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Preface

Each of the first two editions of The Prokaryotes
took a bold step. The first edition, published in
1981, set out to be an encyclopedic, synoptic
account of the world of the prokaryotes—a col-
lection of monographic descriptions of the
genera of bacteria. The Archaea had not yet been
formalized as a group. For the second edition in
1992, the editors made the decision to organize
the chapters on the basis of the molecular phy-
logeny championed by Carl Woese, which
increasingly provided a rational, evolutionary
basis for the taxonomy of the prokaryotes. In
addition, the archaea had by then been recog-
nized as a phylogenetically separate and distin-
guishable group of the prokaryotes. The two
volumes of the first edition had by then
expanded to four. The third edition was arguably
the boldest step of all. We decided that the mate-
rial would only be presented electronically. The
advantages were obvious and persuasive. There
would be essentially unlimited space. There
would be no restrictions on the use of color illus-
trations. Film and animated descriptions could be
made available. The text would be hyperlinked
to external sources. Publication of chapters
would be seriati—the edition would no longer
have to delay publication until the last tardy
author had submitted his or her chapter. Updates
and modifications could be made continuously.
And, most attractively, a library could place its
subscribed copy on its server and make it avail-
able easily and cheaply to all in its community.
One hundred and seventy chapters have thus far
been presented in 16 releases over a six-year
period. The virtues and advantages of the online
edition have been borne out. But we failed to
predict the affection that many have for holding
a bound, print version of a book in their hands.
Thus, this print version of the third edition shall
accompany the online version.

We are now four years into the 21st century.
Indulge us then while we comment on the chal-
lenges, problems and opportunities for microbi-
ology that confront us.

Moselio Schaechter has referred to the present
era of microbiology as its third golden age—the
era of “integrative microbiology.” Essentially all
microbiologists now speak a common language.
So that the boundaries that previously separated
subdisciplines from each other have faded: phys-
iology has become indistinguishable from patho-
genesis; ecologists and molecular geneticists
speak to each other; biochemistry is spoken by
all; and—mirabile dictu!l—molecular biologists
are collaborating with taxonomists.

But before these molecular dissections of
complex processes can be effective there must be
a clear view of the organism being studied. And
it is our goal that these chapters in The Prokary-
otes provide that opportunity.

There is also yet a larger issue. Microbiology
is now confronted with the need to understand
increasingly complex processes. And the modus
operandi that has served us so successfully for
150 years—that of the pure culture studied under
standard laboratory conditions—is inadequate.
We are now challenged to solve problems of
multimembered populations interacting with
each other and with their environment under
constantly variable conditions. Carl Woese has
pointed out a useful and important distinction
between empirical, methodological reductionism
and fundamentalist reductionism. The former
has served us well; the latter stands in the way of
our further understanding of complex, interact-
ing systems. But no matter what kind of synop-
tic systems analysis emerges as our way of
understanding host—parasite relations, ecology,
or multicellular behavior, the understanding of
the organism as such is sine qua non. And in that
context, we are pleased to present to you the
third edition of The Prokaryotes.

Martin Dworkin
Editor-in-Chief



Foreword

The purpose of this brief foreword is unchanged
from the first edition; it is simply to make you,
the reader, hungry for the scientific feast that
follows. These four volumes on the prokaryotes
offer an expanded scientific menu that displays
the biochemical depth and remarkable physio-
logical and morphological diversity of prokary-
ote life. The size of the volumes might initially
discourage the unprepared mind from being
attracted to the study of prokaryote life, for this
landmark assemblage thoroughly documents the
wealth of present knowledge. But in confronting
the reader with the state of the art, the Hand-
book also defines where more work needs to be
done on well-studied bacteria as well as on
unusual or poorly studied organisms.

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

There are basically two ways of doing research
with microbes. A classical approach is first to
define the phenomenon to be studied and then
to select the organism accordingly. Another way
is to choose a specific organism and go where it
leads. The pursuit of an unusual microbe brings
out the latent hunter in all of us. The intellectual
challenges of the chase frequently test our inge-
nuity to the limit. Sometimes the quarry repeat-
edly escapes, but the final capture is indeed a
wonderful experience. For many of us, these
simple rewards are sufficiently gratifying so that
we have chosen to spend our scientific lives
studying these unusual creatures. In these
endeavors many of the strategies and tools as

well as much of the philosophy may be traced to
the Delft School, passed on to us by our teach-
ers, Martinus Beijerinck, A. J. Kluyver, and C. B.
van Niel, and in turn passed on by us to our
students.

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

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

To prepare a treatise such as The Prokaryotes
requires dedicated editors and authors; the task
has been enormous. I predict that the scientific
community of microbiologists will again show its
appreciation through use of these volumes—
such that the pages will become “dog-eared” and
worn as students seek basic information for the

hunt. These volumes belong in the laboratory, not
in the library. I believe that a most effective way
to introduce students to microbiology is for them
to isolate microbes from nature, i.e., from their
habitats in soil, water, clinical specimens, or
plants. The Prokaryotes enormously simplifies
this process and should encourage the construc-
tion of courses that contain a wide spectrum of
diverse topics. For the student as well as the
advanced investigator these volumes should
generate excitement.
Happy hunting!

Ralph S. Wolfe
Department of Microbiology
University of Illinois at Urbana-Champaign
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CHAPTER 1.1

Planktonic Versus Sessile Life

KEVIN C. MARSHALL

Because of the extremely small size of most
prokaryotic organisms, the limits on what is
meant by the terms planktonic and sessile require
definition. According to the Oxford English Dic-
tionary, planktonic refers to “drifting or floating
organic life found at various depths in the ocean
or fresh water.” At the micrometer level, a plank-
tonic habitat for prokaryotes can also encompass
water films around soil particles, saliva in the
mouth, fluids in the intestinal lumen, serum in
blood vessels, and urine in the bladder and uri-
nary tract. Sessile, on the other hand, means
“immediately attached, without a footstalk.”
Again, one can extend this definition to include
those prokaryotes directly adhering to surfaces,
those attaching by means of a holdfast at the end
of a prostheca (e.g., Caulobacter), those embed-
ded in biofilms developing as a result of extracel-
lular polymer production by bacteria colonizing
surfaces, and those colonizing mucus excreted by
higher organisms (as in the gastrointestinal tract
and the mucigel of plant roots).

Most microbiologists, oriented by their train-
ing to the study of pure cultures, regard suspen-
sion culture as the normal state for growth of
these organisms. This is particularly true for
research into the physiology and biochemistry of
bacteria, whereby homogeneous suspensions of
bacteria are readily harvested and manipulated
for experimental purposes. The reality of
prokaryotic life in natural habitats is that many
organisms spend part or all of their life spans
attached to surfaces (Marshall, 1976). However,
recently there has been a veritable explosion in
research devoted to understanding the behavior
of bacteria at surfaces (Beachey, 1980; Bitton
and Marshall, 1980; Marshall, 1984; Savage and
Fletcher, 1985).

Many questions arise regarding the association
of bacteria with surfaces. It is my aim in this
chapter to consider the current state of knowl-
edge concerning the following questions: How do
prokaryotes adhere to surfaces? Is there a single,
all-embracing mechanism or a range of mecha-
nisms of adhesion in different organisms? Are
some prokaryotes especially adapted to a sessile
existence? Are particular organisms homoge-

of Prokaryotes

neous in their adhesive characteristics or are they
variable in their response to surfaces? Once
attached to a surface, do prokaryotes always
remain in a sessile state or do they return to the
planktonic state at some stage? Do prokaryotes
gain any real advantage from being associated
with surfaces? Are certain prokaryotes specifi-
cally adapted to the colonization of excreted
mucous layers? Are sessile bacteria in a different
physiological state from planktonic organisms;
that is, do prokaryotes exhibit a physiological
response to contact with a surface? If they show
such responses, what physicochemical factors are
responsible for inducing the responses?

Mechanisms of Adhesion
to Surfaces

Full details of proposed mechanisms of adhesion
of prokaryotes to solid surfaces have been pre-
sented elsewhere (Marshall, 1985, 1986a) so only
a brief outline will be presented in this paper.

Transport Processes

Water currents induced by temperature and
gravity (fluid dynamic forces) provide the major
mechanism for the transport of planktonic bac-
teria over large distances. When bacteria and
other particles in flowing water are transported
to the region of the boundary layer near a solid
surface, a lift force directs the bacteria toward
the surface where fluid frictional forces slow
them down (Characklis, 1981a) and deposit them
in the vicinity of the surface.

Sedimentation is of significance only when
bacteria are aggregated together or are attached
to particles. Individual bacteria behave essen-
tially as colloidal particles (Marshall, 1976) and
tend to remain in suspension. Nutrient gradients
may become established across the boundary
layer near some surfaces and these may provide
opportunities for chemotactic responses towards
the surfaces by motile bacteria. Brownian
motion can account for random movement of
very small bacteria within the quiescent water of
a boundary layer near a surface (Marshall, 1976).
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Long-Range Forces

Bacteria in the vicinity of a solid-liquid inter-
face frequently show an instantaneous but rever-
sible attraction to the interface (Marshall et al.,
1971a), and an attempt has been made to explain
this reversible attraction by means of the colloid
stability (DLVO named for the originators—
Derjaguin, Landau, Verwey, and Overbeek) the-
ory. That this attraction is reversible is shown by
the fact that the bacteria can be removed from
the solid surface by gentle shearing forces. The
DLVO theory accounts, at least in part, for the
attraction of a negatively charged bacterium to
a negatively charged substratum surface at the
“secondary attraction minimum” resulting from
the interaction between London-van der Waals
attraction forces and electrical repulsion forces
in the overlapping double layers of cations sur-
rounding the negatively charged surfaces. In
terms of the DLVO theory, a bacterial cell would
be held at a distance of some 10 nm from the
surface by repulsion forces.

Problems in applying DLVO theory to biolog-
ical systems have been raised by Pethica (1980)
and Rutter and Vincent (1980), especially when
the complexity of the bacterial cell envelope and
the extracellular components are taken into
account. However, Busscher and Weerkamp
(1987) have argued strongly in favor of such
long-range forces in the initial attraction of bac-
teria to surfaces.

Short-Range Forces

Certain bacteria irreversibly attach to surfaces
very rapidly (Fletcher, 1980), whereas other bac-
teria require a significant time of exposure to
the surface before becoming firmly attached
(Marshall et al., 1971a). Irreversible attraction is
shown by the fact that the bacteria cannot be
removed by moderate shear forces. What is the
mechanism of this firm adhesion of bacteria to
surfaces? Early observations indicated that poly-
mer bridging by extracellular components of
cells to the substratum surface (Fig. 1) resulted

Fig. 1. Perpendicular adhesion of a marine bacterium to a
solid plastic surface. The extracellular polymeric substances
bridging between the cell and the surface are present only
at the adhesive pole of the cell. (Courtesy of R. H.
Cruickshank.)
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in firm adhesion (Marshall and Cruickshank,
1973; Fletcher and Floodgate, 1973), and these
observations have been confirmed for many sys-
tems (Corpe, 1980; Costerton et al., 1981). These
extracellular polymers have a small radius of cur-
vature and can overcome any repulsion barrier
near a surface and, thus, can bind the cell to the
surface using a variety of short-range forces.
These forces include: 1) chemical bonds (electro-
static, covalent, and hydrogen); 2) dipole inter-
actions (dipole-dipole, dipole-induced dipole,
and ion-dipole); and 3) hydrophobic interactions
(Rutter and Vincent, 1980).

Adhesion to surfaces in nature is generally
considered to be nonspecific. That is, the bacteria
adhere to a wide variety of different inanimate,
and possibly animate, surfaces with varying
degrees of adhesive strength. Bridging polymers
involved in most cases of nonspecific adhesion
are either extracellular polysaccharides, pro-
teins, or glycoproteins. The precise mechanisms
whereby such polymers interact with a range of
substratum surfaces is not known, but it almost
certainly involves various combinations of the
short-range forces listed above.

Specific adhesion involves lectin-receptor-
type mechanisms, in which a proteinaceous sub-
stance (lectin) on the bacterial surface reacts
with a complementary carbohydrate receptor on
another cell type (Switalski et al., 1989). The
best-described examples of specific adhesion
involve the attachment of pathogenic bacteria to
the host cell surfaces they infect. However, spe-
cific attachment of bacteria to the heterocysts
of the cyanobacterium Anabaena has been
described (Lupton and Marshall, 1981).

Thermodynamic Approach to
Bacterial Adhesion

Various workers have attempted to relate the
extent of bacterial adhesion to the variation in
surface free energy of the substratum, with very
variable results (Dexter et al., 1975; Fletcher
and Loeb, 1979). More detailed studies revealed
that, in addition to the substratum-surface free
energy, it was necessary to consider the
bacterium-surface free energy and the surface
tension of the liquid (Absolom et al., 1983;
Pringle and Fletcher, 1983). The change in free
energy associated with bacterial adhesion (AF,4;)
is given by:

AF,an =7YBs —VBL — VsL

where 7vps, YL, and ys. are the bacterium-
substratum, bacterium-liquid, and substratum-
liquid interfacial tensions, respectively. Bacterial
adhension is favored if the process results in a
free energy decrease. In general, Absolom et al.
(1983) found good agreement between bacterial
adhesion to a variety of substrata and the adhe-
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Fig.2. Colonization of a glass surface, rendered hydrophobic
by treatment with silane, by a marine bacterium after 16 h
exposure. The condensed extracellular polymeric substances
are clearly visible, as a result of drying on a cold stage. (Cour-
tesy of T. Neu.)

sion behavior predicted by the thermodynamic
model.

Detachment of Bacteria
from Surfaces

Not all cells remain adherent at the surface.
Mechanisms of detachment include fluid shear
forces (Marshall et al., 1971a), changes in surface
free energy of the substratum (Busscher et al.,
1986) or the organism (Rosenberg et al., 1983;
Fattom and Shilo, 1984), reproductive mecha-
nisms (Power and Marshall, 1988), and enzymatic
degradation of adhesive structures. In most cases,
however, the majority of adhering bacteria
remain at the surface, where they are capable of
growth, reproduction (Fig. 2) (Lawrence and
Caldwell, 1987; Power and Marshall, 1988; Sze-
wzyk and Schink, 1988), and even biofilm forma-
tion. A biofilm consists of cells immobilized at a
substratum surface and frequently embedded in
an organic polymer matrix of microbial origin
(Characklis and Marshall, 1990). Other practical
aspects of bacterial detachment from surfaces will
be considered in later sections.

Occurrence of Sessile Prokaryotes

Microbial Succession at Surfaces

Early reports indicated that very small bacteria
were the primary colonizers of surfaces
immersed in seawater and were succeeded by
conventional rod-shaped and, somewhat later,
by prosthecate bacteria (Marshall et al., 1971b).
It was realized that the initial colonizing organ-
isms were starvation-survival forms (Morita,
1982) that eventually produced cellular growth
at surfaces and thus gave rise to rod-shaped
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forms (Dawson et al., 1981; Power and Marshall,
1988). Early colonizing organisms tend to be
Gram-negative bacteria, particularly species of
Pseudomonas, Flavobacterium, and Achromo-
bacter, followed later by prosthecate bacteria
(Corpe, 1973). Gram-positive bacteria have
rarely been recorded on surfaces in aquatic hab-
itats, although there have been recent reports of
significant numbers of Gram-positive bacteria on
surfaces associated with groundwater (Kolbel-
Boelke and Hirsch, 1989) and on the seagrass
Zostera capricorni (Angles, 1988). The numbers,
overall biomass, and diversity of attached micro-
organisms increased with increasing time of
immersion of a surface (Jordon and Staley, 1976).
Scanning electron microscopic studies also have
revealed a progression from rod-shaped primary
colonizers, to prosthecate forms, and then to a
complex biofilm whose composition varies with
the nature of the exposed surface and with time
(Gerchakov et al., 1977; Marszalek et al., 1979;
Dempsey, 1981). Even in illuminated waters,
microalgae are not primary colonizers of sur-
faces (Marshall et al., 1971b; Corpe, 1973; Jordon
and Staley, 1976), but extensive development
of diatoms, fungi, and protozoa has been
observed following bacterial biofilm formation
(Gerchakov et al., 1977; Marszalek et al., 1979).

Biologically inert substrata, such as stainless
steel or glass, were colonized rapidly following
immersion in seawater and produced a complex,
two-tiered, microfouling layer (Gerchakov et al.,
1977; Marszalek et al., 1979; Dempsey, 1981). The
first stage of colonization consisted mainly of bac-
teria followed by nonmotile diatoms and fungi,
whereas the second stage, which appeared after
a 5-week exposure, consisted of large, colonial,
motile diatoms, other diatoms, flagellates, and
ciliates. On the other hand inhibitory substrata,
such as copper-nickel alloys or brass, were slowly
fouled by bacteria capable of secreting mucoid
extracellular polymeric substances (EPS). Such
substrata eventually developed a much less
diverse biofilm community than inert ones.

Sequential establishment of sessile populations
also occurs in freshwater streams (Geesey et al.,
1977,1978) and lakes (Paerl, 1980); in soils where
the complexity and variability of the solid matrix
makes adequate study difficult (Marshall, 1975;
Stotzky, 1986); in the oral cavity (Bowden et al.,
1979;Newman, 1980);in the gastrointestinal tract,
where the normal sessile biota plays an important
rolein preventing colonization by bacterial patho-
gens (Lee, 1980, 1985; Savage, 1980, 1984); and
in the colonization of prosthetic devices employed
in human patients (Gristina, 1987).

Biofilm Formation

The combined effects of continuous adhesion
and both growth and reproduction at surfaces
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eventually gives rise to a macroscopic slime, or
biofilm (Fig. 3).

Biofilms are of considerable nuisance on arti-
ficial structures, such as ship hulls, hydroelectric
pipelines, water reticulation systems, heat
exchangers, oil rigs, and floating oceanographic
equipment, but find useful applications in waste-
water trickling-filter plants and other fixed-film
systems, as well as in fluidized-bed fermenters.

The development of a biofilm on a surface
subjected to high shear rates may be described
by a sigmoid-shaped curve, where the phase of
biomass increase is a function of growth of
attached bacteria along with further accretion
of cells to the developing biofilm. The plateau of
the curve represents the point at which the film
penetrates the boundary (or viscous) sublayer
(Characklis, 1981b). The final biofilm thickness is
dependent on the magnitude of the fluid shear
rate. Any protrusion of film irregularities above
the viscous sublayer creates turbulence in the
water flowing past the biofilm surface leading to
frictional flow resistance.

The colonization of mucous excreted by higher
organisms (e.g.) the mucous blanket of the ani-
mal gastrointestinal tract (Lee, 1985); and the
mucigel of plant roots (Rovira et al., 1979), leads
to a partial or complete immobilization of cells
in the mucous adjacent to the organism’s tissue.
The final product in this instance bears a super-

ficial resemblance to a biofilm but its mode of
origin is entirely different. Certain organisms,
particularly spiral bacteria (Phillips and Lee,
1983), appear to have a selective advantage in
penetrating and colonizing this viscous habitat.

Methods of Studying
Sessile Prokaryotes

Because of the inherent difficulty in directly
observing the behavior of microorganisms at sur-
faces, a wide range of semidirect and indirect
techniques have been employed to study adhe-
sion, growth, biofilm development, and detach-
ment from surfaces. Because of the different
techniques needed for different surfaces and
ecosystems, no attempt will be made here to give
detailed instructions for the many techniques
available but, rather, references to the descrip-
tions of the original techniques will be provided.

Microscopy

Many of the applications of various forms of
microscopy in the study of sessile bacteria have
been reviewed (Marshall, 1986b). Most studies
involve the use of transmitted or incident light
microscopy, or of transmission (TEM) or scan-
ning (SEM) electron microscopy. For transmit-
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ted light microscopy, the use of transparent
substrata (glass, mica, cellophane, polystyrene,
etc.) as test surfaces is essential. Epifluorescence
microscopy is necessary for translucent and
opaque substrata (Zvyagintsev, 1962; Hobbie
et al., 1977). Sessile bacteria may be observed by
washing the exposed substratum to remove
debris and loosely attached cells and then either
staining, with conventional bacteriological stains
or fluorescent dyes, or viewing directly with
phase-contrast optics. The advantages and disad-
vantages of such techniques have been presented
by Marshall (1986b).

Novel techniques involving light micros-
copy include the use of submerged microscopy
(Staley, 1971), capillary microscopy (Perfil’ev
and Gabe, 1969), computer-enhanced image
analysis (Caldwell and Germida, 1985), interfer-
ence reflection microscopy (Fletcher, 1988), dial-
ysis microculture (Duxbury, 1977), marked slides
(Bott and Brock, 1970), soil films (Harris, 1972),
transparent sections in tubular reactors to study
biofilm development (Characklis, 1980), and
light section microscopy to measure biofilm
thickness (Loeb, 1980).

Other Methods of Study

During the early stages of colonization of sur-
faces, and particularly if glass, plastic, metal, or
wooden slides are immersed in an aqueous
phase, bacteria adhering firmly to the surface
may be cultured by washing the slides or coupons
to remove loosely adhering organisms and then
smearing the slide or coupon over the surface of
a suitable agar plate (Marshall et al., 1971a). If a
distinct biofilm has formed on a surface, the bio-
film may be scraped from the surface, suspended
in a suitable diluent, homogenized, a dilution
series prepared, and aliquots of each dilution
plated on an appropriate agar medium. Such
methods suffer from the normal problems of
selectiveness of the medium employed, and it is
likely that some colonizing species (e.g., Caulo-
bacter, Hyphomicrobium) are never obtained by
such techniques. Often the use of special
selective media is required in order to isolate
particular organisms that may be obvious micro-
scopically. In some cases, it may be necessary to
resort to micromanipulation techniques to sepa-
rate slow-growing or sensitive organisms from
more aggressive or resistant species. The simple
micromanipulation system devised by Skerman
(1968) is especially recommended for this
purpose.

A variety of other methods have been adapted
to estimate numbers of microorganisms or the
total biomass found in a sessile state at surfaces.
These include: measurement of radioactivity fol-
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lowing the uptake of labeled substrates (Brock,
1971; Lupton and Marshall, 1981), autoradiogra-
phy (Fletcher, 1979; Bright and Fletcher, 1983),
ATP determinations for total biomass (La
Motta, 1976), muramic acid determinations for
bacterial biomass (Moriarty, 1977), bacterial
growth rates using thymidine incorporation
(Moriarty, 1986), and determination of bacterial
types at surfaces by phospholipid fatty acid
signature analysis (Guckert et al., 1985) and by
16S rRNA sequence analysis (Pace et al., 1986;
Weller and Ward, 1989). Other techniques that
may prove valuable in analyzing biofilm compo-
sition and function include the use of Fourier
transform infrared spectrophotometry (Nichols
et al., 1985) and the use of microelectrodes to
measure various gradients with depth of biofilms
(Revsbech and Jgrgensen, 1986) (Fig. 3).

Adaptation to the Sessile State

Are certain prokaryotes uniquely adapted to a
sessile form of life? The answer to this question
is not simple because of the very wide range of
bacteria that can be found on various surfaces.
Several examples of different modes of sessile
behavior will be considered in order to illustrate
the complexity that may be encountered in nat-
ural habitats.

Although many bacteria are capable of adher-
ing to a wide variety of surfaces (nonspecific
adhesion), the extent of adhesion on the various
surfaces varies considerably. Some bacteria
adhere best to hydrophobic surfaces (Fletcher
and Loeb, 1979), some adhere best to hydro-
philic surfaces (Dexter et al., 1975), whereas
others adhere best to surfaces of more interme-
diate surface-free-energy values (Pringle and
Fletcher, 1983). The conditions under which the
bacteria are grown also modify the adhesive abil-
ity of various bacteria on a range of different
surfaces (McEldowney and Fletcher, 1986).

Many bacteria that require relatively high
nutrient concentrations (copiotrophic bacteria)
exist planktonically in oligotrophic waters in a
state of starvation. These starvation-survival
forms are characterized by a significant reduc-
tion in size and by lower endogenous respiration
and heat output, and are often more adhesive
than actively growing cells (Morita, 1982;
Dawson et al., 1981; Humphrey and Marshall,
1984). Adhesion to surfaces by these starvation-
survival forms provides access to nutrients accu-
mulated at the surfaces. The starved bacteria are
able to scavenge these nutrients and metabolize
them (Kefford et al. 1982; Kjelleberg et al.,
1983), thereby leading to cellular growth and
reproduction (Kjelleberg et al., 1982; Power and
Marshall, 1988; Szewzyk and Schink, 1988). In
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and release of a cell on utilization of a bound hydrophobic
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fimbrial-attached organism following the production of a
hydrophilic capsule, as in Acinetobacter calcoaceticus; and (d)
growth of a reversibly adhering organism at a surface and
completion of the division phase following drift of the cell
from the surface, as in Vibrio sp. MH3.

many marine environments, it appears that such
small, starved bacteria are the primary coloniz-
ers of freshly immersed surfaces (Marshall et al.,
1971b).

Some copiotrophic bacteria seem unable to
adhere firmly to surfaces, yet, under oligotrophic
conditions, any starvation-survival forms approa-
ching a surface are able to metabolize surface-
bound substrates (Hermansson and Marshall,
1985) and exhibit both cellular growth and
reproduction (Power and Marshall, 1988). Thus,
nonadhesive bacteria do exist in the planktonic
state but it is still possible for such organisms to
benefit from association with surfaces.

A particularly effective adaptation to the
sessile state is the ability of many bacteria in
nature to adhere in an orientation perpendicular
to the surface (Fig. 4a; see also Fig. 1). Such
prokaryotes appear to have either a specialized
holdfast (Caulobacter) or a particularly adhesive

CHAPTER 1.1

portion at one pole of the cell (Hyphomicrobium,
Flexibacter, and Leucothrix). Such an orientation
allows a very efficient contact both with the solid
and the aqueous phases, as well as providing an
effective means of releasing daughter cells into
the planktonic state. An examination of this mode
of orientation at solid surfaces revealed that both
Hyphomicrobium and Flexibacter exhibited the
same perpendicular orientation at air-water and
oil-water interfaces (Marshall and Cruickshank,
1973). It was postulated that the pole of the cell
approaching the interface was hydrophobic while
the bulk of the cell was hydrophilic, and the
hydrophobic pole was rejected from the water
phase and aligned at the nonaqueous phase,
regardless of whether it was solid, air, or oil (Mar-
shall and Cruickshank, 1973).

Some bacteria are adapted to growth at sur-
faces, yet possess various mechanisms to ensure
that some cells return to the planktonic state. For
instance, cells of the marine species Vibrio DW1
adhered to a surface in a perpendicular manner
(Fig. 4a) and, following cellular growth of the
starved cells to normal size, motile daughter cells
were released at regular intervals (approxi-
mately 57 min) from the attached mother cells
(Kjelleberg et al., 1982). Cells of the marine
Pseudomonas sp. JD8 adhered in a face-to-face
manner (Fig. 4b) and, following cellular growth
and one division cycle the daughter cells slowly
(about 0.15 pg/min) began to migrate away from
each other while still adhering to the surface.
After subsequent division cycles, similar migra-
tion patterns were observed but, eventually,
some of the daughter cells detached from the
surface (Power and Marshall, 1988). This slow
migration was explained in terms of the cells
being initially irreversibly attached to the hydro-
phobic stearic-acid-covered surface but, upon
utilization of the fatty acid in the microenviron-
ment around the cell, the cells became reversibly
attached to the underlying hydrophilic substra-
tum (Busscher et al., 1986) and were capable of
some form of movement. As soon as the cells
moved a short distance, however, they encoun-
tered more hydrophobic stearic acid and
adhered irreversibly again until that substrate
was utilized, and the cycle was repeated. When
the bound substrate was essentially exhausted,
cells detached from the underlying hydrophilic
surface (Power and Marshall, 1988). Even the
nonadhesive Vibrio MH3 (Fig. 4d) was able to
grow from the small starvation-survival form to
normal size and then begin the division cycle
when exposed to surface-bound stearic acid
(Power and Marshall, 1988). The dividing cells
drifted away from the surface and completed the
division cycle in the planktonic state.

An interesting adaptation ensuring reversibil-
ity of the sessile state has been described in
Acinetobacter calcoaceticus, which adheres
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reversibly to epithelial cells and oil by means of
thin fimbriae (Fig. 4c). The adhesion of this bac-
terium is reversed as a result of the production
of an excessive amount of extracellular emulsan
that surrounds and thus masks the adhesive
properties of the fimbriae (Rosenberg et al.,
1983). Another example of reversible adhesion
has been described in the cyanobacterium Phor-
midium, which in its sessile state possesses a
hydrophobic surface but under certain condi-
tions produces a hydrophilic capsule, thus allow-
ing the organism to revert to the planktonic state
(Fattom and Shilo, 1984).

These studies emphasize the ability of some
prokaryotes to take advantage of substrates
adsorbed to surfaces, as well as revealing a vari-
ety of strategies for releasing daughter cells from
the sessile to the planktonic state. As pointed out
by Pedros-Alio and Brock (1983), a simple divi-
sion into sessile and planktonic forms is overly
simplistic. Different bacteria have a variety of
mechanisms to attach at surfaces but they also
possess a range of mechanisms for detachment
in order to return to a planktonic existence.

Advantages of the Sessile State

Nutrient Availability

When a clean surface is immersed into a natural
habitat, a molecular film rapidly forms on the
surface as a result of adsorption of macromole-
cules and smaller hydrophobic molecules. This
film serves to “condition” the surface, causing
alterations in surface charge (Neihof and Loeb,
1974) and surface free energy (Baier, 1980). One
of the most obvious advantages of the sessile
state is the increased probability of access to
nutrients accumulating at surfaces, particularly
in flowing, oligotrophic conditions. ZoBell
(1943) was the first to suggest that complex mac-
romolecules adsorbed at surfaces would serve as
concentrated sources of nutrients for organisms
adhering at those surfaces. It was clearly demon-
strated by Jannasch (1958) that the beneficial
effect of surfaces in the presence of added com-
plex nutrients only occurred at very low nutrient
concentrations, where the level of nutrient in the
aqueous phase was negligible and the nutrients
had adsorbed to the surfaces.

Many investigators comparing the activities
of bacteria in the sessile and planktonic states
have employed simple soluble substrates such as
glucose and amino acids (Azam and Hodson,
1977, Berman, 1975; Berman and Stiller, 1977,
Campbell and Baker, 1978; Ferguson and
Palumbo, 1979; Fletcher, 1979, 1986; Hanson and
Wiebe, 1977, Kirchman and Mitchell, 1982;
Pedros-Alio and Brock, 1983; Riemann, 1978).
In natural habitats, and particularly in low nutri-
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ent situations, such soluble substrates would be
rapidly utilized by planktonic bacteria and would
rarely encounter a substratum surface. Similarily,
many of these low-molecular-weight substrates
cannot adsorb to surfaces and would not be
expected to concentrate these. If the substrates
do adsorb, their availability for bacterial utiliza-
tion is often reduced substantially (Gordon and
Milero, 1985). In many field studies, filtration has
been used to separate sessile and attached bac-
teria, but filtration can lead to problems in that:
1) shear forces involved in filtration are sufficient
to remove some reversibly attached bacteria that
are feeding at surfaces (Hermansson and
Marshall, 1985); and 2) such reversibly attached
bacteria may have fed, grown, and reproduced at
the surface and then returned to the aqueous
phase at some time prior to filtration (Power and
Marshall, 1988).

A more logical method of studying the activity
of bacteria at surfaces is to provide substrates
such as macromolecules or lower molecular
weight hydrophobic molecules that are likely to
adsorb at surfaces. Using surface-bound stearic
acid as a model substrate, Kefford et al. (1982)
and Kjelleberg et al. (1983) clearly demonstrated
that a range of bacteria were capable of scaveng-
ing '“C-labeled stearic acid from a surface. In
particular, a reversibly adhering Leptospira spe-
cies rapidly utilized the labeled fatty acid, and
4C-labeled bacteria were readily recovered
from the planktonic state. A similar result was
obtained with the nonadhesive marine Vibrio
MH3 (Hermansson and Marshall, 1985), a result
that emphasizes the fact that bacteria do not
need to firmly adhere to surfaces in order to
utilize substrates adsorbed at the surface. Subse-
quent studies have shown that starved bacteria
adhering to surfaces where nutrients have accu-
mulated not only metabolize the nutrients but
are capable of cellular growth and reproduction
(Kjelleberg et al., 1982; Power and Marshall,
1988; see also Fig. 4 a-d).

Protection from Harmful Factors

Sessile bacteria appear to be more resistant
to the inhibitory effects of antibacterial agents,
such as antibiotics, chlorine, and heavy metals
(Costerton et al., 1981). In relatively thick bio-
films, this apparent resistance may be the result
of the reaction of the agents with the outer layers
of cells and, in the case of chlorine and heavy
metals, reaction with the extracellular polymer
that makes up the matrix of the biofilm. There is
increasing evidence, however, that bacteria
attached to surfaces are inherently more resis-
tant to certain antibacterial agents than are
planktonic forms, but the mechanism of this
increased resistance is not understood. Bacteria
below the biofilm-water interface are also pro-
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tected from external grazing by protozoa and
metazoa. In addition, association of prokaryotes
with various sizes of particles or colloidal clays
can provide a degree of protection from parasit-
ism by bacteriophage and Bdellovibrio, as well
as from predation by amoebae and the lytic
effects of certain gliding bacteria (Roper and
Marshall, 1974, 1978).

Disadvantages of the Sessile State

Sedimentation

Although bacteria attached to particle surfaces
may gain an advantage by utilization of adsorbed
nutrients or by the dissolution of organic parti-
cles, such bacteria would sink to the sediments
and would be unable to colonize new particle
surfaces if mechanisms did not exist for their
release or the release of daughter cells from the
particle surfaces. As seen above, such mecha-
nisms are common among sessile forms of bac-
teria (Fig. 4). It is precisely these phenomena of
bacterial attachment, nutrient utilization, and
recycling, and detachment that are continually
occurring within “marine snow” in the pelagic
zone of oceans (Alldredge, 1989).

Grazing

Zooplankton are capable of ingesting planktonic
bacteria but detritus feeders have been found to
consume the bacteria growing on detritus parti-
cles rather than ingest the particles themselves
(Fenchel and Jgrgensen, 1977). Fenchel (1986)
reported that the flagellate Bodo sp. spends
about 45 sec ingesting a bacterium from a sur-
face, during which time the flagellate does not
move. Bodo normally slides over the substratum
at a velocity of 3.5 um/sec and only detects and
ingests bacteria lying in a 1.0 um wide band along
the path of the flagellate. Zooplankton graz-
ing on biofilm surfaces, however, may play a
useful role in maintaining the bacteria near the
biofilm surface in an active state of growth.
Amoebae have been observed grazing well
within the matrix of a biofilm (Mack et al., 1975)
(see Fig. 3).

Gradients

Decreasing gradients of nutrient and oxygen
availability develop with increasing depth of a
biofilm (Fig. 3) (Christensen and Characklis,
1990). Such gradients form as a result of
diffusional resistance within the biofilm and of
utilization of the nutrients and oxygen by
microorganisms within the biofilm. Conse-
quently, aerobic organisms near the biofilm-
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water-interface tend to be actively growing and
create anoxic conditions at greater depths within
the biofilm. If nitrate is present then some micro-
organisms at depth in the biofilm are capable of
using the nitrate as an alternative to oxygen as
an electron acceptor. Other aerobic organisms
tend to be inactive, or even lyse, within the
anoxic zone, whereas strict anaerobes and fer-
mentative bacteria may be active in such sites. In
biofilms developed on metallic surfaces, the
activity of sulfate reducing bacteria (SRB) have
been implicated in corrosion processes (Little
et al., 1990).

Physiological Responses by
Bacteria at Surfaces

Observed Responses

Probably the most obvious physiological res-
ponse observed in bacteria associated with sur-
faces is cellular growth and, in some instances,
reproduction (Jannasch, 1958; Bott and Brock,
1970; Kjelleberg et al., 1982; Pedros-Alio and
Brock, 1983; Power and Marshall, 1988).
Another possible response in bacteria to the
physical presence of a surface is the time-
dependent appearance of firm adhesion, which
may indicate the induction of suitable bridging
polymer production by the surface-associated
bacteria (Marshall et al., 1971a).

The best documented response to a surface is
the change observed in certain marine vibrios
from a single, sheathed, polar flagellum in the
planktonic stage to the production of multiple,
lateral flagella when plated on an agar surface
(Golten and Scheffers, 1975; de Boer et al., 1975;
Belas and Colwell, 1982). Other reported
responses include a reduction in size and an
increase in endogenous respiration and in heat
output by starving marine bacteria at inter-
faces in the absence of exogenous nutrients
(Kjelleberg et al., 1982, 1983; Humphrey et al.,
1983; Humphrey and Marshall, 1984). Also,
attached bacteria show an increase in resistance

to antibacterial substances (Costerton et al.,
1981).

Control of Responses

Silverman et al. (1984) have described two pos-
sible control mechanisms regulating bacterial
responses at surfaces, namely, “responsive” and
“variable” control (Fig. 5). Essentially, respon-
sive control involves information processing,
whereby the bacterium senses some environ-
mental signal and responds accordingly. In the
case of Vibrio parahaemolyticus, the response to
a shift from an aqueous medium to an agar sur-
face is to deregulate lateral flagella production
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(b) Variable Control
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Fig. 5. Strategies for responsive and for variable control of adhesive substance expression. (a) Responsive control, as shown
by a shift from polar to lateral flagella in Vibrio parahaemolyticus. (b) Variable control, in which a fraction of the cells are
preadapted to the fimbriated state, and attach to epithelial cells. Nonfimbriated variants detach and return to the aqueous

phase. (From Silverman et al., 1984.)

(Fig. 5a). In the case of variable control, a frac-
tion of the cells are preadapted, for example, to
adhere to a particular surface, and individuals
within the population are constantly switching
among a variety of forms. For instance, a portion
of the population may produce fimbriae and
attach to epithelial cells (Fig. 5b). Nonadhesive
variants of these cells arise and detach to return
to the aqueous phase. Such phase variation in
certain salmonellae results from a rearrange-
ment of the DNA structure involving the inver-
sion of part of the molecule containing a
transcriptional control element.

Physicochemical Triggering of Responses

Using lux gene fusion mutants, Belas et al. (1986)
studied the responsive control of lateral gene
expression when Vibrio parahaemolyticus was
transferred from liquid to agar medium. They
were able to show conclusively that the physico-
chemical factor triggering lateral flagella produc-
tion was increased viscosity. Whether this surface
effect was entirely the result of viscosity or
whether it was also related to a reduction in
water activity has not been tested.

Another important factor at surfaces that
would result in metabolic, as well as cellular
growth and reproduction responses, is the
adsorption of organic nutrients at surfaces
(Kefford et al., 1982; Kjelleberg et al., 1981;
Hermansson and Marshall, 1985; Power and
Marshall, 1988). Enhanced phosphorus uptake
by attached bacteria has also been reported by
Paerl and Merkel (1982). A further situation
involving possible adsorption phenomena at
surfaces is the finding by Humphrey and
Marshall (1984) that changes in size, endoge-
nous respiration, and heat output in starving
marine bacteria at surfaces could be repro-
duced in the presence of surfactants and even
when no surface was present. Many bacteria in
nature produce surfactants, and these surfac-
tants could adsorb to surfaces where they might
trigger various responses in other bacteria
adhering to the surfaces.

Other possible explanations for the triggering
of physiological responses in bacteria at surfaces
include alterations in the proton motive force on
the face of the cell nearest the surface (Ellwood
et al., 1982) and possible cell deformation near a
surface (Fletcher, 1984).
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Conclusions

Although the sessile state is very common in
bacteria in natural habitats, it is not a state lim-
ited to particular groups of organisms. All sessile
bacteria are derived from the planktonic state
and, in addition to active growth and metabolism
at surfaces, these sessile organisms have also
evolved a variety of methods to ensure that rep-
resentatives of the population can return to the
planktonic state. Such mechanisms include direct
release of daughter cells, changes in the hydro-
phobicity of the sessile cells or of the substratum
surface, exclusively reversible adhesion (subject
to removal by gentle shear forces), and, possibly,
enzymatic degradation of adhesive bridging
polymers.

Planktonic bacteria, on the other hand, pos-
sess a wide range of mechanisms whereby they
can adhere to a variety of surfaces. In some
instances these bacteria possess preformed adhe-
sive polymers, whereas in other cases the bacte-
ria appear to produce appropriate polymers
following association with the surface. There is
increasing evidence for responsive control of a
number of physiological functions evident only
at surfaces, but more detailed investigations are
required to elucidate the nature of these physic-
ochemical triggering mechanisms.
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CHAPTER 1.2

Bacterial Adhesion

ITZHAK OFEK, NATHAN SHARON AND SOMAN N. ABRAHAM

Introduction

It is now well established that to initiate infection
at a particular site bacteria must adhere to host
cells or to layers covering these cells (Ofek and
Doyle, 1994f). The mucosal surfaces of the respi-
ratory, gastrointestinal and urogenital tracts are
the most common portals by which infectious
bacteria enter the deeper tissues of a mammalian
host. Thus, adhesion to the epithelial cells of
these mucosal surfaces and then colonization of
the mucosal tissue are considered the first stages
on the infectious process. In numerous cases the
adhesion is mediated by special protein mole-
cules (known as adhesins) associated with pro-
teinaceous organelles (known as fimbriae or
pili). These adhesins, which are on the surface
of the infectious bacteria, combine with com-
plementary structures on the mucosal surfaces.
Adhesion to mucosal surfaces offers the infec-
tious agent a number of advantages. It allows the
bacteria to firmly attach and thereby resist dislo-
cation by the hydrokinetic forces that typically
act on these surfaces. And it gives better access
to nutrients as well as more protection from del-
eterious effects of antimicrobial agents in the
surrounding milieu (Zafriri et al., 1987).

Although adhesion is an important determi-
nant of mucosal colonization, especially with
respect to the animal and tissue tropism of the
invading organism, several critical post-adhesion
events are required for bacterial colonization.
Triggered by the adhesion of the bacteria to their
complementary receptors, these events include
upregulation of virulence factor expression in the
bacteria on the one hand and induction of phys-
iological changes in the host cells on the other.
Among the latter are cell proliferation, increased
mucus secretion, endocytosis of adherent bacte-
ria, and release of pro- and anti-inflammatory
mediators by mucosal and sub-mucosal cells.

In the present article, we review the current
state of knowledge of bacterial adhesins and
their mucosal cell receptors. We then discuss
selected post-adhesion events and describe how
they influence mucosal colonization and subse-
quent symptomatic infection. Finally, we show

how the knowledge gained provides a basis for
the development of anti-adhesion agents that
can block and even reverse bacterial coloniza-
tion of mucosal surfaces before tissue damage.

Bacterial Adhesins and
Their Cognate Receptors

Types of Adhesin-Receptor Interactions

The adhesive interactions of over 100 bacterial
pathogens of humans and farm animals have
been studied (Ofek and Doyle, 1994a; Karlsson,
1995). Based on these studies, three main types
of adhesin-receptor interactions can be distin-
guished (Table 1). The first type, probably shared
by the majority of bacterial pathogens is due
to lectin-carbohydrate recognition. Many of the
bacterial adhesins are lectins, a class of sugar-
binding proteins that link the bacteria to carbo-
hydrate moieties of glycoproteins or glycolipids
on the mammalian host cell (Table 2). In some
cases bacterial surface polysaccharides of either
the capsule or the outermembrane lipopolysac-
charides binds to cognate lectins on host cell’s
(e.g., macrophage) surface (Ofek et al., 1995).
The second type involves recognition of a pro-
tein on the bacteria by a complementary protein
on the mucosal surface. The third type, and the
one least well characterized, involves binding
interactions between hydrophobic moieties of
proteins on one cell with lipids ion the other cell,
or between lipids on either cell (Ofek and Doyle,
1994b).

Gents differ only in a single hydroxyl group,
present on the acyl of the 4-NH group in the
piglet-associated compound but absent in
the pig-associated compound as well as in the
glycolipids of humans. The subtle age-related
change in the glycolipids may explain why E. coli
K99 can cause diarrhea in piglets, but not in adult
pigs or humans.

Multiple Adhesins

A number of common themes have emerged
regarding the interactions between bacteria and
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Table 1. Molecular features of adhesin-receptor interactions in bacterial adhesion to host cells.

Bacterial ligand

Type of interaction (and example)

Receptor on host cell

(and example) References

Lectin-carbohydrate Lectin (type 1 fimbriae)

Polysaccharide
(Klebsiella capsule)

Fibronectin binding
proteins (F protein of
S. pyogenes)

Protein-protein

Hydrophobin-protein Glycolipid (lipoteichoic

acid of S. pyogenes)

Lipid binding proteins
(surface protein of
Campylobacter spp.)

Glycoprotein (uroplakin Wu et al., 1996

on bladder cells)

Lectin (mannose receptor Ofek et al., 1995

of macrophages)
Fibronectin (fibronectin Hanski et al., 1992; 1996
on respiratory cells)

Lipid receptors?
(lipid-binding region of
fibronectin on epithelial
cells)

Courtney et al., 1990
Hasty et al., 1992

Membrane lipids
(phospholipids and
sphingolipids of cells)

Szymanski et al., 1996
Sylvester et al., 1996

mucosal cells. The most notable is the concept
that pathogenic bacteria attach to mucosal cells
typically through multiple adhesive interactions.
Thus, a bacterial cell may express several adhesin
moieties, each one specific for a distinct receptor
molecule on the epithelial cell surface (for exam-
ples see Table 4). Interactions may be mediated
by multiple bacterial adhesins that are structur-
ally similar but may exhibit different binding
specificities such as the type 1 and P fimbriae of
uropathogenic E. coli (Table 3). Alternatively,
adhesins may be structurally and chemically dis-

similar, as is the case with the lipoteichoic acid
(LTA) and proteinaceous adhesins of Streptococ-
cus sanguis. Some pathogens (e.g., Neisseria
gonorrhoeae) produce two surface lectins, each
specific for distinct carbohydrate structures,
one found in glycolipids and the other in
glycoproteins.

In many instances, different sub-populations
of a bacterial clone express these distinct adhes-
ins. By generating several phenotypic variants
each expressing adhesins of distinct specificities,
a given bacterial clone will increase the reper-

Table 2. Examples of carbohydrates as attachment sites for bacteria colonizing mucosal surfaces.

Organism Target tissue Carbohydrate structure Form”
E. coli type 1 Urinary tract Mano3[Maro3(Mano6) Glycoprotein

P Urinary tract Galo4Gal Glycolipid

S Neural NeuAc(02-3)GalB3GalNAc Glycolipid
CFA/1 Intestinal NeuAc(02-8)- Glycoprotein
CS3 Intestinal GalNAcB4Gal Glycoprotein®
K1 Endothelial GlcNAc(B1-4)GIcNAc Glycoprotein

K99 Intestinal NeuGce(02-3)Gal(B1-4)Glc Glycolipid

H. pylori Stomach NeuAc(02-3)Gal Glycolipid
Lewis-b blood group Glycoprotein

Glucose-fatty acid Glycolipid

Lactosyl ceramide Glycolipid

N. gonorrkea Genital Gal(p1-4)Glcp Glycolipid
NeuAc(02-3)Gal(B1-4)GlcNAc Glycoprotein
P. aeruginosa Intestinal Gal(B1-3)GIcNAc, Glycoprotein
Fucose Glycoprotein
Mannose Glycoprotein

Respiratory GalNAc(B1-4)Gal Glycolipid

H. influenza Respiratory GalNAcB4Gal Glycolipid

Respiratory GalNAcB4Gal Glycolipid
S. pneumoniae Respiratory GIcNACcB3Gal Glycoprotein
M. pneumoniae Respiratory NeuAc(02-3)-Gal(B1-4)GlcNAc Glycoprotein
S. suis Respiratory Gal(al-4)Gal Glycoprotein
K. pneumoniae Respiratory & enterocytes Gal(a1-4)Gal Glycoprotein

“Based on Sharon and Lis, 1996; "Ofek and Doyle, 1994 and Karlsson, 1995; “Wenner et al., 1955.
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Table 3. Types of receptor-adhesin relationship in bacterial adhesion to animal cells.

Type* Receptor molecule Animal cell Adhesin molecule Bacteria, (source)
A.
Dr blood group antigen Erythrocytes Dra fimbriae E. coli, (UTI)
Erythrocytes AFA 11 E. coli, (ETEC)
Erythrocytes F 1845 fimb E. coli, (pigs)
B.
Fibronectin (NH, terminal) Epithelial cell Lipoteichoic acid S. pyogenes
Fibronectin binding protein S. aureus
C.
Glycolipid (Galal-4Gal) Uroepithelial cell P fimbriae, FsoG E. coli, (pyelonephritis)
Fibronectin P fimbriae, FsoF/H
D.
66 kDa Gp Erythrocytes Type 1 fimbriae E. coli, (mannose sensitive)
CD11/18 Gp Neutrophils Type 1 fimbriae
CD 48Gp® Macrophages Type 1 fimbriae
Uroplakin® Uroepithelial cell Type 1 fimbriae

Adapted from Ofek and Doyle, 1994.

*A. Target host cell express one receptor molecule that contain three attachment sites fro three different adhesins produced
by three clones of bacteria; B. Two bacterial species express two distinct adhesins that bind the bacteria to the same receptor
molecule on target host cell; C. The same bacterial clone produce a fimbrial structure comprised of two subunits, each bind
the bacteria to distinct receptor on host target cell; D. The same adhesin bind the bacteria to similar attachment sites contained
in different receptor molecules (isoreceptors) expressed by various host target cells.

"Baorto et al., 1997; “Wu et al., 1996.
Gp, Glycoprotein.

toire of its target tissues and perhaps also acquire
antigenic variability that will enhance its ability
to withstand the multifaceted defenses of the
host (Ofek and Doyle, 1994b). This notion is
exemplified by pyelonephritic isolates of E. coli
which express either P fimbrial or type-1 fimbrial
adhesin at any given time. Because transmission
from one host to another is via the feacal-oral
route, it was postulated that the pyelonephrito-
genic isolates may need the type 1 fimbriae
mainly to transiently colonize the upper respira-
tory tract. Such colonies might then provide a
constant source of bacteria entering the stomach
and thus increase the chances for the incoming
bacteria to colonize the intestine (Bloch et al.,
1992). Once in the urinary tract, the bacteria
seem to need the P fimbrial adhesins to adhere
to the urinary tissues (Roberts et al., 1994; Win-

Table 4. Selected bacterial clones expressing multiple adhesins.

berg et al., 1995). In fact, the diverse types of
fimbrial adhesins carried by various enterobacte-
ria may determine by virtue of their distinct
receptor specificity which of the unique niches
along the intestine are colonized (Edwards and
Puente, 1998).

In those instances where multiple adhesins are
expressed simultaneously on the same organism,
each adhesin appears to complement the other
functionally. For instance, the cell surface LTA
and the M protein co-expressed on the surface
of Streptococcus pyogenes have both been impli-
cated in mediating bacterial binding to Hep-2
cells (Hasty et al., 1992; Courtney et al., 1997).
Adhesion of S. pyogenes appears to involve a
two-step process. The first step is mediated by the
interaction of LTA with fibronectin molecules on
the host cells (Hasty et al., 1992) and the second

Bacterial clone Source of isolation Adhesin Characteristics
E. coli Pyelonephritis Type P Fimbrial lectin
Type 1 Fimbrial lectin
S. saprophyticus Urinary Gal-GlcNAc Peripheral lectin
Lipoteichoic acid Fibrillar hydrophobin
N. gonorrhea Urogenital Pilus Pilin adhesin
Opa protein Outermembrane
S. sanguis Dental plaque hydrophobin Protein Peripheral
Fimbriae Fimbrial adhesin
Protein Peripheral lectin

Lipoteichoic acid Fibrillar hydrophobin

Adapted from Ofek and Doyle, 1994.
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by binding of the M protein to an as yet uniden-
tified receptor on these cells (Courtney et al.,
1997).

Adhesins as Lectins

Table 2 presents a list of bacterial lectins, their
molecular forms and their sugar specifities.
Whenever known, their animal and organ speci-
ficities are also included. Methods are available
for the detection and identification of sugar spec-
ificities (Goldhar, 1994, 1995; Sharon and Ofek,
1995). For further details the reader is referred
to the review literature (Cassels and Wolf, 1995;
Karlsson, 1995; Ofek and Doyle, 1994c).

The lectin-mediated adhesion can be inhibited
both in vitro and in vivo by either simple or
complex carbohydrates that compete with the
binding of the lectins to host-cell glycoproteins
or glycolipids. In general the affinity of simple
sugars (e.g.,mono- or disaccharides) to the adhes-
ins or lectins is low, in the millimolar range. Affin-
ity can be increased several orders of magnitude
by suitable chemical derivatization (Firon et al.,
1987). Increase also can be obtained by attach-
ment of the mono- or disaccharides to polymeric
carriers, to form multivalent ligands (Lindhorst
et al., 1997; Sharon, 1996; Sharon and Lis, 1997).

Some bacterial lectins recognize not only ter-
minal sugars but internal sequences as well. For
example, the tip adhesin Pap G of P fimbriae
recognizes internal Galo (1-4)-Gal sequences on
cell surface glycolipids (Table 2). When the bac-
terial adhesin binds the pathogen to a cognate
glycolipid, the ceramide group of the latter may
contribute to the affinity of the interaction in
some cases (e.g. Helicobacter pylori; Table 3).

The study of bacterial lectins or adhesins,
especially when these molecules are associated
with fimbriae that are multi-subunit structures,
has been hampered by difficulties in obtaining
lectins in pure soluble form. Recently, however,
a major breakthrough was achieved by preparing
fusion proteins from the ZZ polypeptide of sta-
phylococcal protein A and the amino terminal
region of either PapG I, PapGIl or PapGIII
(Hansson et al., 1995). The three fusion proteins
exhibited distinct fine sugar specificities identical
with those of the parent fimbriae. It is anticipated
that many of the fimbrial lectins will be purified
and their combining sites identified using fusion
to stabilize the proteins and preserve their car-
bohydrate-binding activity.

Bacterial Glycoconjugates as Adhesins

Mammalian macrophages express lectins, which
recognize complementary carbohydrate struc-
tures on bacterial surface and mediate non-
opsonic phagocytosis of bacteria. Although
phagocytosis, termed lectinophagocytosis, of a
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number of bacterial species was found to involve
macrophage lectins, the surface glycoconjugates
that mediate binding to the macrophage lectin
have been identified for only a few bacteria. The
mannose receptor of macrophages was found to
recognize K. pneumoniae capsules that contain
Mano2/3Man or Rhao2/3Rha sequences and
Mycobacterium tuberculosis that have arabi-
nomannan on the surface (Athamna et al., 1991;
Schlesinger et al., 1994). For comprehensive
reviews on macrophage lectin and bacterial
polysaccharide interaction in the infectious pro-
cess, see Ofek et al. (1995), Ofek and Sharon
(1988), Speert (1992, 1988); and Zwilling and
Eisenstein (1994).

It was suggested that lipo-oligosaccharide/
lipopolysaccharide (LOS/LPS) on the outer
membrane of Gram-negative bacteria mediates
adhesion to nonprofessional phagocytes (includ-
ing mucosal cells) as well as to mucus constitu-
ents (Jacques, 1996; Nassif and Magdalene,
1995). The evidence for this effect is not conclu-
sive and is based on the following observations:
(1) epithelial cells bind less mutant strain (lack-
ing the O side chain of LPS) than they do paren-
tal strains, and isolated LPS acts as inhibitor of
the binding; (2) LPS isolated from Vibrio mim-
icus causes agglutination of rabbit erythrocytes
(Alam et al., 1996); (3) the heptose-3-deoxy-D-
manno-2-octulosonic acid disaccharide present
in the inner core of LPS is recognized by a lectin-
like molecule on the plasma membrane of rat
hepatocytes (Parent, 1990); and (4) the binding
and internalization of Pseudomonas aeruginosa
by corneal epihtelial cells requires intact inner-
core LPS with a terminal glucose residue (Zaidi
et al., 1996). In a few cases interaction between
a lectin on one bacterial cell and the lipo-
oligosaccharide on another cell may mediate
aggregation of the bacteria (Blake et al., 1995).
The animal lectin galectin-3 was found to recog-
nize bacterial lipopolysaccharides of Gram-
negative bacteria (Mey et al., 1996). In no case,
however, has there been definitive proof pre-
sented or identification made of a mucosal cell
lectin that binds carbohydrates from pathogenic
bacteria.

Adhesin-Receptor Relationship

The adhesins of a number of bacterial pathogens
and their cognate receptor on the host cells has
been characterized in a considerable number of
pathogenic organisms (reviewed in Ofek and
Doyle, 1994b; Sharon and Lis, 1997). Several
general features are notable (Table 2). One
receptor may contain more than one attachment
site that is specific for two or more adhesins. This
is illustrated by the Dr blood group glycoprotein,
which acts as receptor on host cell membrane for
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three different clones of E. coli each one pro-
duces a distinct adhesin that binds to a different
region of the Dr group molecule (Ofek and
Doyle, 1994e).

Another general feature is that two different
pathogens, each expressing structurally distinct
adhesins, can exhibit the same receptor specific-
ity. This is the case with Staphylococcus aureus
and S. pyogenes, both of which bind to the amino
terminal region of fibronectin on mucosal cells.
The adhesin on S. aureus is a fibronectin-binding
protein, whereas that of S. pyogenes is lipote-
ichoic acid (Table 3). The finding that several
different respiratory tract pathogens recognize
the disaccharide GalNAcP4Gal is yet another
example of the above (Table 2). It has been
suggested that the GalNAcB4Gal sequence is
preferentially accessible in glycolipids of the res-
piratory epithelium and this allows firm binding
of a diverse group of respiratory pathogens bear-
ing the suitable adhesins. In some cases, however,
distinct adhesins share specificity but are carried
by different bacteria that colonize different tis-
sues and animal hosts, as is the case for the Galo
(1-4)Gal-specific lectins of the uropathogenic P-
fimbriated E. coli, the pig pathogen Streptococcus
suis (Tikkanen et al., 1995), and the respiratory/
enteropathogenic P-like fimbriated K. preumo-
niae (Prondo-Mordarska et al., 1996).

Conversely, the same bacterial adhesin can
bind to several distinct receptors on different cell
types; such receptors are called isoreceptors. For
instance several glycoproteins ranging in size
from 11045 kDa have been described as recep-
tors for type 1 fimbriae on different cell types
(Table 2). All these isoreceptor glycoproteins
share a common oligomannose-containing at-
tachment site for FimH, the adhesin subunit of
type 1 fimbriae. Another situation is when an
adhesin molecule contains multiple domains,
each with distinct receptor specificity as is the
case of the filamentous hemagglutinin adhesin of
Bordetella pertussis. This hemagglutinin, which
has been cloned and sequenced, contains at least
three domains: (1) an arginine-glycine-aspartate
(RGD)-containing sequence which binds the
bacteria to a CR3 integrin present on pulmonary
macrophages (Relman et al., 1989); (2) a carbo-
hydrate-binding domains specific for galactose
(Tuomannen et al., 1988) and (3) a carbohydrate-
binding domain specific for sulfated sugars
(Menozzi et al., 1994).

Interaction of Bacterial Adhesins
with Extracellular Matrix

Mucosal cells are often covered by a layer
referred to as extracellular matrix (ECM), which
is a heterogeneous assembly of proteins, mainly
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glycosylated but to different extents. Included
are structural glycoproteins that are typical con-
stituents of the ECM such as collagens, elastin,
fibronectin, fibrinogen, laminin, chondriotin
sulfate proteoglycans and heparan sulfate pro-
teoglycans. Many mucosal colonizers express
adhesins that specifically recognize one or more
of these substances. The same three categories of
adhesin-receptor interactions, presented in Table
1, occur between bacteria and ECM components.
They may be interactions between proteins only,
between lipids and proteins, or between lectins
and carbohydrates. A more thorough discussion
of these ECM-bacteria interactions may be
found in excellent reviews (Patti and HOoOk,
1994; Hasty et al., 1994; Patti et al., 1994; Wad-
strom et al., 1994). Among the various ECM
components, interactions with fibronectin have
been studied the most at both the molecular and
cellular levels. Because this multifunctional gly-
coprotein is found on the surface of many types
of cells including mucosal ones, fibronectin prob-
ably acts as a receptor for bacterial adhesion and
colonization. The adhesion of bacteria to extra-
cellular matrix components other than fibronec-
tin is becoming more appreciated. Examples of
recent studies describing specific structures that
mediate binding of bacteria to such beta-
components are shown in Table 5. A remarkable
feature is that many of the bacterial species stud-
ied express on their surfaces at least two proteins
that bind a specific ECM component. Thus,
Helicobacter pylori expresses a laminin-specific
adhesin that may be either a 25 kDa sialic-acid-
binding lectin, which recognizes sialyl residues of
laminin, or a lipopolysaccharide which recog-
nizes other, as yet unidentified, regions in lami-
nin (Valkonen et al., 1994, 1997). Many studies
have established fibronectin as an important
receptor for S. pyogenes and other bacteria
on mucosal surfaces (Ofek and Doyle, 1994e;
Courtney et al., 1990). At least six different
molecules on S. pyogenes surfaces were found to
recognize fibronectin, including LTA, protein
F/Sfb, a 28 kDa fibronectin-binding protein,
glyceraldehyde-3-phosphate dehydrogenase, serum
opacity factor and a 54 kDa fibronectin-binding
protein (FBP54; reviewed in Hasty and Court-
ney, 1996). It is not clear whether all these
fibronectin-binding entities mediate the adhe-
sion of streptococci to mucosal surfaces.

Consequences of Bacterial
Adhesion to Cells and Tissues

Recently it has been shown that adhesins not
only enable colonization of mucosal surfaces but
also elicits a variety of distinct responses in the
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Table 5. Examples of bacterial adhesins mediating binding of the bacteria to ECM glycoproteins.

Bacteria Bacterial adhesin ECM component References
Borrelia burgdorferi 19 and 20kDa proteins Proteoglycan decorin 1,1a
Protein A (Osp A) and 70kDa protein Plasminogen 2
H. influenzae P2 and PS5 outermembrane proteins Respiratory mucin 3,3a,3b
N. gonorrhea Opa protein Proteoglycan 4
P. aeruginosa 57 and 59kDa outermembrane proteins Laminin 5
4248 and 77-85kDa outermembrane proteins and Respiratory mucins 6, 6a
Flagellar 65.9kDa FLi F (MS ring)
Staphylococcus aureus 138 and 127 surface proteins Nasal mucin 7
Cna protein (55Kda domain) Collagen
CIfA (clumping factor) Fibrinogen
FnBPA and FnBPB Fibronectin
Mycobacterium bovis 28kDa protein Heparan 8
E. coli Gaf D protein of G fimbriae Laminin 9
Bordetella pertussis Filamentous hemagglutinin (N-terminal region of FHA)  Heparan 10
H. pylori Lipopolysaccharide and 25kDa protein Laminin 11,11a
Listeria monocytogenes ~ ActA outermembrane protein Heparan 12

Key to references:

1. Guo et al., 1995; 1a. Leong et al., 1995; 2. Hu et al., 1995; 3. Davis et al., 1995; 3a. Reddy et al., 1996; 3b. Kubiet and
Ramphal, 1995; 4. Putten and Paul, 1995; 5. Plotkowski et al., 1996; 6. Scarfnman et al., 1996; 6a. Akora et al., 1996; 7. Shuter
et al., 1996; Foster and Hook, 1998; 8. Menozzi et al., 1996; 9. Saarela et al., 1996; 10. Hannah et al., 1994; 11. Valkonen
et al., 1994; 11a. Valkonen et al., 1997; 12. Alvarez-Dominguez et al., 1997.

host cells as well as in the bacteria which can
markedly affect the course of the infectious pro-
cess (reviewed in Finlay and Cossart, 1997). In
this section, selected examples are presented to
illustrate the above notion.

Induction of Bacterial
Virulence Genes

The urinary tract is relatively refractory to bac-
terial colonization. In addition to resisting the
constant hydrokinetic forces acting in this organ,
a potential pathogen must multiply fast enough
in urine to compensate for the diluting effects of
the latter. Urine is a complex fluid containing a
variety of excreted products but is growth limit-
ing for bacteria, in part, because it is low in free
iron. The intrinsic iron acquisition machinery of
uropathogenic E. coli is activated upon complex
formation between the PapG fimbrial adhesin
with its Galo (1-4)Gal-containing globoseries
receptor (Zhang and Normark, 1996). When
P-fimbriated bacteria attached to immobilized
receptor, transcriptional activation of a sensor-
regulator protein, AirS, was detected. This sensor
protein, located in the cytoplasmic membrane,
belongs to the two-component family of signal
transduction factors. The precise mechanism of
AirS action is as yet not known. It is believed to
regulate the bacterial iron acquisition system and
iron-regulated membrane proteins to facilitate
the translocation of iron into the bacterium. Uro-
pathogenic E. coli, in which the airS gene was

knocked out, lost its capacity to grow in urine. It
would appear that uropathogenic bacteria can
“sense” receptors (e.g. of the globoseries) in the
urinary tract environment via PapG and respond
by colonizing this body site. These findings point
to an intriguing new function for bacterial P fim-
briae, namely, that of a sensory organelle. The
strategic location of PapG at the distal tips of
the peritrichously arranged fimbriae probably
facilitates this purported role. This finding is one
of an increasing number of cases showing that
bacterial pathogens are intrinsically capable of
responding to cues from host cells following
interactions between complementary cell-
surface molecules (Cotter and Miller, 1996;
Finlay and Cossart, 1997). In addition, these
observations provide a molecular basis for ear-
lier findings. Various bacteria obtain a growth
advantage after attachment to host cells, as
demonstrated for type 1 fimbriated E. coli and
N. gonorrhoeae, which exhibit shorter lag peri-
ods when adhering to tissue culture cells (Zafriri
et al., 1987; Bessen and Gotschlich, 1986).

Induction of Cytokine Release from
Mucosal Cells

In addition to evoking responses in the adherent
bacteria, the specific coupling of the bacterial
adhesins with their receptors also elicits a range
of mucosal cell responses (Bliska and Falkow,
1992). For example, adhesion of the P-fimbrial
adhesin to its receptors on mouse uroepithelial
cells elicits the release from these cells of several
immunoregulatory cytokines including inter-
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leukins (ILs)-1a-, B, -6 and -8 (Svanborg et al.,
1996). It also triggers intracellular release of
ceramides that may be derived from the globos-
eries receptor itself or from neighboring sphin-
gomyelin molecules by the action of endogenous
sphingomyelinases (Hedlund et al., 1996; Svan-
borg et al., 1996). Ceramide is known to be a
critical second messenger in signal transduction
processes capable of activating the Ser/Thr fam-
ily of protein kinases and phosphatases and lead-
ing eventually to cytokine production. This
bacterial adhesin- mediated mechanism of sig-
naling is reminiscent of that utilized by immuno-
regulatory cytokines such as tumor necrosis
factor alpha (TNFa) and IL-1 when evoking
cellular responses (Svanborg et al., 1996). Thus
bacterial adhesin appears to be functionally
mimicking the host’s immunoregulatory mole-
cules. Although the type 1 fimbriae of uropatho-
genic E. coli also stimulate a cytokine response
from uroepithelial cells, the array of cytokines
released is different from those elicited by P
fimbriae (Connell et al., 1996b). The transmem-
brane signaling pathway of cytokine release by
type 1 fimbriae has not been investigated but its
clarification could benefit from the recent iden-
tification of uroplakin as the putative FimH-
receptor on epithelial cells (Wu et al., 1996).
Adhesion of Gram-positive bacteria to epithelial
cells may also cause release of cytokines from the
cells. For instance, group A streptococci adher-
ent to HEp-2 cells via both M protein and LTA
adhesins cause release of IL-6 from the target
cells (Courtney et al., 1997). Perhaps more inter-
esting are the findings that interaction of bacteria
with ECM constituents may also trigger signal
transduction in the underlying host cells (Juliano
and Haskill, 1993).

Induction of Cytokine Responses in
Inflammatory Cells

The capacity of bacterial adhesins to elicit cytok-
ine responses is not confined to mucosal cells.
Lectinophagocytosis mediated by fimbriae such
as type 1 fimbriae of E. coli or of type 2 fimbriae
of Actinomyces viscosus is associated with stim-
ulation of the phagocytic cells (Sandberg et al.,
1988; Ofek et al., 1995). Indeed, type 1 fimbriae
of uropathogenic E. coli are capable of binding
to and eliciting immunoregulatory products from
a wide range of inflammatory cells including
macrophages, neutrophils, mast cells, and B and
T lymphocytes in vitro (reviewed in Connell et
al., 1996a). That these interactions may occur in
vivo with significant physiologic effects is sug-
gested by experiments in which mice injected
intraperitoneally with type 1 fimbriated E. coli
generated lysosomal B-N-acetylglucosaminidase
and a large spike of TNFa in the peritoneal fluid
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(Bernhard et al., 1992; Malaviya et al., 1996). The
fimbrial adhesin, FimH, plays a key role in this
exposure because intraperitoneal challenge with
a FimH-minus isogenic mutant resulted in only a
limited TNFo response (Malaviya et al., 1996).
The source of TNFa in the mouse peritoneum
was determined to be mast cells because mice
genetically deficient in these cells exhibited a
limited TNFo response following intraperitoneal
injection of type 1 fimbriae. Notably, this TNFo
response was accompanied by a large influx
of neutrophils into the peritoneum, consistent
with the fact that TNFa is a potent neutrophil
chemoattractant (Malaviya et al., 1996). Thus,
one of the immediate outcomes of type 1
fimbriae-mediated activation of mast cells is
recruitment of neutrophils to sites of bacterial
challenge. Because mast cells are found prefer-
entially in mucosal surfaces, the interaction of
type 1 fimbriae of E. coli with such cells could
contribute to the influx of neutrophils from sur-
rounding blood vessels leading to the transloca-
tion of the bacteria through the epithelial barrier
and subsequent entry into the lumen. The exces-
sive transepithelial migration of neutrophils dur-
ing infections may predispose this barrier to
increased bacterial penetration (Finlay and Cos-
sart, 1997) and raises the possibility that facets of
the host’s immune response may be co-opted by
pathogenic bacteria to enhance their virulence.

Impact of Bacteria-Elicited
Inflammatory Responses

Evaluating the physiologic effects of some of the
adhesin-elicited cytokines at sites of bacterial
infection is difficult because these effects are
numerous and complex (Abraham and Mala-
viya, 1997; Henderson et al., 1996). Some of
the responses evoked in the mucosa following
the adherence of pathogenic bacteria include
increased mucus secretion, proliferation of epi-
thelial cells and recruitment and activation of a
variety of phagocytic cells. All of these responses
could potentially affect the early elimination of
the pathogen (Abraham and Malaviya et al.,
1997; Henderson et al., 1996). However, some of
the adhesin-triggered secreted products of host
cells may have severe pathophysiologic effects
on the surrounding tissue, particularly when
released in excess or at inopportune times
(Abraham and Malaviya, 1997). Although direct
evidence is still lacking, considerable circumstan-
tial evidence supports the notion that the many
proteases, oxygen radicals, and cytotoxic cytok-
ines secreted after inflamatory cells are activated
by type 1 fimbriated E. coli (Tewari et al., 1994;
Malaviya et al., 1994, 1996) are detrimental to
the host and foster bacterial pathogenesis. For
example, the elastases, oxygen radicals and other
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cytotoxic agents, released from neutrophils fol-
lowing their interaction with type 1 fimbriae of
E. coli in the kidney, are major contributors to
renal scarring (Steadman et al., 1988; Topley et
al., 1989). Whether an inflammatory response
favors the host or pathogen may depend on other
prevailing factors including the host’s immune
status and the intrinsic virulent capabilities of the
pathogen. The number of bacteria at the site of
infection may be another critical factor in light
of the recent findings that certain bacteria have
“quorum sensing” ability (Passador et al., 1993;
i.e., they sense their population density at a given
site and, upon reaching a critical density, coordi-
nately turn on the expression of a battery of new
virulence factors.)

Bacterial Uptake by Phagocytes

In addition to inducing the release of pharmaco-
logically active mediators from various host cells,
bacterial adhesins also elicit the phagocytic
uptake of bacteria under serum-free conditions
(reviewed in Ofek et al., 1995). The process
involves a number of molecular mechanisms; as
mentioned this process has been termed lecti-
nophagocytosis, in analogy to opsonophagocyto-
sis (Ofek and Sharon, 1988; Ofek et al., 1995).
The best-characterized system of lectinophago-
cytosis is that of bacteria carrying the mannose-
specific type 1 fimbrial lectins. The fact that a
bacterial adhesin that promotes bacterial coloni-
zation and infection may also promote ingestion
by phagocytic cells would seem a paradox.
Although earlier work showed that bacteria
are occasionally killed by the phagocytes, new
evidence has emerged to suggest that type 1
fimbriae-elicited bacterial phagocytosis by
macrophages may actually benefit the bacterial
population (Baorto et al., 1997). In vitro survival
assays in macrophages revealed that, unlike
E. coli phagocytized via opsonin-mediated pro-
cesses, E. coli phagocytized via type 1 fimbriae
survived much of the intracellular killing. It has
been suggested that by associating with CD48, a
glycosylphosphoinositol-linked moiety on the
surface of macrophages, the bacteria gain access
to a lipid processing pathway that bypasses the
normal phagocytic killing mechanisms of the
macrophages (Baorto et al., 1997). This finding
provides a molecular basis for earlier obser-
vations showing that, compared to bacteria
ingested via opsonophagocytosis, bacteria sub-
jected to lectinophagocytosis are often markedly
less sensitive to killing by phagocytes (reviewed
in Ofek et al., 1995). It is noteworthy that lecti-
nophagocytosis comes into play only at body
sites where opsonizing is poor such as in the
urinary mucosa.
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Contact between bacterial adhesins and comple-
mentary receptors on so called nonphagocytic
cells can trigger internalization of adherent bac-
teria (reviewed by Finlay and Falkow, 1990,
1997; Marra and Isberg, 1996). This has been
demonstrated with such classical intracellular
pathogenic species as Listeria, Yersinia, Shigella,
Salmonella and Bartonella (Table 7). These
organisms enter and proliferate in nonphago-
cytic cells in vitro and in vivo. Probably because
of the development of highly sensitive and
reproducible techniques to measure bacterial
entry into mammalian cells (Tang et al., 1993),
several well-known “extracellular” pathogens
have recently been reported to be capable of
penetrating nonphagocytic cells (e.g., epithelial
and endothelial cells) and of surviving for a lim-
ited period and, in some cases, even of prolifer-
ating intracellularly. Unlike the classical or
professional intracellular pathogens, entry of the
extracellular pathogens is usually limited to a
subset of bacterial strains within the same spe-
cies, probably because entry into requires the
co-expresion of multiple components such as
adhesins and constituents of the secretory sys-
tem (De Vries et al., 1996). Furthermore, the
capacity to enter nonphagocytic cells is not nec-
essarily associated with virulence of the extra-
cellular pathogen. For example, isolates from
carrier-state or nonencapsulated strains of
S. pyogenes can invade epithelial cells, whereas
pharyngitis isolates (Sela, 1998) or virulent
encapsulated strains (Schrager et al., 1996)
invade poorly. Excluding the classical intracellu-
lar pathogens, the list of bacterial species capa-
ble of invading nonphagocytic cells includes
Actinobacillus actinomycetemcomitans (Meyer
et al., 1996), Pseudomonas aeruginosa (Fleiszig
et al., 1995, 1996), Burkholderia (Pseudomonas)
cepacia (Burns et al., 1996), E. coli (Meier et al.,
1996; Jouve et al.,, 1997; Donnenberg et al.,
1997; Goluszko et al., 1997), K. pneumoniae
(Oelschlaeger and Tall, 1997), N. gonorrhoeae
(Weel et al., 1991), N. meningitidis (Virji et al.,
1993), Porphyromonas gingivalis (Weinberg et
al., 1997), Streptococcus agalactiae (Hulse et al.,
1993; Valentin-Weigand et al.,, 1997; Gibson
et al., 1993), S. aureus (Vann et al., 1987; Hamill
et al., 1986) and S. pyogenes (Greco et al., 1995;
LaPenta et al., 1994). Conceivably, the ability to
enter nonphagocytic cells is an integral part of
the pathogenic process of many infectious bacte-
ria. While the classical intracellular pathogens
utilize this ability to spread from cell to cell and
to penetrate into deep tissue, other pathogens
may utilize this trait to temporarily hide from
the host’s immune cells or from antibiotics. Thus,
bacteria surviving within nonphagocytic cells
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Table 6. Inhibitors of bacterial lectin/adhesin as anti-adhesion drug for preventing infection in experimental animals.

Inhibitor Bacteria Animal Site of infection
Mannose or its glycosides E. coli type 1 Mice Bladder
Mice Gut
K pneumoniae type 1 Rats Bladder
Shigella flexneri type 1 Guinea pigs Eye
Galo4Galp containing oligosaccharide E. coli type P Mice Urinary tract
Monkeys Urinary tract
Glycopeptides (from serum glycoproteins) E. coli K99 Calves Gut
Galactose, mannose and N-acetylglucosamine P. aeruginosa Human Ear
Sialyl containing oligosaccharide H. pylori Piglet Gut
GalNAcp4Gal containing oligosaccharide S. pneumoniae Rabbit Lung
N-Acetylglucosamine S. pneumoniae Mouse Lung

Gal, galactose; GalNAc, N-acetylgalactosamine.
*Adapted from Sharon, 1996.

serve as a critical reservoir from which reinfec-
tion of the host can take place.

The mechanisms employed by various bacteria
to gain access into nonphagocytic cells are
diverse and often complex (see range of mole-
cules implicated in bacterial invasion of host cells
in Table 7). For example, Yersinia enterolitica

employs a single cell surface protein, invasin,
whose cognate receptors on the host cell mem-
brane are B integrins (Isberg, 1996). When inva-
sin binds with high affinity to B integrins, the
close association between the integrins and
cytoskeletal elements of the cell membrane trig-
gers the bacterial uptake. Particles that are

Table 7. Examples of bacteria capable of invading nonphagocytic cells.

Surface constituents for

Receptor for Intracellular
Bacteria (reference) adhesion entry® entry proliferation  Tissue damage”
Listeria monocytogenes (1) ? InlA E cadherin + +
InlB
ActA Proteoglycan
Yersinia sp° (2) Ail protein Invasin® Integrins + +
YadA protein
Salmonella sp (3) ? Sip proteins CD42 + +
Shigella sp (4) ? Ipa® proteins Integrins + +
Bartonella sp. (5) BFP TalA Glycolpid + +?
TalB
EPEC, STEC! (6) BFP* Intamin Integrin, HP90 - +
E. coli (7) Afalll AfaE, AfaD proteins  ? =? ?
N. gonorrhea (8) Pili Opa A,C CD66 family - +
Vitronectin
Heparan sulfate
S. pyogenes (9) LTA F protein Fibronectin - -
M protein
K. pneumoniae (10) Type 1 fimb. ? GIcNAC! NT -

Key to references

(1) Gaillard et al., 1991; Mengaud et al., 1996; (2) Iseberg et al., 1987; Iseberg and Leong, 1990; Miller and Falkow, 1998;
Saltman et al., 1996; Schulze-Koops et al., 1992; 1993; (3) Chen et al., 1996; Francis et al., 1993; (4) Watarai et al., 1995,
Mennardi et al., 1996; Zychlinski and Sansonetti, 1997; (5) Minnick et al., 1996; (6) Donnenberg et al., 1992, 1997; Frankel
et al., 1995, 1996; Rosenshine et al., 1996; Paton and Paton, 1998; (7) Jouve et al., 1997; (8) Weel et al., 1991, Makino et al.,
1991, van Putten et al., 1995, Virji et al., 1996; Chen et al., 1997; Gomez-Durate et al., 1997; (9) LaPenta et al., 1994; Greco
et al., 1995; Jadoun et al., 1997; Molinary et al., 1997; (10) Oelschlaeger and Tall, 1997; Fumagalli et al., 1997.

*The surface constituents required for entry usually can function as adhesins as well.

"Damage usually associated with inflammation resulting from the entry process (Shigella) or from direct damage of the cell
membrane of the target host cells (e.g. E. coli and Salmonella).

‘Enteropathogenic Yersinia species e.g. Y. enterolytica and Y. pseudotuberculosis.

dEnteropathogenic E. coli. Entry was documented only in tissue cell culture (Donnenber et al., 1990), but the intimin is
required for intimate association and induction of the effacement/attaching lesion.

‘Bundle forming pili.

'N-Acetylglucosamine containing glycoprotein on tissue culture cells.
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coated with invasin proteins (or functionally rel-
evant portions of the protein) and exposed to
tissue culture cells are readily internalized by the
cells. More complex modes of entry requiring
specific secretion systems of the bacteria have
been reported for certain enteropathogenic E.
coli (Javris et al., 1995) and species of Shigella
(Allaoui et al., 1993), Salmonella (Ginocchio et
al., 1992) and Bartonella (Minnick et al., 1996).
Perhaps the most remarkable of these systems
involves enteropathogenic E. coli (EPEC) where
the type III secretory system of the bacteria
inserts into the host cell membrane a protein
(HP90) that serves in turn as the receptor for the
bacterial adhesin (Kenny et al., 1997; Nataro and
Kaper, 1998). The process of internalization
involve sequential interactions between EPEC
and the host cell. The first step of adhesion
occurs via bundle fimbria and is followed by
intimate contact via a second adhesin termed
intimin. The receptor on the host cell for the
intimin is HP90, which is produced by the bacte-
ria, phosphorylated, and then inserted into the
host cell membrane by the type I1I secretory sys-
tem of the bacteria. With the binding of intimin,
the bacteria become internalized by the host
cells. A similar mechanism was described for the
internalization of pathogenic Neisseria by non-
phagocytic cells (Dehio et al., 1998). In another
recently reported mechanism, the bacteria after
adhesion to their cognate receptor initiate a sig-
naling cascade resulting in activation of phos-
phatidylcholine-specific phospholipase C and
acidic sphingomyelinase, to allow entry of
N. gonorrhoeae into nonphagocytic cells
(Grassme et al., 1997). Finally, in some cases the
molecular mechanism utilized by the bacteria to
gain entry into nonphagocytic cells appears to be
the same as that involved in the uptake of bac-
teria by phagocytes. A case in point is the specific
interaction between CD66 on the mammalian
cell surface and the N. gonorrhoeae Opa proteins
that triggers the uptake of bacteria by both epi-
thelial cells and polymorphonuclear cells (Gray-
Owen et al., 1997; Virji et al., 1996; Chen et al.,
1997; Sauter et al., 1993).

Concluding Remarks

Experiments in animals have proven that it is
possible to prevent infections by blocking the
adhesion of the pathogen to target tissue. These
findings have stimulated the development of anti-
adhesion drugs for preventing and treating
microbial infections in humans (reviewed in Kah-
ane and Ofek, 1996). New classes of these drugs
are greatly needed because of the increasing inci-
dence of pathogenic organisms resistant to con-
ventional antibiotics. It is believed that strains
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with genotypic resistance to the anti-adhesion
agents will spread much slower than strains
resistant to conventional drugs, such as antibiot-
ics aimed at killing the organisms. The reason is
that both anti-adhesion-sensitive and -resistant
strains are shed to continue transmission from
host to host, whereas only antibiotic-resistant
strains are transmitted following therapy.

Because lectin-mediated adhesion is a mecha-
nism shared by many pathogens most investi-
gators have focused their efforts to prevent
bacterial infections on blocking the pathogen’s
lectins. The preferable target site is the mucosal
surfaces where phagocytic cells are scarce and
where most infections are initiated. A number
of strategies have been suggested including
enhancement of mucosal immunity by s-IgA
anti-adhesin antibody induction, use of meta-
bolic inhibitors of adhesin expression (e.g.
sublethal concentration of antibiotics), and of
dietary inhibitors, in particular receptor analogs
(reviewed in Ofek and Doyle, 1994b; Kahane
and Ofek, 1996). In the latter strategy, the lectin
or adhesin is inhibited by sugars for which the
lectin is specific (Table 6). This was first demon-
strated in the late 1970s, when it was shown that
methyl o-mannoside can protect mice against
urinary tract infection by type 1 fimbriated E.
coli; methyl a-glycoside which is not recognized
by the bacteria, was not effective (Aronson et al.,
1979). Subsequent studies by many other groups
have proven beyond any doubt the drug poten-
tial of anti-adhesive compounds (Table 6; Beuth
et al., 1995; Sharon, 1996; Ofek and Sharon,
1990; Zopf and Roth, 1996). Thus, derivatives of
galabiose that inhibit the adhesion of P fimbri-
ated E. coli to animal cells in vitro, prevented
bacterial infections in the urinary tract of mice
and monkeys. Antibodies against mannose-
containing compounds present on epithelial cells
prevented urinary tract infection in mice by type
1 fimbriated E. coli. in mice, and orally adminis-
tered sialylated glycoproteins protected colos-
trum-deprived newborn calves against lethal
doses of enterotoxigenic E. coli K99. In a clinical
trial in humans, patients with otitis externa (a
painful swelling with secretion from the external
auditory canal) caused by P. aeruginosa were
treated with a solution of galactose, mannose
and N-acetylneuraminic acid (Beuth et al., 1996).
The results were fully comparable to those
obtained with conventional antibiotic treatment.
An attractive candidate is oligosaccharides such
as those found in human milk and other body
fluids, that have been shown to inhibit the adhe-
sion to cells and tissues of strains of H. pylori and
S. pneumoniae (Zopf et al., 1996; Simon et al.,
1997).

Human milk is a potential source of inhibitors
of bacterial adhesion because it is rich in disac-
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charides that may act as receptor analogs
(Ashkenazi, 1996). However, other dietary
constituents also may exhibit anti-adhesion
activity and may be used to prevent bacterial
infections. For example, cranberry juice contains
at least two inhibitors of uropathogenic E. coli
(Ofek et al., 1991) and according to one well
documented report, it reduced the incidence of
urinary tract infections in elderly women (Avorn,
et al., 1994).

These findings illustrate the great potential
of inhibitors of adhesion in the prevention and
perhaps also treatment of bacterial infections.
Moreover, they raise hopes for the development
of anti-adhesive drugs for human use. The devel-
opment of anti-adhesion therapy targeted at the
microbial lectins has been hampered by the great
difficulty in large-scale synthesis of the required
inhibitory saccharides. An alternative is glycomi-
metics, compounds that structurally mimic the
inhibitory carbohydrates, but which may be
more readily obtainable. Eventually, a cocktail of
inhibitors, or a polyvalent one, will have to be
used, since many infectious agents express mul-
tiple specificities. The design of such drugs will
certainly benefit from more detailed information
about the specificity of the microbial surface lec-
tins and the elucidation of the atomic structure
of their combining sites, none of which is yet
known.
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CHAPTER 1.3

The Phototrophic Way of Life

JORG OVERMANN AND FERRAN GARCIA-PICHEL

Introduction

Photosynthesis is the utilization of radiant
energy for the synthesis of complex organic mol-
ecules. The phototrophic way of life implies the
capture of electromagnetic energy (see Light
Absorption and Light Energy Transfer in
Prokaryotes in this Chapter), its conversion into
chemical energy (see Conversion of Light into
Chemical Energy in this Chapter), and its use for
cellular maintenance and growth (see Efficiency
of Growth and Maintenance Energy Require-
ments in this Chapter). Photosynthesis may
encompass the reduction of carbon dioxide into
organic molecules, a mode of growth defined as
photoautotrophy. The solar electromagnetic
energy reaching the Earth’s surface (160 W-m™;
see Light energy and the spectral distribution of
radiation) surpasses the energy contributed by
all other sources by four to five orders of magni-
tude (electric discharge, radioactivity, volcanism,
or meteoritic impacts; ~0.0062 W-m™ on primor-
dial Earth; Mauzerall, 1992; present day geother-
mal energy ~0.0292 W-m™?; K. Nealson, personal
communication).

At present the flux of electromagnetic energy
supports a total primary production of 172.5 x
10° tons dry weight-year" (168 g C:m*year™;
Whittaker and Likens, 1975). If this global
primary production is converted to energy units
(39.9 kJ-g C', assuming that all photosynthetic
products are carbohydrate), 0.21 W-m™ and thus
0.13% of the available solar energy flux are con-
verted into chemical energy. Even at this low
efficiency, the chemical energy stored in organic
carbon still exceeds geothermal energy by at
least one order of magnitude. As a consequence,
photosynthesis directly or indirectly drives the
biogeochemical cycles in all extant ecosystems of
the planet. Even hydrothermal vent communi-
ties, which use inorganic electron donors of
geothermal origin and assimilate CO, by chem-
olithoautotrophy (rather than photoautotro-
phy), still depend on the molecular O, generated
by oxygenic phototrophs outside of these sys-
tems (Jannasch, 1989).

Several lines of evidence indicate that in the
early stages of biosphere evolution, prokaryotic

organisms were once responsible for the entire
global photosynthetic carbon fixation. Today, ter-
restrial higher plants account for the vast major-
ity of photosynthetic biomass; the chlorophyll
bound in light-harvesting complex LHCII of
green chloroplasts alone represents 50% of the
total chlorophyll on Earth (Sidler, 1994). In con-
trast, the biomass of marine primary producers
is very low (0.2% of the global value). However,
the biomass turnover of marine photosynthetic
microorganisms is some 700 times faster than
that of terrestrial higher plants. Thus, marine
photosynthetic organisms contribute signifi-
cantly to total primary productivity (55-10° tons
dry weight-year™, or 44% of the global primary
production). Because the biomass of cyanobac-
terial picoplankton (see Habitats of Photo-
trophic Prokaryotes in this Chapter) can amount
to 67% of the oceanic plankton, and their pho-
tosynthesis up to 80% in the marine environ-
ment (Campbell et al.,, 1994; Goericke and
Welschmeyer, 1993; Liu et al., 1997; Waterbury
et al., 1986), prokaryotic primary production
is still significant on a global scale. A single
monophyletic group of marine unicellular
cyanobacterial strains encompassing the genera
Prochloroccoccus and Synechococcus with a glo-
bal biomass in the order of a billion of metric
tons (Garcia-Pichel, 1999) may be responsible
for the fixation of as much as 10-25% of the
global primary productivity. Additionally,
prokaryotic (cyanobacterial) photosynthesis is
still locally very important in other habitats such
as cold (Friedmann, 1976) and hot deserts
(Garcia-Pichel and Belnap, 1996) a nd hyper-
trophic lakes.

Today, the significance of anoxygenic photo-
synthesis for global carbon fixation is limited for
two reasons. On the one hand, phototrophic
sulfur bacteria (the dominant anoxygenic
phototrophs in natural ecosystems) form dense
accumulations only in certain lacustrine environ-
ments and in intertidal sandflats. The fraction of
lakes and intertidal saltmarshes which harbor
anoxygenic phototrophic bacteria is unknown,
but these ecosystems altogether contribute only
4% to global primary production (Whittaker and
Likens, 1975). In those lakes harboring pho-
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totrophic sulfur bacteria, an average of 28.7% of
the primary production is anoxygenic (Over-
mann, 1997). Consequently, the amount of CO,
fixed by anoxygenic photosynthesis must con-
tribute much less than 1% to global primary
production. On the other hand, anoxygenic pho-
tosynthesis depends on reduced inorganic sulfur
compounds which originate from the anaerobic
degradation of or ganic carbon. Since this carbon
was already fixed by oxygenic photosynthesis,
the CO,-fixation of anoxygenic phototrophic
bacteria does not lead to a net increase in organic
carbon available to higher trophic levels. The
COy-assimilation by anoxygenic phototrophic
bacteria has therefore been termed “secondary
primary production” (Pfennig, 1978). Therefore,
capture of light energy by anoxygenic photosyn-
thesis merely compensates for the degradation of
organic carbon in the anaerobic food chain. Geo-
thermal sulfur springs are the only exception
since their sulfide is of abiotic origin. However,
because sulfur springs are rather scarce, anoxy-
genic photosynthetic carbon fixation of these
ecosystems also appears to be of minor signifi-
cance on a global scale.

The scientific interest in anoxygenic phototro-
pic bacteria stems from 1) the simple molecular
architecture and variety of their photosystems,
which makes anoxygenic phototrophic bacteria
suitable models for biochemical and biophysical
study of photosynthetic mechanisms, 2) the
considerable diversity of anoxygenic pho-
totrophic bacteria, which has implications for
reconstructing the evolution of photosynthesis,
and 3) the changes in biogeochemical cycles of
carbon and sulfur, which are mediated by the
dense populations of phototrophic bacteria in
natural ecosystems.

All known microorganisms use two functional
principles (both mutually exclusive and repre-
sent two independent evolutionary develop-
ments) for the conversion of light into chemical
energy. Chlorophyll-based systems are wide-
spread among members of the domain Bacteria
and consist of a light-harvesting antenna and
reaction centers. In the latter, excitation energy
is converted into a redox gradient across the
membrane. In contrast, the retinal-based bacte-
riorhodopsin system is exclusively found in
members of a monophyletic group within the
domain Archaea. These prokaryotes lack an
antenna system and use light energy for the
direct translocation of protons across the cyto-
plasmic membrane. In both systems, photosyn-
thetic energy conversion ultimately results in the
formation of energy-rich chemical bonds of
organic compounds.

The advent of modern genetic and biochemi-
cal methods has led to a considerable gain in
knowledge of the molecular biology of pho-
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totrophic prokaryotes. At the same time, micro-
bial ecologists have found these microorganisms
of considerable interest and now frequently use
molecular methods to investigate natural popu-
lations. The present chapter is limited to the dis-
cussion of phototrophic bacteria and attempts to
link the physiology, ecology, and evolution of
phototrophic bacteria to a molecular basis.
Emphasis is laid on those molecular structures or
functions that have evident adaptive value. This
integrating view may provide a more solid foun-
dation for understanding the biology of photo-
synthetic prokaryotes.

Taxonomy of Phototrophic
Prokaryotes

The capacity for chlorophyll-based photosyn-
thetic energy conversion is found in five of the
36 currently recognized bacterial lineages (Fig. 1;
Hugenholtz et al., 1998): the Chloroflexus
subgroup, the green sulfur bacteria, the Proteo-
bacteria, the Cyanobacteria, and the Heliobacte-
riaceae. With the exception of the Cyanobacteria,
phototrophic bacteria perform anoxygenic pho-
tosynthesis, which is not accompanied by photo-
chemical cleavage of water and therefore does
not lead to the formation of molecular oxygen.
Based on their phenotypic characters, anoxy-
genic phototrophic bacteria had been divided
previously into the five families Rhodospiril-
laceae, Chromatiaceae, Ectothiorhodospiraceae,
Chlorobiaceae, and Chloroflexaceae (Triiper and
Pfennig, 1981). However, 16S rRNA oligonucle-
otide cataloguing and 16S rRNA sequence com-
parisons have reveale d that the Proteobacteria
and the Chloroflexus-subgroup both contain
nonphototrophic representatives (Woese, 1987;
Fig. 1). Therefore the use of light as an energy
source for growth is not limited to phylogeneti-
cally coherent groups of bacteria. However, non-
phototrophic representatives of the green sulfur
bacterial and the cyanobacterial lineages have
not been isolated to date.

Within the Chloroflexus-subgroup, three dif-
ferent species (Chloroflexus aurantiacus, Chlo-
roflexus aggregans and Heliothrix oregonensis)
of filamentous multicellular phototrophs have
been described. All three are thermophilic and
grow photoorganoheterotrophically. In addition
four mesophilic species (Oscillochloris chrysea,
Oscillochloris  trichoides, Chloronema gigan-
teum, Chloronema spiroideum) have been affili-
ated with the Chloroflexus-subgroup based on
their multicellular filaments, gliding motility, and
the presence of chlorosomes containing bacteri-
ochlorophylls ¢ or d (Pfennig and Triiper, 1989).
The phylogenetic position of these latter bacteria
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Fig. 1. Phylogenetic tree based on 16S rRNA sequences. All
included in the analyses so that the phototrophic nature of the
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bacterial divisions containing culturable representatives were
bacterial strains could be confirmed. Alignments were obtained

with CLUSTAL W and pairwise distances calculated with the algorithm of Jukes and Cantor using the DNADIST program

of PHYLIP 3.57c. The tree was constructed from evolutionar

y distances employing the least-squares algorithm of Fitch and

Margoliash as implemented by the FITCH program of the package. The Archaecon Methanopyrus kandleri DSM 6324 was
used as an outgroup to root the tree. (light green) Bacteria containing chlorosomes as light-harvesting antenna. (red) Bacteria
containing antenna complexes within the cytoplasmic membrane and quinone/pheophytin-type reaction centers. (medium
green) Gram-positive phototrophic bacteria with FeS-type reaction centers. (dark green) Bacteria containing the two types
of reaction centers. Width of colored wedges indicates the phylogenetic divergence.

has not been investigated so far. With the excep-
tion of Heliothrix oregonensis all species men-
tioned contain chlorosomes as distinct light-
harvesting structures (Fig.2). Yet to be cultivated
axenically, non-thermophilic “Chloroflexus-like”
organisms are known from intertidal and hyper-
saline benthic environments (Pierson et al.,
1994) and from cold freshwater sulfidic springs
(F. Garcia-Pichel, unpublished observation). At
least in the case of the hypersaline enrichments,
the organisms are closely related to Heliothrix in
terms of their 16S rRNA sequence (B.K. Pierson,
personal communication to FGP). This, together
with recent descriptions of Oscillochloris tri-
choides (Keppen et al., 1994) from freshwater
sediments indicates a larger diversity and more
widespread occurrence of the Chloroflexaceae
and allied organisms than was previously
recognized.

Green sulfur bacteria (see The Family Chloro-
biaceae Volume 7) represent a coherent and iso-
lated group within the domain Bacteria. They are
strict photolithotrophs and contain chlorosomes
(Fig. 3A). During the oxidation of sulfide, ele-
mental sulfur is deposited extracellularly.
Another typical feature of this group is the very
limited physiological flexibility (see Docile Reac-

tion). In the Proteobacteria, the o- and B-Proteo-
bacteria comprise photosynthetic representatives
(often also called the purple nonsulfur bacteria),
which do not form separate phylogenetic clusters
but are highly intermixed with various other phe-
notypes. Characteristically, members of these two
groups exhibit a high metabolic versatility and
are capable of photoorganotrophic, photo-
lithoautotrophic  and  chemoorganotrophic
growth. Photosynthetic pigments are bacterio-
chlorophyll a or b and a variety of carotenoids.
Light-harvesting complexes, reaction centers,and
the component s of the electron transport chain
are located in intracellular membrane systems of
species-specific architecture (Fig. 2; see Light
Absorption and Light Energy Transfer in
Prokaryotes in this Chapter).

Several members of the a-Proteobacteria are
capable of bacteriochlorophyll a synthesis but
cannot grow by anoxygenic photosynthesis. This
physiological group has therefore been desig-
nated “aerobic anoxygenic phototrophic bacte-
ria” (Shimada, 1995; Yurkov and Beatty, 1998),
“aerobic phototrophic bacteria” (Shiba, 1989),
or “quasi-photosynthetic bacteria” (Gest, 1993)
and comprises a considerable number of species.
So far, the marine genera Erythrobacter and
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Roseobacter and the six freshwater genera Acidi-
philium, Erythromonas, Erythromicrobium,
Porphyrobacter, Roseococcus, Sandarcinobacter
(Yurkov and Beatty, 1998) have been described.
This group also includes some aerobic faculta-
tively methylotrophic bacteria of the genus
Methylobacterium and a Rhizobium (strain
BTAIil; Evans et al., 1990; Shimada, 1995;
Urakami and Komagata, 1984). The oxidation of
organic carbon compounds is the principal
source of metabolic energy. Photophosphoryla-
tion can be used as a supplementary source of
energy, with a transient enhancement of aerobic
growth following a shift from dark to illumina-
tion (Harashima et al, 1978; Shiba and
Harashima, 1986). Aerobic bacteriochlorophyll-
containing bacteria harbor a photosynthetic
apparatus very similar to photosystem II
of anoxygenic phototrophic Proteobacteria

(Yurkov and Beatty, 1998). Photochemically acti
ve reaction centers and light-harvesting com-
plexes are present, as are the components of
cyclic electron transport (e.g., a cytochrome ¢
bound to the reaction center and soluble cyto-
chrome ¢,;). In contrast to anoxygenic pho-
totrophic bacteria, however, the aerobic
phototrophic bacteria cannot grow autotrophi-
cally. Intracellular photosynthetic membrane
systems as they are typical for anoxygenic pho-
totrophic Proteobacteria are absent in most aer-
obic photosynthetic bacteria; Rhizobium BTAI1
being a possible exception (Fleischman et al.,
1995). The presence of highly polar carotenoid
sulfates and C; carotenoid glycosides is a unique
property of this group. All aerobic bacteriochlo-
rophyll a-containing species group with the
o-subclass of the Proteobacteria, but are
more closely related to aerobic non-
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bacteriochlorophyll-contain ing organisms than
to anoxygenic phototrophs (Stackebrandt et al.,
1996).

The v-subclass comprises two families of
phototrophic species, the Chromatiaceae and
Ectothiorhodospiraceae (also called purple sul-
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fur bacteria). Chromatiaceae accumulate sulfur
globules within the cells and represent a conspic-
uous microscopic feature of these bacteria. With
one notable exception (Thiocapsa pfennigii), the
intracellular membrane system is of the vesicular
type (Figs. 2 and 3B). In contrast, members of

Chlorosome

Cyt bC1
complex

NADH DH
complex

Fig. 3. Localization and organization of the photosynthetic apparatus in three major groups of phototrophic bacteria.
Electron-donating enzyme systems, like flavocytochrome or sulfide quinone reductase, and ATP formation by the membrane-
bound ATP synthase are not shown. A. Green sulfur bacteria (Chlorobiaceae). B. Purple nonsulfur bacteria and Chromati-
aceae. C. Cyanobacteria. OM = outer membrane; CW = cell wall; CM = cytoplasmic membrane; Cyt = cytochrome; P840 and
P870 reaction center special pair = primary electron donor; B800, B850, B875 = bacteriochlorophyll molecules bound to light-
harvesting complexes II and I; A, = primary electron acceptor in green sulfur bacteria = Chl a; A, = secondary electron
acceptor in green sulfur bacteria = menaquinone; Q4, Op = ubiquinone; Fx, F5, Fy = FeS-clusters bound to the reaction center;
Fd = ferredoxin; FMO = Fenna-Matthews-Olson protein; FNR = ferredoxin NADP* reductase; PQ = plastoquinone;

PC = plastocyanin; PS = photosystem.
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the Ectothiorhodospiraceae deposit elemental
sulfur outside of the cells and contain lamellar
intracellular membrane systems. Like their rela-
tives of the a- and PB-subclass of Proteobacteria,
the purple sulfur bacteria contain bacteriochlo-
rophylls a and b, and all components of the
photosynthetic apparatus are located in the
intracellular membrane.

No photosynthetic species have been
described for the &- or e-subclass of the
Proteobacteria.

Heliobacteriaceae differ from other anoxy-
genic phototrophic bacteria by their unique
light-harvesting and reaction center pigment,
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bacteriochlorophyll g, and by their phylogenetic
affiliation (Fig. 1). The first member of this group,
Heliobacterium chlorum was described in 1983
by Gest and Favinger (Gest and Favinger,
1983b). Based on peptidoglycan structure studies
(Beer-Romero et al., 1988), their high propor-
tion of branched-chain fatty acids (Beck et al.,
1990) and 16S rRNA sequencing, the Heliobac-
teriaceae belong to the Gram-positive low GC
lineage. A close relatedness can also be deduced
from the capability of Heliobacterium modesti-
caldum and Heliobacterium gestii to form
endospores. However, a detailed phylogenetic
analysis also indicated a close relatedness of
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Heliobact eriaceae to the Cyanobacteria (Ver-
maas, 1994). Heliobacteriaceae do not contain
distinct intracellular structures of the photosyn-
thetic apparatus and the reaction centers are
located in the cytoplasmic membrane. Bacterio-
chlorophyll g confers to the cells a near infrared
absorption maximum at 788 nm, which is unique
among photosynthetic organisms. The known
species of Heliobacteriaceae all grow photohet-
erotrophically and are strict anaerobes.
Oxygenic photosynthesis is only found in
members of a single bacterial lineage out of the
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five that contain phototrophs (Fig. 1). The
Cyanobacteria by far comprise the largest num-
ber of isolated strains and described species
(Table 1). The Cyanobacteria (= oxyphotobacte-
ria) are defined by their ability to carry out
oxygenic  photosynthesis  (water-oxidizing,
oxygen-evolving, plant-like photosynthesis)
based on the coordinated work of two photosys-
tems (Fig. 3C). Phylogenetically, they constitute
a coherent phylum that contains the plastids of
all eukaryotic phototrophs. They all synthesize
chlorophyll a as photosynthetic pigment, and
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Table 1. Groups of photosynthetic prokaryotes and their characteristics.

Taxon

Preferred growth mode

Light harvesting Photochemical reaction

Chloroflexus subdivision (3)* Anoxygenic

BChl ¢, car Type 1I reaction center

photoorganoheterotroph(cls);
Aerobic chemoorganoheterotroph — —

cls; BChl cldle, car
icm; BChl alb, car

Type I reaction center

Type II reaction center

Aerobic chemoorganoheterotroph — —

BChl a Type II reaction center

icm; BChl a, car Type 1I reaction center

Aerobic chemoorganoheterotroph — —

icm; BChl alb, car Type 1I reaction center

BChl g, car Type I reaction center

thy; Chl a + PBS
or Chl b, or Chl d; car

thy; Chl a/b,car

Type I + II reaction
center

thy; Chl ayb,, car (PBS)
thy; Chla,d, car (PBS)

Green sulfur bacteria (15) Anoxygenic photolithoautotroph
o-Proteobacteria (31) Anoxygenic
photoorganoheterotroph
o-Proteobacteria (23) Aerobic chemoorganoheterotroph
(aerobic
photosynthetic)
B-Proteobacteria “) Anoxygenic
photoorganoheterotroph
Chromatiaceae (31) Anoxygenic photolithoautotroph
Ectothiorhodospiraceae  (9)
Heliobacteriaceae 5) Anoxygenic
photoorganoheterotroph
Cyanobacteria > Oxygenic photolithoautotroph
1000)
Prochloron, 2)
Prochlorothrix
Prochlorococcus 1)
Acaryochloris 1)
Halobacteria 3) Aerobic chemoorganoheterotroph

Purple membrane;
bacteriorhodopsin

Bacteriorhodopsin

*The numbers of photosynthetic species described for each taxon are given in parenthesis.
BChl = bacteriochlorophyll, car = carotenoids, Chl = chlorophyll, cls = chlorosomes, icm = intracellular membranes,

PBS = phycobilisomes, thy = thylacoids.

most types contain phycobiliproteins as light-
harvesting pigments. These multimeric proteina-
ceous structures are found on the cytoplasmic
face of the intracellular thylakoid membranes
and contain phycobilins as light-harvesting pig-
ments. All Cyanobacteria are able to grow using
CO, as the sole sou rce of carbon, which they fix
using primarily the reductive pentose phosphate
pathway (see Carbon Metabolism of Pho-
totrophic Prokaryotes in this Chapter). Their
chemoorganotrophic potential typically is
restricted to the mobilization of reserve poly-
mers (mainly starch but also polyhydroxyal-
kanoates) during dark periods, although some
strains are known to grow chemoorganotrophi-
cally in the dark at the expense of external sug-
ars. Owing to their ecological role, in many cases
indistinguishable from that of eukaryotic
microalgae, the cyanobacteria had been studied
originally by botanists. The epithets “blue-green
algae,” “Cyanophyceae,” “Cyanophyta,” “Myxo-
phyceae,” and “Schizophyceae” all apply to the
cyanobacteria. Two main taxonomic treatments
of the Cyanobacteria exist, and are widely used,
which divide them into major groups (orders) on

the basis of morphological and life-history traits.
The botanical system (Geitler, 1932 recognized 3
orders, 145 genera and some 1300 spe cies, but it
has recently been modernized (Anagnostidis and
Komirek, 1989, Komdrek and Anagnostidis,
1989). The bacteriological system (Stanier, 1977,
Rippka et al., 1979; Castenholz, 1989), relies on
the study of cultured axenic strains. It recognizes
five larger groups or orders, separated on the
basis of morphological characters. Genetic (i.e.,
mol% GC, DNA-DNA hybridization) as well as
physiological traits have been used to separate
genera in problematic cases.

Previously, a separate group of organisms with
equal rank to the cyanobacteria, the so-called
“Prochlorophytes” (with two genera, Prochlo-
ron, a unicellular symbiont of marine inverte-
brates, and Prochlorothrix, a free-living
filamentous form) had been recognized (Lewin,
1981). They were differentiated from cyanobac-
teria by their lack of phycobiliproteins (Fig. 2)
and the presence of chlorophyll b. The recently
recognized genus Prochlorococcus of marine
picoplankters could be included here, even
though the major chlorophylls in this genus are
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divinyl-Chl @ and divinyl-Chl b. Fourteen
Prochloron isolates from different localities and
hosts have been found to belong to a single spe-
cies by DNA-DNA hybridization studies (Stam
et al., 1985; Holtin et al., 1990). Some of the
original distinctions leading to the separation of
the Chl b-containing oxyphotobacteria from the
cyanobacteria are questionable, since at least in
one strain of Prochloroccoccus marinus, func-
tional phycoerythrin (Lokstein et al., 1999), and
genes encoding for phycobiliproteins have been
detected (Lokstein et al., 1999). Additionally,
phylogenetic analysis of 16S rRNA genes indi-
cate that the three genera of Chl b-containing
prokaryotes arose independently from each
other and from the main plastid line (see Evolu-
tionary Considerations in this Chapter), a result
that is supported by the comparative sequence
analysis of the respective Chl a/b binding pro-
teins (Laroche et al., 1996; Vanders taay et al.,
1998). Thus “Prochlorophytes” are just greenish
cyanobacteria, and are not treated separately
here. The recent discovery of Chl d-containing
symbionts in ascidians (Acaryochloris marina,
Miyashita et al., 1996) once again demonstrates
the evolutionary diversification of light-harvest-
ing capabilities among oxyphotobacteria (see
Competition for Light in this Chapter). While
the phylogenetic affiliation of Acaryochloris
marina has not been presented as yet, ultrastruc-
tural and chemotaxonomic characters predict
that A. marina belongs to the cyanobacterial
radiation as well.

According to phylogenetic analysis of 16S
rRNA sequences, the Cyanobacteria are a
diverse phylum of organisms within the bacterial
radiation, well separated from their closest rela-
tives (Giovanonni, 1988; Wilmotte, 1995; Turner,
1887; Garcia-Pichel, 1999; Fig. 1). These analyses
support clearly the endosymbiotic theory for the
origin of plant chloroplasts, as they place plastids
(from all eukaryotic algae and higher plants
investigated) in a diverse, but monophyletic,
deep-branching cluster (Nelissen et al., 1995).
Phylogenetic reconstructions show that the
present taxonomic treatments of the cyanobac-
teria diverge considerably from a natural system
that reflects their evolutionary relationships. For
example, separation of the orders Chroococcales
and Oscillatoriales (Nelissen et al., 1995; Reeves,
1996), and perhaps also the Pleurocapsales
(Turner, 1887; Garcia-Pichel et al., 1998) is not
supported by phylogenetic analysis. The hetero-
cystous cyanobacteria (comprising the two
orders Nostocales and Stigonematales) form
together a monophyletic group, with relatively
low sequence divergence, as low as that pre-
sented by the single accepted genus Spirulina
(Niibel, 1999). A grouping not corresponding to
any official genus, the Halothece cluster, gathers
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unicellular strains of diverse morphology that
are extremely tolerant to high salt and stem from
hypersaline environments (Garcia-Pichel et al.,
1998). A second grouping, bringing together very
small unicellular ope n-ocean cyanobacteria
(picoplankton) includes only marine picoplank-
tonic members of the genera Synechococcus and
all Prochlorococcus. Several other statistically
well-supported groups of strains that may or may
not correspond to presently defined taxa can be
distinguished. The botanical genus “Microcystis”
of unicellular colonial freshwater plankton spe-
cies is very well supported by phylogenetic
reconstruction, as is the genus Trichodesmium of
filamentous, nonheterocystous nitrogen-fixing
species typical from oligotrophic marine plank-
ton of the tropics. The picture that emerges from
these studies is that sufficient knowledge of eco-
logical and physiological characteristics can lead
to a taxonomic system that is largely congruent
to the 16S rRNA phylogeny.

A different principle of conversion of light
energy into chemical energy is found in the Halo-
bacteria. These archaea are largely confined to
surface layers of hypersaline aquatic environ-
ments and grow predominantly by chemoorga-
noheterotrophy with amino or organic acids as
electron donors and carbon substrates, generat-
ing ATP by respiration of molecular oxygen. In
the absence of oxygen, several members are
capable of fermentation or nitrate respiration.
At limiting concentrations of oxygen, at least
three of the described species of Halobacteria
(Halobacterium halobium, H. salinarium, H. sod-
omense) synthesize bacteriorhodopsin (Oester-
helt and Stoeckenius, 1973), a chromoprotein
containing a covalently bound retinal. Bacterior-
hodopsin is incorporated in discrete patches in
the cytoplasmic membrane (“purple mem-
brane”). However, these prokaryotes have only
a very limite d capability of light-dependent
growth. Only slow growth and one to two cell
doublings could be demonstrated experimentally
(Hartmann et al., 1980; Oesterhelt and Krippahl,
1983). The fact that rhodopsin-based photosyn-
thesis has been found only in the phylogeneti-
cally tight group of Halobacteria may indicate
that, because of its lower efficiency, this type of
light utilization is of selective advantage only
under specific (and extreme) environmental con-
ditions. Further information on the biochemistry,
physiology and ecology of this group may be
found in the chapters, Introduction to the
Classification of Archaea and The Family Halo-
bacteriaceae.

During the past years, culture-independent
16S rDNA-based methods have been used for
the investigation of the composition of natural
communities of phototrophic prokaryotes. These
studies have provided evidence that more than
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one genotype of Chloroflexus occur in one hot
spring microbial mat and that four previously
unkown sequences of cyanobacteria dominate in
the same environment (Ferris et al., 1996; Ruff-
Roberts et al., 1994; Weller et al., 1992). Simi-
larly, nine different partial 16S rDNA sequences
of Chromatiaceae and green sulfur bacteria,
which differed from all sequences previously
known, were retrieved from two lakes and one
intertidal marine sediment (Coolen and Over-
mann, 1998; Overmann et al., 1999a).

However, 16§ RNA signatures from natural
populations were indistinguishable from those of
cultured strains in the case of cyanobacteria with
conspicuous morphologies, such as the cosmopol-
itan Microcoleus chthonoplastes (Garcia-Pichel
et al, 1996) from intertidal and hypersaline
microbial mats or Microcoleus vaginatus from
desert soils (F. Garcia-Pichel, C. Lopez-Cortés
and U. Niibel, unpublished observations). In a
similar manner, the 16S rRNA sequence of an
isolated strain of Amoebobacter purpureus
(Chromatiaceae) was found to be identical to the
environmental sequence dominating in the
chemocline of a meromictic salt lake (Coolen and
Overmann, 1998; Overmann et al., 1999a). Obvi-
ously, the limited number of isolated and charac-
terized bacterial strains rather than an alleged
“nonculturability,” at least in some cases,
accounts for our inability to assign ecophysiolog-
ical properties to certain 16S rRNA sequence
types. This point is illustrated for extremely hal-
otolerant unicellular cyanobacteria by the fact
that only after a physiologically coherent group
of strains was defined on the basis of newly char-
acterized isolates (Garcia-Pichel et al., 1998)
could the molecular signatures retrieved from
field samples be assigned correctly.

It has to be concluded that 1) the numbers of
species listed in Table 1 do not reflect the full
phylogenetic breadth at least in the four groups
of anoxygenic phototrophic prokaryotes as well
as in morphologically simple Cyanobacteria, and
2) that the physiology and ecology of those spe-
cies of phototrophic prokaryotes that are domi-
nant in the natural environment in some cases
may differ considerably from known type strains.

Habitats of Phototrophic
Prokaryotes

Bacteria of the Chlorofiexus-subgroup form
dense microbial mats in geothermal springs,
often in close association with cyanobacteria.
Chloroflexus aurantiacus is a thermophilic bacte-
rium which grows optimally between 52 and
60°C and thrives in neutral to alkaline hot
springs up to 70-72°C. Of all anoxygenic pho-
totrophic bacteria isolated so far, only Chlorof-
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lexus aurantiacus is capable of growth up to
74°C. In contrast to the domain Archaea, no
hyperthermophilic species are known from the
domain Bacteria. The phylogenetically related
Heliothrix oregonensis grows optimally between
50 and 55°C and is abundant as a flocculant sur-
face layer in a few alkaline springs in Oregon.
Hydrothermal springs of 56-66°C, which contain
sulfide of geothermal origin, are dominated by a
surface layer or a “unispecific” mat of Chlorof-
lexus (Castenholz and Pierson, 1995). Because of
the absence of cyanobacteria in some of these
systems, Chloroflexus  presumably  grows
autotrophically (Pierson and Castenholz, 1995).
In the presence of O,, the mats exhibit an orange
color whereas they are green under anoxic con-
ditions (Castenholz and Pierson, 1995). The
orange color is the result of the enhanced caro-
tenoid biosynthesis under oxic conditions (see
Chemotrophic Growth with O, in this Chapter).
In the absence of sulfide, Chloroflexus is present
as a distinct orange layer beneath a surface layer
of cyanobacteria and may utilize their exudates
or the fermentation products generated during
decomposition of cyanobacteria. Molecular oxy-
gen represses bacteriochlorophyll synthesis in
Chloroflexus and often is present at saturation
levels in the orange layers. Since bacteriochlorop
hylls a and c are still present in this layer, how-
ever, it must be assumed that bacteriochloro-
phylls are synthesized at anoxic conditions
during nightime (Castenholz and Pierson, 1995).

Green and purple sulfur bacteria often form
conspicuous blooms in non-thermal aquatic eco-
systems (Figs. 4, SA, 5B), although moderately

Fig. 4. Bright field photomicrograph of the bacterioplankton
community thriving in the chemocline of the meromictic
Buchensee (near Radolfzell, Germany) during autumn. The
dominant anoxygenic phototroph at this time of the year is
the green sulfur bacterium Pelodictyon phaeoclathratiforme
(brown cells, which appear in chains or netlike colonies). In
addition, phototrophic consortia (“Pelochromatium roseum,”
one consortium in the center) are found. Similar to Pld.
phaeoclathratiforme, most of the colorless bacterial cells
found in the chemocline contain gas vesicles as is evident
from their highly refractile appearance in the bright field.
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Fig. 5. Multilayered microbial mat as it is regularly found in the sandflats of Great Sippewissett Salt Marsh (Cape Cod,
Massachusetts, USA). A. In most instances, the mats consist of a top green layer, an intermediate purple layer, and a grayish
to blackish bottom layer. B. Fully developed microbial mats consist (from top) of an olive-green layer of diatoms and
cyanobacteria, a green layer consisting mostly of cyanobacteria, a purple layer of purple sulfur bacteria, a peach-colored layer
formed by BChl b-containing purple sulfur bacteria (morphologically similar to Thiocapsa pfennigii), and a greyish to blackish

bottom layer.

thermophilic members of the genera Chroma-
tium and Chlorobium have been described from
hot spring mats (Castenholz et al., 1990). Chlo-
robium tepidum occurs in only a few New
Zealand hot springs at pH values of 4.3 and 6.2
and temperatures up to 56°C. Chromatium tepi-
dum was found in several hot springs of western
North America at temperatures up to 58°C and
might represent the most thermophilic proteo-
bacterium (Castenholz and Pierson, 1995). In a
recent compilation (van Gemerden and Mas,
1995), 63 different lakes and 7 sediment ecosys-
tems harboring phototrophic sulfur bacteria
were listed. Cell densities between 10* and
10”-ml™" and biomass concentrations between 10
and 1000 ug bacteriochlorophyll-I™" are common
in pelagic habitats. Of the purple sulfur bacteria,
Chromatiaceae are typically found in freshwater
and marine environments (Fig. 5SA, B) whereas
Ectothiorhodospiraceae  inhabit  hypersaline
waters. The phototrophic sulfur bacteria grow
preferentially by photolithoautotrophic oxida-

tion of reduced sulfur compounds and are there-
fore limited to those environments where light
reaches anoxic, sulfide-containing bottom layers.
Because light and sulfide occur in opposing gra-
dients, growth of phototrophic sulfur bacteria is
confined to a narrow zone of overlap and is only
possible if the chemical gradient of sulfide is sta-
bilized against vertical mixing. In pelagic envi-
ronments like lakes or lagoons, chemical
gradients are stabilized by density differences
between the oxic and anoxic water layers. Such
density differences are either the result of ther-
mals tratification and mostly transient (as in
holomictic lakes) or are caused by high salt con-
centrations of the bottom water layers, in which
case stratification is permanent (meromictic
lakes). Pelagic layers of phototrophic sulfur bac-
teria extend over a vertical distance of 10 cm
(van Gemerden and Mas, 1995; Overmann et al.,
1991a) up to 30 m (Repeta et al., 1989) and reach
biomass concentrations of 28 mg bacteriochloro-
phyll1I"" (Overmann et al., 1994).
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Fig. 6. Effects of the habitat on the physical exposure of cyanobacteria. The spectral scalar irradiance (sun and sky radiation)
incident at ground level at noon in a clear midsummer day at 41°N is plotted in Plate I. The rest of the plates depict the in
situ scalar irradiance experienced by cyanobacterial cells thriving in several habitats exposed to the incident fluxes in plate
I (note different scales). Plate II: a “strong shade™ habitat (North-facing surface illuminated by extremely diffuse sky radiation
only), where scalar irradiance is very low but the relative importance of UV is enhanced. Plate III: a planktonic habitat
(under 1 m of clear open-ocean water), where all fluxes remain fairly high and UVB and visible are more strongly attenuated
than UVA. Plate IV: the surface of beach (quartz, feldspar) sand, where all UVB, UVA, and visible are higher than incident
(by 120, 150, and 205 %, respectively) due to light trapping effects. Plate V: 300-m deep in a wet topsoil, where UVB and U
VA have been attenuated below 5% of incident but ca. 20% of the visible light remains. Plate VI: scalar irradiance within
the thallus of the terrestrial cyanobacterial lichen Collema sp. Modified from Castenholz and Garcia-Pichel, 1999, after data
from the following sources: F. Garcia-Pichel (unpublished observation); Garcia-Pichel, 1995; Biidel et al., 1997; and Smith

and Baker, 1981.

Littoral sediments represent the second type
of habitat of phototrophic sulfur bacteria. In
these systems, turbulent mixing is largely pre-
vented by the sediment matrix, and diffusion is
the only means of mass transport. Gradients of
light and sulfide are much steeper, and the
fluxes of sulfide much larger compared to the
pelagic environment. These conditions allow
layers of phototrophic sulfur bacteria in sedi-
ments to reach much higher biomass densities
(up to 900 mg bacteriochlorophyll-dm™; van
Gemerden et al., 1989) than in lakes. At the
same time, the layers are very narrow (1.3-
5 mm; van Gemerden and Mas, 1995; Fig. 5A).
This vertical distribution of anoxygenic pho-
totrophic biomass ultimately determines the
significance of microbial sulfide oxidation for
the sulfur cycle in these ecosystems (see Signifi-
cance of Anoxygenic Photosynthesis for the
Pelagic Carbon and Sulfur Cycles in this
Chapter). The spectral compos ition of light
available for anoxygenic photosynthesis is con-
siderably different between pelagic and benthic
habitats (Fig. 6) and selects for different species
of anoxygenic phototrophic bacteria. Whereas
light of the blue to yellow-green wavelength
bands dominates the depths of most lakes,
infrared light is an important source of energy
in benthic microbial mats (see Light Energy

and the Spectral Distribution of Radiation in
this Chapter).

The dominance of certain species of green sul-
fur bacteria (Fig. 4) or Chromatiaceae in pelagic
environments in many cases can be explained by
their specific light-harvesting capabilities (see
Light Absorption and Light Energy Transfer in
Prokaryotes and Competition for Light in this
Chapter) and other phenotypic traits. Typically,
those species that have been isolated from natu-
ral blooms in lakes are obligately photo-
lithotrophic, lack assimilatory sulfate reduction,
cannot reduce nitrate, and assimilate only few
organic carbon sources (see Carbon Metabolism
of Phototrophic Prokaryotes in this Chapter).
This applies not only to all green sulfur bacteria
but also to the dominant species of Chromati-
aceae. Obviously, in the chemocline of lakes the
metabolic versatile Chromatiaceae species have
no selective advantage. As judged from the
physiological characteristics of strains of pho-
totrophic sulfur bacteria isolated from sedi-
ments, the pronounced diurnal variations in
oxygen concentrations and salinity, together with
the different light quality, select for different spe-
cies composition in benthic microbial mats. The
purple sulfur bacterium Chromatium (and the
multicellular gliding colorless sulfur bacterium
Beggiatoa) are found in many microbial mats
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and exhibit diurnal vertical migrations in
response to the recurrent changes in environ-
mental conditions (Jgrgensen, 1982; Jgrgensen
and Des Marais, 1986). Microbial mats of inter-
tidal sediments are typically colonized by the
immotile purple sulfur bacterium Thiocapsa
roseopersicina and small motile thiobacilli (van
den Ende et al., 1996).

In contrast to the phototrophic members of
the y-Proteobacteria, purple nonsulfur bacteria
of the o- and B-subclasses of Proteobacteria do
not appear to form dense accumulations under
natural conditions (Biebl and Drews, 1969; Swo-
ager and Lindstrom, 1971; Steenbergen and
Korthals, 1982). However, purple nonsulfur bac-
teria can be readily isolated from a wide variety
of marine, lacustrine and even terrestrial
environments (Imhoff and Triiper, 1989; J.
Overmann, unpublished observation). While
comprehensive comparative quantitation of the
ecological importance of purple nonsulfur bacte-
ria is still lacking, as many as ca. 10° c.fu. of
purple nonsulfur bacteria could be cultivated per
cm’ of sediment in coastal eutrophic settings
(Guyoneaud et al., 1996).

Generally, aerobic phototrophic bacteria
thrive in eutrophic marine environments. Obli-
gately aerobic bacteria containing bacteriochlo-
rophyll a have been isolated from beach sand
and seaweeds (thalli of Enteromorpha linza and
Sargassum horneri; Shiba et al., 1979), and in
some cases also from freshwater ponds and
microbial mats. At least some of the aerobic pho-
totrophic bacteria apparently can survive in situ
temperatures of up to 54°C (Yurkov and Beatty,
1998). Aerobic phototrophic bacteria were iso-
lated from hydrothermal plume water of a black
smoker 2000 m below ocean surface (Yurkov and
Beatty, 1998); acidophilic strains could be iso-
lated from acidic mine drainage. Typically, Meth-
ylobacterium species are isolated from foods,
soils and leaf surfaces (Shimada, 1995). Photo-
synthetic Rhizobium strains are widely distrib-
uted in nitrogen-fixing stem nodules of the
tropical legume Aeschynomene spp. where they
are present as symbiosomes. Similar strains have
also been found in root and hypocotyl nodules
of Lotononis bainesii (Fabaceae). These photo-
synthetic rhizobial and regular symbiosomes dif-
fer in that the former contains only one large
spherical bacteroid. The photosynthesis of these
endosymbionts may provide energy for nitrogen
fixation and permit a more efficient growth of the
host plant, since up to half of the photosynthate
produced by legumes is allocated to nitrogen fix-
ation (Fleischman et al., 1995).

Heliobacteriaceae appear to be primarily soil
bacteria and have been isolated from dry paddy
fields or other soils throughout the world (Madi-
gan and Ormerod, 1995). Bacteria of this family
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may even represent the dominant anoxygenic
phototrophic bacteria in soil (Madigan, 1992).
Occasionally, strains also have been isolated
from lakeshore muds and hot springs (Amesz,
1995; Madigan and Ormerod, 1995). Heliobacte-
rium modesticaldum grows up to 56°C (Kimble
et al., 1995). Spore formation may offer a
selective advantage to Heliobacterium modesti-
caldum, Heliophilum fasciatum, and Heliobacte-
rium gestii in their main habitat (rice field soil),
which undergoes periodic drying and concomi-
tantly becomes oxidized (Madigan, 1992). Dur-
ing growth of the rice plants, organic compounds
excreted by their roots could provide sufficient
substrates for photoheterotrophic growth of the
Heliobacteriaceae.

Cyanobacteria as a group exhibit the widest
range of habitats of all phototrophic prokaryotes
due to the ubiquity of water, their preferred elec-
tron donor for the reduction of CO,. In principle,
cyanobacteria can thrive in any environment that
has, at least temporarily, liquid water and sun-
light. They are known from Antarctic endolithic
habitats and from hot springs. More than 20 spe-
cies of cyanobacteria (Castenholz and Pierson,
1995) are thermophilic. Effectively, however, no
cyanobacteria are known from acidic environ-
ments (below pH 4.5) and competition with
eukaryotic microalgae or higher plants may
restrict their growth in other environments.
Cyanobacteria are found in the plankton of
coastal and open oceans and in freshwater and
saline inland lakes. They thrive in the benthos of
marine intertidal (Fig. 5B), lacustrine and fluvial
waters and in a large variety of terrestrial habi-
tats (soils, rocks, trees). Symbiotic associations
are common.

In the marine plankton, the phycoerythrin-
containing Synechococcus often represents a
major fraction of all primary producers. The
same holds true for Prochlorococcus (Campbell
and Vaulot, 1993; Chisholm et al., 1988; Olson et
al., 1990b). Compared with the high number of
cyanobacterial species found in freshwater
plankton, intertidal areas, and hypersaline envi-
ronments, the diversity of this group is very lim-
ited in the open ocean (Carr and Mann, 1994).
The predominant group invariably consists of
small (<2 m) mostly nonmotile, non-nitrogen-
fixing single cells assigned to the genus Synecho-
coccus, which is found in the photic zone of all
oceans except in the coldest areas. As a charac-
teristic feature, the cells contain phycoerythrin
as accessory photopigment which confers an
orange autofluorescence on the cells. Despite
their similar phenotype, marine Synechococcus
strains are genetically heterogenous (Waterbury
et al., 1986). An important component of the
phytoplankton in tropical and subtropical oceans
are the filamentous Trichodesmium spp. (Carr
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and Mann, 1994). The bundle and aggregate
forming Trichodesmium typically develop into
blooms that can extend kilometers long and are
detected on the surface of oligotrophic tropical
and subtropical oceans with the naked eye or
with satellite imagery from space. The success of
Trichodesmium can be mainly traced to the
highly efficient nitrogen-fixing capacity of these
nonheterocystous cyanobacteria. Their activities
attain global magnitude for the nitrogen cycle
(Capone et al., 1977). Heterocystous, nitrogen-
fixing cyanob acteria of the genera Nodularia,
Anabaena, and Aphanizomenon bloom in
mesotrophic and eutrophic fresh and brackish
waters. Together with the blooms of the nonhet-
erocystous genus Microcystis, these cyanobacte-
ria have become a real environmental concern,
not only because of their effects of overall water
quality but also because of their ability to pro-
duce toxins, which are known to have caused the
deaths of humans and cattle. In the chemocline
of stratified lakes, deep blooms of cyanobacteria
occur frequently.

Edaphic cyanobacteria are also distributed
worldwide, especially in soils of basic pH;
sheathed oscillatorian forms (Microcoleus vagi-
natus, “Schizothrix” spp.), along with heterocys-
tous ones (Nostoc, Scytonema) are of major
ecological relevance in arid and semiarid
regions where growth of higher plants is
restricted. In such environments, cyanobacteria
adopt a life strategy of resistance to desiccation
(Potts, 1994) making use of the few occasions in
which liquid water is available from rain or dew.
Very intense productivity spurts occur in a mat-
ter of minutes after wetting (Garcia-Pichel and
Belnap, 1996). The so-called “cyanobacterial
desert crusts” contribute significantly to the bio-
geochemistry and to the physical stability of
arid soils. Other important terrestrial habitats
of cyanobacteria are the surface or subsurfa ce
of rocks: extensive endolithic cyanobacterial
communities, usually dominated by members
of the genus Chroococcidiopsis, have been
described from tropical, desert and polar envi-
ronments (Friedmann, 1982; Wessels and Biidel,
1995).

In the course of evolution, cyanobacteria have
entered into symbiotic associations with a multi-
tude of organisms. These have reached a wide
range in the degree of interdependence between
partners (see Symbiosis between Phototrophic
Bacteria and Eukaryotes in this Chapter).

Principles and Prerequisites
of Photosynthesis

Bacterial photosynthesis can be divided into two
different types of reactions 1) the light reaction,
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in which light energy is trapped and converted
into ATP (via a proton-motive force AP) and a
reduced redox carrier R.yH*, and 2) the so-
called dark reaction of biosynthetic carbon
reduction.

Light reaction: 2H,A + 2R, + light
— 2A +2R,.qH + AP
ADP + P, + AP - ATP + H,O

Dark reaction: CO, + ATP + 2R,.+H + H,O
— <CH,0O>+ ADP + Pi + 2R,

Sum: C02 + 2H2A - <CH20> + Hzo + 2A
(van Niel equation)

Microorganisms have found different ways to
accomplish these two tasks.

Light Energy and the Spectral
Distribution of Radiation

The present day solar irradiance at the average
distance of Earth to the sun and outside the
atmosphere (the so-called solar constant) is
1353-W m™ (Kirk, 1983). The spectral energy dis-
tribution of this solar radiation approximates
that of a black body at 6000°K (the surface tem-
perature of the sun). According to Wien’s Law, a
black body at this temperature has a maximum
emission of electromagnetic energy at about
480 nm. The actual spectral energy distribution
of solar radiation exhibits minima which reflect
the absorption bands of hydrogen in the outer
atmosphere of the sun (Fig. 7). The total light
energy received by the Earth is 5.46:10* J-year™,
which would correspond to 339.4 W-m™. The
actual solar (time and space-averaged) irradi-
ance reaching the surface of the Earth amounts
only to 160 W-m™ (Gates, 1962; Dietrich et al.,
1975). This large reduction is due to Raleigh scat-
tering by air molecules and dust particles, and of
light absorption by water vapor, O,, O; and CO,
during the passage of radiation through the
Earth’s atmosphere. Concomitantly, the spectral
distribution of solar irradiance is changed espe-
cially because water vapor absorbs infrared light
(Fig. 7). At sea level, light of the wavelength
regions 400-700 nm (PAR, photosynthetically
available radiation) constitutes 50% of this irra-
diance (Kirk, 1983).

Based on estimates for global primary produc-
tivity, only 0.13% of the flux of solar energy
reaching the surface of the Earth is converted
into chemical energy by photosynthesis (Odum,
1983; see Introduction in this Chapter). Under
natural conditions, photosynthesis of the various
groups of phototrophic prokaryotes is limited by
different environmental factors including light,
reduced sulfur compounds, organic carbon sub-
strates, oxygen, and temperature. The physical
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Fig.7. Spectral energy distribution of solar radiation outside
the atmosphere and at sea level as compared to the absorp-
tion spectra of various phototrophic bacteria. Absorption
spectra of the purple nonsulfur bacterium Rhodospirillum
rubrum (containing BChl q, spirilloxanthin), Blastochloris
viridis (BChl b, 1,2-dihydroneurosporene), and Roseospiril-
lum parvum (BChl a, spirilloxanthin, lycopenal), of the Chro-
matiaceae species Thiospirillum jenense (BChl a,lycopene,
rhodopin) and Chromatium okenii (BChl a, okenone), of the
Chlorobiaceae species Chlorobium limicola (BChl ¢, chloro-
bactene) and Chlorobium phaeobacteroides (BChl e, i sore-
nieratene) and of a cyanobacterium (Chl a, phycocyanin) are
depicted.

characteristics of the medium have, through pro-
cesses of absorption and scattering, a large influ-
ence on the available radiation (see Competition
for Light in this Chapter). As a second major
limiting factor, the availability of nutrients limits
the growth of phototrophic bacteria and as a
consequence, photosynthetic energy conversion.

Surface environments exposed to sky radia-
tion (as in strong shades) may be enriched in
blue and UV radiation (Fig. 6). Water is the
major light-absorbing component only in very
clear open ocean and inland lakes. It strongly
absorbs light of the ultraviolet, red and especially
infrared (wavelengths around 745 and 960 nm).
As a consequence, tens of meters below the sur-
face of clear waters the spectrum is enriched in
blue wavelengths. Several meters below coastal
or most lacustrine water surfaces, the spectrum
is enriched towards the green wavelengths, and
deep(several millimeters) in the photic zones of
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sediments and soils infrared wavelengths domi-
nate. Yellow substance in lakes is mostly of ter-
restrial origin and particularly absorbs light of
the ultraviolet and blue portion of the spectrum
(Kirk, 1983). In dystrophic lakes in which high
concentrations of humic compounds are the
major light-absorbing components, light of the
red wavelength range prevails such that green-
colored species of green sulfur bacteria have a
selective advantage over their brown-colored
counterparts or purple sulfur bacteria (Parkin
and Brock, 1980a).

In benthic and soil ecosystems, light quality
differs fundamentally from that in the pelagic
environment. In the visible wavelength range,
radiation is strongly attenuated by mineral and
biogenic particles. In sandy sediments light
attenuation occurs preferentially in the wave-
length range of blue light due to the reflection by
sand grains (Jgrgensen and Des Marais, 1986;
Kiihl and Jgrgensen, 1992). The presence of iron
minerals results in an enhanced attenuation of
UV and blue wavelengths (Garcia-Pichel and
Belnap, 1996). In contrast, absorption of infrared
light by sediment particles is low and absorption
by water is negligible due to the short optical
pathlength. As a consequence of the optical
properties of the sediment particulates, the red
and infrared portion of the spectrum penetrate
to the deepest levels. Multiple scattering causes
the light fields to become rapidly diffuse, so that
bacteria thriving within these environments
receive light from all directions. The parameter
measuring light received at a point in space from
all directions is called scalar irradiance (E,, or
photon fluence rate). A third important, but
counterintuitive, phenomenon is the presence of
maximum irradiance values close to the surface,
which are even larger than the incident scalar
irradiance (Fig. 6). Below this surficial zone
where the E; maximum occurs, E, attenuates
exponentially (Jgrgensen and Des Marais, 1986;
Jgrgensen and Des Marais, 1988; Kiihl and Jgr-
gensen, 1992; Lassen et al., 1992). For visible
light, the measured photic depths (depths where
E, is attenuated to 1% of the incident) varied
between 3.1 mm for quartz sand and 0.45 mm for
silty muds (Garcia-Pichel and Bebout, 1996b). In
the ultraviolet (UV) at 310 nm, the correspond-
ing depths were only 1.25 and 0.23 mm.

Light Absorption and Light Energy
Transfer in Prokaryotes

Principle

The chlorophyll-based photosystems of bacteria
convert electromagnetic energy into a redox
gradient. The redox reactions are initiated by
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absorption of electromagnetic energy, leading to
a transition of specific molecules into an excited
electronic state. An increase in the electronic
energy of a molecule requires more energy than
changes in vibrational or rotational states. Since
the energy of light quanta is inversely related to
their wavelength (Planck’s Law), molecules
absorb electromagnetic radiation of short wave-
lengths (ultraviolet and visible light) during
changes in electronic energy, and longer wave-
lengths during changes in vibrational (near infra-
red radiation) and rotational energy (far infrared
radiation and microwaves). Changes in the elec-
tronic state of molecules, and thus photochemi-
cally driven redox reactions by light absorption,
can only occur by absorption of quanta of wave-
lengths <1240 nm (i.e., an energy larger than
1 eV per electron). This fact obviously limits the
wavelength range that is usable for photochemi-
cal reactions. The major fraction of solar energy
is present in the wavelength range between 400
and 750 nm. These wavelengths can only be har-
vested by organic molecules containing delocal-
ized m-electrons in conjugated double bonds
(Fig. 7).

Pigments and Light-Harvesting Complexes

To capture light for photosynthesis, phototrophic
organisms employ three classes of pigment mol-
ecules: magnesium porphyrins (chlorophylls and
bacteriochlorophylls, also called chlorins), open-
chain tetrapyrrole bilin pigments (phycobilins),
and carotenoids. However, other types of chro-
mophores may be used in non-photosynthetic
light-harvesting, as is the case of the flavins and
pterines of DNA-photolyase (Tanada et al., 1997)
and in specific regulatory photoreceptors (Halo-
bacteriaceae, bacteriorhodopsin). Until recently
it appeared that only the magnesium-containing
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chlorin molecules were employed as the major
photosynthetic pigment. The aerobic photosyn-
thetic bacterium Acidiphilium rubrum is the first
photosynthetic organism known to employ zinc-
containing bacteriochlorophyll a as the photo-
chemically active pigment (Wakao et al., 1996).

Free molecules remain in the excited singlet
state for as little as 107 to 10™ sec and rapidly
return to the ground state (fluorescence).
Through the multiplicity of vibrational and rota-
tional states associated with each electronic
energy level, two different electronic energy
states may overlap. In such molecules the lower-
most electronic energy level (the lowest excited
singlet state) is reached in a rapid series of radi-
ationless transitions with a concomitant small
decrease in free energy. The wavelengths emitted
during the subsequent return of the electron to
the ground state therefore is longer than those
wavelengths that were absorbed (Stokes shift).
Chlorophylls and bacteriochlorophylls exhibit
two major absorption bands (Table 2) and, when
excited in the dissolved state, a corresponding
red (685 nm for chlorophyll a) or infrared
(786 nm for bacteriochlorophyll @) fluorescence.
In photosynthetically active c ells, however, only
about 1% of the absorbed light energy is lost by
fluorescence. It is a characteristic of the photo-
synthetic apparatus of living organisms, that
fluorescence (hence loss of already absorbed
energy) is minimized. Instead, most of the
energy absorbed by the antenna pigments is
channeled by vectorial and radiationless induc-
tive dipole resonance toward the reaction cen-
ters, where it drives the photochemical redox
reactions. The specific coordination of pigment
molecules in photosynthetic organisms favors
inductive resonance and photochemical reac-
tions over fluorescence. Within the photosyn-
thetic antenna, a fine modulation of the

Table 2. Major absorption maxima of chlorins in whole cells and in the dissolved state, and fluorescence maxima of whole

cells of phototrophic prokaryotes.

Absorption maxima (nm)

Fluorescence maxima (nm)

Chlorin Whole cells Acetone extracts Whole cells
Chl a 670-675 435, 663 680-685

Chl b n.d. 455, 645 (in acetone 652)
Chl d 714-718 400, 697 (in acetone 745)
BChl a 375, 590, 805, 830-911 358,579,771 907-915

BChl b 400, 605, 835-850, 986-1035 368, 407, 582,795 1040nm

BChl ¢ 457-460, 745-755 433, 663 775

BChl d 450, 715-745 425,654 763

BChl e 460-462, 710-725 459, 648 738

BChl g 375, 419, 575, 788 365, 405, 566, 762 n.d.

“Bacteriochlorophyll g of the Heliobacteriaceae shows structural relationships to chlorophyll a because it contains a vinyl
group on tetrapyrrole ring I. Like in bacteriochlorophylls a and b, pyrrole ring 1II is reduced, however, and the esterifying
alcohol is famesol as in bacteriochlorophylls of green sulfur bacteria. As for bacteriochlorophyll a or b, the reduced state of
ring II in bacteriochlorophyll g causes an additional though smaller absorption maximum, the Q, band at about 567nm.

n.d., not determined.
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absorption properties of the pigments occurs
because of differences in their binding to the
antenna proteins, so that the vectorial excitation
cascade is thermodynamically favored (i.e., in a
sequence involving pigments with progressively
longer absorption maxima). The resulting small
differences in the energy level of antenna pig-
ments directs the transfer of excitation energy
more or less to the reaction center.

A second consequence of the interactions
between pigment molecules and proteins is the
shift of the absorption peaks of the former
towards longer wavelengths. In the case of chlo-
rophyll a, the shift is comparatively small while
it is larger in bacteriochlorophyll-protein
complexes (up to 650 nm in bacteriochlorophyll
b-containing phototrophic bacteria; Table 2). The
shift for most carotenoids in association with
proteins is as small as for chlorophyll a. In intact
cells, carotenoids absorb mainly in the 420-
550 nm wavelength region. In contrast, binding
of one type of porphyrin pigment (bacteriochlo-
rophyll a) by different apoproteins has led to
a considerable diversification of the long-
wavelength absorption maxima in purple sulfur
and nonsulfur bacteria (Fig. 7). Obviously the
role of proteins in pigment-protein-complexes is
not confined to the proper coordination of pig-
ment molecules but als o can represent a means
to exploit wavelength regions not utilized by
other phototrophic organisms. Especially in
intertidal microbial mats, variations in the fine
structure of the pigment-protein complexes is a
means of ecological niche separation (see Com-
petition between Phototrophic Bacteria in this
Chapter). The absorption spectra of whole cells
of phototrophic bacteria seem to have evolved in
such a way that almost the entire electromag-
netic spectrum suitable for electrochemical reac-
tions can be exploited (Fig. 7).

The first step of porphyrin synthesis is the
formation of 5-amino levulinic acid (8-ALA).
In Chloroflexus aurantiacus, p- and vy-
Proteobacteria, cyanobacteria, Heliobacteri-
aceae, and green sulfur bacteria, 3-ALA is syn-
thesized from glutamate (C5-pathway), which
therefore appears to represent the more ances-
tral pathway. In contrast, o-Proteobacteria as
well as yeasts, fungi, and animals form 3-ALA by
the ALA synthase-mediated condensation of
glycine with succinyl-CoA (Beale, 1995; Oh-
Hama, 1989; Oh-Hama et al., 1991).

All (bacterio)chlorophylls exhibit two major
absorption bands (Table 2), leaving a consider-
ably wide gap in the absorption spectrum. The
latter is partially complemented by the absorp-
tion spectrum of carotenoids found in all
phototrophic bacteria or by a range of phycobil-
iproteins in most cyanobacteria. Owing to the
presence of up to 15 conjugated double bonds,
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carotenoids absorb light at the short wavelength
end of the visible range.

The light-harvesting antenna complexes of
green sulfur bacteria and Chloroflexus are
extramembranous ovoid organelles, so-called
chlorosomes, which are attached to the inner sur-
face of the cytoplasmic membrane and contain
bacteriochlorophylls ¢, d, or e. Chlorosomes are
exceptional in that proteins do not seem to be
involved as ligands for most of the antenna bac-
teriochlorophyll molecules. Instead, interactions
between the bacteriochlorophylls themselves
govern the absorptive properties of the photo-
synthetic antenna in green sulfur bacteria (Blan-
kenship et al.,, 1995; Fig. 3A). In all other
phototrophic prokaryotes studied, chlorins and
carotenoid molecules occur in complexes with
proteins.

Chlorins in pigment-protein complexes are
noncovalently bound by histidine imidazole res-
idues, which ligate the central magnesium atom
of the porphyrin (Drews and Golecki, 1995). In
some cases (e.g., heliobacterial reaction center
protein; Vermaas, 1994) the histidine residues
are replaced by asparagine, glutamine or argin-
ine, which may function as ligands. Noncovalent
binding of carotenoids seems to be mediated
largely by hydrophobic interactions. In the pur-
ple nonsulfur bacteria, the Chromatiaceae, and
Ectothiorhodospiraceae, all antenna complexes
(and reaction centers) are located within intrac-
ytoplasmic membranes that are differentiated
from, but contiguous to, the cytoplasmic mem-
brane of the cell. In purple nonsulfur bacteria,
Chromatiaceae, and Ectothiorhodospiraceae,
intracellular membranes occur as vesicles, stacks,
lamellae, or tubules (Figs. 2 and 3B). Most pho-
tosynthetic species of the o-Proteobacteria
(Rhodocyclus purpureus, Rhodocyclus tenuis,
Rubrivivax gelatinosus) do not form extensive
intracellular membrane systems. The photo-
chemical apparatus of purple nonsulfur bacteria
is confined to the intracellular membrane sys-
tem, whereas the enzyme complexes of the res-
piratory chain and transport systems are located
in the cytoplasmic membrane (Bowyer et al.,
1985). This functional differentiation does not
seem to exist in purple sulfur bacteria (Allochro-
matium vinosum, Ectothiorhodospira mobilis;
Drews and Golecki, 1995). With one known
exception, the photosynthetic apparatus in
cyanobacteria is located on specialized intracel-
lular membranes (thylakoids). Thylakoids may
be either single or stacked, a nd are distributed
concentrically (parallel to the cytoplasmatic
membrane), radially, or randomly (Fig. 2). Like
in chloroplasts, lateral heterogeneity (spatial
separation of photosystem I in stroma lamellae
and of photosystem II in grana stacks) has been
found in “Prochlorophytes.”
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In Heliothrix, the Heliobacteriaceae, some pur-
ple nonsulfur bacteria (e.g., Rhodocyclus tenuis;
Wakim and Oelze, 1980) and one cyanobacte-
rium (Gloeobacter violaceus), the photosynthetic
apparatus is located in the cytoplasmic
membrane.

The light-harvesting antenna complexes of
purple nonsulfur and purple sulfur bacteria are
composed of two small, membrane-spanning o-
and B-polypeptides to which bacteriochlorophyll
a or b, and carotenoids are noncovalently
bound. The polypeptide monomers aggregate
within the membrane to form ring structures of
16 (LHI) or 9 (LHII) subunits, respectively
(McDermott et al., 1995; Fig. 3B). According
to the current structural model, the ring of 16
LHI-subunits surrounds one reaction center.
Several LHII-aggregates transfer energy to this
supercomplex.

In Cyanobacteria, light-harvesting chlorophyll
a is present in two different types of protein
complexes. The CP43 and CP47 core-antenna
complexes are tightly associated with photosys-
tem II (Barry et al., 1994). In photosystem I,
however, antenna chlorophylls are an integral
part of the reaction center itself (Golbeck, 1994;
Fig. 3C).

A third class of light-harvesting complexes are
phycobilisomes. They occur in the division
Cyanobacteria (and in the plastids of red algae
and some other groups of eukaryotic algae), and
in most species are the main light-harvesting
antenna structures of these bacteria. Under the
electron microscope, phycobilisomes appear as
hemidiscoidal to cylindrical particles attached to
the cytoplasmic side of the thylacoids. In Gloeo-
bacter violaceus, the cytoplasmic membrane is
underlain by a continuous subcortical layer
containing the phycobilisomes. Light energy
absorbed by phycobilisomes is transferred pref-
erentially to photosystem II, with chlorophyll a
serving as antenna for photosystem I. However,
short-term or partial spillover may occur, as the
phycobilisomes are quite mobile (van Thor, J.J.,
et al., 1998). While the blue and red wavelength
range is absorbed mainly by chlorophyll; the
phycobilisomes harvest the blue-green, yellow,
and orange regions (450-655 nm) of the light
spectrum, thereby extending the spectral range
of photosynthetic light-harvesting considerably
(Fig. 7). The capacity of forming phycobilisomes
is of selective advantage for the colonization of
low light aquatic habitats (see Competition
between Phototrophic Bacteria in this Chapter).
Most (80%) of the phycobilisome mass is water-
soluble phycobiliproteins, which contain open-
chain tetrapyrrole chromophores (the phycobi-
lins). Four types of phycobilins are known, the
blue-colored phycocyanobilin (PCB), red-col-
ored phycoerythrobilin (PEB), yellow-colored
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phycourobilin (PUB), and purple-colored phy-
cobiliviolin (PXB, also sometimes abbreviated
CV). They are found in various molar ratios, and
form part of four recognized types of phycobil-
iproteins: allophycocyanin (APC), phycocyanin
(PC), phycoerythrocyanin (PEC), and phyco-
erythr in (PE). In contrast to (bacterio)chloro-
phylls, the chromophores are covalently bound
by thioether linkages to cysteine residues of the
apoproteins. Up to three chromophores may be
bound to a single o~ or B-polypeptide. The phy-
cobiliproteins are heteromonomers forming
(0B); trimeric disks. Together with chro-
mophore-free linker polypeptides, these disks
are assembled in aggregates, the phycobilisomes,
which are attached to the cytoplasmic side of
photosystem II (Fig. 3C). Peripheral rod ele-
ments consisting of phycoerythrin (which har-
bors PEB, and sometimes also PUB) or
phycoerythrocyanin (with PCB and PXB), and
phycocyanin (with PCB, and in some cases small
amounts of PEB) are arranged in a hemidiscoi-
dal fashion around a core substructure consisting
largely of allophycocyanin (with PCB). The dif-
ferent absorption properties of the phycobilins
are the result of differences in the number of
conjugated double-bonds (the conjugated -
electron system is shorter for PEB and PUB), in
the side chains of the tetrapyrrole prosthetic
groups, including also chemically distinct chro-
mophore-protein linkages, and in the protein
environments of the chromophores (Sidler,
1994). Light energy is absorbed mainly by the
peripheral rods, and transferred rapidly by radi-
ation-less downhill energy transfer from phyco-
erythrin (absorption maximum 495- 575 nm)
or phycoerythrocyanin (575 nm) to phycocyanin
(615-640 nm). Finally, allophycocyanin (650-655
nm) transfers the energy to photosystem II.

Not all cyanobacteria possess all of these dif-
ferent phycobiliproteins. Those synthesizing
exclusively APC and PC appear blue-green.
Many heterocystous cyanobacteria also produce
PEC in addition to APC and PC (Bryant et al.,
1982); these strains never produce PE. Dark-
colored strains of many benthic genera contain
large amounts of PC and PE. Red cyanobacteria,
typical for deep lacustrine and marine waters
produce large amounts of PE, and only small
amounts of PC. Marine open ocean cyanobacte-
ria (Synechoccus, Trichodesmium) contain large
amounts of a PUB-rich PE, with absorbance
maxima around 495-500 nm.

In Chl b-producing cyanobacteria (the former
“Prochlorophytes”), the photosynthetic anten-
nae are intrinsic to the membrane, and in
Prochlorothrix hollandica, they contain chloro-
phyll a and B-carotene (PSI; photosystem I), or
chlorophylls a and b, and zeaxanthin (PSII; pho-
tosystem II). In contrast to the other two known
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species, Prochlorococcus marinus contains divinyl-
chlorophyll a and divinyl-chlorophyll b. The pres-
ence of chlorophyll b and zeaxanthin and their
functional connection to the reaction center of
PSII enables these bacteria to absorb light in the
wavelength range of 460-500 nm, and is of selec-
tive advantage under light conditions present in
the lower euphotic zone of oligotrophic oceans
(see Competition for Light in this Chapter). How-
ever, chlorophyll b represents only a minor
fraction of the photosynthetic pigments. In
Prochloron,the ratio of chlorophyll a/chlorophyll
b is between 2.6 and 12.0 (Thorne et al., 1977);
this ratio is even higher in Prochlorothrix (10—
18), in which the ratio of PSI to PSII'is >3 :1.In
Prochlorothrix hollandica,cells grown at low light
intensities exhibit the lowest chlorophyll a/chlo-
rophyll b ratios (Matthijs et al., 1994).

A very interesting variation is exemplified by
Acaryochloris marina, where Chl d is the major
antenna chlorin (2% of the dry weight, whereas
Chl a is only 0.1%) harvesting light for both pho-
tosystems (Schiller et al., 1997). A. marina also
contains traces of a Chl c-like pigment in addi-
tion to more typically cyanobacterial carotenoids
(a-carotene—found also in Prochlororococcus—
and zeaxanthine—found in many cyanobacteria)
and phycobiliproteins (APC and PC; Miyachi et
al., 1997).

In purple bacteria, the size of the photosyn-
thetic antenna is in the range of 20-200 bacteri-
ochlorophyll a per reaction center (Zuber and
Cogdell, 1995). The specific bacteriochloro-
phyll a content of aerobic bacteriochlorophyll-
containing bacteria reaches only 5-10% of that
of anoxygenic phototrophic bacteria (Yurkov and
Beatty, 1998). At least in one strain (Rhizobium
BTAIl), the size of the photosynthetic unit is
similar to that of anoxygenic phototrophic bac-
teria (Evans et al., 1990), indicating that the low
pigment content is due to a low number of reac-
tion centers. In PSII of cyanobacteria, the
antenna comprises 300-800 phycobilin chro-
mophores and 47 chlorophyll @ molecules (Sidler,
1994; Matthijs et al., 1994 ), whereas the reaction
center protein PsaA of PSI binds 110 chlorophyll
a molecules (Golbeck, 1994). The photosynthetic
antenna of green sulfur bacteria is significantly
larger than that of other anoxygenic phototrophs
and comprises about 1000 bacteriochlorophyll
molecules connected to one reaction center (see
The Family Chlorobiaceae, Physiology section in
Volume 7). This appears to be one major reason
for the competitive success of green sulfur bac-
teria in low-light environments (see Competition
for Light in this Chapter). Antenna size is smaller
in Chloroflexus (Olsen, 1998). About 35 mole-
cules of bacteriochlorophyll g are associated with
one reaction center in Heliobacteriaceae (Amesz,
1995).

CHAPTER 1.3
Efficiency of Light Harvesting

The light absorption capabilities of photosyn-
thetic prokaryotes can be judged best by calcu-
lating which fraction f of the light impinging on
a single cell is actually absorbed. This fraction is
considerable for purple sulfur and other bacte-
ria. The highest bacteriochlorophyll-specific
attenuation coefficient kg has been determined
for a population of Amoebobacter purpureus
(0.050 m*(mg BChl a)'; Overmann et al.,
1991a). For comparison Prochlorococcus has a
chlorophyll-specific attenuation coefficient of
0.0147-0.0232 m*(mg Chl a' (Moore et al.,
1998). For Amoebobacter, f is 0.36, or 36%, as
calculated from Beer’s Law and using the value
of kg, the intracellular ¢ oncentration of light-
harvesting pigments C (10.3 x 10° mg BChl'm™,
calculated from a content of 85 ug BChl-(mg
protein)™’; van Gemerden and Mas, 1995;
Watson et al., 1977) and the average optical path-
length d of a cell (2 pm):

f=100 x exp(—kg x C x d)

Of the photosynthetic pigments that absorb this
high fraction of incident light, the majority (typ-
ically >97%) serves in light-harvesting and trans-
fers excitation energy to the photochemical
reaction centers. The combination of antenna
complexes with one reaction center constitutes
the photosynthetic unit. The efficiency of energy
transfer within the photosynthetic unit and its
size determine the fraction of the quantum flux
that is harvested.

Large concentrations of pigments result in
self-shading and thus a reduced efficiency of light
absorption per mole of pigment. At the cell size
and intracellular pigment concentrations typical
of most prokaryotic phototrophs, this decrease in
efficiency is not very important (Garcia-Pichel,
1994a), but it might be significant in some
extremely low-light adapted anoxygenic pho-
totrophs like the green sulfur bacterial strain iso-
lated from the Black Sea chemocline (Overmann
et al., 1991a).

Close proximity of photosynthetic pigments
enables an efficient transfer of excitation energy
but at the same time also causes a so-called
“package effect” (Kirk, 1983) by which self-
shading of the pigment molecules exceeds that
predicted by the Lambert-Beer law. The package
effect is seen clearly in a flattening of absorption
peaks, commonly observed when recording
absorption spectra of whole cells (see The Family
Chlorobiaceae, Identification section in Volume
7). Because the energy requirement for biosyn-
thesis of additional antenna structures is rather
constant, the net energy gain for a photosyn-
thetic cell must decrease at higher intracellular
pigment concentrations, which restricts the
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amount of light-harvesting structures a photo-
synthetic cell can synthesize. Polypeptides of the
photosynthetic machinery (a significant fraction
of the total cell protein) amount to 20% in pur-
ple nonsulfur bacteria and >50% in phycobilip-
rotein-containing cyanobacteria. Interestingly,
the total protein content of cyanobacterial cells
is comparable to other phototrophic bacteria.
Possibly, cyanobacteria contain reduced levels of
proteins involved in nonphotosynthetic pro-
cesses to compensate for the high energy and
nitrogen expenditure of the antenna proteins.
The biosynthesis of proteins requires a major
fraction of the energy expenditure of the bacte-
rial cell (Gottschalk, 1986). In chlorosomes, the
mass ratio of protein:bacteriochlorophyll is sig-
nificantly lower than in other light-harvesting
complexes (Table 3). Probably this is one major
reason for the larger antenna size and the lower
light energy requirements of green sulfur bacte-
ria as compared to their purple and cyanobacte-
rial counterparts (see Competition between
Phototrophic Bacteria in this Chapter), and
might help explain the competitive advantage
gained by Prochlorocococcus over their close
relatives Synechococcus in the open oceans.

Conversion of Light into Chemical Energy

PRINCIPLE The unifying principle of bacterial
and archaeal photosynthesis is the light-driven
generation of a proton-motive force (PMF). The
PMF is subsequently used by ATP synthase to
form ATP, or for active transport and motility.
In chlorophyll-based photosynthesis, redox
reactions and charge separation precede the
establishment of the PMF. In addition, reducing

Table 3. Pigment:protein ratio in different photosynthetic
antenna complexes.

Protein:pigment

Per pigment

Antenna complex type Mass ratio molecule (in Da)
Chlorosomes 0.5-2.2 420-1,840
B806-866 complex® 3.9-58 3,550-5,290
B800-850 LHII 4.4 4,000
B820 LHI 6.7 6,100
Phycobilisomes ~22.4 ~12,300

“Chloroflexus aurantiacus.

Data from Olson, 1998 or calculated from Sidler, 1994, Loach
and Parkes-Loach, 1995, Zuber and Cogdell, 1995. Caro-
tenoids have been neglected in these calculations because of
their lower numbers as compared to bacteriochlorophylls
(B800-850 LHII), their absence in phycobilisomes, and the
controversy concerning their functional significance in light-
harvesting (chlorosomes). Only antenna complexes which
are separate entities from reaction centers were considered.
Photosystem I does not contain a distinct antenna structure;
the PsaA protein of the reaction center binds 110 chlorophyll
a molecules.
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power (NAD(P)H + HY) is generated as a pri-
mary product of the light reaction in Cyanobac-
teria. In the photochemical reaction, only the
energy of the lowest excited singlet state (see
Light Absorption and Light Energy Transfer in
Prokaryotes in this Chapter) of the chlorophylls
is used. Consequently, all absorbed light quanta
have the same effect irrespective of their original
energy (wavelength). When comparing the light
energy available in different habitats, or the light
adaptation of different phototrophic bacteria, it
is therefore more meaningful to express irradi-
ances in units of mol quanta-m™s™' rather than
W-m™? (see Competition for Light in this
Chapter).

The standard free energy for the reduction of
CO, depends on the redox potential of the pho-
tosynthetic electron donor employed (Table 4,
Fig. 8). If this energy requirement for electron
transfer is compared with the energy available
after absorption of photons of different wave-
lengths, it becomes clear that oxygenic photosyn-
thesis is not feasible in photosystems containing
the known types of chlorin pigments, and
requires the absorption of two photons per elec-
tron (Fig. 8).

The biological conversion of light into chemi-
cal energy has been found to be remarkably effi-
cient: the number of charge separation events
per absorbed photon is 1.0 (Kok, 1973; Wraight
and Clayton, 1973) and the efficiency of the
entire photoconversion process of a red photon
to chemical energy by oxygenic photosynthetic
organisms is 43% (Golbeck, 1994). Whereas the
efficiency of energy transfer between antenna
bacteriochlorophyll and the reaction center in
most cases is close to 100% (Amesz, 1995), the
transfer between antenna carotenoids and the
reaction center can be significantly lower, 70%
in Heliobacteriaceae (Amesz, 1995) and even

Table 4. Standard redox potentials of different electron
donors of the photosynthetic light reaction.”

Electron donor E, [mV]
',0,/H,O +820
Fe(OH); + HCO;/FeCOs +200
Fumarate/Succinate +33
HSO,/S* -38
SO/S° —200
SO /HS™ -218
Fe(OH),/Fe* -236
S/HS" 278
HCO; /acetate -350
S,0:/HS™ + HSO5~ —402
H*/'/,H, -414
Electron acceptor E, [mV]
CO,/<CH,0O> —434

*Taken from Brune, 1989; Widdel et al., 1993; Thauer et al.,
1977; Zehnder and Stumm, 1988.
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20% in a purple nonsulfur bacterium (Anger-
hofer et al., 1986). When carotenoids serve as the
only light-harvesting pigments, 2.5 times higher
irradiances are required by Rhodopseudomonas
acidophila to attain the same growth rates as
compared to light-absorption by bacteriochloro-
phyll (Gobel, 1978). In aerobic phototrophic
bacteria, most of the highly diverse carotenoids
do not function as light-harvesting molecules but
might serve in quenching of toxic oxygen radicals
(Noguchi et al., 1992; Yurkov et al., 1994). The
same has been proposed recently for the caro-
tenoid isorenieratene/B-isorenieratene in brown-
colored green sulfur bacteria (J. B. Arellano, J.
Psencik, C. M. Borrego, R. Guyoneaud, C. A.
Abella, L. J. Garcia-Gil, T. Gillbro, personal
communication).

One prerequisite for the photoconversion pro-
cess is the presence of a membrane that is imper-
meable to protons and separates two different
cell compartments. Three integral membrane
multisubunit protein complexes participate in
the generation of ATP in all phototrophic bacte-
ria: the photosynthetic reaction center, a cyto-
chrome complex, and an ATP synthase. All three
are highly conserved within the bacterial radia-
tion. Reaction centers have a dimeric core and
consist of two closely associated integral mem-
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Fig. 8. Free energy of one mol quanta cal-
culated from Planck’s constant h (6.63 x 10
¥ J-s), the speed of light ¢ (2.99 x 10° m-s
"), the wavelengths of light A, and the
Avogadro constant N = 6.023 x 10 mol™
according to AG%,; = NphcA?. Free
energy required for the transfer of 1 mole
of electrons from an electron donor with
standard redox potential E%; (see Table 4)
to CO, calculated according to AG®, = —
F-(—470 — ES,) using the Faraday constant F
(96.5 kJ-Vmol™). Dotted vertical lines
indicate the energy that is available after
absorption of light by the long wavelength
Q, absorption bands of different photosyn-
thetic pigments.

E, (mV)

brane polypeptides plus additional proteins (Fig.
3). The special protein environment of the reac-
tion center stabilizes the excited state and pre-
vents back reaction after charge separation by
enforcing ultrafast electron transfer to other
electron acceptors nearby. The transfer of exci-
tation energy from the antenna complexes to the
reaction center initiates a charge separation at a
special bacteriochlorophyll dimer (special pair),
which is located on the periplasmic (or lumen)
side of the photosynthetic mem brane. It is this
endergonic process of charge separation that is
ultimately driven by light energy; all the follow-
ing redox reactions are exergonic. An electric
potential is established across the membrane
(inside negative). In its excited state, the special
pair becomes a powerful reductant and ulti-
mately reduces a quinone (in pheophytin-type
reaction centers) or ferredoxin (in FeS-type reac-
tion centers) on the cytoplasmic side of the pho-
tosynthetic membrane. The quinol or reduced
ferredoxin leaves the reaction center complex
and in turn donates electrons to a membrane-
bound cytochrome complex or NADH dehydro-
genase. A series of redox reactions results in the
establishment of a proton-motive force across
the photosynthetic membrane. Finally, the PMF
is converted to ATP by ATPase.
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In contrast to the (bacterio)chlorophyll-based
systems of bacteria, light energy conversion of
Halobacteria does not involve redox reactions
and is limited to a vectorial transport of protons
by bacteriorhodopsin. Upon excitation by light,
the prosthetic retinal undergoes a series of
reversible photochemical transformations (an
isomerization from the all-frans to the 13-cis
form) and releases a proton into the extracellular
space. The PMF thus generated is used for ATP
synthesis by ATPase. Due to its low solubility, O,
in the concentrated salt solution is present in
significantly lower amount than in freshwater.
Rhodopsin-mediated formation of ATP may
become the sole source of energy for growth
under anaerobic conditions in the light (Oester-
helt and Krippahl, 1983) and has therefore been
viewed as an adaptation to the natural brine hab-
itat of Halobacteria. Because of its distinct
mechanism, archaeal “photosynthesis” is not dis-
cussed in further detail in the present section.
Additional information can be found in chapters
titled Introduction to the Classification of
Archaea and The Family Halobacteriaceae.

Molecular Architecture of the
Reaction Center

All bacteria which perform anoxygenic photo-
synthesis possess—or (in the case of cyanobacte-
ria which are capable of using sulfide as electron
donor) employ—only a single photosystem. The
decrease in redox potential that a single photo-
system can undergo upon excitation appears to
be limited (Blankenship, 1992, compare Fig. 8).
A combination of two different photosystems is
required for the thermodynamically unfavorable
utilization of water as an electron donor for pho-
tosynthesis (Fig. 3C). With the relatively simple
architecture of their photosystems, all anoxy-
genic phototrophic bacteria depend on electron
donors that exhibit standard redox potentials
more negative than water (e.g., H,S, H,, acetate;
Table 4). This molecular feature is one major
reason for the narrow ecological niche of
anoxygenic phototrophic bacteria in extant
ecosystems (see Habitats of Phototrophic
Prokaryotes in this Chapter).

Two different types of reaction centers occur
in photosynthetic bacteria. Based on the chemi-
cal nature of the early electron acceptors, a
pheophytin/quinone-type reaction center and a
FeS-type reaction center are distinguished
(Blankenship, 1992; Fig. 3A,B). The first type is
found in green gliding Chloroflexus species,
phototrophic members of the o- and
B-Proteobacteria, Chromatiaceae, Ectothiorho-
dospiraceae, and in PSII of Cyanobacteria. The
reaction center of Proteobacteria consists of
three protein subunits (L, M, H) which bind four
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bacteriochlorophylls, two bacteriopheophytins,
two quinones and one high-spin nonheme Fe**
(Lancaster and Michel, 1996; Fig. 3B). Many spe-
cies (e.g., Chloroflexus aurantiacus, Blastochloris
viridis and Allochromatium vinosum) contain an
additional tetraheme cytochrome c polypeptide
attached to the periplasmic side of the reaction
center.

Following the transfer of the electrons by
ubiquinol or plastoquinol, the redox reactions at
the cytochrome bc, (or bgf) complex drive proton
transport across the cytoplasmic membrane. Pro-
tons are translocated either into the extracellular
space (anoxygenic phototrophic bacteria) or the
intrathylacoidal space (cyanobacteria). The ratio
of protons translocated to electrons transferred
(H/e™ ratio) is 2. The reaction center and cyto-
chrome bc; in pheophytin-type reaction centers
of Proteobacteria and Chloroflexus are function-
ally linked by two diffusible electron carriers,
ubiquinone in the hydrophobic domain of the
membrane and cytochrome c, or auracyanin
(Meyer and Donohue, 1995) in the periplasmic
space. The liberated electron is transferred back
to the special pair via quinone, the cytochrome
bc; complex and soluble periplasmic soluble
electron carrie r (often cytochrome ¢,). Owing to
this cyclic electron transport, the only primary
product of photosynthesis is the proton-motive
force, and the reduced pyridine nucleotide
required for photosynthetic CO, fixation is gen-
erated by energy-dependent reverse electron
flow (Fig. 3).

In oxygenic phototrophic bacteria, plasto-
quinone is the electron acceptor of PSII and
donates electrons to the cytochrome bgf-
complex. The special pair is reduced by the
manganese-containing water-splitting system
located at the lumenal side of the transmem-
brane PSII complex (Fig. 3C).

In the pheophytin-type reaction centers of aer-
obic phototrophic bacteria, photoinduced charge
separation occurs only in the presence of O,
(Okamura et al., 1985). It has been proposed
(Yurkov and Beatty, 1998) that oxic conditions
are required for photochemical activity because
the primary acceptor ubiquinone has a signi-
ficantly higher midpoint redox potential than
in anoxygenic photosynthetic bacteria (65 to
120 mV more positive). The primary acceptor
therefore may stay in its oxidized, electron-
accepting state only in the presence of O,.

The second type of reaction center contains
iron-sulfur clusters as early electron acceptors
and occurs in green sulfur bacteria (Fig. 3A),
Heliobacteriaceae, and in the photosystem I of
Cyanobacteria. Functionally, the reaction centers
of green sulfur bacteria, Heliobacteriaceae, and
PSI of cyanobacteria are therefore similar. How-
ever, the former two are homodimeric and only
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one reaction center gene has been detected,
whereas the reaction center of PSI of cyanobac-
teria and green plants contains two nonidentical,
but similar, subunits (PS I-A and PS I-B; Ver-
maas, 1994). In FeS-type reaction centers, the
redox potential of the special pair in its reduced
state (P*) is sufficiently low to permit a transfer
of electrons to ferredoxin. Until recently, it has
therefore been assumed that noncyclic electron
flow can directly reduce NAD(P)" and does not
require further energy expenditure not only in
cyanobacteria but also in green sulfur bacteria.
However, the sequencing of the whole genome
of Chlorobium tepidum has not provided any
indications for the presence of a ferredoxin-
NADP+ oxidoreductase (D. A. Bryant, personal
communication).

Electron Donors

Anoxygenic phototrophic bacteria of the o- and
B-Proteobacteria use a wide variety of reduced
organic carbon compounds as electron-donating
substrates (see Carbon Metabolism in this Chap-
ter; Table 4; Fig. 8). Most phototrophic sulfur
bacteria are capable of using sulfide as photosyn-
thetic electron donor. Other inorganic electron
donors utilized include H,, polysulfides, elemen-
tal sulfur, thiosulfate, sulfite, and iron (Widdel et
al., 1993). Sulfide is oxidized to zero-valent sul-
fur, which in Chromatiaceae appears to be depos-
ited as polysulfides or polythionates rather than
in the form of Sg rings (Steudel, 1989; Steudel et
al., 1990). In addition, thiosulfate is formed as an
oxidation product by some species (see The Fam-
ily Chlorobiaceae in Volume 7; Steudel et al.,
1990). The photosynthetic sulfide oxidation rates
of purple sulfur bacteria are higher than required
for growth and remains constant at all growth
rates. As a result, storage of sulfur is at maximum
at low growth rates (van Gemerden and Mas,
1995). Zero-valent sulfur is further oxidized to
sulfate. In microbial mats, polysulfides and
organic sulfur compounds may be significant as
photosynthetic electron donor. Polysulfide oxi-
dation has been reported for Chlorobium limi-
cola fsp. thiosulfatophilum, Allochromatium
vinosum, Thiocapsa roseopersicina, while dime-
thylsulfide is utilized and oxidized to dimethyl-
sulfoxide by the two purple sulfur bacteria
Thiocystis sp. and Thiocapsa roseopersicina (van
Gemerden and Mas, 1995). In addition to
reduced sulfur compounds, hydrogen serves as
electron donor in the majority of green sulfur
bacteria, and in the metabolically more versatile
species of purple sulfur bacteria (such as Allo-
chromatium vinosum, Thiocapsa roseopersicina).
In green sulfur bacteria which lack assimilatory
sulfate reduction, a reduced sulfur source is
required during growth with molecular hydro-
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gen. Finally, a few species of purple nonsulfur
bacteria, of Chromatiaceae, and of the green sul-
fur bacteria have been found to utilize ferrous
iron as photosynthetic electron donor (Widdel et
al., 1993; Heising et al., 1999).

Sulfide acts as a strong poison of PSII activity
in many algae and cyanobacteria. The ability of
some Cyanobacteria to conduct anoxygenic pho-
tosynthesis with sulfide as an electron donor to
PSI (Cohen et al., 1975; Padan, 1979; Padan and
Cohen, 1982), or to continue oxygenic photosyn-
thesis in the presence of sulfide (Cohen et al.,
1986), may be one of the key traits that extend
the habitat of sulfide-utilizing cyanobacteria into
the temporarily anoxic, sulfide-containing, layers
of hot springs (Castenholz and Utkilen, 1984),
marine microbial mats (De Wit and van Gemer-
den, 1987a; De Wit et al., 1988), and the
chemoclines of meromictic lakes (J@rgensen et
al., 1979; Camacho et al., 1996). Sulfide is an
inhibitor of PSII and induces the synthesis of a
sulfide-oxidizing enzyme system. In contrast to
phototrophic sulfur bacteria, cyanobacteria oxi-
dize sulfide to elemental sulfur or thiosulfate but
do not form sulfate (De Wit and van Gemerden,
1987b). However, the use of sulfide by cyanobac-
teria in anoxygenic photosynthesis must be
regarded as a detoxification mechanism, since
their low affinity for sulfide (De Wit and van
Gemerden, 1987b; Garcia-Pichel and Casten-
holz, 1990) renders them unable to compete with
purple or green sulfur bacteria for sulfide as an
electron donor.

In the natural habitat, growth of phototrophic
sulfur bacteria is limited mainly by light and sul-
fide. Sulfide often becomes the growth-limiting
factor at the top of the phototrophic sulfur bac-
terial layers where light intensities are highest,
while sulfide has to diffuse through the remain-
der of the community. The affinity for sulfide
during photolithotrophic growth varies between
the different groups of anoxygenic phototrophs
(including cyanobacteria growing with sulfide)
and has been shown to be of selective value dur-
ing competition experiments. Green sulfur
bacteria and Ectothiorhodospiraceae exhibit 5 to
7 times higher affinities for sulfide than Chro-
matiaceae (van Gemerden and Mas, 1995). On
the contrary, affinities for polysulfides are com-
parable between green sulfur bacteria and
Chromatiaceae.

Efficiency of Growth and
Maintenance Energy Requirements

For any photochemical reaction, the quantum
yield is defined as the number of molecules con-
verted per light quantum absorbed. The quantum
efficiency is the ratio of energy stored in a com-
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pound, to the radiant energy absorbed for its
formation.The quantum requirement is the recip-
rocal of the quantum yield. For CO, fixation of
purple sulfur bacteria, a quantum requirement of
8 and 10.5 mol quanta:- (mol CO,)™" is theoreti-
cally expected (Brune, 1989), considering that
reverse electron transport is necessary. Experi-
mentally, a quantum requirement of 12 + 1.5 and
11.7 mol quanta-(mol CO," was determined,
which corresponds to a quantum yield of 0.083
(Wassink et al., 1942 in Brune, 1989; Gobel, 1978).

In contrast, calculated values for the quantum
requirements of green sulfur bacteria lie between
3.5 and 4.5 mol quanta-(mol CO,)™, if noncyclic
electron transport is assumed. However, earlier
measurements had yielded much higher values
(9-10; Brune, 1989). This discrepancy may be
explained by the very recent finding that a gene
for ferredoxin-NADP* oxidoreductase does not
seem to be present in the genome of Chlorobium
tepidum (D. A. Bryant, personal communica-
tion), which makes noncyclic electron transport
rather unlikely also for green sulfur bacteria.

The quantum yield for CO,-fixation deter-
mined for Prochlorococcus isolates incubated in
daylight spectrum fluorescent light was between
0.086 and 0.128 mol C-(mol quanta)™ (Moore et
al., 1998), thus reaching Emerson’s theoretical
maximum for O, evolution in oxygenic photo-
synthesis. In cyanobacteria, typically thriving in
oxic environments where only oxidized sources
of nitrogen and sulfur are available, a large pro-
portion of the reducing power generated in the
light reactions must be diverted to assimilatory
nitrate or sulfate reduction, or to nitrogen fixa-
tion, so that the quantum requirement for CO,
fixation can be substantially lower than that for
oxygen evolution.

In a careful study of Rhodobacter capsulatus
and Rba. acidophilus grown with lactate as elec-
tron donor in a light chemostat, a value for the
maintenance light energy requirement of m, =
0.012 mol quanta-(g dry weight-h)” was deter-
mined (Gobel, 1978). The maintenance energy
requirements of green sulfur bacteria are signif-
icantly lower compared to their purple conter-
parts (van Gemerden and Mas, 1995). This may
be explained by the fact that protein turnover is
highly energy demanding and that the protein
content of the green sulfur bacterial antenna
is much lower than in purple sulfur bacteria
(Table 3).

Response to Changes in Light
Intensity and Quality

Phototrophic bacteria acclimate to changes in
light intensity and quality by diverse mecha-
nisms. Anoxygenic phototrophic bacteria as well
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as cyanobacteria respond to a step-down in irra-
diance by increasing the specific pigment content
and vice versa (references compiled in Sanchez
et al., 1998). These changes can be accomplished
either by varying the number of photosynthetic
units per cell, the size of the individual photosyn-
thetic unit, or both (see Long-term Adaptations
to Changes in Light Intensity in this Chapter).
Besides long-term biochemical changes in the
composition and the amount of light-harvesting
complexes, short-term redistribution of antenna
capabilities (see State Transitions in this Chap-
ter) occur in oxygenic phototrophs.

Many species use vertical migration, mediated
by tactic responses (see Movement by Flagella in
this Chapter) and formation of gas vesicles to
regulate their vertical position and exposure to
light. Especially in the stably stratified pelagic
habitats of phototrophic sulfur bacteria, the dif-
ference in buoyant density from the surrounding
water would cause a sedimentation of bacterial
cells out of the photic zone and towards the lake
bottom. The minimum buoyant density, which
has been determined for phototrophic cells
devoid of gas vesicles, was 1010 kg'm~ (Over-
mann et al., 1991b). Actively growing cells, which
contain storage carbohydrate and—in the case of
Chromatiaceae—elemental sulfur, can easily
attain much higher buoyant densities (up to 1046
kg'm~; Overmann and Pfennig, 1992). By com-
parison, freshwater has a considerably lower
density (e.g., 996 kg'm™; Overmann et al., 1999c¢).
As a consequence, sedimentation losses are sig-
nificant for natural populations of several species
of phototrophic sulfur bacteria (Mas et al., 1990).
Phototrophic bacteria have developed two ways
to adjust their vertical position along gradients
of light intensity and spectral composition. For
purple sulfur bacteria, motility in response to
changes in irradiance is known to be of ecologi-
cal significance in both planktonic and benthic
situations. In benthic and terrestrial cyanobacte-
ria, vertical locomotion by gliding is common.
Planktonic cyanobacteria inhabiting stratified
waters perform vertical migrations by changing
their cellular gas vesicle content and ballast mass
(intracellular carbohydrates and protein) and
hence their buoyant density. Planktonic anoxy-
genic phototrophic bacteria do not seem to per-
form vertical migrations mediated by changes in
gas vesicle content but rather use these cell
organelles t o maintain their position within the
chemocline (Overmann et al., 1991b; Overmann
et al., 1994; Parkin and Brock, 1981).

Long-Term Adaptations to Changes in
Light Intensity

In those photosynthetic bacteria in which the
entire photosynthetic apparatus is confined to
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the membrane, light absorption often is
increased by formation of intracellular mem-
brane systems (Fig. 2). In Rhodobacter capsula-
tus, the number of intracellular membrane
vesicles increases by a factor of 6.3 when the cells
are shifted from high to low light intensities. As
a result, the area of intracellular membranes
under these conditions is 2.7-fold larger than the
area of the whole cytoplasmic membrane. Pho-
tosynthetic species of the B-Proteobacteria which
do not form extensive intracellular membrane
systems (Rhodocyclus purpureus, Rhodocyclus
tenuis, Rubrivivax gelatinosus) increase the den-
sity of photosynthetic units in their cytoplasmic
membrane (Drews and Golecki, 1995). Intracel-
lular membranes appear to be absent in Helio-
bacteriaceae and Heliothrix, where pigments are
confined to the cytoplasmic membrane (Fig. 2).
In Chloroflexus aurantiacus, the increase in cel-
lular concentrations of bacteriochlorophylls a
and c is mediated by an increase in the number
and volume of chlorosomes, and the percentage
of cell membrane surface covered by chlo-
rosomes (Golecki and Oelze, 1987). In a similar
manner, green sulfur bacteria adapt to low light
intensities by increasing the size and the cellular
number of chlorosomes (see The Family Chloro-
biaceae, Physiology section in Volume 7).
During induction of the photosynthesis appa-
ratus in Proteobacteria, invaginations of the cyto-
plasmic membrane, increases in the number and
size of the photosynthetic units, and bacterio-
chlorophyll synthesis occur simultaneously.
Under anoxic conditions, the amount of pigment
synthesized by anoxygenic phototrophic bacteria
is inversely related to the available light intensity
and varies by a factor of up to 6.6 (Gobel, 1978).
After a shift to low light intensity, the ratio of
light-harvesting complex I per reaction center
remains constant (at about 30 bacteriochloro-
phylls per reaction center), whereas the relative
amount of the peripheral light-harvesting com-
plex II increases. As a result, the size of the pho-
tosynthetic unit changes by a factor of two to
five. Conversely, the specific NADH dehydroge-
nase activity decreases as does the amount of
cytochrome and ubiquinone per reaction center.
In Rba. capsulatus and Rba. spheroides these
changes take about 2-3 generations and the
growth rate is lowered during adaptation due to
energy limitation. In the purple sulfur bacterium
Allochromatium vinosum,low-light adaptation is
also accomplished by increasing the size of the
photosynthetic unit (Sanchez et al., 1998).
Species like Rhodospirillum rubrum and Blas-
tochloris viridis, which harbor only one type of
light-harvesting complex, increase the number of
photosynthetic units (Drews and Golecki, 1995).
Similar to anoxygenic phototrophic bacteria,
changes in both the number and the size of the
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photosynthetic unit have also been decribed for
cyanobacteria. In marine Synechococcus strains,
the cellular content of the light-harvesting phy-
coerythrin can be varied by a factor of 20 and
decreases with increasing light intensity. In
marine benthic Microcoleus chthonoplastes, an
increase in the content of total phycobilines and
a change in the ratio of PEC to PC occurs with
decreasing light intensity. The latter increase the
ratio of phycocyanin to chlorophyll a during
low-light adaptation (Foy and Gibson, 1982; Post
et al., 1985). Acclimation to very low light inten-
sities usually involves an increase in the size of
the photosynthetic unit, such as in metalimnetic
Oscillatoria (Leptolyngbya) redekei and Oscilla-
toria agha rdii. Changes in both the number and
the size of the photosynthetic units seem to
occur in Microcystis (Zevenboom and Mur,
1984).

Adaptations to Low Light Intensities

The capability to adapt to low light intensities
represents a competitive advantage for pho-
totrophic organisms. An estimate of the mini-
mum irradiance I;, required for survival of
phototrophic cells in the environment can be cal-
culated from a few physiological parameters,
namely the pigment content of the cells, P (in mg
bacteriochlorophyll.g C™); the maintenance
energy requirement, m, (in mol quanta-g C"-s™);
the (bacterio)chlorophyll-specific attenuation
coefficient, k (in m*>mg BChl a™'); the cellular dry
weight content, D (in g C-m™); and the mean
optical pathlength of one cell d:

Lnn=my-D-d/[1-exp(-k-D-P-d)]

Employing the appropiate values for m, (see
Efficiency of growth and maintenance energy
requirements), k and P (see Light Energy and
the Spectral Distribution of Radiation in this
Chapter), D (1.21-10° g C-m™; Watson et al.,
1977) and d (0.5 m for the smaller anoxygenic
phototrophs), this yields a minimum irradiance
(Tin) Of 2 umol quanta-m2-s™. In many natural
habitats of anoxygenic phototrophic bacteria,
irradiances of this order of magnitude or lower
have been measured. Prochlorococcus has been
found at deep water layers down to 300 m.
However, these bacteria do not grow at light
intensities below 3.5 mol quanta-m™>s™ (Moore
et al., 1998) and thus appear to be less low-
light adapted than the green sulfur bacterial
strain MN1 isolated from the Black Sea which
grows a t light intensities as low as 0.25 pumol
quanta-m>s~' (Overmann et al., 1991a). Lower
irradiances could be used by phototrophic
prokaryotes after a decrease of m, or an
increase of P or both. Both adaptations are
present in strain MN1 (Overmann et al., 1991a).
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Adaptations to High Light Intensities

Sessile cyanobacteria living on the surface of
benthic microbial mats are typically adapted to
very high light conditions and contain large
amounts of sunscreen pigments. For oxygenic
phototrophs, special adaptations to oxygen-
dependent photoinhibition of photosynthesis are
of particular relevance. The protein D1 of PSII,
coded by the psbA gene, has been identified as
the central target of photoinhibition at high light
intensities. In Synechococcus PCC 7942, pshA
contains actually a multigene family coding for
three different forms of the protein D1, which
are differentially expressed according to the light
conditions. Analysis of mutants showed that the
isoforms expressed under high light conditions
allow for optimal performance of PSII under
photoinhibitory conditions (Golden, 1994). In
addition, carotenoids probably play a central
role in avoiding oxygen-mediated pho tosensi-
tized bleaching of photosynthetic pigments and
photooxidation of fatty acids under high light
conditions.They function as antioxidant quench-
ers of excited molecules (such as triplet state
chlorins and singlet oxygen) in many organisms
and perhaps also as inhibitors of free-radical
reactions (Britton, 1995). The photoprotective
xanthophyll cycle typical of green algae and
higher plants is not present in cyanobacteria, but
judging from its increased specific content at
high light intensity, zeaxanthin seems to play an
important photoprotective role in some strains
(Kana et al., 1988; Masamoto and Furukawa,
1997; Millie et al., 1990). Glycosylated myxoxan-
thophylls seem to attain the same role in others
(Nonnengiefer et al., 1996; Garcia-Pichel et al.,
1998; Ehling-Schulz et al., 1997). Because there
is a considerable photooxidation of carotenoids
themselves at high light intensities, the mainte-
nance of high carotenoid contents requires an
increased expression of their biosynthetic
genes.

Chromatic Adaptation

Several species of cyanobacteria are capable of
changing the amount of peripheral phycoeryth-
rin in response to changes in the spectral compo-
sition of light. During growth in white or green
light, red-pigmented PE hexamers are added
to the peripheral rods whereas additional blue-
pigmented PC is added under red light (Sidler,
1994). This complementary chromatic adapta-
tion is found only in strains capable of forming
PE, but not in those forming PEC. The comple-
mentary change in antenna pigment composition
optimizes the light-harvesting capabilities of
populations of Oscillatoria spp., which thrive in
deeper layers of stratified lakes where light is
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predominantly in the blue-green to green wave-
length range (Utkilen et al., 1985; Fig. 6).

Genetic Regulation in Response to Light

The synthesis of the photosystem is especially
energy consuming because of the high amount of
light-harvesting and reaction center protein
present in phototrophically grown cells of
phototrophic Proteobacteria (20% in purple
nonsulfur bacteria). The maintenance energy
requirements seem to be increased in low-light
adapted cells (Sanchez et al., 1998). An effective
regulation of photosynthesis gene expression
therefore would prevent futile synthesis of cellu-
lar proteins. The synthesis of the photosystem in
anoxygenic phototrophic bacteria is under the
control of a complex regulatory network (Bauer
and Bird, 1996).

The expression of light-harvesting complex I
and reaction center genes is controlled 1) by the
linkage of genes in superoperons, 2) at the level
of transcription initiation, and 3) posttranscrip-
tionally by the decay rate of mRNA (Bauer,
1995).

In Rhodobacter capsulatus, the genes coding
the structural, biosynthetic and regulatory pro-
teins for light-harvesting I and reaction center
complexes are found assembled in a 46 kb-long
photosynthetic gene cluster (Alberti et al., 1995).
The arrangement of the genes within the cluster
seems to be conserved among different pho-
totrophic species of the a-Proteobacteria, like
Rhodobacter sphaeroides, Rhodocista centenaria
and Rhodospirillum rubrum (Bauer et al., 1993).
Only the pucBA operon which codes for struc-
tural o- and B-polypeptides of light-harvesting
complex II is found in a distant location on
the bacterial chromosome (about 18 kb of the
puhA in Rhodobacter capsulatus; Suwanto and
Kaplan, 1989).

In anoxygenic phototrophic bacteria, tran-
scription of the photosynthesis genes occurs only
under anoxic conditions. Different photosynthe-
sis genes exhibit varying levels of expression and
degrees of regulation (Bauer and Bird, 1996).
The pufA,B,L,M genes (coding for the o~ and f3-
polypeptide of the light-harvesting complex I
and the reaction center L. and M structural
polypeptides) as well as puhA (coding for the
structural polypeptide subunit H) are tightly
coregulated, transcribed at a high rate under
anoxic conditions and strongly regulated (15- to
30-fold). An inverted repeat sequence located
between pufA and pufL affects the longevity of
the respective mRNA primary transcript. A
reduction of light leads to an activation of puf
and puh gene expression by the hvrA gene prod-
uct, which probably directly interacts with the
two promoter regions. Light of 450 nm exhibits
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the most severe repressing effect, indicating that
a flavin-binding protein (possibly HvrA itself) is
the photoreceptor. Notably in aerobic photo-
trophic bacteria, a blue light sensitive system
seems to regulate biosynthesis of bacteriochloro-
phyll a (Shimada, 1995).

The intracellular bacteriochlorophyll concen-
trations appear to affect puf and puc gene
expression not only at the transcriptional but
also the posttranscriptional level in Rhodobacter
capsulatus (Rodig et al., 1999). The polycistronic
organization allows the coordinate expression of
the structural polypeptides of light-harvesting
complex I and the two integral membrane-
proteins of the reaction center. Since, however,
many light-harvesting I complexes are required
per reaction center in Proteobacteria, additional
regulatory mechanisms must exist. Differential
degradation of various portions of the poly-
cistronic mRNA are one means to regulate the
stoichiometry of different components of the
photosynthetic apparatus. The synthesis of dif-
ferent amounts of gene products is achieved by
posttranscriptional regulation (Rodig J. et al.,
1999). Because of a h ighly stable secondary ter-
minator structure at its 3”-end and the absence
of specific recognition sites for endonucleolytic
cleavage, the mRNA coding the two light-
harvesting polypeptides has much higher stabil-
ity than that of the entire puf gene transcript. The
degradation of the downstream puflL.M section
of the mRNA is mediated by an endonuclease.
A similar regulation mechanism may exist for
the polycistronic mRNA of bacteriochloro-
phyll synthesis genes (bchFNBHLM-F1696)
and the puhA, and operate in regulation of light-
harvesting complex II expression.

A shift to low light intensities results in an
increase especially of light-harvesting complex
II. The corresponding pucBA operon is highly
expressed but only moderately regulated (4-
fold). In the purple nonsulfur bacterium Rhodo-
bacter capsulatus, four-fold less puc mRNA but
at the same time four times as many light-
harvesting II complexes were detected after a
shift from high to low-light conditions (Zucconi
and Beatty, 1988). Therefore regulation by light
most likely involves posttranscriptional regula-
tion. A posttranscriptional regulation appears to
occur (Bauer, 1995).

Bacteriochlorophyll and carotenoid biosyn-
thesis genes are only weakly expressed and mod-
erately (2 to 4-fold) regulated. Light intensity
may control the rate of bacteriochlorophyll deg-
radation (by oxidative degradation of bacterio-
chlorophyll; Biel, 1986) rather than the rate of
synthesis (Biel, 1995). This is another distinct dif-
ference from the regulation by oxygen, where
inhibition of &-aminolevulinate synthase by
molecular oxygen appears to occur (see
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Chemotrophic Growth with O, in this Chapter).
Bacteriochlorophyll may be stabilized by inser-
tion in pigment-protein complexes, however. The
promotor of the bacteriochlorophyll synthesis
gene bchC is of the sigma-70 type and leads to
one large superoperon (Yurkov and Beatty,
1998). In contrast, an alternative sigma factor
appears to recognize the strongly regulated
structural puf and puh genes (Bauer, 1995).
These differences explain the independent and
different levels of regulation observed for the
two classes of genes.

Recently the promoter for the carotenoid bio-
synthesis genes crtB and crtP were identified in
Synechocystis PCC 6803, and shown to be light
regulated (Ferndndez-Gonzdlez et al., 1998).

State Transitions

In cyanobacteria, state transitions involve redi-
recting the pathways of excitation energy trans-
fer from light-harvesting complexes to both
photosystems, and can be recognized by fluores-
cence analysis. Cyanobacteria can reach two
energetically different states, in which one of the
photosystems is preferentially excited. This is
achieved with fast changes in the coupling
between the light-harvesting complexes and the
reaction center (van Thor et al., 1999). Evidence
is accumulating that at least in the chlorophyll b-
containing phototrophic bacteria (“Prochloro-
phytes”), the short-term regulation occurs by a
mechanism similar to that in green chloroplasts
(Matthijs et al., 1994). In the latter, polypeptides
of the PSII antenna (LHCII) are rapidly phos-
phorylated during overexcitation of this photo-
system, and as a consequence detach from PSII
and migrate to the stromal thylakoids. This
mechanisms ensures a bala nced energy distribu-
tion between PSII and PSI. The net result of state
transitions is the balanced function of both pho-
tosystems and an optimization of the quantum
yield for photosynthesis during short-term
changes, such as those that planktonic cells might
experience during vertical transport by water
currents.

Movement by Flagella

Phototrophic Proteobacteria swim by means of
flagella, whereas one species of the green sulfur
bacteria (Chloroherpeton thalassium), members
of Chloroflexus subgroup and cyanobacteria
move by gliding. Of the o-Proteobacteria, most
phototrophic species are motile. Peritrichous or
lateral flagella are only found in Rhodomicro-
bium vannielii and the swarming phase of
Rhodocista centenaria. About two thirds of the
known Chromatiaceae species are motile. Larger
forms (Chromatium okenii, Chr. weissei, Chr.
warmingii, Chr. buderi, Thiospirillum jenense)
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are motile by means of bipolar multitrichous
tufts of flagella. Thiospirillum jenense is bipolarly
flagellated. Forms with smaller cells are monot-
richously flagel lated (small Chromatium species,
Lamprocystis, Thiocystis, Thiorhodococcus,
Thiorhodovibrio). All Ectothiorhodospiraceae
are flagellated. A new mode of motility has been
described for a unicellular cyanobacterium
which moves in a similar fashion to flagellated
bacteria but apparently lacks a flagellum (Water-
bury et al., 1985).

True phototaxis is the ability to move towards
or away from the direction of light. Cyanobacte-
ria are the only prokaryotes displaying true pho-
totaxis (Garcia-Pichel and Castenholz, 1999).
Phototaxis may not be of competitive value for
microorganisms adapted to live at low light
intensities in the subsurface of sediments, soils
and mats because the light fields may be close
to diffuse deep below the surface. However,
directed movements can still be of much use in
microorganisms dwelling at or close to the sedi-
ment surface, where the light fields contain a
significant downward directionality. Photopho-
bic responses are changes in the direction of
movement in reaction to abrupt changes in light
intensity (Castenholz, 1982; Hider, 1987). In the
step-up photophobic response, organisms will
reverse direction when sensing an increase in
light intensit y, which results in a net accumula-
tion of organisms at lower light intensities. In
a step-down photophobic (or scotophobic)
response, the organisms will tend to accumulate
in the region of higher light intensity. Photopho-
bic responses are the basis of photomovement in
all flagellated bacteria (Armitage, 1997), and in
most gliding cyanobacteria (Castenholz, 1982).

In swimming cells of phototrophic Proteobac-
teria,a decrease in light intensity triggers a rever-
sal of flagellar rotation (Rhodospirillum rubrum,
Chromatium spp.) or an increase in stopping fre-
quency (Rhodobacter sphaeroides). Owing to a
memory effect, cells of the latter species retain a
higher stopping frequency for up to 2 min, which
prevents the cells from being trapped in the dark
but instead permits reorientation of the cells and
a return to higher light intensities (Armitage
et al, 1995). As a result of this scotophobic
response, the cells accumulate in the light and at
wavelengths corresponding to the absorption
maxima of photosynthetic pigments. A change in
light intensity of as little as 2% can be sensed
(Armitage et al., 1995). Active electron transport
is required for the scotophobic response.

The formation of flagella in Chromatium spe-
cies is induced by low sulfide concentrations and
low light intensities. These two environmental
variables are mutually dependent: the lower the
light intensity, the higher the sulfide concentra-
tion at which a given strain can persist in its
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motile stage (Pfennig and Triiper, 1989). In the
natural environment of purple sulfur bacteria,
gradients of light and sulfide are opposed to each
other. The control of motility by the two inter-
dependent environmental variables (instead of
only one) enables Chromatium cells to return
either from low sulfide/high light environment
above the chemocline or from the high sulfide/
low light environment below the chemocline
back to their habitat.

In its pelagic habitat, Chromatium okenii may
display diurnal migrations with a vertical ampli-
tude of about 2 m (Sorokin, 1970). In other lakes,
vertical migrations of Chromatium minus
extended over a distance of 30-35 cm (Lindholm
et al., 1985; Pedrés-Ali6 and Sala, 1990). Vertical
migration of nonthermophilic Chromatium, and
of Chromatium tepidum also has been observed
in ponds and in intertidal or hot spring microbial
mats (Castenholz and Pierson, 1995; Jgrgensen,
1982; Pfennig, 1978). In the latter environments,
Chromatium cells migrate upwards to the surface
of the mat and enter the overlaying water as a
result of positive aerotaxis during the night. The
cells contain high amounts of intracellular sulfur
globules, which are formed during incomplete
sulfide oxidation by anoxygenic photosynthesis
during daytime. It is assumed that migration into
microoxic layers enables the cells to grow
chemoautotrophically by oxidation of sulfide or
intracellular sulfur with molecular oxygen (Jgr-
gensen, 1982; Castenholz and Pierson, 1995).

If phototrophic sulfur bacteria would solely
follow the light gradient, their scotophobic
response would ultimately lead them into oxic
water layers. Both the scotophobic behavior and
aerotaxis respond to the rate of intracellular
electron flow (presumably sensed as changes in
the redox state of an intermediate). Because the
two tactic reponses interact through a common
signal, a combination of light and molecular oxy-
gen elicits a differential response. Rhodobacter
sphaeroides exhibits pronounced aerotaxis when
precultivated aerobically, but negative aerotaxis
when grown anaerobically in the light. Con-
versely, cells only swim towards higher light
intensities in anoxic medium. A pulse of oxygen
in the light causes a transient fall in the mem-
brane potential which probably represents the
primary tactic signal. As a result, the bacteria
move towards environments where electron
transport rate is increased (Armitage et al.,
1995).

Rhodocista centenaria exhibits a characteristic
swarming behavior. In liquid media, cells move
with a single polar flagellum. Upon contact with
solid agar media, formation of a large number of
lateral flagella is induced. Lateral flagella allow
whole colonies to swarm towards or away from
the light (Ragatz et al., 1994). The supposedly
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true phototaxis of these swarming colonies
(Ragatz et al., 1995) has later been proven to
actually be aerotaxis following microgradients
within the colonies (Sackett et al., 1997). The
light sensing system in this species appears to be
more complex, since infrared light leads to posi-
tive, and visible light to negative phototaxis. In
microbial mats, infrared light penetrates to much
greater depths than light of the visible wave-
length range (see Competition for Light in this
Chapter). It has been suggested that the ratio of
visible to in frared light may be used to maintain
an optimum position in such environments
(Armitage et al., 1995; Ragatz et al., 1995).

Cyanobacteria are the only prokaryotes dis-
playing true phototaxis (Garcia-Pichel and Cas-
tenholz, 1999). Surface dwelling cyanobacteria
such as Lyngbya spp. from hot springs mats and
intertidal sediments and the motile phases (hor-
mogonia) of terrestrial Nostoc spp. from desert
soils exhibit this type of movement. The bundle-
forming Microcoleus chthonoplastes also is able
to display a “populational phototaxis” in that
bundles of trichomes of this cyanobacterium are
able to steer in the direction of the incoming
light, whereas single trichomes are apparently
not able to do so (Prufert-Bebout and Garcia-
Pichel, 1994). True phototaxis is a mechanism for
the orientation of cells at or close to the sediment
surface, where the light field contains a signifi-
cant downward directionality. In contrast, photo-
taxis does not provide a selective advantage for
bacteria thriving in the subsurface of sediments,
soils and mats because of the diffuse light field.
In natural microbial mats photophobic responses
to changes in light intensity are probably
involved in the migrations of gliding bacteria
(Nelson and Castenholz, 1982; Pentecost, 1984).
In microbial mats, some strains of cyanobacteria
are able to migrate vertically following their
optimal light intensity over the diel cycle
(Garcia-Pichel et al., 1996). The upward migra-
tions of cyanobacteria in mats is preferentially
prevented by short wavelengths, especially by
UV radiation (Garcia-Pichel and Castenholz,
1994b; Bebout and Garcia-Pichel, 1995; Kruschel
and Castenholz, 1988) and not by red nor green
light.

Phototrophic consortia are structural associa-
tions between a colorless central bacterium and
several surrounding cells of pigmented epibionts
(see Interactions between Phototrophic Bacteria
and Chemotrophic Bacteria in this Chapter; The
Family Chlorobiaceae in Volume 7; Fig. 5). Intact
consortia of the type “Chlorochromatium aggre-
gatum” exhibit a scotophobic response and accu-
mulate in a spot of white light. In phototrophic
consortia, only the central colorless bacterium
carries a flagellum (J. Glaeser and J. Overmann,
unpublished observation). The action spectrum
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of scotophobic accumulation corresponds to the
absorption spectrum of the green sulfur bacterial
epibionts, however. It has to be concluded that a
rapid signal transfer exists between the light-
sensing but immotile epibionts and the colorless
motile rod (Frostl and Overmann, 1998).

Gas Vesicles

Buoyancy-conferring gas vesicles are common in
green sulfur bacteria, Chromatiaceae, and cyano-
bacteria. Gas vesicles are cylindrical structures
with conical ends; their length and width are
variable and species-specific. The sheath of gas
vesicles are composed of proteins (Walsby,
1994). The gas mixture within the gas vesicles is
the same as in the surrounding medium and is at
the same partial pressures. Gas vesicles occur in
a third of the species of Chromatiaceae (belong-
ing to the genera Amoebobacter, Lamprobacter,
Lamprocystis, Thiodictyon, Thiopedia, Thiolam-
provum) and some green sulfur bacteria (genera
Ancalochloris, Pelodictyon, Chloroherpeton). Of
the Ectothiorhodospiraceae, only Ectothiorho-
dospira vacuolata forms gas vesicles during sta-
tionary phase. This reflects the distribution of
both families of purple sulfur bacteria in nature,
where Chromatiaceae typically colonize low-
light stratified aquatic environments, whereas
Ectothiorhodospiraceae typically inhabit more
shallow saline ponds and sediments. Gas vesicles
also are present in Prochlorothrix hollandica. In
planktonic habitats, cells of cyanobacteria and
phototrophic sulfur bacteria often contain gas
vesicles, which indicates a selective advantage of
this cellular property.

Gas vesicle formation in the green sulfur bac-
terium  Pelodictyon phaeoclathratiforme is
induced exclusively at light intensities <5 mol
quantam™?s™’ (Overmann et al.,, 1991b). This
appears to be the reason for the rare observation
of gas vesicles in pure cultures of green sulfur
bacteria which routinely are incubated at much
higher light intensities. A transfer of Amoebo-
bacter purpureus strain ML1 to the dark results
in an increase of the gas vesicle volume by a factor
of nine (Overmann and Pfennig, 1992). Ambient
temperature controls gas vesicle formation in
Thiocapsa pendens (Eichler and Pfennig, 1986).

The buoyancy of many species of Cyanobacte-
ria is regulated by the formation of gas vesicles.
Highly buoyant cells may float towards the sur-
face of stagnant water bodies. When the turgor
pressure within the surrounding cytoplasm rises,
such as by accumulation of low molecular weight
photosynthates during periods of intense photo-
synthesis, the critical pressure may be exceeded
and the gas vesicles collapse. New vesicles are
formed by de novo synthesis rather than by re-
inflation of collapsed vesicles. Short-term regula-
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tion of cell buoyant density occurs in cyanobac-
terial species thriving in stratified lakes, like
Aphanizomenon flos-aquae, Anabaena flos-
aquae, and green-colored Oscillatoria spp.
(Konopka et al., 1978; Oliver and Walsby, 1984;
Utkilen et al., 1985). In these species, the pro-
teinaceous gas v esicle sheaths are weak enough
to permit a collapse at high intracellular turgor
pressures as they are reached during periods of
intense photosynthesis. By this mechanism, cells
lose buoyancy within 30 minutes and thus can
sink out of surface layers of stratified lakes. After
de novo synthesis of gas vesicles in lower water
layers, utilization of photosynthates, and a
decrease of turgor pressure, cells rise back to the
surface during the night. Rapid, turgor-mediated
reduction of buoyancy together with gas vesicle
formation thus represents an adaptation to the
pronounced diurnal variations in light intensity
and the limitation of growth by inorganic nutri-
ents as they occur during summer stratification
in the surface layer of eutrophic lakes. In some
instances (e.g., Microcystis aeruginosa) diurnal
migrations are mediated by an increase of carbo-
hydrate ballast alone and gas vesicles do not
collapse even at maximum turgor pressure
(Kromkamp and Mur, 1984; Thomas and Walsby,
1985).

In contrast, gas vesicles of red-colored Oscil-
latoria aghardii and of phototrophic sulfur bac-
teria are mechanically stronger and do not
collapse even at maximum cell turgor pressure.
A decrease in the cellular gas vesicle content is
therefore the result of their dilution during
growth and division of the cells, and thus pro-
ceeds rather slowly (Overmann et al., 1991b;
Overmann and Pfennig, 1992). Bacteria of this
category mostly colonize the low-light environ-
ments shortly above or within the chemocline of
stratified lakes where photosynthetic rates typi-
cally are strongly limited by light and hydrostatic
pressure is high. Gas vesicles in green sulfur bac-
teria are rigid enough to persist at hydrostatic
pressures down to depths of 38 m (Overmann et
al., 1991b). The cyanobacterium Trichodesmium
contains extremely stable gas vesicles (mean crit
ical collapse pressures up to 3.7 MPa, corre-
sponding to a depth of 370 m; Walsby, 1978). The
differences in strength of gas vesicles formed by
different species is related to their shape
(especially the diameter) and the primary struc-
ture of the GvpC protein of their sheath (Walsby,
1994).

In addition to the formation of gas vesicles, a
new type of buoyant density regulation was
detected in Pelodictyon phaeoclathratiforme.
Cells of this species form large extracellular
slime layers during the stationary phase which
leads to an increase of the cellular volume by a
factor of three (Overmann et al., 1991b).
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Advantages of the Vertical Movement by
Flagella and by Gas Vesicles

Theoretically, motility based on flagellar move-
ment and vertical migration by means of gas ves-
icle formation have different advantages under
natural conditions. Movement by flagella
requires a permanent, (albeit sometimes low)
fraction of metabolic energy (proton-motive
force), whereas gas vesicle synthesis represents
an initial one-time investment of a higher amount
of metabolic energy. Once formed, gas vesicles
keep bacterial cells in their habitat without any
further demand for energy. The purple sulfur bac-
terium Lamprobacter modestohalophilus is capa-
ble of both flagella and gas vesicle formation.
Motile cells are usually devoid of gas vacuoles
and initially dominate during growth in fresh
media. Later, cells become immotile and form
gas vesicles and slime capsules (Gorlenko et al.,
1979).1n a very similar manner, cells of Ectothior-
hodospira vacuolata are flagellated at low sulfide
concentrations and light inte nsities, and become
immotile and form gas vesicles in stationary phase
(Imhoff et al., 1981). This supports the view that
flagellar movement of purple sulfur and purple
nonsulfur bacteria is favored under conditions of
continuous energy supply, while gas vesicle for-
mation represents an adaptation to conditions of
starvation. Within one lake ecosystem, vertical
migration of a flagellated species (Chromatium
minus) was observed while the gas-vacuolated
Amoebobacter did not change its vertical position
(Pedrods-Ali6 and Sala, 1990).

A minimum quantum requirement of flagellar
motility can be estimated from data in the liter-
ature. A vertical migration over a distance of
2 m (the maximum amplitude of vertical migra-
tion observed in nature) during 6 hours corre-
sponds to a swimming speed of 93 um-s™. At a
similar speed of 100 um-s™ the frequency of
flagellar rotation is >100 s in Rhodobacter
sphaeroides and requires between 200 and 1000 H*
per rotation (Armitage et al., 1995). This yields
a proton translocation rate of ~6 x 10* H*s™ at a
swimming velocity of 100 m-s™”. Based on an
absorbing cross sectional area of the cell of 1 m?
an absorption of 36% of the incident light (see
Efficiency of Light Harvesting in this Chapter),
aratio of protons translocated to electrons trans-
ferred (H*/e™ ratio) of 2 (see Conversion of Light
into Chemical Energy in this Chapter), and
assuming that each photon absorbed leads to
transport of an electron, the proton translocation
rate of 6 x 10* H*s™ would be reached at an
underwater irradiance of 0.2 mol quanta-m=>s'.
However, all available quanta would be required
just for motility at this irradiance and no vertical
migration would be possible during the night.
Therefore motility by flagella will be of compet-
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itive advantage only at significantly higher irra-
diances. In many lakes, underwater irradiances
in layers of phototrophic sulfur bacteria are <1
mol quanta-m™s™' (Overmann and Tilzer, 1989a;
Overmann et al., 1999a). Under these conditions,
purple sulfur bacteria harboring gas vesicles
dominate over flagellated forms in the
chemocline community (Fig. 4). At least in some
lakes, gas vesicles appear to be of selective
advantage also at higher underwater irradiances
(Overmann et al., 1991b; Overmann and
Pfennig, 1992).

Interestingly, the extremely low-light adapted
Chlorobium phaeobacteroides strain MN1 iso-
lated from the chemocline of the Black Sea was
not capable of gas vesicle formation. The green
sulfur bacterial layer is located at an 80-m depth
and with respect to light intensity represents the
lower limit for growth of a phototrophic organ-
ism (see The Family Chlorobiaceae in Volume 7).
The isolated strain exhibits an extremely low
maintenance energy requirement. It therefore
appears that gas vesicle formation is too energy
demanding at the very low light intensities
available at an 80-m depth in the Black Sea.

Carbon Metabolism of
Phototrophic Prokaryotes

In the natural environment, the principal carbon
source of phototrophic bacteria in many
instances is CO, (Madigan et al., 1989; Sinninghe
Damsté et al., 1993; Takahashi et al., 1990). In
Cyanobacteria, Chromatiaceae, Ectothiorho-
dospiraceae and purple nonsulfur bacteria, CO,
is assimilated by the reductive pentose phos-
phate or Calvin cycle. Employing this cycle, the
formation of one molecule of glyceraldehyde-3-
phosphate requires 6 NAD(P)H+H* and 9 ATP.
By comparison, the reductive tricarboxylic acid
cycle used for CO,-assimilation by green sulfur
bacteria requires 4 NADH+H", 2 reduced ferre-
doxins, and only 5 ATP. As two of the reactions
of the reductive tricarboxylic acid cycle (the
o-oxoglutarate synthase and pyruvate synthase
rea ctions) require reduced ferredoxin as elec-
tron donor, this pathway of CO, fixation can only
proceed under strongly reducing conditions.
Furthermore, reduced ferredoxin is a primary
product of the light reaction only in FeS-type
reaction centers. Ultimately, the lower demand
for ATP is possible because of the adapatation
of green sulfur bacteria to the strongly reducing
conditions of their natural environment. CO,-
fixation by the hydroxypropionate cycle in
Chloroflexus aurantiacus requires 8 ATP per
glyceraldehyde-3-phosphate and therefore is
energetically less favorable than in green sulfur
bacteria.
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Organic carbon as it is present in canonical
microbial biomass (<C,HgO,N>; Harder and
van Dijken, 1976) is considerably more reduced
than CO,. Given the high energy demand of
autotrophic growth, the capability for assimila-
tion of organic carbon compounds is of selective
advantage especially if natural populations are
limited by light or by low concentrations of
electron-donating substrates, as is typically the
case for phototrophic sulfur bacteria. At limiting
concentrations of sulfide or thiosulfate, the cell
yield of green sulfur bacteria is increased three
times if acetate is available as an additional car-
bon source (Overmann and Pfennig, 1989b).
Acetate represents one of the most important
intermediates of anaerobic degradation of
organic matter (Wu et al., 1997). That almost all
anoxygenic phototrophic bacteria (with the
exception of Rhodopila globiformis; Imhoff and
Triiper, 1989) are capable of acetate assimilation
is therefore not surprising. In most phototrophic
Proteobacteria, acetate is assimilated by acetyl-
CoA synthetase and the enzymes of the
glyoxylate cycle. In green sulfur bacteria, the
ferredoxin-dependent pyruvate synthetase, PEP
synthetase, and reactions of the reductive tricar-
boxylic acid cycle serve this purpose. The capac-
ity for organotrophic growth seems to correlate
with the presence of o-oxoglutarate dehydroge-
nase. The latter is a key enzyme for the com-
plete oxidation of the carbon substrates in the
tricarboxylic acid cycle (Kondratieva, 1979),
whereas a complete cycle is not needed for the
photoassimilation during the presence of inor-
ganic electron donors. The range of carbon
substrates utilized and the capacity for
photoorganotrophy or chemoorganotrophy var-
ies considerably among the different groups of
phototrophic pr okaryotes (Pfennig and Triiper,
1989).

Organic carbon compounds not only are
assimilated but also can serve as photosynthetic
electron donors in purple nonsulfur bacteria,
some Chromatiaceae and Ectothiorhodospi-
raceae, all Heliobacteriaceae, and members of the
Chloroflexus subdivision.

Green sulfur bacteria are the least versatile of
all phototrophic prokaryotes. All known species
are obligately photolithotrophic and assimilate
only very few simple organic carbon compounds
(acetate, propionate, pyruvate). Few strains have
been shown to assimilate fructose or glutamate.
Whereas green sulfur bacteria have a higher
growth affinity for sulfide than purple sulfur bac-
teria, acetate seems to be used by purple sulfur
bacteria at an affinity 30 times higher than in
green sulfur bacteria (Veldhuis and van Gemer-
den, 1986). In addition, uptake of acetate in
Chlorobium phaeobacteroides is inhibited by
light (Hofman et al., 1985).
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Based on their metabolic flexibility, two groups
can be distinguished among the Chromatiaceae.
Several species (Chromatium okenii, Chr. weissii,
Chr. warmingii, Chr. buderi, Chr. tepidum,
Thiospirillum jenense, Lamprocystis roseopersic-
ina, Thiodictyon elegans, Thiodictyon bacillo-
sum, Thiocapsa pfennigii, Thiopedia rosea) are
obligately phototrophic, strictly anaerobic and
photoassimilate acetate and pyruvate only in the
presence of CO, and sulfide. Assimilatory sulfate
reduction is absent in these species (Pfennig and
Triiper, 1989). However, particularly those spe-
cies with limited metabolic flexibility form dense
blooms under natural conditions (see Coexist-
ence of Phototrophic Sulfur Bacteria in this
Chapter). The second physiological group within
the Chromatiaceae comprises the small Chroma-
tium species (Chr. gracile, Chr. minus, Chr.
minutissimum),  Allochromatium vinosum,
Lamprobacter modestohalophilus, as well as
Thiocystis spp., Thiocapsa. Most of these species
use thiosulfate as electron donor and a wide
range of organic carbon compounds including
glucose, fructose, glycerol, fumarate, malate,
succinate, formate, propionate, and butyrate
for photoassimilation, and often are capable
of assimilatory sulfate reduction. In some
species (especially Allochromatium vinosum),
these organic carbon substrates also serve
as electron-donor for phototrophic or
chemotrophic growth.

Most Ectothiorhodospiraceae species are
capable of photoorganotrophic growth, with
Ectothiorhodospira halophila and Ectothiorho-
dospira halochloris being the exceptions. The
spectrum of electron-donating carbon substrates
for photoorganotrophic growth resembles that
found in the versatile Chromatium species (Pfen-
nig and Triiper, 1989). Assimilation of acetate
and propionate proceeds by carboxylation and
therefore depends on the presence of CO,.

Chloroflexus aurantiacus grows preferably by
photoorganoheterotrophy (Pierson and Casten-
holz, 1995). The carbon substrates utilized
comprise acetate, pyruvate, lactate, butyrate,
C,-dicarboxylic acids, some alcohols, sugars and
amino acids (glutamate, aspartate). This versatil-
ity has been seen as the major cause for the
profuse growth of Chloroflexus in microbial mats
where accompanying microorganisms, especially
cyanobacteria, may provide the required carbon
substrates (Sirevag, 1995). However, high rates
of formation of low-molecular-weight organic
carbon substrates by the anaerobic food chain
have also been observed in other stratified sys-
tems, where the dominating anoxygenic pho-
totrophs could utilize only a narrow range of
carbon substrates (Overmann, 1997; Overmann
et al., 1996). The refore, the presence of low-
molecular-weight organic carbon substrates is
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not necessarily the most selective factor in the
natural environment.

Slow photolithoautotrophic growth with H,S
or H, as electron-donating substrates has been
shown in laboratory cultures of Chlorofiexus
aurantiacus and in hot spring populations (Pier-
son and Castenholz, 1995). Carbon fixation pro-
ceeds by carboxylation of acetyl-CoA and via
hydroxypropionyl-CoA as an intermediate and
yields glyoxylate as the net product (hydroxypro-
pionate cycle; Holo, 1989; Strau3 and Fuchs,
1993; Eisenreich et al., 1993). So far this cycle has
not been found in any other member of the Bac-
teria. Glyoxylate is further assimilated into cell
material with tartronate semialdehyde and 3-
phosphoglycerate as intermediates (Menendez
et al., 1999).

The highest metabolic versatility is found in
phototrophic o- and B-Proteobacteria (purple
nonsulfur bacteria). All representatives grow
photoorganoheterotrophically and (with the
exception of Blastochloris viridis) photolithoau-
totrophically with H, in the light. In addition to
the substrates used by versatile purple sulfur bac-
teria, the spectrum of substrates that can serve
as electron donors comprise long-chain fatty
acids (like pelargonate), amino acids (aspartate,
arginine, glutamate), sugar alcohols (sorbitol,
mannitol), or aromatic compounds (benzoate;
Imhoff and Triiper, 1989). With the exception of
Rubrivivax gelatinosus, none of the purple non-
sulfur bacteria is capable of degradation of poly-
mers and therefore depends on the anaerobic
food chain for the supply of electron-donating
substrates required for growth. This dependence
and the competition with chemotrophs for the
carbon substr ates might be the major reason why
dense blooms of purple nonsulfur bacteria do not
occur under natural conditions (see Habitats of
Phototrophic Prokaryotes in this Chapter). Some
species are capable of also using reduced sulfur
compounds as electron donors. However, most
species oxidize sulfide to elemental sulfur only
(Hansen and van Gemerden, 1972).

In Heliobacteriaceae, only a limited number of
carbon substrates can serve as photosynthetic
electron donor including pyruvate, ethanol, lac-
tate, acetate, and butyrate. High levels of sulfide
are inhibitory (Madigan, 1992; Madigan and
Ormerod, 1995).

Cyanobacteria are obligate autotrophs par
excellence; however, small molecular weight
organic compounds such as acetate, sugars and
amino acids are assimilated. In the case of amino
acids, the presence of various efficient uptake
systems has been interpreted as a means of
recovery of leaked organic nitrogen, rather than
a true chemotrophic capability (Montesinos et
al., 1997). Certain strains of cyanobacteria can
grow facultatively as chemoheterotrophs in the
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dark (Rippka et al., 1979), but even under these
conditions all of the photosynthetic machinery is
synthesized. This lack of regulation implies that
chemotrophy has played no significant evolu-
tionary role in these organisms.

Chemotrophic Growth with O,
Ecophysiology of Chemotrophic Growth

In lakes, purple sulfur and green sulfur bacteria
are confined to environments where light
reaches sulfide-containing water layers. The
physiological properties restrict the distribution
of these bacteria in the pelagic habitat (Pfennig,
1978). Dense accumulations of anoxygenic pho-
totrophic bacteria, which apparently are growing
chemotrophically, are only known for Chlorof-
lexus (see Habitats of Phototrophic Prokaryotes
in this Chapter). Although populations of other
anoxygenic phototrophic bacteria do not seem to
grow permanently by chemotrophy, the ability of
many strains to shift to an aerobic chemotrophic
mode of growth is of selective advantage in envi-
ronments like intertidal sediments.

Green sulfur bacteria and Heliobacteriaceae
are obligate anaerobes. Under oxic conditions,
the reaction of reduced ferredoxin of the type I
reaction center with molecular oxygen would
create superoxide and other activated oxygen
species. Heliobacteriaceae are rapidly damaged
by exposure to molecular oxygen. This has been
attributed not only to the formation of toxic oxy-
gen radicals but also the destruction of the unsat-
urated fatty acids present in the cell membrane
by activated oxygen species (Madigan and
Ormerod, 1995). In green sulfur bacteria, it
has been observed that the energy transfer from
light-harvesting bacteriochlorophylls c/d/e to
bacteriochlorophyll a drops by a factor of 10
after an increase in redox potential due to the
quenching by chlorobium quinone. This mecha-
nism may protect the cells during brief anoxic/
oxic transitions. (see The Family Chlorobiaceae,
Physiology section in Volume 7).

All other groups of phototrophic prokaryotes
comprise species that not only generate meta-
bolic energy by photosynthesis but are also capa-
ble of chemosynthesis with O..

Chloroflexus aurantiacus is capable of growth
as an aerobic heterotroph. During phototrophic
growth, B-carotene, y-carotene, and hydroxy-y-
carotene-glucoside are the major carotenoids,
whereas echinenone and myxobactone predom-
inate in aerobically grown cells (Pierson and
Castenholz, 1995). Unlike in purple nonsulfur or
purple sulfur bacteria, synthesis of some caro-
tenoids by C. aurantiacus is greatly enhanced
under aerobic conditions (Pierson and Casten-
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holz, 1974). The expression of the chlorosome
CsmA protein is transcriptionally or posttran-
scriptionally regulated by oxygen (Theroux et al.,
1990).

Almost all known species of phototrophic a-
and B-Proteobacteria (purple nonsulfur bacte-
ria) are capable of microaerophilic or aerobic
chemoorganoheterotrophic growth with oxygen
as terminal electron acceptor. Of the purple sul-
fur bacteria, Ectothiorhodospira species, and
eight small-celled species of the Chromatiaceae
(Thiocapsa rosea; Chromatium gracile, Chr.
minus; Allochromatium vinosum; Thiocystis vio-
lascens; Thiocapsa roseopersicina; Thiocystis vio-
lacea; Thiorhodovibrio winogradskyi) can grow
by chemolithotrophy, oxidizing sulfide or thiosul-
fate with molecular oxygen (De Wit and van
Gemerden, 1987b; Kdmpf and Pfennig, 1980;
Overmann and Pfennig, 1992). Only few species
grow also chemoorganotrophically with organic
carbon substrates as electron donor of respira-
tion. The group of facultatively chemotrophic
Chromatiaceae includes typical inhabitants of
benthic microbial mats like Thiocapsa roseoper-
sicina and Thiorhodovibrio winogradskyi. This is
not surprising considering the pronounced oxic/
anoxic fluctuations in this type of habitat. The
cells of purple sulfur bacteria in benthic systems
are often immotile and form aggregates together
with sand grains, apparently as an adaptation to
the hydrodynamic instability of the habitat (van
den Ende et al., 1996). At the same time, how-
ever,immotile cells are exposed to strong diurnal
variations in oxygen concentrations. The growth
affinities for sulfide are lower for chemotrophi-
cally growing Thiocapsa roseopersicina than for
colorless sulfur bacteria, which may explain that
no natural populations of purple sulfur bacteria
are known that grow permanently by chemotro-
phy (see Interactions between Phototrophic
Sulfur Bacteria and Chemotrophic Bacteria in
this Chapter).

When grown anaerobically in the light, facul-
tatively chemotrophic species of the purple non-
sulfur and purple sulfur bacteria contain a
potentially active repiratory system and exhibit
>50% of the respiratory activity of chemotroph-
ically growing cells (De Wit and van Gemerden,
1987a; Kampf and Pfennig, 1980; Overmann and
Pfennig, 1992; Pfennig, 1978). In cells that still
contain bacteriochlorophyll, respiration is inhib-
ited by light. This indicates that respiration and
photosynthesis are coupled (e.g., by the mem-
brane potential or common redox carriers; Rich-
aud et al.,, 1986). An example is the soluble
cytochrome c, which has a dual function in
Rhodobacter sphaeroides where it is needed for
electron transfer from the cytochrome bc, com-
plex to the reaction center during ph otosynthe-
sis, and to the cytochrome c oxidase during
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respiration with molecular oxygen. During pho-
tosynthetic growth, expression of cytochrome
c, is increased. At limiting concentrations of
electron donating substrate, photosynthesis is
preferred over respiration as long as the
intracellular  bacteriochlorophyll content is
maintained at a sufficiently high level (4-7 g bac-
teriochlorophyll a-mg protein; in Thiocapsa
roseopersicina at light saturation; De Wit and
van Gemerden, 1990a).

Growth continues after a shift to microoxic or
aerobic conditions. Under oxic conditions the
synthesis of pigments and of pigment-binding
proteins of the photosynthetic apparatus ceases.
The number of intracellular membrane vesicles
is reduced dramatically and the composition of
membrane lipids is altered. The pigment content
in purple sulfur bacteria is inversely related to
the ambient oxygen concentration (Kampf and
Pfennig, 1986). At 25% air saturation (52 M) of
oxygen, pigment synthesis in Thiocapsa roseop-
ersicina is completely repressed and cells become
colorless (De Wit and van Gemerden, 1987b). In
continuous cultures of purple sulfur bacteria,
active degradation has not been observed and
intracellular bacteriochlorophyll concentrations
follow the washout curve. Thus bacteriochloro-
phyll does not seem to be actively degraded but
is diluted out by cell division (De Wit and van
Gemerden, 1987b). Concomitantly, the activities
of respiratory enzymes (NADH dehydrogenase,
cytochrome c¢ oxidases) are increased in
chemotrophically grown cells. When the cells of
Thiocapsa roseopersicina become colorless, they
use only one third of the electron donor for
reduction of CO,. The remaining two thirds are
used for energy generation and respired. Corre-
spondingly, the protein yield reaches one third of
that of phototrophically grown cells (De Wit and
van Gemerden, 1987b; De Wit and van Gemer-
den, 1990b).

In aerobic phototrophic bacteria, aerobic
growth is stimulated by light that is absorbed by
bacteriochlorophyll a. This stimulation is only
transient, however, since bacteriochlorophyll
synthesis is repressed even by low light intensi-
ties (Yurkov and van Gemerden, 1993) thus
leading to a loss of the photosynthetic apparatus
under continuous illumination.

Respiration in cyanobacteria involves a full
respiratory chain including a cytochrome aaj ter-
minal oxidase. Monomeric sugars are degraded
using the oxidative pentose phosphate cycle. A
complete tricarboxylic acid cycle has never been
shown for any cyanobacterium. The NADPH
formed in sugar catabolism is fed to the
membrane-bound electron transport chain at the
level of plastoquinone. This is in contrast to
green chloroplasts, in which plastoquinol is
autoxidized (Peltier and Schmidt, 1991). The res-
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piratory electron transport chain of cyanobacte-
ria is located in both the plasma and the
thylakoidal membrane, and it shares many func-
tional components with photosynthetic electron
transport. The role of exogenous respiration of
organic substrates is probably minor under natu-
ral conditions. Under anoxia, the known electron
acceptor alternatives to oxygen for cyanobacte-
rial chemoorganotrophy are some organic com-
pounds and elemental sulfur. Fermentation
seems to be a relatively widespread ability in
benthic and bloom-forming cyanobacteria, but it
is not universal (Moezelaar and Stal, 1994).

Genetic Regulation by O,

A shift from anoxic to oxic growth conditions
requires the expression of new proteins and
cofactors. On the genetic level the formation of
the photosynthetic apparatus and the intracyto-
plasmic membrane system is regulated by two
main environmental variables, light intensity (see
Response to Changes in Light Intensity and Qual-
ity in this Chapter) and molecular oxygen. The
two factors act independently of one another and
are involved in different mechanism of regulation
of bacteriochlorophyll synthesis (Arnheim and
Oelze, 1983). Compared to light, molecular oxy-
gen acts as a stronger repressor, however.
Although oxygen is a major factor controlling the
formation of the photosynthetic apparatus in
most of the facultatively phototrophic Proteobac-
teria, Rhodovulum sulfidophilum and Rhodocista
centenaria are exceptional in that these species
form the photosynthetic apparatus under both
aerobic and anaerobic conditions (Hansen and
Veldkamp, 1973; Nickens et al., 1996). Photopig-
ment synthesis is not repressed by O, in
Rhodocista centenaria.

The regulation of bacteriochlorophyll synthe-
sis in purple nonsulfur bacteria is complex. The
cells synthesize very little bacteriochlorophyll,
probably because of the inhibition of bacterio-
chlorophyll biosynthesis enzymes (the d-ami-
nolevulinic acid synthesis and enzymes for the
conversion of coproporphyrin; Oelze, 1992) by
O,. Oxygen does not seem to exert an effective
transcriptional control. Under oxic conditions
the transcription of bacteriochlorophyll synthe-
sis genes decreases 2-fold, while that of light-
harvesting I and reaction-center genes decreases
by a factor of 30-100 (Bauer, 1995). The tetrapy-
rrole synthesis pathway has four different
branches (leading to heme, bacteriochlorophyll,
siroheme and vitamin By,). While the bacterio-
chlorophyll content is drastically reduced in the
presence of oxygen (Arnheim and Oelze, 1983),
heme synthesis remains unaffect ed (Lascelles,
1978). The intracellular activity of &-aminole-
vulinic acid synthase, the key enzyme of tetrapy-
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rrol synthesis in o-Proteobacteria, is reduced in
the presence of oxygen. Regulation by oxygen
may occur also during some later steps of tet-
rapyrrole synthesis. It appears that oxygen inhib-
its magnesium chelatase, thereby increasing the
protoporphyrin IX pool, which in turn leads to
increased formation of heme. Feedback inhibi-
tion of d-aminolevulinate synthase by heme
would then slow down the synthesis of interme-
diates but still guarantee the amount needed for
heme biosynthesis (Beale, 1995; Biel, 1995;
Rebeiz and Lascelles, 1982).

After return to anoxic conditions the synthesis
of the photosynthetic apparatus and intracellu-
lar membranes occurs in a light-independent
manner. Anoxygenic photosynthetic bacteria
contain a distinct light-independent protochloro-
phyllide reductase, composed of probably three
subunits (BchN, BchB, and BchL). In angio-
sperms, the reduction of the fourth ring of the
Mg-tetrapyrrole intermediate by NADPH-
protochlorophyllide oxidoreductase is a light-
dependent step in the chlorophyll biosynthetic
pathway. This protein represents one of the only
two enzymatic transformations known to require
light (Suzuki and Bauer, 1995). Cyanobacteria,
green algae and gymnosperms contain both, the
light-dependent and light-independent pro-
tochlorophyllide reductase. The capacity to syn-
thesize (bacterio)chlorophyll in the dark is of
significance for the competitive success of Chro-
matiaceae in intertidal microbial mats. During
anoxic conditions in the dark, Thiocapsa roseop-
ersicina can synthesize bacteriochlorophyll a at
maximum rate. Under the fluctuating conditions
as they are observed in benthic microbial mats
(oxic light, anoxic dark phase), purple sulfur bac-
teria therefore can maintain a photosynthetic
mode of growth as long as bacteriochlorophyll
synthesis during the night compensates for the
wash out of pigments during the day (De Wit and
van Gemerden, 1990b).

A multicomponent regulatory cascade con-
trols the coordinate expression of the light-
harvesting and reaction center puf, puh, and puc
genes and involve various transcription factors
(Bauer, 1995; Bauer and Bird, 1996). In Rhodo-
bacter capsulatus, a redox-sensitive repressor
(CrtJ) binds under oxic conditions to a con-
served palindrome sequence in promotors of
bacteriochlorophyll, carotenoid, and light-
harvesting complex II genes. A second system for
the regulation of the puf, puh, and puc operons
probably consists of three components, a mem-
brane-spanning sensor kinase (RegB), a soluble
response regulator (RegA), and a hypothetical
activator of the nonspecific alternative sigma fac-
tor ¥ (RegX). A decrease in oxygen tension
causes autophos phorylation of the membrane-
spanning sensor kinase RegB, which then phos-
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phorylates the cytoplasmic response regulator
RegA. The latter acts as intermediate and prob-
ably transfers its phosphate to a putative third
DNA-binding component that activates gene
expression. The RegA-RegB system also is
involved in regulation of the expression of cyto-
chrome c, and the Calvin cycle CO, fixation
genes and therefore is of general significance for
the regulation of cellular metabolism.

The transcripts of the photosynthetic gene
cluster exceed 10 kb and extend from pigment
biosynthesis genes across promoter regions and
into the genes for light-harvesting complex I and
reaction center proteins. In Rhodobacter capsu-
latus, transcription of the genes coding structural
polypeptides of the reaction center and light-
harvesting complex I are not the only peptides
initiated at their respective promotors. The tran-
scripts of the bacteriochlorophyll biosynthesis
bchCA operon extends through the promoter
and coding sequences of the downstream puf
BALM operon, and the transcript of the caro-
tenoid Dbiosynthesis crtEF operon extends
through both (Wellington et al., 1992). Similarly,
the bchFBKHILM-F1696 and puhA operons are
transcriptionally linked. The linkage of operons
of different components of the phot osynthetic
apparatus in such superoperons also has been
detected in other species of purple nonsulfur
bacteria and may play a significant role in the
adaptation of cells to changes in environmental
oxygen tension. According to a model (Welling-
ton et al., 1992), the presence of superoperons
ensures a rapid physiological response to a
decrease in oxygen tension. In the presence of
oxygen, a basal level of light-harvesting I and
reaction center polypeptides is constantly
formed and incorporated into the membrane,
but these polypeptides disappear again in the
absence of bacteriochlorophyll (Dierstein, 1984;
Drews and Golecki, 1995) due to degradation.
After a shift from oxic to anoxic conditions, the
presence of a basal level of structural polypep-
tides considerably shortens the lag time for the
change from aerobic respiratory to anaerobic
photosynthetic growth. During this lag ph ase,
the cellular amount of structural polypeptides of
the photosynthetic apparatus is further increased
by increasing the transcription rate of the puf
and puh genes.

Oxygen does not only regulate the transcrip-
tion of photosynthesis genes but also later steps
in gene expression. Posttranscriptional regula-
tion involves mRNA processing (mRNA degra-
dation) and possibly some later steps (Rodig J.
et al., 1999).

In most bacteria, the formation of multiple
sigma factors is a prerequisite for the coordina-
tion of the regulation of a large number of genes
in response to changes in environmental condi-
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tions. Sigma factors are dissociable subunits that
confer promoter specificity on eubacterial core
RNA polymerase and are required for transcrip-
tion initiation. In phototrophic bacteria, the
diversity of sigma factors of the ¢’ family as they
are present in the different phylogenetic groups
appears to be correlated with their metabolic flex-
ibility. In the unicellular cyanobacteria Synecho-
coccus sp. and Synechocystis sp., nine different
sigma factors (one member of group 1, four mem-
bers of group 2, and four members of group 3)
have been found, whereas one group 1 and three
group 2 sigma factors have been found in Chlo-
roflexus spp. In contrast to most other bacteria,
the green sulfur bacterium Chlorobium tepidum
contains only one group 1, but no alternative
group 2 sigma factor (Gruber and Bryant, 1998).
In Chloroflexus, one group 2 ¢ factor (SigB) is
transcribed at fourfold higher levels during aer-
obic growth and therefore appears to be involved
in the shift in metabolism. It has been proposed
that SigB is involved in regulation of pigment
synthesis (Gruber and Bryant, 1998).

Significance of Anoxygenic Photosynthesis
for the Pelagic Carbon and Sulfur Cycles

The carbon fixation of phototrophic sulfur bac-
teria has been determined in a wide range of
habitats, mostly inland lakes (Overmann, 1997,
van Gemerden and Mas, 1995). The theoretical
maximum of primary production by photo-
trophic sulfur bacteria has been estimated to be
10,000 mg C-m™-d_;. Purple and green sulfur bac-
teria can contribute up to 83% of total primary
productivity in these environments. This high
number notwithstanding, anoxygenic primary
production only represents a net input of organic
carbon to the food web if 1) the anaerobic food
chain is fueled by additional allochthonous car-
bon from outside and 2) aerobic grazers have
access to the biomass of phototrophic sulfur bac-
teria. Based on recent experimental evidence,
these conditions are met at least in some aquatic
ecosystems (Overmann, 1997).

With the exception of geothermal springs, the
sulfide required by phototrophic sulfur bacteria
for CO,-assimilation originates from sulfate or
sulfur reduction during the terminal degradation
of organic matter. This organic matter cannot
be provided solely by anoxygenic phototrophic
bacteria, since growth (hence accumulation of
reduced carbon) constantly diverts electrons
from their cycling between anoxygenic photo-
trophic bacteria and sulfate-reducing bacteria.
At least part of the sulfide formation is therefore
fueled by carbon that has already been fixed by
oxygenic photosynthetic organisms within or
outside the ecosystem. Consequently anoxygenic
photosynthesis represents not new, but second-
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ary primary production. A complete degradation
of the carbon fixed by phototrophic sulfur bacte-
ria in the anaerobic food chain (and thus an effi-
cient recycling of electrons) in an anoxygenic
primary production has been estimated to
exceed oxygenic photosynthesis by as much as
ten times (Overmann, 1997). In reality, anoxy-
genic photosynthesis surpasses that of phyto-
plankton mostly in oligotrophic lakes. In many
oligotrophic lakes, the input of allochthonous
carbon derived from terrestrial sources in the
watershed is significant (Rau, 1980; Sorokin,
1970). In an oligotrophic saline meromictic lake
(Mahoney Lake, B.C., Canada), purple sulfur
bacteria together with the anaerobic food chain
efficiently converted allochthonous organic car-
bon into easily degradable bacterial biomass
(Overmann, 1997). It appears likely that pho-
totrophic sulfur bacteria have this ecological
function also in other aquatic ecosystems.

The presence of hydrogen sulfide in layers of
phototrophic sulfur bacteria may prevent their
biomass from entering the grazing food chain.
This has been substantiated by stable carbon and
sulfur isotope data, which indicated that pho-
totrophic sulfur bacteria are not consumed to a
significant extent by higher organisms (Fry,
1986). In addition, a quantitative analysis of loss
processes conducted in a few lakes indicates that
predation must be of minor significance (Mas et
al., 1990; van Gemerden and Mas, 1995). In con-
trast, recent investigations have revealed that at
least in one lake ecosystem, a major fraction of
purple sulfur bacterial biomass enters the aero-
bic food chain via rotifers and calanoid copepods
(Overmann et al., 1999b; Overmann et al.,
1999¢c). The key environmental factors that
caused this efficient link between anoxic and oxic
water layers were the autumnal upwelling of
phototrophic bacteria into oxic water layers by
mixing currents, and the formation of gas vesicles
and large cell aggregates by the dominant spe-
cies, Amoebobacter purpureus.

Sulfide formation by sulfate- and sulfur-
reducing bacteria and sulfide oxidation back to
sulfur and sulfate occur at comparable rates in
several lakes (Overmann et al., 1996; Parkin and
Brock, 1981). This leads to a closed sulfur cycle
and a detoxification of sulfide without concomi-
tant depletion of oxygen (Pfennig, 1978).

The significance of phototrophic sulfur bacte-
ria for the oxidation of sulfide in stratified envi-
ronments is critically dependent on their cell
density rather than the absolute biomass per sur-
face area of the ecosystem (Jgrgensen, 1982).
Dense populations in laminated microbial mats
can account for 100% of the total sulfide oxida-
tion in those systems, whereas some dilute
pelagic populations oxidize only very small
amounts (e.g.,4% in the Black Sea) of the sulfide
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diffusing from below into the chemocline (Over-
mann et al., 1991a; Overmann et al., 1996).

No information on the ecological significance
of aerobic phototrophic bacteria is available to
date.

Interactions with Other Microorganisms

CoMPETITION FOR LiGHT Blue light prevails in
very clear open oceans (Fig. 6) where marine
Synechococcus cells thrive under conditions of
low photon flux (~10 mol quanta-m™s™'; Carr
and Mann, 1994). Two ecotypes of the marine
Synechococcus exist which differ in the intracel-
lular ratio of phycourobilin to phycoerythrobilin
(Waterbury et al., 1986). Two subpopulations are
distinguished according to the predominant
chromophore associated with the phycoerythrin.
Phycourobilin-rich strains are characteristic of
the open oceans whereas strains with a lower
PUB content predominate in shelf waters (Olson
et al, 1990a). Compared to PEB-containing
antennae (absorption maximum, ~550 nm),
incorporation of PUB (absorption maximum,
~495 nm) increases the efficiency of light absorp-
tion significantly in deeper water lay ers of olig-
otrophic oceans.

Similarly, coexisting and phylogenetically
closely related but genetically distinct popula-
tions of Prochlorococcus are adapted for growth
at different light intensities, which results in their
broad depth distribution (Moore et al., 1998).
The low-light-adapted ecotype has a higher
intracellular content of chlorophylls a and b, a
higher chlorophyll b/a ratio, and exhibits a
higher maximum quantum yield reaching the
theoretical maximum of 0.125 mol C-(mol
quanta)™. Its properties enable this ecotype to
colonize very low water layers. It has been sug-
gested that the distribution of different ecotypes
in the same water column would result in greater
integrated production than could be achieved by
a single ecotype (Moore et al., 1998).

Based on the specific physiological properties
of oxygenic and anoxygenic phototrophic bacte-
ria, multilayered microbial communities fre-
quently develop in stratified pelagic and in
benthic (Fig. 5A,B) habitats. Cyanobacteria,
eukaryotic algae and even plants (Lemna) form
the topmost layers overlying populations of
Chromatiaceae and green sulfur bacteria (Dubi-
nina and Gorlenko, 1975; Caldwell and Tiedje,
1975; Pfennig, 1978; Camacho et al., 1996; Pier-
son et al., 1990; Pierson et al., 1990).

Phototrophic sulfur bacteria require the simul-
taneous presence of light and sulfide, which usu-
ally restricts their occurrence to layers well below
the surface of lakes and sediments. As a conse-
quence of the absorption of light in the overlying
water, the light energy available to phototrophic
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sulfur bacteria in most pelagic environments is
rather low (0.02-10% of surface light intensity;
van Gemerden and Mas, 1995; Parkin and Brock,
1980b; Camacho et al., 1996). Similar values have
been determined for purple layers in benthic
microbial mats (Kiihl and Jgrgensen, 1992; Pier-
son et al., 1990; Garcia-Pichel et al., 1994c). A
tight correlation between anoxygenic photosyn-
thesis and the amount of light reaching pho-
totrophic sulfur bacteria strongly suggests that
light i s the main environmental variable control-
ling the anoxygenic photosynthesis (van Gemer-
den and Mas, 1995). Therefore, a selective
pressure for efficient light harvesting and
maximum quantum yield exists in anoxygenic
phototrophs. The same holds true for a few niche-
specialized, deep-dwelling cyanobacteria.

The ecological niches of green sulfur bacteria
and Chromatiaceae show considerable overlap
because both groups grow preferably or exclu-
sively by photolithotrophic metabolism, using
ambient sulfide as electron-donating substrate.
Different species of the same group should be
even more competitive. Besides differences in
maintenance energy demand, in adaptation to
low light intensities and metabolic flexibility,
another important factor determining the species
composition of phototrophic sulfur bacteria in
their natural habitats is the spectral composition
of underwater light. In the overlying layers, light
is absorbed by water itself, dissolved yellow sub-
stance (gilvin), phytoplankton and inanimate
particulates. The limited wavelength range avail-
able at great depth selects for species of anoxy-
genic phototrophic bacteria with complementary
absorption spectra. In many lacustrine habitats,
light absorption by phytoplankton exceeds that
of gilvin or water itself (Kirk, 1983), and light of
the blue green to green wavelength range reaches
layers of phototrophic sulfur bacteria. Those
Chromatiaceae which contain the carotenoid
okenone (Fig.7) dominated in 63% of the natural
communities studied (van Gemerden and Mas,
1995). It was proposed that energy transfer from
carotenoid antenna pigments to the reaction cen-
ter is more efficient in okenone-forming strains
than in other purple sulfur bacteria (Guerrero et
al., 1986). In addition, the capability of gas vesicle
formation, and the different kinetics of sulfide
oxidation (see Coexistence of Phototrophic Sul-
fur Bacteria in this Chapter) appear to be of
selective value for the colonization of pelagic
habitats. Below accumulations of purple sulfur
bacteria, the green-colored forms of the green
sulfur bacteria dominate because of their supe-
rior capability to harvest the light reaching them,
which has its spectrum shifted to a maximum
intensity at 420-450 nm (Table 2) (Montesinos
et al., 1997). In contrast, the brown-colored forms
of the green sulfur bacteria dominate in lakes
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where the chemocline is located at depths greater
than 9 m and in eutrophic lakes with a pro-
nounced light absorption in the oxic zone.

A similar niche separation occurs in the pho-
totrophic consortia (see The Family Chlorobi-
aceae in Volume 7), which encompass green-
colored or brown-colored epibionts (Overmann
et al., 1999b). The ecological niche of the brown-
colored green sulfur bacteria may be attributed
to their use of significantly lower light intensities
than purple sulfur bacteria for phototrophic
growth and to their lower maintenance energy
requirements (see Light Absorption and Light
Energy Transfer in Prokaryotes in this Chapter;
The Family Chlorobiaceae in Volume 7). An
extremely low-light adapted strain of the green
sulfur bacterium Chlorobium phaeobacteroides
has been isolated from the chemocline of the
Black Sea located at an 80-m depth (Overmann
et al., 1991a). This isolate (strain MN1) could
grow at light intensities as low as 0.25 pmol
quanta-m2-s™.

In sedimentary environments with their partic-
ular optical properties (Fig. 6), the irradiance
reaching anoxygenic phototrophic bacteria may
be reduced to <—1% of the surface value for light
in the visible region, while >10% of the near
infrared light is still available (Kiihl and Jgr-
gensen, 1992; see Light energy and the spectral
distribution of radiation). As a consequence, the
long wavelength Q, bands of bacteriochloro-
phylls are significant for light-harvesting in sedi-
ments, whereas light absorption of anoxygenic
phototrophic bacteria in lakes is mediated by
carotenoids and the Soret bands of bacteriochlo-
rophylls. In microbial mats, the spectral quality
of the scalar irradiance is strongly modified as it
penetrates. The presence of populations of pho-
totrophic microorganisms impose strong absorp-
tion signatures on the spectrum of the scalar
irradiance (Jgrgensen and Des Marais, 1988;
Pierson et al., 1987). As a result of vertical niche
separation, benthic microbial mats can consist of
up to five distinctly colored layers that are
formed (from the top) by diatoms and cyanobac-
teria, cyanobacteria alone, purple sulfur bacteria
with bacteriochlorophyll a, purple sulfur bacteria
with bacteriochlorophyll b, and green sulfur bac-
teria (Nicholson et al., 1987). In this vertical
sequence different wavelength bands of red and
infrared light (compare Table 2, Fig. 7) are suc-
cessively absorbed by the different microbial
layers (Pierson et al., 1990). Distinct blooms
of bacteriochlorophyll b-containing anoxygenic
phototrophic bacteria have been observed only
in benthic habitats. Employing this pigment, the
phototrophic ~ Proteobacteria  Blastochloris
viridis, Blastochloris sulfoviridis, Thiocapsa
pfennigii, Halorhodospira halochloris, Halorho-
dospira abdelmalekii harvest light of a wave-
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length range (1020-1035 nm), which cannot be
exploited by any other photosynthetic organism.

Until recently, no strain of anoxygenic photo-
synthetic bacteria was known that could absorb
light in the wavelength range between 900 and
1020 nm. Because of the prevalence of infrared
radiation in the anoxic layers of microbial
mats and the strong competition for this wave-
length region, bacteria containing other types of
photosynthetic antenna complexes would have
a high selective advantage. Recently, the o-
Proteobacterium Rhodospira trueperi was iso-
lated, which contains bacteriochlorophyll b in a
light-harvesting complex with a maximum
absorption at 986 nm (Pfennig et al., 1997).
Employing a selective enrichment strategy, the
o-Proteobacterium  Roseospirillum  parvum
could be isolated which harbors another new
type of photosynthetic antenna complex. Here,
bacteriochlorophyll a is the light-harvesting pig-
ment and in vivo exhibits an absorption maxi-
mum at 911 nm (Glaeser and Overmann, 1999,
Fig. 7). Both isolates originate from benthic
microbial mats, indicating that the diversity of
pigment-protein complexes in Proteobacteria is
higher than previously assumed. The variation in
the in vivo absorption spectra of the same pig-
ment must be the result of differences in binding
to light-harvesting proteins. In contrast, changes
in the absorption spectra of the light-harvesting
complex of green sulfur bacteria are the result of
chemical alterations (e.g., methylation) of the
pigment molecules (Bobe et al., 1990) because
pigment-pigment interactions dominate in the
chlorosomes (see Light Absorption and Light
Energy Transfer in Prokaryotes in this Chapter).

Because methanogenesis is the predominant
pathway of terminal degradation in rice fields,
Heliobacteriaceae probably compete with the
photoheterotrophic purple nonsulfur bacteria in
their natural environment (Madigan and Orm-
erod, 1995). Owing to the presence of bacterio-
chlorophyll g, Heliobacteriaceae take advantage
of a wavelength region of the electromagnetic
spectrum, which is not absorbed by other pho-
totrophic bacteria. As a result of the small and
fixed size of the photosynthetic antenna (see Light
Absorption and Light Energy Transfer in
Prokaryotes in this Chapter), these bacteria are
adapted to higher light intensities than other
anoxygenic phototrophic bacteria (=1,000 mol
quanta-m™2-s™).

In addition to the capacity of absorbing light
in the long wavelength range, metabolic flexibil-
ity is of highly selective value for the colonization
of benthic habitats with their high fluctuations
in oxygen and sulfide concentrations (see
Chemotrophic growth with O,).

However, the composition of communities of
phototrophic sulfur bacteria is not solely deter-
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mined by competition. The simultanous presence
of green sulfur bacteria and Chromatiaceae pos-
sibly is also based on syntrophic interactions (see
Coexistence of Phototrophic Sulfur Bacteria in
this Chapter).

COEXISTENCE ~OF  PHOTOTROPHIC ~ BACTERIA
Within the Chromatiacea the small-celled genus
Chromatium species exhibit a considerably
greater metabolic flexibility than the large-celled
species (see Carbon Metabolism and Che-
motrophic Growth with O, in this Chapter). In
addition, small-celled species like Allochroma-
tium vinosum have a higher growth affinity for
sulfide. Based on these pure culture data, it is
therefore unexpected that large-celled forms in
fact dominate in natural ecosystems. The large-
celled Chromatium weissei oxidizes sulfide twice
as fast as the small-celled Allochromatium vino-
sum. Whereas the former preferentially oxidizes
sulfide to zero-valent sulfur, the latter oxidizes a
larger fraction directly to sulfate. Under fluctu-
ating conditions as they occur in the chemocline
of lakes, Chromatium weissei is capable of rap-
idly oxidizing sulfide at the onset of illumination,
thereby accumulating zero-valent sulfur. During
the remaining light period and because of its
higher affinity for sulfide, Allochromatium vino-
sum utilizes most of the sulfide. Continuous
cocultures of both species have thus been
established by illumination in light-dark cycles
(van Gemerden, 1974).

Furthermore, stable coexistence of two organ-
isms is feasible in the presence of two substrates
for which the two competitors have complemen-
tary affinities. Stable syntrophic interactions can
be established in laboratory cocultures of purple
sulfur (Allochromatium vinosum) and green sul-
fur bacteria (Chlorobium limicola f.sp. thiosulf-
atophilum; van Gemerden and Mas, 1995).
Because of its higher affinity, the green sulfur
bacterium oxidizes sulfide to zero-valent sulfur.
The extracellular sulfur is mobilized as polysul-
fide, which can be used instantaneously as elec-
tron donor of the purple sulfur bacterium. The
presence of sulfide inhibits the green sulfur bac-
terium from using polysulfide (see The Family
Chlorobiaceae in Volume 7). Sulfide and polysul-
fide thus are the mutual substrates for the two
different phototrophic sulfur bacteria.

Purple and green sulfur bacteria also have com-
plementary affinities for sulfide and acetate
(see Carbon metabolism). Accordingly, stable
continuous cocultures of Chlorobium phaeo-
bacteroides and Thiocapsa roseopersicina can be
established (Veldhuis and van Gemerden, 1986).

INTERACTIONS BETWEEN PHOTOTROPHIC SULFUR
BACTERIA AND CHEMOTROPHIC BACTERIA A con-
siderable number of strains of Chromatiacae is

CHAPTER 1.3

capable of switching to a chemolithotrophic
growth mode after prolonged incubation in
the presence of molecular oxygen (see
Chemotrophic Growth with O, in this Chapter).
Under these conditions, purple sulfur bacteria
compete with colorless sulfur bacteria like Thio-
bacillus spp. Compared to thiobacilli, the purple
sulfur bacterium Thiocapsa roseopersicina
attains a higher growth yield under chem-
olithotrophic conditions (De Wit and van
Gemerden, 1987a). However, the growth affinity
for sulfide of the colorless sulfur bacteria is up to
47 times higher than that of Chromatiacae (De
Wit and van Gemerden, 1987b; van Gemerden
and Mas, 1995). Therefore Chromatiacae grow-
ing exclusively by chemolithotrophy would be
rapidly outcompeted by colorless sulfur bacteria.

Culture experiments indicate that Thiocapsa
roseopersicina, a typical inhabitant of laminated
microbial mats in temperate environments, can
replenish its photosynthetic pigments during
anoxic periods in the dark, thereby maintaining
a phototrophic growth mode also during the sub-
sequent oxic light period (De Wit and van
Gemerden, 1990b). Based on microelectrode
measurements, purple sulfur bacteria in marine
microbial mats of the North Sea barrier islands
are exposed to oxygen during most of the day,
whereas anoxic conditions prevail during the
night (De Wit et al., 1989). Thus, the anoxygenic
phototrophs cannot grow during the night and
face competition for sulfide by colorless sulfur
bacteria during the day. Because of their higher
affinity for sulfide, the latter would be expected
to outcompete phototrophically growing purple
sulfur bacteria. In cocultures of Thiocapsa
roseopersicina and Thiobacillus thioparus, sul-
fide is indeed entirely used by the colorless sulfur
bacterium in the presence of oxygen. If oxygen
concentrations are limiting, however, sulfide is
oxidized incompletely by the chemolithotroph
and soluble zero-valent sulfur formed (either as
polysulfide or polythionates) that in turn is used
by the purple sulfur bacterium for phototrophic
growth (van den Ende et al., 1996). Both diurnal
fluctuations between oxic light and anoxic dark
periods and syntrophism based on sulfur com-
pounds may permit a stable coexistence of these
groups and explain their simultaneous presence
in natural microbial mats.

Stable associations can be established between
green sulfur bacteria and sulfur- or sulfate-
reducing bacteria (see The Family Chlorobiaceae
in Volume 7; Interactions with Chemotrophic
Bacteria in this Chapter). These associations are
based on a cycling of sulfur compounds but not
carbon (see Significance of Anoxygenic Photo-
synthesis for the Pelagic Carbon and Sulfur
Cycles in this Chapter). The simultaneous
growth of both types of bacteria is fueled by the
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oxidation of organic carbon substrates and light.
In a similar manner, cocultures of Chromatiaceae
with sulfate-reducing bacteria have been estab-
lished in the laboratory (van Gemerden, 1967).

The most spectacular type of association
involving phototrophic bacteria is represented by
the phototrophic consortia. These consortia con-
sist of green sulfur bacterial epibionts that are
arranged in a regular fashion around a central
chemotrophic bacterium. A rapid signal transfer
exists between the two partners and permits pho-
totrophic consortia to scotophobotactically accu-
mulate at preferred light intensities and
wavelengths. In this association, the immotile
green sulfur bacteria attain motility like purple
sulfur bacteria. The high numbers of pho-
totrophic consortia found in many lakes indicate
that this strategy must be of high competitive
value under certain environmental conditions.

A commensal relationship may exist between
coccoid epibiotic bacteria and the purple sulfur
bacterium Chromatium weissei (Clarke et al.,
1993). This unidentified epibionts attaches to
healthy cells but does not form lytic plaques on
lawns of host cells like the morphologically sim-
ilar parasite Vampirococcus (see Significance of
Bacteriophages and Parasitic Bacteria in this
Chapter). Possibly, the epibiont grows chemo-
trophically on carbon compounds excreted by
the purple sulfur bacterium.

A syntrophic interaction between cyanobacte-
ria and sulfate-reducing bacteria appears to exist
in microbial mats where both types of micro-
organisms occur in close spatial proximity, if
not intermixed with each other. In these ecosys-
tems, the excretion of organic carbon substrates
by cyanobacteria may provide the electron-
donating substrates for sulfate-reducing bacteria
(Jgrgensen and Cohen, 1977; Skyring and Bauld,
1990; Friind and Cohen, 1992). The glycolate
produced by photorespiration (Friind and
Cohen, 1992), as well as the formate, acetate and
ethanol produced by glycogen fermentation
(Moezelaar and Stal, 1994) most likely are the
substrates excreted by cyanobacteria.

Despite a pronounced limitation of sulfate
reduction by carbon substrates (Overmann et al.,
1996; Overmann, 1997), no close syntrophic rela-
tionship was found between purple sulfur and
sulfate-reducing bacteria in a meromictic lake. In
this specific environment degradation of biomass
by the entire anaerobic food chain rather than
excretion of small carbon molecules and their
direct utilization by sulfate-reducing bacteria
provides the electron-donating substrates for
sulfate-reducing and sulfur-reducing bacteria.

SYMBIOSES BETWEEN PHOTOTROPHIC BACTERIA
AND Eukaryores Only one example is known
for an intracellular symbiosis of anoxygenic pho-
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totrophic bacteria with an eukaryotic organism.
The ciliate Strombidium purpureum inhabits the
photic zone of sulfide-containing marine sands
and harbors 200-700 purple endosymbionts.
Symbionts are arranged along the periphery of
the host cell and contain intracellular tubular or
vesicular membranes, bacteriochlorophyll a and
spirilloxanthin (Fenchel and Bernard, 1993a;
Fenchel and Bernard, 1993b). The ciliate shows
a photosensory behavior, accumulating at wave-
length that corresponds to the absorption max-
ima of the endosymbionts. It has been suggested
that the intracytoplasmic purple bacteria
increase the efficiency of the fermentative host
by using its end products for anoxygenic photo-
synthesis. Furthermore, respiration of the bacte-
ria may protect the host against oxygen toxicity.

In the course of evolution, Cyanobacteria have
entered into symbiotic associations with a multi-
tude of organisms (Schenk, 1992). Besides all
eukaryotic phototrophs, from microalgae to
Sequoia sempervirens, which have intracellular
cyanobacterial symbioses, the most common
extracellular symbioses of nonheterocystous
cyanobacteria are in the form of cyanolichens
and involve the unicellular genera Chroococcid-
iopsis, Gloeocapsa,“Chroococcus,” and Gloeoth-
ece, as well as members of the genera Nostoc,
Calothrix, Scytonema, Stigonema, and Fischer-
ella as photobionts. Heterocystous cyanobacte-
ria in the genus Nostoc form extracellular
symbioses with liverworts and hig her plants
(Cycads, duckweed). Anabaena enters in symbi-
osis with water ferns of the genus Azolla.
Prochloron strains, large-celled Synechocystis
and small-celled Acaryochloris marina are
known from extracellular symbioses with ascidi-
ans in tropical or subtropical marine waters;
Prochloron is found as ectosymbiont on the
marine didemnid ascidian Lissoclinum patella
(Lewin and Withers, 1975). Extracellular symbi-
oses of the Pseudanabaena-like “Konvophoron”
occur in Mediterranean invertebrates. Finally,
intracellular symbioses of nonheterocystous
cyanobacteria are known with tropical sponges
(“Aphanocapsa”, Oscillatoria, Synechocystis,
Proc hloron), with green algae (Phormidium)
and dinoflagellates (unidentified). Heterocys-
tous cyanobacteria occur intracellularly in oce-
anic diatoms of the genera Hemiaulus and
Rhizosolenia (and the cyanobacterium Richelia
intracellularis). The cyanobacterial symbiont
consists of a short cell filament with a terminal
heterocyst (Mague et al., 1977). The numbers of
filaments varies with host species. Nostoc thrives
intracellularly in Trifolium (clover) and also in
the terrestrial non-lichenic fungus Geosiphon
pyriforme. With the notable exception of lichenic
photobionts, many symbiotic cyanobacteria have
resisted cultivation in spite of continued efforts.



72 J. Overmann and F. Garcia-Pichel

SIGNIFICANCE OF BACTERIOPHAGES AND PARASITIC
Bacteria In addition to grazing, light and nutri-
ent limitation, cyanophage infection of cyano-
bacteria may be a significant factor limiting
primary productivity in the marine environment.
However, because of inactivation by solar radia-
tion and resistence of the host cells, the role of
cyanophages has remained unclear (Bergh et al.,
1989; Proctor and Fuhrman, 1990; Suttle et al.,
1990; Suttle et al., 1993; Waterbury and Valois,
1993).

Several bacteria have been discovered that
attack phototrophic bacteria (Guerrero et al.,
1986; Nogales et al.,, 1997). Vampirococcus
attaches to the cell surface of Chromatium spp.
where it divides, forming chains of up to three
cells. Concomitantly, the cytoplasm of the host
cell appears to be degraded. Daptobacter pene-
trates the cell envelope and divides intracel-
lularly by binary fission. In contrast to
Vampirococcus, Daptobacter has been cultivated
in the absence of the host and grows by fermen-
tative metabolism. Bdellovibrio has a broad host
range, and under laboratory conditions attacks
also purple sulfur bacteria. Bdellovibrio forms
daughter cells by multiple division in the
periplasmic space of the host cell. The Gram-
negative chemotrophic bacterium Stenotroph-
omonas maltophilia is a non-obligatory parasite
of green sulfur bacteria, which causes cell lysis
and ghost formation (Nogales et al., 1997). Its
host range is not limited to green sulfur bacteria.
The presence of parasitic bacteria in water sam-
ples becomes evident by the formation of lytic
plaques on lawns of host bacteria (Esteve et al.,
1992; Nogales et al., 1997). Up to 94% of the cells
of phototrophic sulfur bacteria may be infected
by parasitic bacteria in natural samples. Since
infection is largely limited to nongrowing cells,
the impact of parasitism on populations of pho-
totrophic sulfur bacteria appears to be limited
(van Gemerden and Mas, 1995).

Evolutionary Considerations

Porphyrins are found in all organisms from
archaebacteria through plants to animals, and
are indispensable as prosthetic groups for energy
conservation. In contrast, the partially reduced
derivates of porphyrins, the (bacterio)chloro-
phylls, are synthesized by members of only a few
bacterial divisions (Fig. 1). This indicates that the
capability for synthesis of porphyrins is a very
ancient trait, whereas only a few prokaryotes
acquired the capability to form photosynthetic
pigments. Photosynthesis requires the presence
of various complex protein structures and cofac-
tors, and thus the expression of a large number
of different genes (see Photosynthetic Gene
Cluster in this Chapter). Previously, it had there-
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fore appeared justified to consider all pho-
totrophic prokaryotes as a monophyletic group
only distantly related to nonphototrophic bacte-
ria (Pfennig and Triiper, 1974; Triiper and Pfen-
nig, 1978). Two lines of evidence have been used
to recon struct the evolution of photosynthesis.

FossiL EvipENcE The oldest fossils of micro-
organisms have been dated back to the early
Archaean (3.8 billion years ago) and may repre-
sent remains of cyanobacteria (Awramik, 1992).
They consist of chemical fossils and stromatolites
that have been detected especially in sedimen-
tary rocks of the Pilbara region, Western Austra-
lia, and the Barberton Mountain Land, South
Africa. Stromatolites are laminated convex
domes and columns of cm to dm size and have
been found in 3.5 to 0.8 billion year old rocks.
Although scarce in biosynthetic molecular skel-
etons, the insoluble, high-molecular-weight
organic matter (kerogen) contains isotopic evi-
dence for autotrophic carbon fixation. The ratio
of stable carbon isotopes (8"”C values) are in
the range of -35.4 to —30.8°/00, which is typical
for CO,-carbon fixed by the ribulose-1,5-
bisphosphate cycle (Hayes et al., 1983). In addi-
tion, the se ancient sediments contain laminated
domes and columns of cm to dm size, which in
analogy to extant stromatolites have been inter-
preted as organosedimentary structures pro-
duced by the trapping, binding, and precipitation
activity of filamentous microorganisms, most
likely cyanobacteria.

Alternatively, it has been proposed that anox-
ygenic photosynthetic bacteria and not the
oxygenic cyanobacteria formed the oldest
stromatolites. Based on the phylogenetic analysis
of the 16S rRNA gene sequence (Oyaizu et al.,
1987) and the ecophysiology (Ward et al., 1989)
of the filamentous green photosynthetic bacte-
rium Chloroflexus aurantiacus, similar anoxy-
genic phototrophic bacteria may be the more
likely candidate microorganisms that built the
most ancient stromatolites. However, according
to analyses of the nucleotide sequences of its
reaction center polypeptides and primary sigma
factor (see Molecular Evidence in this Chapter),
Chloroflexus aurantiacus does not represent a
deep branch of bacterial evolution. Gypsum lay-
ers within the supposed stromatolites have been
interpreted as indicators of sulfide oxidation by
either anoxygenic phototrophs or colorless
sulfur-oxidizing bacteria (Awramik, 1992). How-
ever, similar structures have been discovered in
lacustrine, and thus sulfur-depleted, settings with
little input of allochthonous organic carbon
(Buick, 1992). Therefore, at least some 2.7 billion
year-old stromatolites are more likely to
have harbored oxygenic cyanobacteria. Taken
together with the fossil evidence, this would indi-
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cate that diversification of the major groups of
phototrophic microorganisms did occur during
the early Archaean (Awramik, 1992).

Because of the indefinite character of the fossil
evidence, 16S rRNA sequences and components
of the photosynthetic apparatus of the different
photosynthetic prokaryotes have been used to
gain additional insight into the evolution of
photosynthesis.

MoLecuLar EVIDENCE Chlorophyll-based pho-
tosystems are only found in the Bacteria and
chloroplasts, suggesting that this type of energy
conversion originated in the bacterial lineage
after the divergence of Archaea and Eukarya. So
far, photosynthetic species have not been discov-
ered in the very early lineages of the bacterial
radiation (e.g., the thermophilic oxygen reducers
and Thermotogales; Fig. 1). Because most species
of these lineages are chemolithotrophic, it has
been proposed that chemolithoautotrophy pre-
ceded phototrophy during the evolution of the
Bacteria (Pace, 1997). This conclusion is sup-
ported by the fact that in phylogenetic trees
based on protein sequences of elongation factor
EF-Tu and the B-subunit of ATP synthase, only
the Agquificales and Thermotogales branch
deeper than the majority of the bacterial divi-
sions, while the Chloroflexus subdivision does
not (Stackebrandt et al., 1996), thus indicating
that Chloroflexus does not represent the descen-
dant of a more ancient ancestor than other pho-
totrophic bacteria.

At present, five of the known bacterial lin-
eages comprise phototrophic species (Fig. 1, see
Taxonomy of Phototrophy among Prokaryotes
in this Chapter). Based on 16S rRNA sequences,
extant phototrophic species of different lineages
are only very distantly related to each other. Fur-
thermore, one lineage, the Chloroflexus sub-
group, represents an early branch in the
evolution of the Bacteria. Given the complexity
of the photosynthetic apparatus, it is unlikely
that photosynthesis has evolved more than once
during the evolution of the domain Bacteria
(Woese, 1987). The phylogenetic analysis indi-
cates that either an early ancestor of most known
bacteria had acquired the capacity for photosyn-
thetic growth (Stackebrandt et al., 1988) or,
alternatively, that the genes coding the photosyn-
thetic apparatus were transferred laterally
between phylogenetically distant bacteria. The
evidence for the various scenarios of the evolu-
tion of bacterial photosynthesis is discussed in
the present section.

Originally, it had been proposed (Oparin,
1938; Gest and Schopf, 1983a) that anaerobic,
heterotrophic prokaryotes capable of fermenting
hexose sugars were among the earliest life forms
and that electron transport and photosynthesis
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evolved as a response to the depletion of organic
nutrients from the primordial soup. Based on
one hypothesis (the Granick hypothesis; Gran-
ick, 1965), the biosynthetic pathway of photosyn-
thesis pigment molecules may be taken as a
recapitulation of evolution such that compounds
with shorter biosynthetic pathways reflect the
more ancestral state. The synthesis of bacterio-
chlorophyll requires one additional enzymatic
reduction than that of chlorophyll. Because chlo-
rophyll precedes bacteriochlorophyll in the bio-
synthetic pathway, the former should have
existed earlier in nature. It has been proposed
(Pierson and Olson, 1989) that a non-oxygenic
photosynthetic ancestor containing chlorophyll a
and the two types of reaction centers evolved
prior to the major radiation event of the Bacte-
ria. During the subsequent radiation, oxygen
evolution appeared in one line of descent
whereas either the quinone or the FeS-type pho-
tosystem was lost in other lineages, concomitant
with the emergence of the different bacteriochlo-
rophylls. Besides avoiding an a priori lateral gene
transfer of the complete photosynthetic gene
cluster, this Pierson-Olson hypothesis takes into
account the ecological conditions of the early
biosphere in which the absence of oxygen and
ozone caused a predominance of radiation in the
blue and UV wavelength range, which in turn
would render the red-shifted absorption maxima
of bacteriochlorophylls of little selective advan-
tage (Boxer, 1992).

As an argument against the Granick and
Pierson-Olson hypotheses, several types of pho-
totrophic bacteria that would be expected are
apparently missing in nature. As an example,
anoxygenic chlorophyll-containing forms have
never been found, although it has been argued
that the 8-hydroxychlorophyll-containing Helio-
bacteriaceae represents this type inasmuch as
bacteriochlorophyll g is easily converted to chlo-
rophyll a by oxidation. Bacteriochlorophylls
occur in both types of reaction centers, the pheo-
phytin-type (Proteobacteria, Chloroflexus) and
the FeS-type. This could indicate that the pres-
ence of bacteriochlorophyll represents a primi-
tive trait. The chlorophyll-first hypothesis
postulates that bacteriochlorophyll has replaced
chlorophyll independently in at least three dif-
ferent bacterial lineages. Chlorophyll, however,
is presently only found in oxygen-evolving
organisms of the phylum Cyanobacteria whic h,
based on 16S rRNA sequence comparison,
represents the most recently evolved group of
phototrophic bacteria (Woese, 1987, Fig. 1).
Cyanobacteria contain two different photosys-
tems and thus have the most complex photosyn-
thetic apparatus. In addition, the much higher
complexity of the oxygen-evolving PSII of oxy-
genic phototrophic organisms may imply that it
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appeared later than the other photosystems dur-
ing evolution.

As another argument against the Pierson-
Olson hypothesis, chlorophyll itself should have
been of little selective advantage in Earth’s early
biosphere and it has been proposed that
quinone-iron complexes represented the first
photosynthetic unit (Boxer, 1992). In contrast to
the complex porphyrin pigments, quinones can
form spontaneously from acetyl thioesters (Hart-
mann, 1992). Furthermore, the discrepancy
between the presence of chlorophyll exclusively
in the most highly evolved bacteria and its
shorter biosynthetic pathway may be explained
by the finding that the chlorin reductase, which
catalyzes the additional step of the biosynthetic
pathway for bacteriochlorophyll, is phylogeneti-
cally older than the enzyme (protochlorophyl-
lide reductase) that catalyzes the preceeding
step. This enzyme is present in both the chloro-
phyll- and bacteriochlorophyll-containing bacte-
ria (Burke et al., 1993). An ancien t reductase
may have been able to perform both, the reduc-
tion of protochlorophyllide and of chlorin, such
that bacteriochlorophyll was the photochemi-
cally active pigment in the last common ancestor
of all extant phototrophic bacteria.

An analysis of the distribution of the different
types of reaction centers among the different
bacterial phyla and the amino acid sequences of
reaction center proteins (Blankenship, 1992)
provides an alternative hypothesis for the evolu-
tion of photosynthesis, namely the possibility of
lateral transfer of photosynthesis genes. Both the
pheophytin/quinone and the FeS-type reaction
centers are found in phylogenetically distant
groups (e.g., a pheophytin/quinone reaction cen-
ter in Chloroflexus and phototrophic members of
the a-Proteobacteria). Even more significantly,
a phylogenetic analysis of the amino acid
sequences of pheophytin-type reaction center
polypeptides from the three different bacterial
lineages Chloroflexaceae, cyanobacteria and o-
Proteobacteria indicated that the reaction center
of Chloroflexus aurantiacus is more closely
related to that of phototrophic members of the
o-Proteobacteria than to the PSII reaction cen-
ter of cyanobacteria (Blankenship, 1992). Thus
the reaction center of Chloroflexus must have
evolved after (and not prior to) the divergence
of the D1/D2 branch from the L/M line of
descent. Another essential component of the
photosynthetic apparatus of Chloroflexus and
green sulfur bacteria are the light-harvesting
chlorosomes. Based on amino acid sequence
comparison of protein constituents, chlorosomes
of both groups have a common evolutionary ori-
gin (Wagner-Huber et al., 1988). Similarly, a
comparison of the amino acid sequences of the
group 1 ¢’ primary sigma factor also has dem-
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onstrated a close relationship to the green sulfur
bacteria with respect to this component of
the central housekeeping function (Gruber and
Bryant, 1998). Other features of Chloroflexus
aurantiacus appear to be unique (like the lipid
and carotenoid composition), or ancient (like the
hydroxypropionate pathway of CO,-fixation).
Recently, the activity of the key enzymes of this
pathway have been reported for some archaea
(Menendez et al., 1999) such that Chloroflexus
aurantiacus seems to represent a “chimeric”
organism.

Based on the most parsimonious assumption
that homodimeric reaction centers are ancestral
to homodimeric ones, the reaction centers of
green sulfur bacteria and Heliobacteriaceae
would resemble most the reaction center of the
ancestor of all extant bacteria. It has been
hypothesized (Gruber and Bryant, 1998) that the
reaction center of Chloroflexus aurantiacus was
acquired by a recent lateral gene transfer event
that may have replaced a type I reaction center
with a type II (FeS) reaction center, whereas
other features like primary sigma factor or chlo-
rosomes still reflect the common descent of
Chloroflexus and the green sulfur bacteria.
Alternatively, it has been suggested that transfer
of the genetic information of the relatively sim-
ple chlorosomes occurred after the evolution of
the two classes of reaction centers and that the
green sulfur bacteria represent a relatively mod-
ern evolutionary invention (Stackebrandt et al.,
1996).

The presence of two homologous polypeptides
in all known reaction centers would suggest a
single gene duplication event in an early ancestor
of all phototrophic bacteria. As an additional
result of the phylogenetic analysis of the amino
acid sequences of pheophytin-type reaction cen-
ter polypeptides from the three different bacte-
rial lineages (Chloroflexaceae, cyanobacteria and
o-Proteobacteria; Blankenship, 1992), the most
likely occurrence of two independent gene dupli-
cations is suggested—one leading to the reaction
center of PSII in cyanobacteria and green plants
(polypeptides D1 and D2) and another to the
reaction center of Chloroflexus and purple non-
sulfur bacteria (polypeptides L and M). Another,
third, independent gene duplication has to be
assumed during the evolution of the FeS-type
reaction center. The reason for the paraphyletic
development of the three lineages may be a func-
tional advan tage of dimeric reaction centers
over monomeric ones.

Yet another evolutionary scenario for photo-
synthetic reaction centers (Vermaas, 1994) has
been based on the finding that the sixth mem-
brane-spanning region of the heliobacterial
(FeS- or PSI-type) reaction center shows a great
similarity to the sixth membrane-spanning
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region of the CP47 antenna polypeptide of (the
quinone-type) PSII, and the preceeding N-
terminal five hydrophobic regions still show sig-
nificantly greater similarity to CP47 (and to
another PSII antenna protein, CP43) than to the
respective portion of PSI. According to this
model, an ancestral homodimeric antenna/reac-
tion center complex comprised 11 putative trans-
membrane regions and contained two quinones
and an Fi-type Fe,S, iron-sulfur center. Rela-
tively few modifications may have led to the
homodimeric complex of green sulfur bacteria
and Heliobacteriaceae, whereas a gene duplica-
tion event and divergent evolution led to the
heterodimeric PSI. As a para llel line of descent,
splitting of the ancestral reaction center complex
into a reaction center and a separate antenna
protein may have occurred. Operon duplication,
loss of the FeS, and divergent evolution are
assumed to have resulted in two separate lin-
eages. By association with an additional water-
splitting enzyme system, PSII was formed. In
contrast, the separate antenna polypeptide was
lost and replaced by a modified antenna complex
(light-harvesting I) during evolution of the reac-
tion center of Proteobacteria and Chloroflexus.
Significantly, however, this theory does not
explain the occurrence of the quinone-type reac-
tion center in these latter two groups, which are
phylogenetically very distant. In addition, the
combination of a reaction center typical for Pro-
teobacteria with an antenna structure character-
istic for green sulfur bacteria would still need to
be explained by lateral gene transfer of either of
the two components.

Based on the obvious discrepancy between the
phylogeny of ribosomal RNA and reaction cen-
ter proteins, the hypothesis of lateral transfer of
photosynthesis genes between distantly related
groups of bacteria has been put forward. Lateral
gene transfer as yet seems to provide the sim-
plest explanation for the distribution pattern of
photosynthesis genes within the bacterial radia-
tion (Blankenship, 1992; Nagashima et al., 1993;
Nagashima et al., 1997). Such a lateral gene
transfer would encompass reaction center struc-
tural genes, genes coding for other electron
transfer proteins, and genes needed for the bio-
synthesis of pigments and cofactors. In purple
nonsulfur bacteria the majority of these genes
indeed form a single cluster of 46 kb (which does
not encompass the genes for the light-harvesting
II complex, however; Bauer and Bird, 1996;
Wellington et al., 1992; Yildiz et al., 1992). The
genetic organization may be taken as evidence
for lateral gene transfer as the cluster represents
only ~1.3% of the total genome size. It should be
mentioned, however, that clustering of most
photosynthesis genes may also be due to struc-
tural or regulatory constraints. Supporting the
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latter argument (Yildiz et al., 1992), photosyn-
thesis genes in o-Proteobacteria are transcrip-
tionally coupled in superoperons involving
overlapping transcripts. The particular genetic
organization is the prerequisite for adaptation of
the cells to changing light intensity (see Genetic
Regulation in Response to Light in this Chapter)
and oxygen tension (see Genetic Regulation by
O, in this Chapter). Therefore a selective pres-
sure may exist to retain the linkage order and
would make the genetic organization of the pho-
tosynthesis genes less suitable for phylogenetic
inference. Furthe rmore, the high correlation
between the phylogenetic trees for 16S rRNA
and cytochrome c in phototrophic members of
the o-Proteobacteria has been taken as evidence
that a lateral transfer of photosynthesis genes did
not occur at least within this phylogenetic group
(Woese et al., 1980). Thus, the presence of reac-
tion centers in aerobic bacteriochlorophyll-
containing o-Proteobacteria may represent an
atavistic trait, and the genes coding the reaction
center might have been lost frequently during
the evolution of aerobic representatives in this
group (Stackebrandt et al., 1996).

Because the pigment composition of the oxy-
genic photosynthetic “Prochlorophytes” is very
similar to that of green plant chloroplasts, and
like the latter “Prochlorophytes” have appressed
thylakoid membranes, it has been proposed that
the chloroplasts of green plants evolved from an
endosymbiotic “prochlorophyte” (van Valen and
Maiorana, 1980; Lewin, 1981). In contrast to the
other oxygenic phototrophs, Prochlorococcus
contains divinyl isomers of chlorophylls a and b,
and o- instead of B-carotene (Chrisholm et al.,
1992; Goericke and Repeta, 1992). However,
based on sequence comparison of 16S rRNA
(Urbach et al., 1992) and the rpoCI (Palenik and
Haselkorn, 1992) genes, the three known
prochlorophyte lineages (Prochloron, Prochlo-
rothrix, and Prochlorococcus) are no direct
ancestors of chloroplasts. In addition, these anal-
yses revealed that “Prochlorophytes” most likely
are of polyphyletic origin and that the use of
chlorophyll b as additional light-harvesting pig-
ments must have developed at least four times
during evolution. In this case, too, a horizontal
transfer of the respective biosynthesis genes
could be invoked to explain the distribution pat-
tern of chlorophyll b among the different mem-
bers of the cyanobacterial division (Palenik and
Haselkorn, 1992). Immunological studies and
differences in the chlorophyll a/chlorophyll b
ratio of the antennae isolated from different
“Prochlorophytes” indicate that the capacity to
bind chlorophyll b arose several times and inde-
pendently from the cyanobacterial ancestors,
and thus confirm the results of s equence com-
parisons of the 165 rRNA and rpoCl genes.
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CHAPTER 14

The Anaerobic Way of Life

RUTH A. SCHMITZ, ROLF DANIEL, UWE DEPPENMEIER AND GERHARD GOTTSCHALK

Introduction

Molecular oxygen in appreciable amounts is
found only in those areas on earth that are in
direct contact with air or are inhabited by organ-
isms carrying out oxygenic photosynthesis. The
solubility of oxygen in water is low. In equilib-
rium with air at 1.013 bar and at 20°C, pure
water will contain approximately 9 mg/liter of
dissolved oxygen. In aqueous systems, aerobic
organisms rapidly consume dissolved oxygen,
so that deeper layers of many waters and soils
(especially if they are rich in organic com-
pounds), as well as mud and sludge, are practi-
cally anaerobic. Nevertheless, these areas are
inhabited by numerous organisms that fulfill the
important ecological role of converting insoluble
organic material to soluble compounds and gases
that can circulate back into aerobic regions.
Other important anaerobic habitats are the
rumen, the intestinal tract, and man-made anaer-
obic digestors of sewage treatment plants.

Anaerobic prokaryotes that can live in the
above-mentioned environments are either pho-
totrophs, which, of course, can only flourish if
light is available, or chemotrophs. With respect
to their relationship to aerobic metabolism,
three groups of organisms capable of growth in
an anaerobic environment can be identified:

1. Organisms that are aerobes but can use
alternate electron acceptors such as nitrate or
nitrite when exposed to an anaerobic environ-
ment. The electron transport from NADH to
these acceptors is coupled to the phosphorylation
of ADP, as is the electron transport to oxygen.

2. Organisms that are facultative aerobes. The
enterobacteria are the most prominent represen-
tatives of this group. These organisms grow as
typical aerobes in the presence of oxygen; in its
absence, they carry out fermentations.

3. Obligately anaerobic bacteria that are char-
acterized by the inability to synthesize a respira-
tory chain with oxygen as terminal electron
acceptor. They are restricted to life without
oxygen.

The diversity of microorganisms able to thrive
under anaerobic conditions is overwhelming. Up
to now more than 200 genera of obligate anaer-
obic microorganisms have been described. Obli-
gate anaerobes are found in all three domains.
The eukaryotes are represented by anaerobic
fungi, ciliates and flagellates, the archaea by the
methanogens, which comprise 23 genera, and by
the most hyperthermophilic genera Pyrolobus,
Pyrodictium and Pyrococcus. Most genera of the
obligate anaerobes belong to the bacteria. Espe-
cially prominent are the 32 genera characterized
by their ability of dissimilatory reduction of
sulfate, sulfite or sulfur. Spore formers are well
represented, e.g., by the genera Clostridium,
Sporomusa, Desulfotomaculum, Moorella and
Thermoanaerobacterium. There are halophiles
such as the genera Haloanaerobacter and Sporo-
halobacter and alkaliphiles like Anaerobranca. A
few genera comprise more than a dozen species:
Bacteroides, Bifidobacterium and Clostridium
(the genus which by far contains the most spe-
cies), Desulfotomaculum, Desulfovibrio, Eubac-
terium and Thermococcus. Quite a few genera
are represented just by one species, e.g., Acetito-
maculum, Acetonema, Chrysiogenes, Desulfo-
bacula, Hippea, Stetteria and Succinispira.
Autotrophic CO,-fixation is widespread among
the acetogenic anaerobes such as Acetobacte-
rium woodii, Clostridium aceticum and Moorella
thermoautotrophica and especially among the
methanogens of which only a few representatives
are unable to grow with CO, plus H,, e.g., Meth-
anosaeta concilii, Methanosarcina acetivorans
and the Methanosphaera species. A few sulfate-
reducing bacteria utilize CO,, such as Desulfo-
bacterium autotrophicum and Desulfosarcina
variabilis. The ability to fix molecular nitrogen is
probably more common among anaerobes than
known at the moment. Several clostridia are able
to do so, with Clostridium pasteurianum being
the first species demonstrated to have nitroge-
nase activity. Methanogens express active nitro-
genase under nitrogen-limited growth conditions
as has been demonstrated for Methanosarcina
barkeri, Methanosarcina mazei and Methanococ-
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Table 1. Reactions yielding ATP by substrate-level phosphorylation in anaerobes.

Reaction

1,3-Bisphosphoglycerate + ADP < 3-phosphoglycerate + ATP

Phosphoenolpyruvate + ADP < pyruvate + ATP
Acetyl phosphate + ADP < acetate + ATP

Butyryl phosphate + ADP < butyrate + ATP
Carbamoyl phosphate + ADP < carbamate + ATP
N'-Formyl FH;* + ADP + P; & formate + FH, + ATP
Glycine + 2H + ADP + P; & acetate + NH; + ATP

Enzyme AG,, (kJ/mole)
Phosphoglycerate kinase -24.1
Pyruvate kinase -23.7
Acetate kinase -12.9
Butyrate kinase -12.9
Carbamate kinase 7.5
Formyl-FH, synthetase +8.32
Glycine reductase about —46.0

“FH,, tetrahydrofolic acid.

cus maripaludis. Many more anaerobes can be
expected to do so.

So obligate anaerobes are known now for all-
important anaerobic habitats on earth. Because
of their inability to utilize oxygen, they had to
develop their strategies to conserve energy in the
form of ATP, to metabolize substrates and to
cope with some of their own products such as
ethanol, lactate, butyrate or acetate. Some of the
characteristic features of the anaerobes will be
outlined.

Novel Ion Translocation Reactions
Involved in Energy Conservation

It is a fact that several anaerobic microorganisms
produce ATP only by substrate-level phosphory-
lation. Growth on sugars or on amino acids
coupled to the formation of ethanol, lactate,
butyrate or acetate very often indicates that
substrate-level phosphorylation is involved
(Thauer et al., 1977). This holds true for lactic
acid bacteria and also for many clostridia. Some
of the reactions employed for ATP synthesis by
these bacteria and by other anaerobes are listed
in Table 1. It can be seen that the reactions 1 to
4 listed in Table 1 are part of the glycolytic path-
way of acetate and butyrate formation. Carbam-
oyl phosphate is formed in the conversion of
arginine to ornithine, and thereby becomes avail-
able for ATP synthesis. The conversion of N'-
formyl FH, (N'-formyl tetrahydrofolic acid; an
intermediate of methyl group oxidation) to for-
mate, and FH, gives rise to ATP synthesis. Gly-
cine reductase is involved in the reductive part
of the Stickland reaction, the pairwise fermenta-

Table 2. H,-dependent fermentations.

tion of amino acids. This interesting reaction will
be discussed in detail below.

There are fermentations in which at first sight
reactions giving rise to ATP synthesis cannot
be identified. Such processes are for instance
hydrogen-dependent fermentations; some are
summarized in Table 2. Here it has been assumed
for quite some time that electron transport pro-
cesses might be coupled to ion translocation and
that the ion-motive force generated might sup-
port ATP synthesis. Experimental proof for this
assumption has been provided in recent years.

Wolinella succinogenes grows on fumarate and
H, according to the equation given in Table 2.
Clearly, this organism must gain ATP by electron
transport phosphorylation. The electron trans-
port chain that catalyzes this reaction (Fig. 1B)
consists of hydrogenase, menaquinone and
fumarate reductase (Lancaster and Kroger,
2000). Using vesicles and reconstituted liposo-
mal systems the generation of a proton-motive
force could be demonstrated in the course of H,-
dependent menaquione reduction as catalyzed
by the hydrogenase (Gross et al., 1998). A num-
ber of other bacteria also can take advantage of
ion-translocating electron transport system using
fumarate as a terminal electron acceptor (Kroger
et al., 1992). Formate, NADH or H, are typical
electron donors, and succinate or propionate are
formed as catabolic end products.

The pathway (as employed by the methano-
gens) for CO,-reduction to methane by H, is
depicted in Fig. 2. It has been demonstrated in
recent years that one reaction, the methyl group
transfer from methyltetrahydromethanopterin
to coenzyme M, is coupled to the translocation
of sodium ions (Deppenmeier et al., 1996). This

Reaction Change of free energy
Fumarate + H, - succinate AG® = -86kJ/mol
CO,+4H, - CH, +2 H,0 AG” =-131kJ/mol
2C0O,+4H, - CH;COO™ + H" +2 H,0O AG” = -95kJ/mol
SO +4 H, + H - HS™ + 4 H,0 AG® = -152kJ/mol
2 FeOOH + H, + 4 H* - 2 Fe** + 4 H,0 AG” =-110kJ/mol
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Fig. 1. Anaerobic respiration in Wolinella succinogenes. A) Polysulfide reduction: The membrane-bound hydrogenase is
composed of three subunits (HydABC) and contains heme b, iron-sulfur clusters (FeS) and the nickel/iron center (Ni-Fe)
for hydrogen oxidation. The gene products PsrA, B and C form the polysulfide reductase which contains a molybdopterin
guanine dinucleotide (Mo), iron sulfur clusters (FeS). A menaquinone (Mkb) is tightly bound to the protein. Electron transfer
is probably mediated by diffusion and collision of the enzymes. B) Fumarate reduction: The hydrogenase is identical to the
one shown in Fig. 1A. The fumarate reductase consists of three subunits (frdCAB). A diheme cytochrome b anchors the
enzyme in the membrane (di-heme b). The catalytic subunit carries a covalently bound FAD. These subunits are connected
by an iron-sulfur protein (FeS). Electron transfer from the hydrogenase to the fumarate reductase is mediated by

menaquinone.

system represents a novel type of sodium ion
pump, which will be discussed below in connec-
tion with other sodium ion pumps. Some metha-
nogens (e.g., Methanosarcina spp.) employ two
novel membrane-bound electron transport
systems generating an electrochemical proton
gradient. The systems are composed of
the heterodisulfide reductase and either a
membrane-bound hydrogenase or an F,H,
dehydrogenase (Baumer et al., 2000), which
is functionally homologous to the proton-
translocating NADH dehydrogenase (complex I
of the respiratory chain). It has been shown that
all of these enzymes are involved in proton trans-
location. Interestingly, the electron transport sys-
tems of these organisms contain electron carriers
(such as cytochromes and the novel redox carrier
methanophenazine), not found in methanogens
utilizing only H, + CO, (Deppenmeier et al.,
1999).

A number of archaea as well as of bacteria
reduce elemental sulfur with H, to H,S (Hedder-
ich et al., 1999). Examples are Pyrodictium
occultum, Stetteria hydrogenophila and Desulfu-

robacterium thermolithotrophum, but also the
already mentioned Wolinella succinogenes in
which a Hy:polysulfide reductase was character-
ized consisting of a nickel-iron hydrogenase,
menaquinone and a molybdenum iron sulfide-
containing polysulfide reductase (Fig. 1A).
Because the solubility of elemental sulfur in
water is extremely low, it is believed that polysul-
fide is the actual electron acceptor (Hedderich et
al., 1999). It is formed in an H,S environment
according to:

nS’+HS - S* . +H* (1)

Proton gradients are also established in the pro-
cess of dissimilatory sulfate reduction. Here, the
electron transfer from H, to sulfite is coupled to
ATP synthesis via a chemiosmotic mechanism
(Badziong and Thauer, 1980). Shewanella putre-
faciens (not an obligate anaerobe) can grow with
Fe* and H,. The mode of energy conservation is
not known as yet.

Diffusion gradients may also be exploited for
the generation of a proton-motive force. As long
as the intercellular lactate concentration is high
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Fig. 2. Membrane-bound electron
transport chain in Methanosarcina
mazei. In the course of methanogen-
esis, methyl-coenzyme M (CH3-S-
CoM) is formed and is reductively
cleaved by the methyl-CoM reduc-
tase which uses coenzyme B (HS-
CoB) as electron donor. The reaction
results in the formation of methane
and a heterodisulfide (CoB-S-S-
CoM) from HS-CoM and HS-CoB.
The disulfide functions as electron
acceptor of the anaerobic respiratory
chain. Molecular hydrogen or
reduced coenzyme Fp (FioH,)
serves as electron donors. The F,,H,
dehydrogenase contains FAD and
FeS clusters and is responsible for
the oxidation of F,,,H,. Electrons are
transferred to methanophenazine
(MPhen). The reduced form of this
novel cofactor is the electron donor / o
of the heterodisulfide reductase. % =
This enzyme contains heme b and CHj-S-CoM
iron-sulfur clusters. It catalyzes the i
reduction of CoM-S-S-CoB. The H,-
dependent electron transport system
is composed of a membrane-bound
hydrogenase which is very similar
to the corresponding enzyme from
Wolinella (Fig. 1). Methanophena-
zine functions as mediator of elec-
tron transport to the heterodisulfide
reductase.

methanogenic
substrates

as compared to the extracellular one, it can be
exported accompanied by two protons:

Lactategge + 2H "insice — lactate gysige + 2H  outside
2
Thus, the proton/product symport helps lactate

acid bacteria to increase their ATP yield
(Konings et al., 1997).

Sodium Ion Pumps

Cells have the tendency to expel sodium ions
from the interior. Usually expulsion is catalyzed
by sodium-proton antiporters, but a number of
obligately anaerobic microorganisms have pri-
mary sodium ion pumps at their disposal. In
these organisms certain exergonic reactions are
coupled with Na*-translocation across the cyto-
plasmic membrane. One example was given
already: the methyltetramethanopterin:coen-
zyme M methyltransferase reaction which is
present in all methanogens and which is respon-
sible for the Na'-dependence of growth and
methane formation of this group of archaea. This

CoB-S-S-CoM

CoB-SH

f—" F420H2 T B
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enzyme system is an extremely complex one con-
sisting of eight different subunits and containing
By, as cofactor (Gottschalk and Thauer, 2001). A
related enzyme system may occur in Acetobacte-
rium woodii and related organisms that are Na*-
dependent and generate a sodium ion-motive
force during acetogenesis (Heise et al., 1989).
This, however, is not true for all acetogens.
Organisms such as Clostridium aceticum and
Moorella thermoautotrophica are not Na*
dependent; they contain cytochromes and appar-
ently generate a proton gradient instead of a
sodium ion gradient (Hugenholtz and Ljungdahl,
1990).

Certain decarboxylases have been found to
function as primary Na* pumps. They are mem-
brane bound and they contain biotin. These
enzymes occur in organisms such as Propionige-
nium modestum, Acidaminococcus fermentans or
Klebsiella pneumoniae, and the acids are
decarboxylated with Na* extrusion are oxaloac-
etate, methylmalonyl-CoA, glutaconyl-CoA or
malonyl-acyl carrier protein (malonyl-ACP;
Dimroth, 1997, Dimroth and Schink, 1998). A
scheme is depicted in Fig. 3.
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Fig. 3. Decarboxylation reactions
coupled to sodium ion translocation:
1) Oxaloacetate decarboxylase
(e.g., is used by Klebsiella pneu-

cytoplasmic
membrane

in COZ*_AY(

Biotin Biotin-CO,

=

{ \
—= — = Oxalacetate! Pyruvate

Citrate

moniae to ferment citrate); 2)
Methylmalonyl-coenzyme A (CoA)
decarboxylase (e.g., is used by Pro-
pionigenium modestum for succi-
nate metabolism); 3) Malonyl-S-acyl
carrier protein (ACP) decarboxy-
lase (e.g., is used by Malonomonas
rubra growing on malonate); and
4) Glutaconyl-CoA decarboxylase
(e.g., is used by Acidaminococcus
fermentans to ferment glutamate).

Succinate —pe~ —u= Methylmalonyl-CoA2 Propionyl-CoA —#~ —m= Propionate

Malonate e — g Malonyl-S-ACP3
Glutamate —#= —u= Glutaconyl-CoA4

Degradative Pathways

With respect to the degradation of substrates, the
anaerobes have disadvantages and advantages.
One difficulty is that in the absence of an exter-
nal electron acceptor anaerobes must balance
their oxidation and reduction reactions. The elec-
tron donors and acceptors are derived from
organic molecules of medium redox states such
as sugars, organic acids, heterocyclic compounds
and amino acids. Often more reduced (e.g., eth-
anol) and more oxidized (e.g., CO,) products are
formed. In a few fermentations, the redox state
of the substrate and the product is the same, e.g.,
the fermentation of hexoses to two lactates or
three acetates. Highly oxidized or reduced com-
pounds such as carbon dioxide or hydrocarbons,
respectively, are only suitable for fermentation
together with inorganic electron donors or
acceptors.

Another disadvantage of anaerobes is, of
course, that oxygen cannot be employed for the
initial attack of certain substrates such as hydro-
carbons. On the other hand, there are a number
of advantages. Oxygen-sensitive systems can be
taken advantage of radical reactions or even of
radical enzymes. So under the dictate of bal-
anced redox reactions and with the involvement
of unique enzymes and reactions, a fascinating
array of unusual fermentations has evolved;
some will be discussed now.

Coenzyme B,,-Dependent Pathways

When Clostridium tetanomorphum or Clostrid-
ium cochlearium grows on L-glutamate, the

Acetyl-S-ACP —= —pm= Acetate
Crotonyl-CoA —#= —m= Butyrate

NH,
HOOC "COOH
L-glutamate 0.2 acetate, 0.4 butyrate,
1 COp, 0.2 H,
| }
NH,
COOCH
HOOC |}
CHs CH,-CO-COOH
L-threo-B-methylaspartate pyruvate
CH;—COOH
2 - NH, 4 | 1 acetate
COOCH 3
COOH
Hool T ~ 7  "HooC &
CH, 0 CH
mesaconate citramalate

Fig. 4. Pathway of L-glutamate fermentation by Clostridium
tetanomorphum: 1) Glutamate mutase (coenzyme Bj,-
dependent); 2) B-Methylaspartase; 3) Citramalate dehy-
dratase; and 4) Citramalate lyase.

substrate is prepared for a cleavage into a two-
carbon and a three-carbon compound in an
interesting way. Under the catalysis of glutamate
mutase (a Bj,-containing enzyme), L-glutamate
is converted to L-threo-B-methylaspartate
(Buckel and Golding, 1996b). This carbon-
skeleton rearrangement facilitates the elimina-
tion of ammonia and formation of mesaconate
by B-methylaspartase. Subsequently, mesaconate
is hydrated to citramalate, which then is cleaved
into acetate and pyruvate (Buckel, 1980; Fig. 4).
Oxidative decarboxylation of pyruvate results in
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Fig. 5. Interconversion of succinate ’ (o)
and propionate by methylmalonyl- COOH
CoA mutase: 1) Propionate CoA- HOOCN /,f"' “\ h;ﬁOOCA SCoA
transferase; 2) Methylmalonyl-CoA succinate O succinyl-CoA
mutase (coenzyme Bj,-dependent); CHg &
3) Methylmalonyl-CoA epimerase; AoCS HOOC CHg
and 4) Transcarboxylase (biotin- propionyl-CoA propionate
containing).
® 2
_A._cooH
HOOC
oxaloacetate
Y
4
o CHaH CHs
PN j(rSCoA /}\r,SCoA
-
HOOC CH, HOOC ol 3 HOOC )
pyruvate (s)-methylmalonyl-CoA (R)-methylmalonyl-CoA
gluconeogenesis
0 ATP ADP o 0
HO\-_F_J.I\MOH L | HQ-JH-.,O—F;—o— glyceraldehyde-
> o 3-phosphate
1 dihydroxyacetone dihydroxyacetone
HO OH phosphate
<~~~ OH NADH + H* ,
glycerol )3\ catabolism
H,O
2 HQ,,-*-.H,,O HQ—-—”"‘-\J OH

3-hydroxypropion- 4

aldehyde

1,3-propanediol

Fig. 6. Pathway of glycerol fermentation by Citrobacter freundii: 1) Glycerol dehydrogenase; 2) Dihydroxyacetone kinase;
3) Glycerol dehydratase (coenzyme By,-dependent); and 4) 1,3-Propanediol dehydrogenase.

the formation of acetyl-CoA and reduced ferre-
doxin, which is reoxidized during the synthesis of
butyryl-CoA from two moles of acetyl-CoA.
Then, ATP is synthesized in the acetate and
butyrate kinase reactions (Barker, 1981). By this
pathway, a degradation of glutamate via the tri-
carboxylic acid cycle is circumvented; the latter
would not be feasible because of an unbalanced
generation of reducing equivalents in the form
of NADH and FADH,.

Coenzyme Bl,-dependent rearrangements
like the glutamate mutase reaction proceed via
radical intermediates; they are per se oxygen
sensitive although another reaction of this type,
the methylmalonyl-CoA mutase reaction, pro-
ceeds in higher eukaryotes such as man. This
reaction is also of key importance in propionic
acid bacteria and many other anaerobes because

it allows the interconversion of succinate and
propionate (Fig. 5).

A fermentation that involves a coenzyme B,-
dependent reaction and proceeds only under
anaerobic conditions is the glycerol conversion
to 1,3-propanediol. This fermentation was dis-
covered in enteric bacteria such as Citrobacter
freundii and Klebsiella pneumoniae; it proceeds
as depicted in Fig. 6. Glycerol is oxidized to dihy-
droxyacetone, which is converted further to
dihydroxyacetone phosphate. To balance the fer-
mentation, a portion of glycerol is dehydrated to
3-hydroxypropionaldehyde in a coenzyme Bi,-
dependent reaction. Subsequently, the aldehyde
is reduced to the major fermentation product
1,3-propanediol, which is of great biotechnolog-
ical interest. The bottleneck of the pathway is the
coenzyme Bi,-dependent glycerol dehydratase
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that is rapidly inactivated during glycerol dehy-
dration (Daniel et al., 1998).

Degradation of Amino Acids and
o-Hydroxy Carboxylic Acids

Novel reactions occur in a number of anaerobes
for the utilization of o-amino acids and o-
hydroxy carboxylic acids. If redox balance
allows, these acids can be oxidized, of course, to
the corresponding o-keto acids and then very
easily metabolized further. So lactate or alanine
can be oxidized to pyruvate and further to
acetyl-CoA. This often is not possible because
an acceptor for the electrons generated is not
available. A commonly used pathway involves
the reduction of the o-keto acids generated by
deamination of amino acids to the correspond-
ing hydroxy carboxylic acids, followed by activa-
tion to the CoA ester and dehydration to an
enoyl-CoA (Fig. 7). A simple dehydration of a-
hydroxy carboxylic acids is not feasible because
it would have to proceed against the rule of
Markovnikov (Jones, 1961). A well-studied exam-
ple is the dehydration of a-hydroxyglutaryl-CoA
to glutaconyl-CoA carried out by Acidaminococ-
cus fermentans. The enzyme, o-hydroxyglutaryl-
CoA dehydratase, is extremely oxygen sensitive
and contains [Fe-S] clusters, reduced riboflavin,
and FMNH,. The activation of the dehydratase
is catalyzed by an activator protein and requires
a reducing agent and catalytic amounts of ATP
and Mg*. A novel mechanism involving thiol
ester-derived radical anions (ketyls) has been
postulated for these dehydrations (Buckel,
1996a).

H NADH + H* NAD* H
Z__~COOH Z__~COOH
R Y LZ, R Y
o} 1 OH
o-keto acid o-hydroxy acid

acetyl-CoA
) 2
acetate
H,O
o) » H O
R A SCoA R Y SCoA

enoyl-CoA o-hydroxyacyl-CoA
Fig.7. o-Hydroxy acid pathway: 1) o-Hydroxy acid dehydro-
genase; 2) CoA transferase; and 3) o-Hydroxyacyl-CoA
dehydratase.
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Another way to deal with certain o-amino
acids is reductive deamination. Such deamina-
tions are part of the Stickland reaction in which
amino acids are fermented pairwise. Alanine, for
instance, is oxidized and the reducing equiva-
lents generated are transferred to glycine:

1 Alanine — 1 acetate + 1 CO, +1 ammonia +4H

2 Glycine +4H — 2 acetate + 2 ammonia

The structurally related compounds betaine and
sarcosine can also serve as hydrogen acceptors
(Naumann et al., 1983; Hormann and Andree-
sen, 1989), methylamines being formed instead
of ammonia:

Betaine + 2H — trimethylamine + acetate

Sarcosine + 2H — methylamine +acetate

Acetate formation from glycine proceeds via
acetyl phosphate, and the last step of acetate
formation is catalyzed by acetate kinase giving
rise to ATP synthesis by substrate-level phos-
phorylation. The key enzyme of glycine fermen-
tation (glycine reductase) was well studied
in Eubacterium acidaminophilum (Andreesen,
1994). The enzyme consists of four proteins
including one selenoprotein (enzyme A), a pyru-
voyl-protein (enzyme B), enzyme C, and thiore-
doxin. The reaction mechanism is depicted in
Fig. 8. The pyruvoyl residue of enzyme B forms
a Schiff-base with glycine, which then reacts with
the Se-anion of protein A to yield a carboxym-
ethylselenocysteine residue linked to protein A
and the iminopyruvoyl protein. Subsequently,
ammonia is released by hydrolysis or in the
next turnover. Elimination of ketene yields the
oxidized protein A-Se-S intermediate, which is
reduced by thioredoxin. Reduction of thiore-
doxin is catalyzed by thioredoxin reductase with
NADH or another electron donor. The hypo-
thetical ketene intermediate adds to the cysteine
residue of protein C. An acetylcysteine is
formed, which is cleaved by phosphate (P;) to
form acetyl phosphate. Again, this is a complex
reaction, which only can be visualized to occur
in anaerobes.

Degradation of Aromatic
Compounds and Hydrocarbons

Most of the aromatic compounds studied to date
are first transformed to benzoyl-CoA, the central
intermediate of the best-studied pathway for
anaerobic degradation of aromatic compounds
(Harwood et al., 1999). Benzoyl-CoA then
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Fig. 8. Mechanism  of
reductase.
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undergoes a reductive attack (Schink et al.,
2000). The key enzyme for this attack is the
benzoyl-CoA reductase, which was purified from
the denitrifying bacterium Thauera aromatica
and characterized as a FAD- and iron-sulfur clus-
ter-containing enzyme complex (Boll and Fuchs,
1995). Under hydrolysis of ATP, one electron is
added to the thiol ester carbonyl of benzoyl-CoA
and the resulting radical intermediate is reduced
further to cyclohexa-1,5-dienecarboxyl-CoA
(Buckel and Golding, 1999; Fig. 9). This reaction
may be of general importance for the anaerobic
degradation of aromatic compounds. Recently, it
was shown that the reductive strategy for desta-
bilization of the ring is not the only one used in
anaerobic degradation of aromatic compounds.
Anaerobic degradation of 3,5-dihydroxyben-
zoate by Thauera aromatica (Philipp and Schink,
2000) and 1,3-dihydroxybenzene by Azoarcus
anaerobius (Philipp and Schink, 1998) proceeds
by a novel mechanism. Phenolic compounds with
their hydroxyl groups in meta position to each

other are hydroxylated by membrane-bound
enzymes yielding hydroxyhydroquinone, which
is later dehydrogenated to the nonaromatic
compound hydroxybenzoquinone. Thus, oxida-
tion rather than reduction is used to overcome
the stability of the aromatic ring.

Radical Enzymes

Glycyl radical enzymes are involved in a number
of anaerobic reactions. Well-studied examples
are the pyruvate formate lyase (Knappe et al.,
1984), the anaerobic ribonucleotide reductase
(Licht et al., 1996), and the benzyl succinate syn-
thase (Leuthner et al., 1998). The latter initiates
the breakdown of toluene under anaerobic con-
ditions. These glycyl radical enzymes are formed
from their precursor enzyme in a reaction, which
requires S-adenosyl methionine. The pyruvate
formate lyase of Escherichia coli is synthesized
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CoAS o) CoAS
=

R

H*, e
_—
{,,-r' :
2ATP +2H,0 2ADP + 2 P;
benzoyl-CoA

Fig. 9. Mechanism of benzoyl-CoA reductase.

as an inactive and coenzyme-free protein. The
enzyme is posttranslationally modified by S-
adenosyl methionine and a reduced flavodoxin
in a reaction catalyzed by an activase. A hydro-
gen atom is abstracted from a specific glycine
residue, yielding methionine and 5’-deoxyade-
nosine from S-adenosyl methionine. The formed
free radical (HS-enzyme) is involved in a two-
step reaction:

Pyruvate + HS-enzyme —
acetyl-S-enzyme + formate

Acetyl-S-enzyme + CoASH —
acetyl-SCoA + HS-enzyme

Pyruvate formate lyase, like the other glycyl rad-
ical enzymes, is rapidly inactivated by oxygen.

Anaerobic alkane-degrading bacteria have
also been isolated recently. Alkanes are used as
substrates by several species of sulfate-reducing
microorganisms (Aeckersberg et al., 1998).
Another group of anaerobic hydrocarbon-
degrading bacteria is dependent on syntrophic
associations with methanogens. The biochemistry
of the process is still poorly understood but it can
be speculated that again radicals are generated
to initiate this breakdown (Zengler et al., 1999).

A number of potentially hazardous com-
pounds in our environment are halogenated
(e.g., pentachlorophenol or perchloroethene).
These compounds can be partially or completely
degraded under anaerobic conditions. This deg-
radation occurs by reductive dehalogenations.
Organisms such as Desfulfitobacterium dehaloge-
nans, Dehalobacter restrictus or Dehalospirillum
multivorans contain corrinoid-proteins, which
exhibit dehalogenase activities (Holliger et al.,
1999). There is evidence that these H,-dependent
fermentations are also coupled with the genera-
tion of a proton-motive force.

Anaerobic Food Chains

The anaerobic degradation of complex organic
matter depends on the cooperation of various
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trophic groups of anaerobic bacteria and
archaea. Two possible schemes for anaerobic
food chains, as they occur in nature in the
absence or in the presence of sulfate, are pre-
sented in Fig. 10. Polymers such as polysaccha-
rides, proteins and nucleic acids are initially
converted to oligomers and monomers and sub-
sequently fermented by the “classical” primary
fermentative bacteria. In the absence of sulfate,
the products acetate, methanol, methylamines,
CO,; and H, can be used directly by methano-
genic bacteria to convert them to methane and
carbon dioxide. Alcohols longer than one car-
bon atom, fatty acids longer than two carbon
atoms and branched or aromatic fatty acids are
degraded by the secondary fermenters to ace-
tate, Cl-compounds and H,, which are subse-
quently used by the methanogens. Because the
reactions catalyzed by the secondary fermenta-
tive bacteria are mostly endergonic under stan-
dard conditions, they depend on a very efficient
cooperation with the subsequent partners. Such
cooperations are called syntrophic relationships,
in which the pool size of shuffling intermediate
has to be kept small to allow efficient degrada-
tion. In sulfate-rich anaerobic habitats, such as
marine sediments, sulfate-reducing bacteria fur-
ther degrade the primary fermentation products.
As many sulfate reducers are metabolically
more versatile than methanogenic bacteria, they
can use and oxidize all classical fermentation
products to carbon dioxide, simultaneously
reducing sulfate to sulfide (Hansen, 1994; Jansen
and Hansen, 1998; Zengler et al., 1999; Fig.
10B). In addition to the primary fermentations
that have already been mentioned, three
important points should be briefly discussed
here: the fate of acetate under anaerobic
conditions, production of H,, and the syntrophic
relationships.

Acetate is the end product of a number of
fermentations starting from substrates with two
(e.g., ethanol) or more carbon atoms (e.g.,
glucose), but it is also produced by acetogenic
organisms from one-carbon compounds (e.g.,



CHAPTER 14

polymers
(proteins, polysaccharides,
lipids, nucleic acids)

|

monomers and oligomers
(peptides, amino acids, sugars, acids
purins, pyrimidines, glycerol)

alcohols, propionate,
butyrate, lactate,
other products

> S v
& "

- | _acetate

formate \ [ methanol,
i I methylamines

4 " v P

methanogenesis

B polymers
(proteins, polysaccharides,
lipids, nucleic acids)

|

}{ monomers and oligomers

peptides, amino acids, sugars, acids,
purins, pyrimidines, glycerol)

|
'

alcohols, propionate,
butyrate, lactate,
other products

' S '

CO * hcetate + H,

2

* v

sulfidogenesis

Fig. 10. Anaerobic food chains. (A) Methanogenesis. As a
terminal process, all organic material is metabolized to meth-
ane via a few methanogenic substrates: CO, + H,, acetate,
formate, methanol and methylamines. (B) Sulfidogenesis.
As a terminal process, incomplete oxidizers convert various
products to CO, and acetate, and the complete oxidizers
couple sulfate reduction with acetate oxidation to CO,. In
addition, H, can be used for sulfate reduction.
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methanol) and from H, + CO,. Because so many
pathways lead to the formation of acetate under
anaerobic conditions, the further degradation of
acetate is of great importance for carbon flow
under anaerobic conditions. Among the metha-
nogenic archaea, only species of the genera
Methanosarcina, Methanosaeta and Methano-
thrix are able to utilize and degrade acetate to
methane and carbon dioxide (e.g., Methanosa-
rcina barkeri, Methanothrix thermophila and
Methanosaeta concilii). The degradation occurs
according to the following equation (Thauer et
al., 1989):

CH;-COOH — CH, + CO,AG" = -36kJ/mol

Initially acetate is activated to acetyl-CoA by
acetate kinase and phosphotransacetylase or
directly by acetyl-CoA synthetase (Methanosa-
eta). Acetyl-CoA is subsequently bound to the
carbon monoxide (CO) dehydrogenase complex,
at which it is decarbonylated by cleavage of the
carbon-carbon bond. The methyl-group is subse-
quently transferred via tetrahydromethanop-
terin (THMP) to coenzyme M, and CO is
oxidized to CO,, providing the reducing equiva-
lents for the reduction of the methyl-coenzyme
M to methane by the pathway shown in Fig. 11
(Thauer, 1998; Ferry, 1997; Ferry, 1999). It is
interesting that the CO dehydrogenase complex,
which catalyzes the decarbonylation of acetyl-
CoA to methy-THMP and CO and the
oxidation of CO, also catalyzes the reactions
mentioned in a reversible manner. In methano-
gens utilizing acetate, the direction of decarbon-
ylation predominates; when, however, organisms
such as Methanobacterium thermoautotrophicum
grow with H, + CO,, they use this enzyme system
to synthesize acetyl-CoA from methyl-coenzyme
M and CO for autotrophic growth (Zeikus, 1983;
Fuchs, 1986; Shieh and Whitman, 1988; Huber
and Wachtershiuser, 1997). Similarly, acetogenic
bacteria such as Acetobacterium woodii and
Moorella thermoacetica produce acetyl-CoA
from methyl-tetrahydrofolate and CO (Wood et
al., 1986; Ljungdahl, 1986; Shanmugasundaram
et al., 1988; Menon and Ragsdale, 1999).

A number of sulfate-reducing bacteria are also
able to oxidize acetate completely to CO, under
anaerobic conditions:

CH,-COOH+S0,” +H* -
2C0O, +HS™ +2H,0

Most of them also take advantage of the
described Cl-pathway with the CO dehydroge-
nase complex for decarbonylating acetyl-CoA.
The pathway is investigated in more detail in
Desulfotomaculum acetoxidans, Desulfobacte-
rium autotrophicum and in the archaeon
Archaeoglobus fulgidus (Spormann and Thauer,
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Fig. 11. Conversion of acetyl-CoA to methane and carbon
dioxide. THMP, tetrahydromethanopterin; HS-CoM, coen-
zyme M.

1988; Hansen, 1994; Moller-Zinkhahn et al.,
1989; Briiggemann et al., 2000). Only a small
number of acetate oxidizing, sulfate reducers
(e.g., Desulfobacter postgatei) use the tricarbox-
ylic acid cycle to carry out acetyl-CoA oxidation
(Brandis-Heep, 1983; Moller et al., 1987; Thauer,
1988; Thauer et al., 1989). Activation of acetate
in D. postgatei occurs by a succinyl-CoA:acetate
CoA-transferase; acetate kinase and phospho-
transacetylase are lacking.

Many fermentation reactions are associated
with the evolution of molecular hydrogen, H,.
This allows a shift from producing alcohols and
lactate to acetate and butyrate, a shift beneficial
to the organisms because the ATP yield is
increased. Important precursors of H, are for-
mate and reduced ferredoxin, and H, formation
is catalyzed by formate hydrogenlyase and
hydrogenase, respectively. There are two impor-
tant reactions coupled to ferredoxin reduction
and ultimately to H, formation:

1) The pyruvate-ferredoxin
reaction:

oxidoreductase

Pyruvate + Fd,, © Fd,.q +acetyl-CoA
+CO,AG” =-19.2kJ/mol

The reaction is exergonic so that it can drive
H, formation even at a hydrogen partial pres-
sure (PH,) of 1.013 kPa. The enzyme was first
purified from Clostridium acidiurici (Uyeda
and Rabinowitz, 1971; Charon et al., 1999).
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2) The NADH-ferredoxin oxidoreductase:

NADH +Fd,, < Fd,.q + NAD* + H*'AG"”
=+18.8kJ/mol

This reaction was discovered in C. kluyveri
(Jungermann et al., 1969; Gottschalk and
Chowdhury, 1969); it is endergonic and will only
proceed at a largely reduced Py,. In anaerobic
habitats, the Py, is kept as low as 10 Pa by H,-
consuming organisms such as the methanogenic
archaea, and acetogenic and sulfidogenic
bacteria. Hydrogen consumption by these
microorganisms results in the phenomenon of
interspecies hydrogen transfer, which has two
consequences. First, the product patterns of sac-
charolytic fermentations as carried out by many
clostridia are changed; for example, glucose can
be fermented to acetate and CO,. The second
consequence of the generation of a low Py, by
the hydrogen-consuming bacteria is that it opens
up an ecological niche for a fascinating group of
anaerobes, the obligate proton-reducing bacte-
ria. These organisms, were first described in 1967,
when a culture called “Methanobacillus omelian-
skii” was found to consist of two different organ-
isms carrying out two different fermentations
(Bryant et al., 1967):

1) The “S”
oxidation:
CH;-CH,-OH+H,0 — CH;-COOH +2H,

2) A methanogenic archaeon consumes molecu-
lar hydrogen for methane production:

2H, +1/2C0O, - 1/2CH, +H,0

organism carries out ethanol

Cocultures of this type were termed “syntrophic”
cultures, because the organisms involved mutu-
ally depend on one another. Molecular H, evo-
lution allows fermentative growth of the “S”
organism, but only if the PH, is kept low enough
by the methanogenic bacterium. The term “inter-
species hydrogen transfer” was coined for this
kind of connection between H, evolution and H,
consumption. Other examples for syntrophically
ethanol-oxidizing bacteria known today are Ther-
moanaerobacterium brockii (Ben-Bassat et al.,
1981), Pelobacter species (Schink, 1984; Schink,
1985),and in the absence of sulfate, Desulfovibrio
vulgaris (Bryant et al., 1977). Not only alcohols
but also organic acids can be oxidized to acetate
and H, this way, such as propionate by Syntro-
phobacter pfennigii (Wallrabenstein et al., 1995)
and butyrate by Syntrophomonas species (Roy
et al., 1986; Mclnerney et al., 1981). As these
oxidations are more endergonic than alcohol oxi-
dations, PH, has to be decreased to significantly
lower values (<10 Pa) than for example for eth-
anol (<100 Pa). Synthrophic degradation of aro-
matic compounds, amino acids and glycolate also
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has been discovered (Mountfort and Bryant,
1982; Friedrich et al., 1991; Feigel and Knackmus,
1993). In addition to methanogens, H, consump-
tion can also occur by sulfur- and sulfate reducers,
homoacetogenic fumarate- or glycine-reducing
bacteria (Schink, 1997). In this respect one spe-
cies is of special interest, the homoacetogenic
strain, named “acetate-oxidizing rod-shaped
eubacterium” (AOR), which can either oxidize
or synthesize acetate depending on the PH, (Lee
and Zinder, 1988a; Lee and Zinder, 1988b; Zinder
and Koch, 1984). Based on interspecies hydrogen
transfers, metabolically different bacteria are
connected in syntrophic relationships, which are
a speciality of obligate anaerobes, and are the
basis for the formation of consortia and aggre-
gates in which the various types of microorgan-
isms are in close physical contact (Schink and
Thauer, 1987; Stams, 1994; Schink, 1997). One
recent example is a marine consortium consisting
of archaea and sulfate-reducing bacteria, which
apparently mediate the anaerobic oxidation of
methane (Boetius et al., 2000). However the elu-
sive microorganisms responsible for this conver-
sion have not yet been isolated and the pathway
of anaerobic oxidation of methane is not charac-
terized yet.

Anaerobes and Molecular Oxygen:
Oxygen Sensitivity and Sensing

Oxygen Sensitivity

Metabolic reduction of oxygen results in the
production of highly toxic and reactive oxygen
species (“ROS”), such as superoxide anion (O,™)
hydrogen peroxide (H,0,) and the hydroxyl
radical (OH) (Fridovich, 1995; Cannio et al.,
2000b). The latter is most likely responsible for
the toxic effects of molecular oxygen. Its pro-
duction can occur nonenzymatically, when
superoxide reacts with hydrogen peroxide in the
presence of transition metals (Haber-Weiss
reaction [Eq. 4]; Haber and Weiss, 1934). The
most probable sites involved in the production
of superoxide and hydrogen peroxide at the
level of the electron transport chain are
cytochrome bsg and ubiquinone (Egs. 1 and 2).
In addition superoxide can be generated
from O, by nonspecific oxidations of reduced
flavines, catecholamines and tetrahydrofolates,
or chemically.

O,+1e” -0, 1)
02 +2H*+2e” — H202 (2)
O, +e +2H" - H,0, (3)

027, +H202 4 OH_ +OH+02 (4)
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Most aerobes have developed appropriate pro-
tective mechanisms to overcome the toxic effects
of hydrogen peroxide and the superoxide anion.
Non-enzymic detoxification is effected by glu-
tathione, which is present in high concentration
in many bacteria. The main detoxification, how-
ever, involves the enzymes superoxide dismutase
(Eq. 5), catalase (Eq. 6) and nonspecific peroxi-
dases (Eq. 7) (Fridovich, 1995; Niimura et al.,
2000).

0,.+0,. +2H* H,0, (5)
2H,0, —4% s >H,0+0, (6)
H,0, +RH, — 2% . >H,0+R  (7)

Four classes of superoxide dismutases have been
identified based on the metal cofactor, which can
be cither dinuclear Cu/Zn or monomeric Fe, Mn
or Ni (Whittaker and Whittaker, 1998). Most
bacteria contain only one superoxide dismutase
with either Fe or Mn as cofactor. However,
E. coli contains both types, the Mn-type only
induced during aerobiosis and the Fe-type under
both conditions, in the presence and absence of
oxygen (Kargalioglu and Imlay, 1994). The novel
type of superoxide dismutase with Ni as a cofac-
tor has been recently discovered in several Strep-
tomyces species (Youn et al., 1996a; Youn et al.,
1996b). Interestingly, a few examples for extra-
cellular superoxide dismutases are known, e.g.,
in Sulfolobus solfataricus (Cannio et al., 2000a)
and Streptococcus pyogenes (Gerlach et al.,
1998). Catalases are generally present in aerobic
and facultative anaerobic bacteria.

Among the obligate anaerobic bacteria,
organisms are found that are more or less aero-
tolerant. Many of these organisms (e.g., a num-
ber of lactic acid bacteria) have been shown to
contain superoxide dismutase and lack catalase
(Morris, 1976; Archibald and Fridovich, 1981). A
number of obligate anaerobes, however, are
extremely oxygen sensitive. Most noteworthy
in this respect are the methanogenic archaea,
clostridial species and sulfate-reducing bacteria.
Cultivation of those anaerobes in the laboratory
requires special precautions (Hungate, 1969).
Simple exclusion of molecular oxygen is not suf-
ficient to provide good conditions of growth. In
addition, they require a low redox potential in
their environment and growth media supple-
mented with compounds such as ascorbate,
hydrogen sulfide, sodium thioglycolate or cys-
teine. Curiously, despite their catalytic capacity
for producing molecular oxygen, Fe-containing
superoxide dismutases have been discovered
in the methanogenic archaea Methanobacterium
bryantii (Kirby et al., 1981), Methanobacterium
thermoautotrophicum (Takao et al., 1991; Meile
et al., 1995) and Methanosarcina mazei Go1l (G.
Gottschalk, unpublished observation). Further

superoxide dismutase
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examples of Fe-containing superoxide dismu-
tases in strict anaerobes have been reported for
sulfate-reducing bacteria, e.g., Desulfovibrio des-
ulfuricans (Hatchikian and Henry, 1971) and
Desulfoarculus boarsii (Pianzzola et al., 1996).
Interestingly, a superoxide reductase from the
hyperthermophilic anaerobic Pyrococcus furio-
sus has been discovered, which reduces super-
oxide without the production of oxygen and
therefore confers a selective advantage for
anaerobes (Jenney et al., 1999). The physiologi-
cal role of superoxide dismutases and superoxide
reductases in anaerobes that supposedly evolved
in ecosystems lacking oxygen, however, has to be
elucidated.

Oxygen Sensing

Adaptation of facultative anaerobic microorgan-
isms to anaerobic growth conditions is accompa-
nied by dramatic changes in metabolic gene
expression. To make these adaptations, those
microorganisms have to be able to sense changes
in the environmental oxygen availability. Various
sensory and regulatory systems control the
expression of aerobic and anaerobic metabolism
in response to oxygen. Most of the oxygen sensor
proteins known today contain heme, iron sulfur
clusters or iron as cofactors, e.g., FixL from
Sinorhizobium meliloti (Gilles-Gonzalez et al.,
1995), the fumarate nitrate regulator (Fnr) and
SoxR from E. coli (Hidalgo et al., 1995) and
rhizobial NifA-proteins (Fischer, 1994; Fischer,
1996), respectively. The Fnr from E. coli, which
is one of the prominent examples for oxygen
sensing and redox control of gene expression in
prokaryotes, will be briefly discussed here.

The global regulator Fnr controls transcription
of genes, whose functions facilitate adaptation to
growth under oxygen limitation (Spiro, 1994;
Bauer et al., 1999). Under anaerobic conditions,
it contains a [4Fe4S]-cluster, which is required
for the oxygen-sensing function. Recent data
suggest, that this [4Fe4S]-cluster is sufficiently
unstable towards oxygen and apparently medi-
ates the sensitivity of the transcriptional activa-
tor to oxygen (Khoroshilova et al., 1997; Kiley
and Beinert, 1998; Beinert and Kiley, 1999). The
presence of the [4FedS]-cluster favors dimeriza-
tion of Fnr, which is correlated with increased
site-specific DNA binding of the transcriptional
activator Fnr. Upon the presence of oxygen, the
[4Fe4S]-cluster is disrupted, resulting in the con-
version of transcriptionally active Fnr-dimers
into inactive monomers (Lazazzera et al., 1996;
Melville and Gunsalus, 1996; Beinert and Kiley,
1999). Homologues of Fnr have been identified
in several facultative anaerobic bacteria, some of
which differ with respect to the cysteine residues
and the coordination of the iron-sulfur clusters
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(reviewed in Spiro, 1994; Cruz Ramos et al.,
1995; Saunders et al., 1999; Vollack et al., 1999).
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CHAPTER 1.5

Bacterial Behavior

JUDITH ARMITAGE

Introduction

It is apparent that the majority of prokaryotic
species move around their environment, either
actively swimming using flagella, or gliding over
surfaces. Although a lot less is understood about
gliding, we know that swimming uses the most
complex organelle identified in prokaryotes.
The flagellum is the product of the controlled
expression of up to 50 genes, producing an
organelle which has components in the cyto-
plasm, the cytoplasmic membrane, the outer
membrane and externally. This flagellar struc-
ture can rotate at speeds of up to 350 Hz to
move a bacterium at well over 20 pum/sec
through its environment. Incredibly, if driven
by sodium rather than protons the flagellum can
rotate at over 1,300 Hz, moving cells at speeds
as great as 150 um/sec. Unlike gliding, which
may have evolved independently several times
during evolution, flagellar driven motility may
have only evolved once, as all bacteria and
archaea seem to have flagella built along similar
patterns, although the archaeal flagellum has
some differences that may become more signifi-
cant as more is discovered about motility in
that kingdom. Interestingly, control of both
flagella- and gliding-based motility is common
to all prokaryotes, again suggesting develop-
ment early in bacterial evolution.

The synthesis and control of motility can be
metabolically expensive, therefore if a species is
motile, it is because motility provides it with a
survival advantage. This chapter will deal with
the mechanisms involved in the synthesis and
operation of flagella, and to a more limited
extent, gliding and twitching. The control of
responses by environmental gradients and the
possible role of chemotaxis in reaching sites for
symbiotic or pathogenic growth, or maintaining
positions in natural environments will also be
discussed. It has recently become apparent that
motility and tactic responses may be important
in physiological phenomena such as biofilm for-
mation and social behavior and the possible role
of motility in these will be described.

Reynold’s Number and
Brownian Motion

The environment in which a bacterium lives is
very different from that experienced by larger
organisms. At the very small size of a bacterium,
the dominant physical force is due to viscosity,
with almost no measurable force of inertia. A
bacterium therefore does not move by displacing
liquid, as a larger organism does, and does not
glide or coast when the flagellum stops rotating;
indeed, a bacterium will stop within the diameter
of a proton when its motor stops rotating (Berg,
1983). The equation linking the physical environ-
ment to cell size is R = Lvp/n, where R is the
Reynolds number, L the length of the organism,
v the velocity of the organism, p the density, and
7 the viscosity of the liquid. While a large organ-
ism, such as man, may have a Reynolds number
of over 100, a bacterium has one of about 107.
At these low Reynolds numbers, fluid flow is
smooth and streamlining unnecessary; bacteria
do not displace liquid, but carry a shell of
medium with them.

In addition to the problems involved in swim-
ming through a highly viscous environment, bac-
teria also have to cope with the buffeting that
comes from the movement of the molecules in
the water, i.e., Brownian motion. Nonmotile cells
observed with a microscope are seen to be con-
stantly moving. Swimming bacteria are subject to
the same forces and therefore cannot swim in a
straight line or stay on course for more than a
few seconds. This combined with a gentle curve
which results from the rotation of the cell body
means that a sensory system has evolved to fre-
quently reset the swimming direction and allow
movement in a positive direction despite the
constant bombardment.

The majority of bacterial species are also too
small to sense a stimulus gradient along their
body length. This means that unlike eukaryotic
microbes, which can have a head and a tail and
swim directly towards the source of an attractant,
prokaryotes cannot sense spatially, but must
make temporal comparisons (Berg and Brown,
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1972; Berg and Turner, 1995). They compare the
strength of a stimulus now with that a few seconds
before. This means that their patterns of swim-
ming must be different from eukaryotes: rather
than steering towards an attractant, prokaryotes
must change direction regularly to “check”
whether they are going in a positive direction.
(See Patterns of Swimming in this Chapter)

Flagella

The structure of the flagellum was thought to be
generally conserved amongst all swimming
prokaryotes, but recently it has become apparent
that the motor structures of bacteria and archaea
may be somewhat different, leading to the sug-
gestion of two separate evolutionary events or
distant divergence. However, both swim by
rotating semi-rigid helical flagella filaments
using the electrochemical ion gradient (usually
the proton motive force, but in some species,
a sodium motive force) across the cytoplasmic
membrane to drive that rotation.

Patterns of Flagellation

An early method of classification relied on
whether the bacteria swam, and if they did,
the pattern of flagellation. We now know that
whether a bacterium swims may depend on the
medium in which it is grown, and many only
swim under limited growth conditions or at cer-
tain phases of the growth cycle. The pattern of
flagellation along with cell size and shape can still
be a reasonable start in identification, however.
Some species have single flagella, which may be
polar as in Pseudomonas aeruginosa or subpolar
as in Rhodobacter sphaeroides. Many species
have flagella arising from apparently random
sites all over the cell surface. These peritrichous
flagella tend to come together in bundles to
cause the cells (such as FEscherichia coli or
Sinorhizobium meliloti) to swim. Bundles of fla-
gella are also found at the poles of some species,
and these might be at both poles (as in Rho-
dospirillum rubrum, Helicobacter pylori or
Halobacterium salinarium) or at one pole (as in
Chromatium vinosum). Some species even have
internalized filaments, a characteristic of the spi-
rochetes. Interestingly, several species alter pat-
terns of flagellation, dependent on their physical
environment. Vibrio alginolyticus swims using a
single flagellum when in an aquatic environment,
but when it reaches a surface, a new set of flagella
are synthesized and the hyperflagellate cells are
now able to move over the surface (Atsumi
et al., 1992; McCarter et al., 1988). This is not an
uncommon phenomenon, having been known
for many years as a characteristic of Proteus spe-
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cies and now recognized in Bacillus, Salmonella,
Rhodospirillum and many other species
(Harshey, 1994a). What makes the V. alginolyti-
cus particularly interesting is the switch between
sodium and proton motors that occurs when cells
switch from free-swimming to surface movement
(see below).

Patterns of Swimming

All flagella appear to be passive helices, rotated
at their base by a transmembrane motor which
is driven by either the electrochemical proton or
sodium gradient. The different patterns of swim-
ming seen in different species arise because of
different patterns of motor switching. The best
studied swimming pattern is that of the peritric-
hously flagellate bacteria. The individual flagellar
motors can rotate either clockwise (CW) or
counterclockwise (CCW) and switch between
the two states (Khan and Macnab, 1980; Macnab,
1976; Macnab, 1977). When the majority of fla-
gella are rotating CCW, the helical filaments
come together as a bundle, rotate together and
push the cell forward. Periodically a number of
motors switch to CW rotation, causing a poly-
morphic transition in the flagellar helix such that
the handedness and wavelength changes. The
bundle of flagella is forced apart and the cell
“tumbles” on the spot. The bundle reforms when
the majority of motors return to CCW rotation
and the cell resumes swimming, usually in a new
direction (Berg and Anderson, 1973; Turner
et al., 2000). This pattern of periods of smooth
swimming interspersed every few seconds with a
short tumble results in a three-dimensional ran-
dom pattern of swimming. Other species achieve
the 3D swimming pattern by different motor
behavior. Rhodobacter sphaeroides has a single
flagellum which only rotates CW. Every few
seconds the flagellar motor stops rotating and
the flagellar filament changes conformation to a
large amplitude, short wavelength coil against
the cell body. The cell is reoriented partly by
Brownian motion and partly by the slow rotation
of this coiled form, and when a functional helix
reforms, the cell is usually pointing in a new
direction (Armitage et al., 1999b; Armitage and
Macnab, 1987). Other species with a single fla-
gellum, such as Ps. aeruginosa change direction
by briefly switching to CW rotation, the flagel-
lum then pulls rather than pushes the cell for a
brief period. Recent studies into the efficiency of
using brief reversals rather than tumbles as a
mechanism for moving through different media
suggested that while tumbling is efficient in liq-
uid, brief reversals worked better at moving bac-
teria through particulate media.

Sinorhizobium meliloti swims using a bundle
of flagella. Rather than stopping or switching
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Fig. 1. This cartoon shows four different patterns of flagellation and the corresponding mechanisms of direction changing.
a) Escherichia coli swims by rotating a bundle of flagella counterclockwise. Periodically, a number of motors switch to
clockwise rotation, and the bundle flies apart and the cell tumbles. When the majority of filaments return to counterclockwise
rotation and the bundle reforms, the cell is usually pointing in a new direction. b) Pseudomonas aeruginosa swims by rotating
its single polar flagellum pushing the cell forwards. Periodically, the motor reverses and pulls the cell. During this time,
Brownian motion tends to reorient the cell. The motor again reverses and pushes the cell, usually in a new direction.
¢) Rhodobacter sphaeroides has a single flagellum that rotates clockwise, pushing the cell. Periodically, the motor stops and
the flagellum relaxes into a short wavelength large-amplitude filament. This is rotated slowly, reorienting the cell. The motor
resumes normal rotation and the functional filament reforms to push the cell in a new direction. d) Rhodospirillum rubrum
has two polar tufts of flagella that rotate to move the spiral-shaped cells through the medium. The bundles switch rotational

direction synchronously to change swimming direction.

rotational direction, a number of flagella slow
their rotational speed. This results in disruption
of the bundle, and the cell changes direction
without either stopping or tumbling (Sourjik and
Schmitt, 1998a). This again results in a random
swimming pattern. Spiral-shaped species such
as Rhodospirillum rubrum have polar tufts of
flagella that rotate in opposite directions, spiral-
ling the cells through the medium. Periodically
both bundles simultaneously switch rotational
direction and the cell changes direction. In
spirochetes these polar bundles of flagella are
internalized, but they still rotate. Evidence indi-
cates that the rotation of the filament lying
between the outer cell wall and the cell body
causes one to rotate against the other, and the
spiral-shaped cell body to move through the
viscous environment (Berg, 1976; Charon et al.,
1992). These species all move far more efficiently
through viscous media, and as many are patho-
gens, this is thought to aid their invasion of,
for example, mucous membranes (Kaiser and
Doetsch, 1975). Periodic direction changing
occurs when the flagella at the two poles first
stop rotating in the opposite direction and begin

rotating in the same direction, and the cell
body then flexes, causing the cell to change
orientation.

Few archaea have been investigated in detail,
but Halobacterium salinarium has polar bundles
of filaments. When these change direction of
rotation, the bundle does not separate but
rotates smoothly in either CCW or CW direc-
tions, suggesting a slightly different flagellar
structure (Alam and Oesterhelt, 1984; Marwan
et al., 1991).

Some species swim differently under different
growth conditions. Species from a wide range of
genera have been shown to differentiate into
highly flagellate swarmer cells when inoculated
onto surfaces. In most cases it is thought that
the expression of the genes involved in flagella
synthesis is increased in response to some sur-
face stimulus, either cell density or increased
viscous drag (Alberti and Harshey, 1990;
Givskov et al., 1998; Harshey and Matsuyama,
1994b; Kohler et al., 2000; McCarter et al.,
1988).

Many members of the y subgroup of Proteo-
bacteria can be induced to swarm, including
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Fig. 2. Changes in shape and motion of flagella during swimming, tumbling and reversal of motor rotation. a) Still differential
interference contrast (DIC) microscope images taken from a video film of swimming Rhodobacter sphaeroides showing a
polymorphic transformation of the flagellar filament. The functional filament can switch to a longer wavelength (apparently
straight form) or change to a coiled large amplitude (short wavelength form) when rotation stops. From Armitage et al.
(1999b)) Still image taken from a video of tumbling Escherichia coli with filaments labelled with fluorescent dye. From Turner
et al. (2000). c) Polymorphic shapes taken on by flagella during changes in the direction of motor rotation. (Figures 2a and
2b are courtesy of H.C. Berg and L. Turner using the Rowland Institute DIC microscope.)

E. coli, Salmonella typhimurium, Serratia mar-
scesens and Yersinia species. The best studied are
the swarmer cells of the marine vibrio, Vibrio
parahaemolyticus and Vibrio alginolyticus and
the enteric Proteus species, P. mirabilis and P.
vulgaris. Proteus species swim in liquid medium
in much the same way as E. coli. However, when
inoculated onto agar plates, the cells differenti-
ate into long filamentous cells with a several fold
increase in flagella numbers per unit cell surface.
The highly flagellate filamentous cells move
together as rafts over the surface, the increase in
cell surface allowing them to overcome the sur-
face tension. The marine vibrios, V. haemolyticus
or V. alginolyticus actually synthesize completely
new flagella motors when grown on surfaces,
switching from the fast, sodium-driven motors
(controlling polar flagella when free swimming)
to large numbers of slower proton-driven motors
when grown on surfaces (Atsumi et al., 1992).
Another species which increases lateral flagella
synthesis on surfaces is Rhodospirillum cente-
num (Ragatz et al., 1995). In this case, rather
than some of the hyperflagellate cells moving
away as rafts from the colony, the whole colony

of photosynthetic bacteria moves over the agar
surface towards red light. Agrobacterium tume-
faciens, another o-subgroup bacterium can also
become hyperflagellate on surfaces.

Swarming is not confined to Gram-negative
genera, as both Bacillus and Clostridium species
have been shown to swarm. The increased vis-
cous drag on the polar motor appears to trigger
the expression of the peritrichous proton-driven
motor genes in V. alginolyticus, but this does not
appear to be the signal for all switches to peri-
trichous expression, as the artificial increase
in external viscosity only causes peritrichous
expression in some species. Obviously, the
increased expenditure of energy required to
synthesize large numbers of flagella indicates
that moving over a surface must provide a sur-
vival advantage for these species. There have
been suggestions that motility may increase
infectivity of Proteus spp. (Allison et al., 1992;
Gygi et al., 1995; Mobley and Belas, 1995) and
may help marine Vibrios maintain themselves on
nutrient-rich surfaces, but evidence is still lim-
ited. Interestingly, many bacterial species found
in biofilms move. Depending on the species, this



106 J. Armitage

may be by twitching, gliding, or multiflagellate
swarming, each of which can move a cell through
a highly viscous environment and presumably
provide survival advantages. Detailed analyses
of gliding and twitching are starting to suggest
that these may use common mechanisms (Sem-
mler, 1999; Watnick and Kolter, 2000). A free-
swimming Synechococcus cyanobacterial species
has been isolated which swims without any obvi-
ous means of propulsion (Brahamsha, 1996; Pitta
et al., 1997; Waterbury et al., 1985). Dark field
and differential interference contrast (DIC)
microscopy, and attempts at flagella isolation
using classical techniques such as pH reduction
or shearing, have all failed to identify any extra-
cellular means of propulsion. Jet propulsion has
been ruled out and the current hypotheses sug-
gest Ca’ is involved in movement along with
very short, fine cilia-type structures, but the
mechanism remains unclear.

Flagella Structure: Flagellin

Bacteria The majority of species investigated
have flagellar filaments made from a single pro-
tein, flagellin. Flagellins vary in size from species
to species, but all have a conserved C- and N-
terminal domain, which allows the flagellum to
polymerize into a helical structure (Fedorov et
al., 1984; Macnab and DeRosier, 1988; Mimori-
Kiyosue et al., 1997; Vonderviszt et al., 1991).
Unusual amino acids are often found in flagellin
proteins and many flagellins are glycosylated,
but the significance of this has not been identi-
fied. The C- and N-terminal domains are on the
inside of the hollow filament structure and allow
the individual subunits to interact as protofila-
ments along the axis of the filament, with 11
protofilaments making up the complete struc-
ture of many thousand flagellin subunits
(Morgan et al., 1995; Namba and Vonderviszt,
1997; Namba et al.,, 1989; Trachtenberg and
DeRosier, 1987a; Trachtenberg and DeRosier,
1991). The flagellin subunits can interact with
the neighboring subunits in two defined ways,
which allows the protofilaments to be long or
short. The association of short with long protofil-
aments creates the twist in the cylinder and
hence the helical shape, and the relative num-
bers of short to long protofilaments defines the
wavelength and handedness of the structure.
The protein regions involved in the bi-stable
switching have recently been putatively identi-
fied in the crystal structure of a flagellin frag-
ment (Namba, 2001; Samatey et al., 2000;
Yamashita et al., 1998). The change in helical
shape results from the torque imposed on the
filament by the rotating motor being transmitted
through a junction protein connecting the flagel-
lar filament to the hook (Fahrner et al., 1994).
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The helical filament can be several times longer
than the cell body, for example filaments as long
as 7 um have been seen on R. sphaeroides, which
is only 2 um long. The filament itself is between
15 and 20 nm in diameter, but the wavelength is
constant for the whole length of the filament.
Analysis of cells tethered to glass slides by anti-
body bound to either the cell filaments or hook
region, which connects the filament to the cell,
suggests that the filament is one of the most
rigid proteins in biology, certainly more rigid
than actin (Block et al., 1989).

The central domain of the flagellin protein
is highly variable and it is this region that is
exposed on the outside of the flagellar filament.
This provides the highly antigenic domain, the
H-Ag, used for many years to type, for example,
Salmonella strains. This region is not required for
assembly, and mutants can be created lacking
most of the central domain, but still capable of
functional flagella assembly. Salmonella is known
to “phase shift” flagellin expression, and by
inverting genes, to express different flagellins
under different conditions. It has been suggested
this phenomenon may help the bacterium over-
come the immune system of the host, although
little research has been carried out to identify
whether this is indeed the case (Ilino and
Kutsukake, 1983). This phase variation was used
to show that flagella assemble from the distal end
of the growing flagellum, not the base (Iino,
1969).

Some species have flagella made up of more
than one flagellin, for example S. meliloti, Tre-
ponema pallidum and Caulobacter crescentus,
have flagellar filaments composed of several
related flagellins. The reason for this is unclear,
although S. meliloti filament is more rigid
(known as complex flagella) than other flagellar
filaments, and these filaments are thought not to
undergo polymorphic transitions (Trachtenberg
et al., 1987b). The flagellins are expressed and
incorporated sequentially rather than randomly
mixed in the structure, and though mutants in the
individual flagellin genes tend to still assemble
functional filaments, these are often not as effi-
cient as wild-type filaments.

ARrcHAEA The flagellins that have either been
sequenced or identified from genome sequences
of the archaea suggest slightly different flagel-
lins than those of the bacteria. Unlike most bac-
terial flagellin, the archaeal flagellins appear to
be glycosylated. The bundle of flagella rotate
CCW and CW without disruption of the flagel-
lar bundle, and it is thought the glycosylation
may allow the filaments to slide past each other
during the change in rotational direction,
without getting tangled (Alam and Oesterhelt,
1984).
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Bacteria The semirigid helical flagellum is con-
nected to the cell body via a short region, the
hook, with a protein structure similar to the
filament, but composed of a different protein
(Uedaira et al., 1999; Wagenknecht et al., 1982).
The role of the hook is not certain, but it is less
rigid than the filament and may be involved in
allowing the filaments to come together as a bun-
dle and/or it may be involved in transmitting the
changes in torque from the motor to the fila-
ment, allowing the polymorphic transformation
needed for direction changing (Block et al.,
1991). There are two proteins between the hook
and the filament, known as hook-associated pro-
teins (HAPs). Mutations in the gene coding for
HAP3 of E. coli result in a filament that changes
conformation far more frequently that the wild
type. The HAP3 protein may hold the protofila-
ments in specific conformations and only allow
changes when the torque transmitted through
the hook from the motor changes significantly
(Fahrner et al., 1994).

The hook then connects to the rotor via a rod
that passes through the layers of the bacterial
membrane. In Gram-negative species, the rod
passes through a pair of rings in the outer mem-
brane, the L and P rings, which probably act as
a grommet to allow rotation of the rod without
disrupting the outer membrane. In Gram-
positive species, the rings are replaced by a
collar-like structure. The motor consists of a
rotor and a stator. The rod is connected to the
rotor, which itself is a series of rings located
in the cytoplasmic membrane and cytoplasm of
the cell (Fig. 3). Early work suggested that the
actively rotating region was the MS-ring in the
cytoplasmic membrane, but that is now known to
be a passive structure made of the protein prod-
uct of a single gene (Ueno et al., 1994). On the
cytoplasmic face of the MS ring is the active part
of the rotor. It is estimated that about 26-30
copies of the FliG, M and N proteins form the C-
ring (Mathews et al., 1998; Sockett et al., 1992;
Thomas et al., 1999; Toker and Macnab, 1997,
Zhao et al., 1996a; Zhao et al., 1996b). The move-
ment of protons through the membrane cause
FliG to rotate, rotating the rod and the helix
(Blair and Berg, 1990; Blair and Berg, 1991). The
FliM and FIliN proteins are thought to interact
with the cytoplasmic sensory signalling pathway
to cause the motor to switch the direction of
rotation (Bren and Eisenbach, 1998; Sockett et
al., 1992; Sourjik and Berg, 2000; Zhao et al.,
1996b). To allow rotation, there must be not only
a rotor, but also a stator. The stator consists of a
ring of about eight complexes of MotA and
MotB proteins. The MotB protein has a single
transmembrane domain and a large periplasmic
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Fig. 3. Structure of the flagellar motor. Cartoon of the flagel-
lar motor shows the L- and P rings (which act as a grommet
through the outer membrane of Gram-negative bacteria),
MS ring, (which provides the scaffold for the C-ring [the
rotor part of the motor]). The C-ring is comprised of FliG,
which interacts with the stator (MotA/B) and the electron
chemical ion gradient, and FliM/N, which form the switch
component and interact with the chemosensory pathway. A
ring of 8-12 MotA/B proteins make up the stator, anchored
in the membrane by MotB. Binding to the peptidoglycan, the
ions move through MotA to interact with FliG on the C-ring
to drive rotation. From Berry and Armitage (1999).

region, which has a terminal peptidoglycan-bind-
ing domain (Muramoto and Macnab, 1998). This
is thought to anchor the proteins to the cell wall.
In addition, MotB is linked to MotA, which has
four transmembrane domains and is the proton
channel through the membrane (Zhou et al.,
1998b; Zhou and Blair, 1997a). Protons, about
1000 per revolution, pass through MotA and
interact with FliG, and this flow causes rotation
to occur at about 300 Hz (Meister et al., 1987).
Each of the Mot complexes is an independent
force-generating unit (Block and Berg, 1984;
Ryu et al., 2000). Crystal structures of MotA
fragments and second-site suppressor mutations
indicate a number of essential amino acids on
FliG and MotA are essential for torque genera-
tion (Braun et al., 1999; Lloyd et al., 1999;
Mathews et al., 1998; Zhou et al., 1998b). All
bacterial motors investigated have homologues
of the motor proteins, suggesting that the mech-
anism of driving rotation is common. Sodium
motors, which work much faster, also have MotA
and MotB homologues, but also have additional
proteins (PomA, PomB, MotX and MotY; Asai
et al., 1997; McCarter, 1994a; McCarter, 1994b).
The role of these is still not understood, but chi-
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meric motors have been made with MotB from
a proton-driven motor and MotA from sodium
motors, which function as sodium motors.

Also, on the cytoplasmic side of the membrane
and associated with the C-ring is the export
apparatus. Recent studies on the toxin-exporting
type III secretion pathway of species such as
Yersinia pestis and Shigella has identified struc-
tures remarkably similar to the central flagellar
motor and components which are remarkably
similar to the flagellar-specific export pathway,
suggesting a common evolutionary origin
(Kubori et al., 1998; Macnab, 1999; Minamino
and Macnab, 1999). While the proteins that make
up the outer membrane L and P rings have clas-
sical signal sequences, the rod, hook and flagellin
proteins lack these sequences and are exported
through the 30 A central channel of the forming
flagellum, before polymerization at the distal
end of the growing structure (Minamino and
Macnab, 1999; Suzuki et al., 1998). It is assumed
that the proteins are exported in an unfolded
form and must therefore be held in an unfolded
form before export. Export depends on Flil, a
protein with significant sequence similarity to the
B-subunit of ATP synthase, and thought to be a
flagellar-specific export protein (Dreyfus et al.,
1993; Vogler et al., 1991). Many of the other
proteins involved in the export process have
homologues in the Type III secretion system.
For the components of the flagellar filament to
be assembled across the inner cytoplasmic and
outer membranes of a bacterium, the rod protein
must pass through the peptidoglycan layer. A
component of the flagella regulon, FlgJ has been
found to digest a hole through the peptidoglycan
to allow assembly of the motor components
(Nambu et al., 1999).

Motor activity needs to be controlled by envi-
ronmental signals for swimming to have any
environmental advantage, controlling either the
switching of rotational direction or causing the
motor to transiently stop. As with the mechanism
involved in rotation, that involved in switching is
unclear. However, a cytoplasmic signalling pro-
tein, CheY is known to interact, when phospho-
rylated, with the FliM component of the C-ring
via a sensory signalling pathway. The interaction
of CheY-P with FliM is thought to cause confor-
mational changes in the FliG proteins, such that
the direction of rotation is reversed, even though
ion flow remains inward (Welch et al., 1994).

ARCHAEA Much less is known about the motor
proteins of the archaea, but the classical mem-
brane ring structure of the bacterial motor is not
evident in electron micrographs. A large cyto-
plasmic structure is however evident, but the
composition of this is still very uncertain
(Kupper et al., 1994).

CHAPTER 1.5

Interestingly, large disk-like structures have
bee