependent changes in
BChl d contents of Cb. limicola. Apparently, BChl a
contents stayed largely constant under the various
conditions tested by Broch-Due et al. (1978). As
described above, Cb. limicola and Cb. vibrioforme
were shown to eventually shift from BChl dto BChl
¢ formation when adapting to conditions of low
illumination (Broch-Due and Ormerod, 1978; Bobe
etal., 1990). These shifts are believed to increase the
packing of BChl within the chlorosome. Obviously,
synthesis and the proper packing of an enormous
amount of light-harvesting antenna BChl enables
members of the Chlorobiaceae to grow at extremely
low illumination. This conclusion is supported by
the fact that a strain of Cb. phaeobacteroides
(containing BChl e) could be isolated from a level of
the Black Sea as deep as 80 m (Overmann et al.,
1992).

The first more systematic analysis ofthe control of
BChl a and ¢ synthesis in Cf. aurantiacus was
performed by Pierson and Castenholz (1974b). When
illumination was increased from 0.25 to 54 klx,
specific BChl ¢ contents decreased in a negatively
exponential fashion from 23.42 to 0.63 (ug per mg
dry weight of cells), while specific BChl a contents
decreased from 2.27 to 0.78. Thus the molar ratio of
BChl ¢/a decreased from 10.3 to 0.8. These results
show that specific BChl contents vary in inverse
proportion with variations in illumination. However,
BChl ¢ contents are subjected to a significantly
higher degree of variation than are BChl a contents.

Schmidt et al. (1980), analyzing effects of different
illuminations at the level of isolated chlorosomes,
showed that a decrease in illumination from 2 to 0.4
klx caused an increase in the specific BChl ¢ content
of chlorosomes from 69 to 348 (ug per mg of protein),
while the carotenoid content stayed almost constant
at about 30 pg per mg of protein. Consequently,
chlorosomes from highly illuminated cells exhibited
a three-times higher ratio of carotenoid to BChl ¢
than chlorosomes from cells grown at low illum-
ination. The functional implications of these
observations are not as yet understood.

All of the results mentioned above were obtained
with batch cultures of Cf. aurantiacus grown in a
complex medium. Therefore, to avoid the possibility
of uncontrolled culture conditions in studying
phenomena ofcontrol, the effects oflight were studied
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with serine-limited chemostat cultures of Cf.
aurantiacus (Oelze, 1992). Increasing illumination
from 5 to 25 klx caused decreases in specific steady
state contents of both BChls a and ¢. Since, however,
BChl ¢ formation was more affected by the shift-up
in illumination, the molar ratio of BChl ¢/a decreased
from 9.5 to 6.

Studies performed with members ofthe non-sulfur
purple bacteria on the control of BChl synthesis gave
rise to the hypothesis that external factors, like light
and oxygen, exert their controlling effects at the level
of the initial reaction of tetrapyrrole synthesis, i.e.
the formation of 5-aminolevulinic acid (ALA). To
confirm this hypothesis in Cf. aurantiacus, serine-
limited chemostat cultures adapted to 50 klx were
supplied with 10 mM ALA (Oelze, 1992). This
resulted in an increase of the initially low specific
BChl ¢ content by a factor of four (Fig. 6). The effect
was less pronounced at the level of BChl a, so that
the steady state molar ratio of BChl ¢/a increased
from 5 to 12. This means that, in spite of high
illumination (50 kIx), addition of AL A to the culture
resulted in a BChl ¢/a ratio which is typical of low-
light cells (see also, Pierson and Castenholz, 1974b).
Asexpected, addition of 10 mM of the growth limiting
substrate, serine, increased the steady state biomass
level. However, addition of serine stimulated the
level of BChl ¢ to a much lesser extent than did the
addition of ALA.

2. Oxygen

In contrast to members of the green sulfur bacteria,
Cf. aurantiacus can grow not only anaerobically in
the light (i. e. phototrophically) but also with aeration
in the dark (i.e., chemoheterotrophically) (Madigan
and Brock, 1977; Foster et al., 1986). Under these
latter conditions, the photosynthetic apparatus is not
required. Nevertheless, the organisms still synthesized
BChl when growing with low aeration. Vigorous
aeration, adjusting the dissolved oxygen concen-
tration to about 180 uM, is required to completely
repress BChl synthesis. On the other hand, when the
dissolved oxygen was adjusted to concentrations in
the range of 1 to 50 uM, BChl was still synthesized
in the dark (Foster et al., 1986). Importantly, during
the first phase of adaptation from high to low aeration,
BChl a was synthesized at a higher rate than BChl c.
This result was in contrast to a previous observation
(Fuller and Redlinger, 1985). It appears possible,
however, that this discrepancy may result from the
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Fig. 6. Dependence of cell protein levels and tetrapyrrole formation
by Chloroffexus aurantiacus on ALA (10 mM) or on increasing
the serine supply from 5 to 15 mM. Serine-limited chemostat
cultures were grown at 50 kix and a constant dilution rate of D =
0.068 [h']. At the times indicated, ALA was added to the culture
(arrow 1), ALA supply was stopped (arrow 2), and serine supply
was increased (arrow 3). BChl a (x ), BChl ¢ (O ). (Reproduced
from Qelze, 1992 with permission).

fact that the two cited investigations were started
with cultures containing different initial levels of
BChl.

In the phototrophic purple bacteria, formation of
accessory light-harvesting units is generally more
sensitive toward oxygen than formation of the
photochemical reaction center complex ( Oelze,
1981). The same principle can be observed with
respect to the accessory antenna BChl ¢ units and the
reaction center BChl a complex of Cf. aurantiacus.
This was shown recently, when phototrophic
chemostat cultures adapted to anaerobiosis were
suddenly exposed to air (Oelze, 1992). Upon aeration
the specific rates of BChl synthesis decreased from
0.086 h™'to 0.052 h! for BChl a yetto 0.039 h™! for
BChl c. In contrast to the inhibition of BChl ¢
synthesis by high illumination, the effect of oxygen
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could not be compensated for by addition of ALA.
Obviously, this means that oxygen affects BChl ¢
synthesis not only at the level of ALA formation.

3. Supply of Nutrients

Phototrophic chemostat cultures of Cf. aurantiacus
supplied with the complex medium of Pierson and
Castenholz (1974a) showed a negatively exponential
decrease in specific BChl ¢ contents with increasing
the growth rate, while specific BChl a contents
decreased linearly (Oelze and Fuller, 1987).
Accordingly, the molar ratio of BChl ¢/a decreased
with increasing growth rate, although the external
conditions ofillumination were not changed. Actually,
variations in illumination did not influence specific
BChl contents adjusted to a given growth rate. Thus,
it was concluded that the growth rate or factors
constituting the growth rate, like the rate of substrate
supply, were involved in the control of BChI synthesis.
To further analyze the basis of these observations,
the consumption of the most prominent substrates of
the complex medium, i. e. amino acids, was
determined (Oelze et al., 1991). This revealed a
characteristic pattern of amino acid utilization by
batch and chemostat cultures of Cf. aurantiacus. In
particular, it seems important to note that consumption
of GIx (representing glutamate and glutamine) was
high at low growth rates and decreased with increasing
growth rates. The opposite was true with respect to
consumption of Asx (i.e. aspartate and asparagine).
In evaluating these results, it should be remembered
that Cf. aurantiacus employs the C5 pathway of
tetrapyrrole synthesis, which is initiated by the
conversion of glutamic acid into ALA (Avissar et al.,
1989; Kern and Klemme, 1989). This suggests that
the BChl c¢/a ratio decreased because consumption
of glutamate (i. e. the precursor of BChl) decreased
with increasing growth rate on complex medium as
well. Again, the shortage in BChl precursors affected
formation of BChl ¢ to a significantly higher extent
than formation of BChl a. Biomass production,
however, was warranted under these conditions by
the increased consumption of amino acids like Asx.

An explanation for the decreasing rate of Glx
utilization became apparent when Cf. aurantiacus
was grown phototrophically in glutamate-limited
chemostat culture. Upon increasing the growth rate,
increasing steady state amounts of glutamate became
detectable in the culture fluid (Oelze and Sontgerath,
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1992) suggesting the presence of a cellular uptake
system with relatively low affinity for glutamate.

Serine, on the other hand, is an amino acid, which,
at any growth rate tested, was almost completely
taken up by Cf. aurantiacus. Consequently, steady
state specific BChl ¢ contents as well as the molar
ratio of BChl ¢/a of serine-limited chemostat cultures
increased with increasing growth rate.

In addition to growth substrates, vitamins have
been reported to be essential for the proper formation
of BChl complexes. For instance, Cf. aurantiacus
produced significantly higher amounts of BChls ¢
and a when grown in the presence of the vitamin
solution introduced by Madigan et al. (1974) than in
its absence (Oelze and Sontgerath, 1992). Very
recently, BChl formation has been studied with the
vitamin B ,-dependent strain 1230 of Cb. limicola
(Fuhrmannetal., 1993). Cells grown in the presence
of 20 ug of vitamin B, per liter exhibited, respec-
tively, 5 and 2.4 times higher specific BChl ¢ and
BChl a contents than control cells grown in the
absence of the vitamin (see Fig. 10). Slighteffects of
vitamin B,, on BChl d and a synthesis were observed,
as well, with the vitamin B, -independent strain 8327
of Cb. vibrioforme.

4. Non-Physiological Inhibitors

Gabaculine is an inhibitor oftransaminase reactions
and, thus, ofthe initial step of tetrapyrrole formation
viathe C5 pathway (Kern and Klemme, 1989). When
Cf. aurantiacus was grown in the presence of
gabaculine, formation of BChl ¢ was inhibited with
considerably higher sensitivity than was BChl g,
while biomass production was hardly affected by the
inhibitor (Oelze, 1992). According to the site of
inhibition, addition of ALA completely abolished
the inhibitory effect of gabaculine (Fig. 7), which
indicates that BChl ¢ synthesis was stimulated to a
much higher extent than BChl a synthesis.

Several anesthetic gases have been described to
comprise a group of inhibitors of BChl synthesis in
Cb. vibrioforme (Ormerod etal., 1990). When added
to phototrophic cultures of Cbh. vibrioforme, gases
such as nitrous oxide (N,O), ethylene, and acetylene
inhibited the synthesis of the accessory BChl d, but
not of BChl a. Interestingly, mutants could be isolated
which, except for N,O, were resistant to the gases
mentioned above.
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Fig. 7. Effects of different concentrations of ALA on phototrophic
batch cultures of Chloroflexus aurantiacus. The organisms were
grown at 25 klx in batch culture in the presence of 2 uM of
gabaculine for 72 h. Cell protein concentrations, the molar ratio
of BChl ¢/a, and specific contents of BChl a (x ), BChlc (O,
and coproporphyrin are shown. (Reproduced from Oelze, 1992,
with permission).

5. Conclusions

All of the results reviewed above on the control of
BChl synthesis in green bacteria show that formation
of the accessory BChls ¢, d or e is much more
affected by controlling factors than is formation of
BChl a. The physiological significance of this effect
is evident: Formation of the central unit of the
photosynthetic apparatus, i.e. the photochemical
reaction center BChl a complex, occurs as far as
possible under conditions of restricted BChl synthesis.
However, the mechanisms channeling tetrapyrrole
precursors into the formation of either BChl a or the
accessory types of BChl are not as clear. In an ALA
synthetase-deficient mutant of Rhodobacter sphaer-
oides it has been shown that formation of the reaction
center complex becomes saturated at a much lower
rate of ALA supply than formation of the accessory

light-harvesting unit (Oelze, 1983). Operation of a
comparable mechanism may explain the differential
stimulation of BChl a and BChl ¢ synthesis in Cf.
aurantiacus upon addition of ALA to cultures
inhibited in BChl synthesis either by high illumination
or by the presence of gabaculine. This might mean
that formation of the CM-bound reaction center
BChl a complex requires only low levels of
tetrapyrrole precursors, while the resulting surplus
of precursors is converted into accessory BChl ¢
units. In this context it is interesting to note that, at
very high supplies of ALA, cells excrete tetrapyrrole
precursors into the growth medium (Oelze, 1992).
This suggests that packing of BChl ¢ within the cells
may become limited because of limited availability
of chlorosomes or of space within the chlorosomes.
This in turn, leads to questions as to the coordination
of BChl ¢ synthesis and chlorosome formation.

B. Development of Chlorosomes

Variations in the cellular contents of BChls ¢, d, or e
mean that the light-harvesting capacity ofthe cells is
subject to variation. Since by far most, if not all, of
the three types of BChl is located in chlorosomes, the
question arises whether variation ofthe cellular levels
of the chlorosomal pigments is accompanied by
i.) changes in the size of the already existing
chlorosomes, ii.) changes in the number of
chlorosomes per unit of cell, or iii.) both changes in
number and size of chlorosomes. Evidence available
as yet suggest that all of the three possibilities may
take place if the cells are grown with different
illuminations or other factors controlling the synthesis
of chlorosomal pigments (Foidl et al., 1994).

The first report on the effect of light on the
photosynthetic apparatus of green bacteria suggested
that regulation of the cellular BChl content of
Prosthecochloris aestuarii (formerly Chloropseudo-
monas ethylica) was achieved by changes in numbers
as well as by changes in BChl content of chlorosomes
(Holt et al., 1966). As far as known, the latter change
is accompanied by changes in the size of chlorosomes.
A light dependent change in the size of chlorosomes
was observed with Cb. limicola, as well (Broch-Due
et al., 1978). In the latter case, however, it became
apparent that chlorosome preparations isolated from
cells grown ata given light intensity exhibited already
considerable variations in size. Similar results were
obtained with Cf. aurantiacus as well. More detailed
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studies on this aspect performed with Cf. aurantiacus
revealed that changes in size are largely due to
changes in length as well as in height rather than to
changes in the width of chlorosomes (Figs. 8, 9)
(Sprague et al., 1981a; Golecki and Oelze, 1987).
Yet, like other members of the green phototrophic
bacteria, Cf. aurantiacus changes not only the size
but also the cellular number ofchlorosomes (Schmidt
et al., 1980; Sprague et al., 1981b; Golecki and
Oelze, 1987).

In contrast, Pierson and Castenholz (1974b)
suggested in their early paper that the cellular BChl
c content of Cf. aurantiacus was regulated by the
number of chlorosomes. This suggestion was taken
up by Feick et al. (1982) who concluded that cells of
Cf. aurantiacus increased only the number of
chlorosomes upon adaptation from high to low light
conditions. This conclusion was based, first, on the
isolation of chlorosomes exhibiting identical ratios
of BChl c¢/a irrespective of the light regimen employed
to grow the cultures and, secondly, on the assumption
that the BChl c/a ratio represents the size of
chlorosomes.

On the other hand, an increase in only the size of
chlorosomes has been observed very recently in Cb.
phaeobacteroides strain MNI1, which showed
increased BChl e contents after adaptation to low
light (Fuhrmann et al., 1993). In addition, resting as
well as chemostat cultures of Cf. aurantiacus supplied
with ALA increased the cellular content of BChl ¢ as
well as the volumes of chlorosomes rather than their
numbers (Figs. 4a,b, 8 and Table 1). As demonstrated
in Fig. 9, these changes in volume were largely due to
changes in the length of chlorosomes, while the
height varied only in the range of 15 to 17 nm.

Moreover, the datacompiledin Table 1 demonstrate
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that both types of chlorosome development mentioned
above, i.e. increases in number and/or size, may take
place under appropriate conditions (Foidl etal., 1994).

In chemostat cultures growing under steady state
conditions the steady state number of chlorosomes
per area of membrane stayed constant (Table 1,
culture 1C). This means that new chlorosomes of
constant volume were steadily formed at a constant
rate. In contrast, resting cells did not form any
additional chlorosomes. Upon stimulation of BChl ¢
synthesis by addition of ALA, however, chemostat
cells and resting cultures increased the volume of
chlorosomes. The possibility of an increase in the
number of chlorosomes without significant changes
in volume is demonstrated with cultures of
comparable BChl c/a ratios as well as chlorosome
sizes but different BChl ¢ contents (cultures 1C and
2B of Table 1).

On the basis ofall ofthe results reported above, we
propose that growing cells steadily form new
chlorosomes and fill them up with pigments. Under
these conditions the average volume of chlorosomes
stays constant. If, however, this equilibrium becomes
impaired, e. g. by an increased supply of ALA, the
average volume of chlorosomes increases because of
enhanced BChl ¢ incorporation.

C. Formation of the Photosynthetic Apparatus

The ability of Cf. aurantiacus to grow both
phototrophically in the light and chemotrophically in
the dark makes them unique organisms to study de
novo formation of the photosynthetic apparatus of
green bacteria. However, cultures of Cf. aurantiacus
need not be transferred from chemotrophic to
phototrophic conditions in order to synthesize the

Fig. 8. Ultrathin sections of Chloroflexus aurantiacus with low BChl ¢ contents (7.7 nmole-mg of protein™') and flat chlorosomes (left)
and with high BChl ¢ contents (48.5 nmole-mg of protein™') and thick chlorosomes (right). Cell wall (CW). Bar represents 100 nm.
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Fig. 9. Size histograms of baseplates of cultures of Chloroffexus
aurantiacus grown in the presence (B) and absence (A) of ALA.
Cultures 1C and 2C of Table 1 were analyzed.

photosynthetic apparatus. As is known for the
photoheterotrophic purple bacteria, Cf. aurantiacus
is also able to induce the photosynthetic apparatus
when transferred from conditions of high to low
aeration in the dark (Sprague et al., 1981a; Foster et
al., 1986). Importantly, a comparative study of the
induction of the synthesis of BChls a and ¢ revealed
that it is not possible to distinguish the effect of low
oxygen from that of light (Fuller and Redlinger,
1985; Redlinger and Fuller, 1985).

Electron micrographs of cell samples from highly
aerated dark cultures were reported to be free of any
detectable chlorosomes (Sprague and Fuller, 1991).
A more precise definition of oxygen concentrations
showed that cultures adapted to darkness and
dissolved oxygen concentrations near 180 uM O,
were completely depleted of both BChls a and ¢ as
well as of cytochrome c¢-554, the primary electron
donor to the photochemical reaction center (Foster et
al., 1986). BChls a and c as well as cytochrome
¢-554 were induced in parallel and became detectable

as early as 1 h after the oxygen concentration was
reduced to a value near 50 M. In an earlier study it
was reported that chlorosome polypeptides became
detectable 8—12 h afterinduction ofthe photosynthetic
apparatus (Fuller and Redlinger, 1985; Redlinger
and Fuller, 1985). On the basis of immunological
results, it was suggested that the three chlorosomal
polypeptides of 18, 11, and 3.7 kDa (determined by
SDS-PAGE) were transcribed and translated as
precursor polyproteins of 60 and 47 kDa. While the
former protein reacted with antisera against all ofthe
three chlorosomal polypeptides, the latter reacted
only with antisera against the 18 and the 11 kDa
polypeptides. Both polypeptide precursors were
proposed to be processed into chlorosomal poly-
peptides in the presence of BChl, which in turn is
controlled by light or oxygen (Redlinger and Fuller,
1985). Yet, a more recent study on the molecular
biology of the chlorosomal polypeptides could not
identify a genetic basis for the occurrence of a
precursor polyprotein (Theroux et al., 1990).

A promising system to study the development of
the photosynthetic apparatus in green sulfur bacteria
has recently been introduced by Fuhrmann et al.
(1993). These authors reported that strain 1230 of
Cb. limicola forms chlorosomes (Fig. 10) as well as
significant amounts of BChls a and c only ifsupplied
withvitamin B,,. Cells grown in the absence of the
vitamin are depleted of BChls and of any detectable
chlorosomes. However, when subsequently supplied
with B ,, it takes no more than 10 h to fully develop
BChls and chlorosomes.

Little is known about the coordination of the
synthesis of chlorosomes and the synthesis of the
CM-bound moiety of the photosynthetic apparatus.
According to Redlinger and Fuller (1985) as well as
to Foster et al.( 1986), the antenna BChl ¢-chlorosome
complex is assembled by posttranslational protein
processing, while the synthesis of BChls a and ¢, of
the reaction center BChl a- and the antenna BChl a-

Table 1. Chlorosome deveiopment upon addition of 10 mM of S-aminolevulinic acid (ALA) to serine-limited chemostat (C) and resting
batch (B) cultures of Chloroflexus aurantiacus. In addition, specific BChl contents of cells are given. Cultures | and 2 were grown in the
absence and presence of ALA, respectively (Foidl et al., 1994).

Culture No. of chloro- Area of base- Volume of BChl a BChl ¢ BChl ¢/a
somes per ym? plates per chlorosomes
of CM area of CM [nm?*] nmol per mg protein

1C 48 0.18 45,900 32 16 5

2C 48 0.26 75,300 5.0 60 12

1B 76 0.20 23,800 5.3 11.5 2.2

2B 60 0.26 48,800 4.8 22 4.6
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Fig. 10. Ultrathin section of Chlorobium limicola strain 1230 grown under different culture conditions: {a) cells grown with 20 ug vitarpin
B,,/L (growth time : 3 d), (b) vitamin B ,-deficient cells (growth time: 21 d), (¢) addition of 20 pug/L vitamin B, to the culture lacking
vitamin B, (growth time : 10 d). Each bar represents 0.2 ym; arrows point to chlorosomes; g: ‘granular structures’. (Reproduced from

Fuhrmann et al. 1993 with permission).

complexes as well as ofcytochrome c-554, are under
coordinated control of oxygen. Coordination of the
synthesis ofboth BChls a and ¢, on the one hand, and,
on the other, of complexes containing BChl a and
chlorosomes was suggested by results on the
relationship between cellular BChl a levels and
chlorosome contents of Cf. aurantiacus. This showed
a direct proportionality of specific BChl a contents
of cells and the percentage of CM covered with
chlorosomes as well as of numbers of chlorosomes
per unit of CM (Golecki and Oelze, 1987).

VI. Open Questions

All of the light-harvesting pigment units of the
photosynthetic apparatus of different organisms

investigated so far are made up of BChl-polypeptide
holochromes. With respect to chlorosomes of green
bacteria, however, the picture emerges that these
units may be active even if depleted of their typical
polypeptides (see Chapter 20 by Blankenship et al.).
In addition, it is possible to re-assemble structures
from lipophilic fractions extracted from native
chlorosomes which exhibit structural as well as
functional properties of the original chlorosomes
which lack polypeptides. This questions the
significance of polypepti