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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 3.4.1

The Genus Pelobacter

BERNHARD SCHINK

The genus Pelobacter was proposed as a taxonomic entity
consisting of strictly anaerobic, Gram-negative, nonspore-
forming, rod-shaped bacteria that use only a very limited
number of substrates. The members of the genus are all
unable to ferment sugars and therefore cannot be grouped
with any other genus in the family Bacteroidaceae (Krieg and
Holt, 1984). The genus comprises five different species, P.
acidigallici (Schink and Pfennig, 1982), P. venetianus (Schink
and Stieb, 1983), P. carbinolicus (Schink, 1984), P. propioni-
cus (Schink, 1984), and P. acetylenicus (Schink, 1985), which
all are based on 3-5 described strains.

Comparisons of the various Pelobacter species by DNA-
DNA hybridization experiments revealed that the genus is
rather inhomogenous; therefore, a reorganization may per-
haps be necessary in the future (J. P. Touzel and B. Schink,
unpublished observations). Whereas the species P. vene-
tianus, P. carbinolicus, and P. acetylenicus form a homoge-
nous cluster, P, acidigallici and P. propionicus appear to be
only distantly related to the others. These findings are con-
sistent to some extent with the fermentation patterns of these
species (see below). Comparison of three Pelobacter species
with other anaerobes on the basis of 16S rRNA structure
analysis supports this view. Whereas P. venetianus and P.
carbinolicus exhibit a rather high similarity, with an S,p of
0.70, P. acidigallici is related to both at an S, of only 0.53
(Stackebrandt et al., 1989). It is interesting to note that these
three Pelobacter strains did not show any resemblance to
other fermenting Gram-negative strict anaerobes; instead,
they appeared to be highly related to several strains of sulfur-
reducing anaerobes, namely, Desulfuromonas succinoxidans,
D. acetexigens, and D. acetoxidans, to which they are even
more closely related than P. acidigallici is to the other two
Pelobacter species. Since Pelobacter species and the obli-
gately sulfur-respiring bacteria are quite diverse metaboli-
cally and the latter are supposed to have derived directly
from phototrophic ancestors, it has been suggested that the
genus Pelobacter represents a group of fermenting bacteria
that developed a fermentative metabolism as a “secondary”
evolutionary event and that they are separate from the first
fermentative bacteria (Stackebrandt et al., 1989).

Habitat

All Pelobacter strains have been isolated so far
from marine or freshwater sediments. The name
Pelobacter was based on this origin (Greek pelos
meaning mud, sediment). Enrichments from
sewage sludges led to similar isolates as well.

This chapter was taken unchanged from the second edition.

Viable counts using the characteristic substrates
gallic acid, acetoin, polyethylene glycol, and
acetylene showed that there were approximately
100 cells/ml of each of the Pelobacter species in
sediment and up to 2,500 cells/ml in sewage
sludge. Since their substrate ranges are compa-
rably small, their ecological niche in such sedi-
ments can be understood rather well in most
cases. P. acidigallici is restricted to the utilization
of trihydroxybenzenoids, which are probably its
only energy source in its natural habitat. P, vene-
tianus, P. carbinolicus, P. propionicus, and P.
acetylenicus were enriched and isolated with
polyethylene glycol, 2,3-butanediol, and acety-
lene, respectively, but the ecological importance
of these substrates in the respective environ-
ments is questionable. Since all these species can
also ferment ethanol, either in syntrophic coop-
eration with hydrogen scavengers or in pure cul-
ture, it appears more probable that degradation
of this important fermentation intermediate is
their predominant function in these environ-
ments. P. carbinolicus has been identified as
the dominant ethanol-degrading bacterium in
digesting industrial sewage sludge (Dubourguier
et al., 1986), and high numbers (10°-107 cells/ml)
of syntrophically ethanol-oxidizing anaerobes
were detected also in other sewage sludges
(Schink et al., 1985) and in freshwater creek sed-
iments (Eichler and Schink, 1985). Pelobacter
has to compete for ethanol with certain homo-
acetogenic bacteria, e.g., Clostridium aceticum
(Wieringa, 1940) or Acetobacterium carbinoli-
cum (Eichler and Schink, 1984), which appear to
be at least as successful in freshwater sediments
(Schink et al., 1985), especially if the sediment is
slightly acidic (Schink et al., 1985) or the temper-
ature is low (Conrad et al., 1989). The ecological
importance of ethanol fermentation to propi-
onate by P. propionicus has been elucidated by
enumerations and by tracer experiments (Schink
et al., 1985). These studies revealed that up to
20% of the total ethanol turnover can go through
propionate and that bacteria forming propionate
from ethanol contribute significantly to the total
ethanol-metabolizing microbial community.

It has to be concluded that bacteria of the
metabolic types represented by the various Pelo-
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bacter species make up a significant part of the
anaerobic microbial population in sediments and
sewage sludge. No Pelobacter-like bacteria have
so far been isolated from the rumen. The numer-
ically predominant, syntrophically ethanol-
oxidizing Pelobacter species represent new
isolates of the metabolic type of the S-strain in
the mixed culture “Methanobacillus omelianskii”
(Bryant et al., 1967). These Pelobocter species
have become accessible to pure culture growth
in our laboratory by the use of unusual substrates
that all can be converted easily into acetalde-
hyde, the key intermediate in the energy metab-
olism of these bacteria (see next section).

Isolation

Growth Media

All Pelobacter strains have been enriched and
isolated in a carbonate-buffered, sulfide-reduced
mineral medium that contained only one organic
energy and carbon source. Since they grow with
substrates that yield 2-carbon intermediates
exclusively, they have to form pyruvate and sug-
ars via reductive carboxylation of acetyl coen-
zyme A and need carbon dioxide for this
reaction. Use of a bicarbonate-buffered medium
is therefore recommended for enrichment, isola-
tion, and maintenance. Three different versions
of this medium are described below for the iso-
lation of Pelobacter from freshwater, estuarine,
and marine sediment, respectively (after Widdel
and Pfennig, 1981; Schink and Pfennig, 1982):

Pelobacter Growth Media
Dissolve in 1 liter of distilled water:

Autoclave the complete mineral medium in a vessel
equipped with 1) a filter inlet to allow flushing of the
headspace with sterile oxygen-free gas; 2) screw-cap
inlets for addition of thermally unstable additives after
autoclaving; 3) a silicon tubing connection from the bot-
tom of the vessel out to a dispensing tap (if possible with
a protecting bell) for sterile dispensing of the medium (do
not use latex tubing; it releases compounds which are
highly toxic to many anaerobes); and 4) a stirring bar.

After autoclaving, connect the vessel with the still-hot
medium to a line of oxygen-free nitrogen/carbon dioxide
mixture (90%: 10%) at low pressure (<100 mbar), flush
the headspace and cool it under this atmosphere to room
temperature, perhaps with the help of a cooling water
bath.

The mineral medium is amended with the following
additions from stock solutions that have been sterilized
separately (amounts/l of medium): a) 30 ml of 1 M
NaHCO; solution (autoclaved in a tightly closed screw-
cap bottle with about 30% headspace; the bottle should
be autoclaved inside another protective vessel, e.g., a
polypropylene beaker, to avoid spills of carbonates if the
bottle breaks in the autoclave); b) 2 ml of 0.5 M
Na,S9-H,O solution (autoclaved separately under oxy-
gen-free gas atmosphere as above); ¢) 1 ml of trace ele-
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ment solution, e.g., SL 10 (Widdel et al., 1983); d) 0.5 ml
of 10-fold concentrated, filter-sterilized vitamin solution
(Pfennig, 1978); and e) adequate amounts of sterile 1 M
HC1 or 1 M Na, CO; to adjust the pH to 7.1-7.3.

The complete medium is dispensed into either screw-
cap bottles or screw-cap tubes which are filled completely
to the top, leaving a lentil-sized air bubble for pressure
equilibration. Enrichment cultures usually produce gas
in the first enrichment stages and are better cultivated
in half-filled serum bottles (50-100 ml volume) under
a headspace of nitrogen: carbon dioxide mixture
(90%:10%).

This mineral medium is amended with the respective
organic substrates for enrichment and cultivation of pure
cultures. The vitamin mixture is not really needed by all
strains.

Selective Enrichment

All enrichment cultures were set up in our labo-
ratory at 27-30°C in 50-ml fluid cultures inocu-
lated with about 5 ml of sediment or sludge.
Smaller inocula may also lead to isolation of the
same bacteria, but this has not been evaluated in
our lab. P, acidigallici can be selectively enriched
with either one of its growth substrates (see
Table 1) at 5-10 mM concentration. For enrich-
ment of P, venetianus, either polyethylene glycol
(mol wt 106-20,000; 0.1% w/v) or methoxyetha-
nol (10 mM; Tanaka and Pfennig, 1988) is recom-
mended. In this medium, 10 mM 2,3-butanediol
enriches for P. carbinolicus from marine sedi-
ments and for P. propionicus from freshwater
sediments. P. acetylenicus is successfully enriched
with mineral medium under the above-
mentioned nitrogen: carbon dioxide atmosphere
containing 5-10% acetylene in addition.

Isolation

After 3-4 transfers in liquid medium, a homoge-
neous microbial population should have become
established in liquid enrichment cultures. Purifi-
cation of Pelobacter species is most easily done
by serial dilution in agar deep cultures (“agar
shakes”; Pfennig, 1978). Roll tubes have not
been used and are not necessary since these bac-
teria neither consume nor produce insoluble gas-
eous compounds. P. acetylenicus can be easily
purified with 10 mM acetoin as substrate. Other
procedures (streaking on agar plates in an anoxic
glove box or on agar surfaces in flat agar bottles)
have not been tried yet, but there is no reason
why such methods would not be successful as
well, if the solid media are incubated under a
nitrogen/carbon dioxide atmosphere.

Preservation

Liquid cultures were maintained in our labora-
tory in 50-ml bottles at 4°C for 4-12 weeks
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Table 1. Properties of the five Pelobacter species.
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P. acidigallici

P. venetianus

P. carbinolicus P. acetylenicus P. propionicus

Width (um)

Length (um)

GC content (mol%)

Substrate metabolized
Gallic acid
Pyrogallol
Phloroglucinol
Phloroglucinolcarboxylate
Acetoin
2,3-Butanediol
Ethylene glycol
Polyethylene glycols -
Ethanol -
n-Propanol -
n-Butanol -
1,2-Propanediol -
Acetylene -
Lactate -
Pyruvate -
Glycerol - +°

Typical Products

0.5-0.8 0.5-1.0
1.5-3.5 2.5
51.8 522

I+ o+ 4+
I

»

e g g

I+ ++++ 4+ + |

Acetate (CO,) Acetate, ethanol Acetate, ethanol

0.5-0.7 0.6-0.8 0.5-0.7
1.2-3.0 1.5-4.0 1.2-6.0
523 57.1 574
+ + +
+ + +
+ — —
+° +° +
+h. c +h,c +4°
+b, c +b,c 4°
— +¢ —
— + —
- - +
- - +
— +° —

Acetate, ethanol Acetate, propionate

*Growth is possible only at very low concentration (<1 mM) or in continuous culture.
"Growth is possible only in the presence of a hydrogen-scavenging anaerobe, e.g., a methanogenic bacterium.
‘Growth is possible only in the presence of small amounts of acetate for cell carbon synthesis.

Symbols: +, growth; —, no growth.

between transfers. Longer storage intervals may
be possible as well. Long-term preservation is
easily accomplished by storage of dense cell
suspensions in glass capillaries kept in liquid
nitrogen.

Identification

Morphological and Cytological Properties

Cells of all Pelobacter species are Gram-
negative, short rods that do not form spores (Fig.
1). The cell ends are usually rounded; however,
P. acetylenicus cells can be slightly pointed (Fig.
le). The cell sizes vary from 0.5 to 1.0 um in
width and from 1.2 to 6.0 um in length. More
exact cell sizes of the different type strains are
listed in Table 1. The temperature optima for
growth are in the range of 28-35°C; the pH
optima are 6.5-7.5. On the basis of the GC con-
tent of the DNA, two clusters can be defined; the
one (P, acidigallici, P. venetianus, P. carbinolicus)
has a GC value at 50-53 mol %, the other one (P.
acetylenicus, P. propionicus) at 57-58 mol%. It
should be noted that this clustering does not
agree with the subgroupings based on DNA and
RNA homologies (see “Introduction,” this chap-
ter) or with physiological similarities.
Cytochromes have been found only in P. pro-
pionicus. A b-type cytochrome was detected at a
very low level (Schink et al., 1987), but there is
no evidence that this cytochrome plays any role

in ATP-generating electron transport (see
below).

Physiological Properties and Biochemistry

Table 1 presents a listing of all substrates used by
the various Pelobacter species described so far. It
is obvious from this table that Pelobacter acidi-
gallici differs in its substrate spectrum from all
other Pelobacter species. It utilizes only trihy-
droxybenzenoids for growth, and it ferments
them to acetate as sole fermentation product.
With this, it resembles FEubacterium oxi-
doreducens (Krumholz and Bryant, 1986) to some
extent, but does not depend on formate as an
external co-substrate for degradation of these
compounds. Growth experiments with increased
substrate concentrations have revealed that the
pathway of gallic acid fermentation leads via
pyrogallol and phloroglucinol (Samain et al.,
1986) and has nothing in common with the path-
way of anaerobic benzoate degradation (Evans,
1977). Obviously, three hydroxyl groups in alter-
nating position at the ring polarize the n-electron
system sufficiently to permit selective reduction
to dihydrophloroglucinol and ring opening by a
thiolytic or hydrolytic mechanism. The iso-
merization of pyrogallol to phloroglucinol has
recently been characterized as a unique transhy-
droxylase reaction involving a tetrahydroxyben-
zene as co-substrate (Brune and Schink, 1990).
The third trihydroxybenzene isomer, hydroxyhy-
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Fig. 1. Phase contrast photomicrographs of cells of Pelobacter species. Bar = 5 um for all figures. (a) P. acidigallici; (b) P.
venetianus; (¢) P. carbinolicus; (d) P. acetylenicus; (€) P. propionicus.

droquinone, is not metabolized by these bacteria,
but it is fermented by other new anaerobic bac-
teria, also via phloroglucinol (A. Brune, S. Schnell
and B. Schink, unpublished observations).

P. venetianus, P. carbinolicus, and P. acetyleni-
cus have been enriched and isolated with poly-
ethylene glycol, 2,3-butanediol, or acetylene,

respectively. They can all grow with acetoin,
some also with ethylene glycol or ethanolamine.
All these substrates are converted to acetalde-
hyde, which is further dismutated to acetate and
ethanol as final products. ATP is formed exclu-
sively by substrate level phosphorylation via the
acetate kinase reaction. The higher homologs of
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ethylene glycol, 1,2-propanediol and 1,2-
butanediol, are dismutated to propanol and pro-
pionate or butanol and butyrate, respectively,
provided that the medium contains some acetate
(2-3 mM) for synthesis of cell material. Glycerol
undergoes a similar dismutation to 3-
hydroxypropionate and 1,3-propanediol. It is
interesting to note that glycerol fermentation
also requires the presence of acetate and that this
substrate cannot itself be assimilated.

In the presence of hydrogen-scavenging
anaerobes, e.g., homoacetogens or methanogens,
Pelobacter oxidizes primary aliphatic alcohols to
the corresponding acids; with propanol and
butanol, acetate is again required for cell matter
synthesis. This syntrophic oxidation of ethanol
via “interspecies hydrogen transfer” was first
observed with the S-strain isolated from the
syntrophic mixed culture “Methanobacillus ome-
lianskii” (Bryant et al., 1967), which was lost
many years ago. Pelobacter strains are the only
representatives of this type of metabolism that
are available today in pure cultures. Pure and
mixed culture experiments have been carried
out recently to understand the energetics and
kinetics of interspecies hydrogen transfer in
model cultures of P. acetylenicus and hydrogen-
scavenging homoacetogenic and methanogenic
partners (Seitz et al., 1988; Seitz et al., in prepa-
ration).

The biochemistry of polyethylene glycol deg-
radation is not yet understood, neither in P. vene-
tianus mnor in other polyethylene glycol-
degrading anaerobes (Dwyer and Tiedje, 1986;
Wagener and Schink, 1988). P venetianus
degrades all polymers from the dimer up to a
molecular weight of 40,000. Growth experiments
in batch and continuous culture have shown that
ethylene glycol can also support growth if it is
provided at limiting amounts and that acetalde-
hyde is the first free intermediate in both poly-
mer and monomer degradation (Strass and
Schink, 1986). Perhaps the polymer is attacked
by a diol dehydratase-like reaction that trans-
forms the terminal ether linkage into an unstable
half-acetal linkage yielding acetaldehyde as
product. Unfortunately, the cleavage reaction is
very difficult to demonstrate in cell-free extracts,
and a By, compound of atypical structure
appears to be involved (E. Schramm and B.
Schink, unpublished observations). This cleavage
reaction occurs inside the cells, and it is not clear
how high-molecular-weight polyethylene glycols
are able to cross the cytoplasmic membrane at
sufficiently high transport rates.

Anaerobic degradation of polyethylene gly-
cols is of major ecological concern because many
industrially produced nonionic surfactants con-
tain polyethylene glycols as hydrophilic moieties
that may be subject to anaerobic degradation in
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anoxic sediments and sludge (Wagener and
Schink, 1987, 1988).

P. carbinolicus is related to P. venetianus and
has basically the same biochemistry and physiol-
ogy. It degrades ethylene glycol rather than poly-
ethylene glycols, and it was originally enriched
and isolated with acetoin or 2,3-butanediol as
substrate. 2,3-Butanediol is oxidized to acetoin,
which undergoes oxidative cleavage to acetyl
CoA and acetaldehyde by a dichlorophenol
indophenol-dependent enzyme analogous to
pyruvate dehydrogenase (Oppermann et al.,
1988). The physiological electron acceptor of this
enzyme is not yet known. Acetaldehyde is either
oxidized by a benzyl viologen-dependent
enzyme to acetyl CoA or, depending on the elec-
tron balance, reduced to ethanol.

P acetylenicus is the first strict anaerobe
known to ferment an unsaturated hydrocarbon
in pure culture. Again, the first intermediate of
acetylene fermentation is acetaldehyde, which is
further dismutated to acetate and ethanol. The
enzyme that hydrates acetylene to acetaldehyde
could not be demonstrated in a cell-free assay
system; perhaps unusual cofactors are also
involved in this reaction. A report on an
acetylene-hydratase enzyme in cell-free extracts
of an aerobic Rhodococcus species (deBont and
Peck, 1980) could not be reproduced in our
hands either. The function of such an acetylene-
hydrating enzyme in an anoxic environment is
hard to understand since acetylene is probably
not an important substrate in such environments.
Perhaps its main role is hydration of other pos-
sibly toxic compounds, such as nitriles or cya-
nides, but there is no experimental evidence so
far for such activities.

P. propionicus differs from the other Pelobacter
species by producing propionate as one of its
main fermentation products. Degradation of ace-
toin, 2,3-butanediol, and ethanol probably fol-
lows the same routes via acetaldehyde and acetyl
CoA, as outlined above for the other species. The
biochemistry of propionate formation from these
C-2 compounds has been studied in detail (Schink
et al., 1987). The key reaction is catalyzed by
pyruvate synthase (pyruvate ferredoxin oxi-
doreductase), which operates here in the opposite
direction to that predicted by its chemical equi-
librium. The equilibrium is shifted by the exer-
gonic propionate-forming reaction chain via
methylmalonyl CoA; this chain is not coupled to
ATP-yielding electron transport phosphorylation
in these bacteria. This reaction in P. propionicus
and other bacteria with similar biochemical
capacities (Stams et al., 1984; Samain et al., 1982)
is probably responsible for the formation of C-3
compounds from C-2 compounds in significant
amounts in anoxic sediments and sludges (Gold-
berg and Cooney, 1981; Schink et al., 1985).
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Applications

All Pelobacter strains discussed in this chapter
may act as important syntrophic oxidants of pri-
mary aliphatic alcohols in sediments and sludges,
where they have been found to be predominant
(Dubourgier et al., 1986). Of technological inter-
est may be the capacity of P. venetianus and sim-
ilar isolates to degrade polyethylene glycols and
to attack nonionic surfactants based on these
compounds. These surfactants are of growing
interest in the industrial manufacture of deter-
gents, soaps, emulsifiers, etc. Aerobic degrada-
tion of polyethylene glycol-containing surfactant
wastes creates enormous problems of foam for-
mation in conventional activated-sludge sewage
treatment and in natural waters. Anaerobic deg-
radation of most of these compounds to methane
can easily be achieved in packed column reac-
tors, in which P. venetianus-like anaerobes fer-
ment the polyethylene glycol moieties to
substrates for the methanogenic microbial com-
munity (Wagener and Schink, 1987).

P. propionicus produces acetate and propi-
onate from the substrates listed in Table 1. Pro-
panol is fermented together with acetate
exclusively to propionate. This fermentation may
be of interest for biological production of propi-
onate at high purity.
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The Genus Bdellovibrio

EDOUARD JURKEVITCH

Introduction

Bdellovibrio spp. are Gram negative, motile, and
uniflagellated bacteria. What characterizes this
bacterial genus as unique is its predatory behav-
ior: Bdellovibrios attack other Gram negative
cells, penetrate their periplasm, multiply in their
cytoplasm, and finally burst their cell envelopes
to start anew (Figure 1). Although many preda-
tor bacteria may lyse other bacteria, and many
“micropredators” have been described, these
Bdellovibrio-like organisms can grow without
bacterial prey and do not divide inside the peri-
plasm (Varon and Shilo, 1978).

Bdellovibrio research began with their seren-
dipitous discovery by Stolp and Petzold (1962).
The physiology, ecology, taxonomy, interactions
with prey, and cell cycle of Bdellovibrio were
established in the 1960’s and 70’s mainly by
the groups of Shilo and Varon, Stolp and Starr,
Rittenberg, Hespell, Diedrich, Ruby, Tudor,
Thomashow, and more recently Williams.

Bdellovibrios can be described as predators, or
parasites, or symbionts (Starr, 1975). In this
review, the terms predator-prey and parasite-
host will be used interchangeably.

Bdellovibrios are found in wet, aerobic envi-
ronments. As described in other sections, their
importance in shaping or influencing bacterial
community dynamics and structure is still
unknown. Similarly, the way these predators
interact with potential prey, their survival mech-
anisms, and their preferred habitats in natural
settings or man-made biotops are poorly
understood.

Particularly fascinating is the two-phased cell
cycle of bdellovibrios, which are dimorphic.
During the “attack phase,” small cells (0.5 to
1.5 um long, 0.5 um in diameter, Figure 2) swim
at speeds up to one hundred body lengths-sec™
(Stolp, 1967) to find prey. Prey-encounter is
apparently by random collision, as evidence
of chemotaxis has not been detected. After
encountering and attaching to a substrate cell,
a predatory cell penetrates the periplasm,
shedding its long-sheathed flagellum in the pro-
cess. The “growth phase” can then be initiated.

The invaded bacterium usually rounds into the
ensemble predator-prey, called a bdelloplast
(Figure 3). Within this confined space Bdellov-
ibrio engages in restricted development, turning
the short cell into an unseptated filament at the
expense of the host’s cytoplasm (Figure 4).
After a lag phase of about 45 min, DNA begins
to replicate within the bdelloplast and proceeds
for a couple of hours along with cell growth,
and then the filament divides by multiple fission
into progeny attack cells, the number deter-
mined by the size of the host. Progeny bursts
from the ghost cell, ready for another attack
cycle. Within the bdelloplast, the bdellovibrio
cell is protected from photooxidation
(Friedberg, 1977) and phage attack (Varon and
Seijtfers, 1975) and shows increased resistance
to pollutants (Varon and Shilo, 1981). Host-
independent mutants growing axenically can be
isolated. The cell cycle can be extended to
include the development of a cyst-like stage
called a bdellocyst, which, however, has been
seen in only two strains.

Basic biological questions such as predator-
prey interactions, host recognition, regulation of
a simple developmental program, and cell-cell
signaling can be addressed by using this two-
membered model. We shall deal with each of
these issues in the linked sections.

Taxonomy

The taxomony of Bdellovibrio is still fragmen-
tary. Historically, microorganisms that have been
assigned to the genus Bdellovibrio exhibit char-
acteristic features: flagellum-driven high motility,
attachment and penetration through the outer
membrane of Gram-negative hosts, intra-
periplasmic growth, cell multiplication at the
expense of host cytoplasm, lysis of prey, and
finally release of progeny. Their wide habitat and
heterogeneity can be interpreted in terms of
development of a common lifestyle by conver-
gent evolution or increased heterogeneity by
divergent evolution from a common very ancient
ancestor (Varon and Shilo, 1978).
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Fig. 1. The life cycle of Bdellovibrio. 1. Attack-phase cells;
2. Attachment to the prey’s outer membrane; 3. Penetration;
4. Initiation of growth; 5. Intraperiplasmic growth; 6. Differ-
entiation into attack cells and lysis of the prey envelope.

Fig. 2. A Bdellovibrio cell in the attack phase. The flagellum
is wrapped around the cell. Bar: 0.5 um.

The genus has been placed within the Proteo-
bacteria (Ribosomal Database Project), myxo-
bacteria and sulfate-reducing bacteria being
their closest relatives. Based on G+C content,
DNA/DNA (Table 1) and DNA/TRNA homol-
ogy, and enzyme migration patterns, the genus
was divided into three species: B. bacteriovorus,
B. stolpii and B. starrii ~ (Siedler et al., 1972).
Bdellovibrio strain W, one of the two bdellocyst-
forming isolates (Hoeniger et al., 1972), and the
marine isolates were left undefined. The ion
requirements of these halophilic isolates have
been described (Taylor et al., 1974; Marbach and
Shilo, 1978). Based on the similarities in host
ranges, Taylor et al. (1974) subdivided the 13
analyzed isolates into three groups. Mole % G+C
of three isolates from one group was similar
(38.5-38.8) and much lower than that of any of
the terrestrial isolates, whereas G+C content of
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Fig. 3. An E. coli cell with a B. bacteriovorus 109] parasite
in the intraperiplasmic space. The parasite at its entry pole is
associated with the host cytoplasmic membrane (arrow). ps:
periplasm. p: protoplasm. Bar: 0.2 um. (From Abram et al.,
1974.)

Fig. 4. Intraperiplasmic growth of B. bacteriovorus 109] in
Spirillum serpens. p: protoplast. ps: periplasmic space. g:
polymetaphosphate granules. Bar: 1 pm. (From Abram et al.,
1974.)
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Table 1. Genetic characteristics of Bdellovibrio.

CHAPTER 3.4.2

Genome size

% DNA/DNA relative reassociation

Species (kbp) Mol% G+C 109D 100 A3.12 UKi2 \W% N6804
B. bacteriovorus 109D 2060 51 100 103

B. bacteriovorus 100 2170 49.5 100 1 0

B. starrii A3.12 2610 435 100 16 23 0
B. stolpii UKi2 2290 41.8 100 28.5 37
Strain W 2030 43.7 100 32
N 6804 (ICPB 3294) 2040 374 100
one isolate from another group was 43.5%. 0.05

Marbach et al. (1976) separated halophilic
bdellovibrios into 10 groups, based on prey
range. However, no such grouping was found by
Torrella et al. (1978) or by Schoeffield et al.
(1991), and host range was shown to depend on
the experimental conditions, thereby raising
questions about the usefulness of this parameter
as a taxonomic criterion. Bacteriophages of
bdellovibrios (bdellophages) have been isolated
(Sagi and Levisohn, 1976; Althauser et al., 1972;
Varon and Levisohn, 1972; Hashimoto et al.,
1970) and in some instances used to define tax-
omic groups of bdellovibrios (Althauser et al.,
1972; Varon, 1974).

16S rRNA

Resolution of the phylogeny of Bdellovibrio has
been increased by the analysis of the 16S rRNA
molecule. Donze et al. (1991) analyzed 11 terres-
trial strains and one marine isolate using partial
sequences of the 165 rDNA gene. Their results
confirmed the placement of Bdellovibrio within
the Proteobacteria and showed Bdellovibrio
strains were related more closely to each other
than to other bacteria, supporting the claim of
common ancestry. The heterogeneity of the
genus Bdellovibrio could be divided into two
groups, B. bacteriovorus strains forming one and
B. stolpii, B. starrii and the marine isolate the
other (Figure 5). However, the large phenotypic
and molecular (%G+C content, DNA/DNA
reassociation) differences between the marine
and terrestrial isolates, the scant molecular infor-
mation available on the diversity of marine
strains, and the heterogeneity observed within
the species B. bacteriovorus call for further
studies.

Serological Classification

Immunological approaches have been shown to
offer a level of sensitivity high enough to resolve
taxonomic groups of bdellovibrios (Schoeffield
et al., 1991; Schelling et al., 1983; Kramer et al.,
1977). Using techniques such as immuno-
diffusion, immunoelectrophoresis, agglutination,

B. bacteriovorus 100
B. bacteriovorus 114
B. bacteriovorus 109D
B. bacteriovorus Ox9-2
B. bacteriovorus 109
B. bacteriovorus Ox9-3

B. bacteriovorus 109J

B. bacteriovorus 6-5-S

B. bacteriovorus W

B. stolpii
| E marine strain BM4
B. starrii

M. xanthus

D. desulfuricans

Ps. testosteroni

E. coli

A. tumefaciens
F. heparinum

Fig. 5. Phylogenetic tree for 12 strains of Bdellovibrio based
on the analysis of the 16S rRNA gene. Bar: fractional differ-
ence in nucleotide sequence. (From Donze et al., 1991.)

and indirect immunofluorescence, halophilic and
nonhalophilic bdellovibrios can be separated
into several serologically distinct subgroups: the
terrestrial subgroups, sharing a common antigen
(Schelling et al., 1983; Kramer et al., 1977); the
halophilic isolates (Schoeffield et al., 1991), each
identified by at least one common antigen; and
the aquatic, salt-loving strains, sharing a common
antigen with terrestrial strain W (Schoeffield
et al., 1991). Thus, such immunology-based tools
can help determine taxonomy.

Habitat and Ecology

Bdellovibrios have been isolated from a wide
range of water systems: estuaries (brackish
water), sea coasts and oceans, rivers, sewage, fish
ponds, runoff (irrigation water), and man-made
water supplies. Also, organisms have been found
in the gills of crabs, in sediments, on submerged
surfaces, in soils, in rice paddies, and in the rhizo-
sphere of plants. Table 2 presents a summary of
biotops in which Bdellovibrio were detected.
Interestingly, the concentration of recovered
Bdellovibrio in rivers correlated with water pol-
lution. Whereas no predators could be detected



15

The Genus Bdellovibrio

CHAPTER 3.4.2

“191em pajnqiod ;, ‘1a1em panjodun : 919 ‘Ansnpur JIun 19moys ‘191em [eldsoy :, (pagrads jou 1gN

€961 1reis pue djoig

L96T ©BpISED) pUE UId[Y]

0L61 2A0ID) pue 1oyIed

€L6T A1 pue sojderg

YLET T8 10 I0[AR],

G/61 BpOINY] pue 0J0WRAIIA
9L61 se[ders pue A1y

0861 nsyewa()

066T UOSPIETDY

0661 SWEI[IA\ PUE P[aYFOOTOS
T661 SWeRI[IA pue £o[[o3]
S661 'Te 10 SWEIIA

0661 UURWSSOIL) PUB JLIdYS[H
9661 300D pue odrwejery
L66T Te 32 ued

L66T 'Te 10 Aa[[o3]

01 XT 0,01 Xt
LI X SP

OIXTTOIT

01%6

01XZ01 7
OIXSTOL0IXT

0T X S 03,01 X T ¢c0T X €0
01010

"S'N 9ATISO]

w01 0%

01 XT

Orxz1ordn

Q01 0dn

‘aN

01X 8¢ 010

01 xt'601dn

SOATIEZOU-WRID) SNOLIBA

1102 VIYILIDYIST

‘dds winria1ovqo.dy -dds wimiqozuypyy
"dds 1910RqOWOIYOY
SOAIJBZOU-WERIL) SNOLIBA
snonfjowtavyvivd o11qip

102 VIYILIDYIST

an2£40 spuowioyIUDY

‘dds vjjauo1dag

snonfjowavyvind o11qiA
snonfjowavyvivd o11qiA
snonfjowtavyvivd o11qip

SUIDS2AONY SDUOUIOPNIST

-dds efjouowres ¢/ H:LSTO 102 1Yd1I2YISTT
SOAT)RFOU-WIRIL) SNOLIBA

snonfjowavyvind o11qiA

uonenyy

Sunerd yonQg

uonenyy
uoneZIudSoWo |
uonenyy

SN

uonouIIXe 0} uonn[Iq
uoneny wng |

sordures pajenuaduo))
Sunerd yanqg
uonesnJLIud [eNuaIdJIg
UONEINJIIIUD [BNUAII
uonenyy

uonenyy

uonenyiy

uonesnJLIud [eNUAINI

VSN ‘Tos

VSN Tos

elRNSOY 10§

urejrg 1eaIL) ‘93emas

VSN ‘TremeH ‘nyeQ

ueder ‘Aeg eyesQ

urejLg 1ea1n) ‘I9)em IOATY

ueder ‘sorpped oory

(sorddns 1ojem opew-uejy

sxuInirenbe 1ojemiyes ‘,.puod [epn ysyoeig
(snpides snooure)) qerd an[q jo s[H
sooeyns jueld onenby

93eqqed osoury) jo axaydsoziyy

93emas pue [10§

surrej aInjnoenbe pue 1ojem oS [ISEO))

I9)eM UsDoeIq UL S[[YS 191SAQ

Q0UDIAJOY

N\Eo I0
lw < _8-N4d omquaojapg

Ka1g

sdojs uorne[osy

uIsQ

'sd0)01q opeW-UBW PUR [BINIEU UI 0L/GIA0J[apg “T SIqRL



16 E. Jurkevitch

in pure well waters (Varon and Shilo, 1978),
Bdellovibrio counts increased from 10 to 3500
PFU-mL™ (plaque-forming units) at the source
and near an urbanized section of the river,
respectively (Lambina et al., 1974). Although a
higher total bacterial load in the sample may
promote Bdellovibrio growth, the predator has
been shown sensitive to environmental pollut-
ants such as heavy metals, detergents, and pesti-
cides (Varon and Shilo, 1978). Bdellovibrios are
aerobic, multiplying under oxic conditions, but
they are able to survive anoxic periods as attack-
phase cells or as bdelloplasts (Schoeffield et al.,
1991). Furthermore, halo-tolerant predators
have been shown to grow under microaerobic
conditions. Spells of low oxygen tension occur in
soils and in water, and the parasite seems to be
adapted to these conditions. The range of possi-
ble niches for bdellovibrios to survive and be
active, therefore, may not be restricted to perma-
nently aerobic biotas.

Another environment in which bdellovibrios
have been found is biofilms on surfaces. In the
continuous space between the solid phases of
biofilms, dissolved chemicals, suspended parti-
cles, and cells move freely (Wanner, 1989). It is
therefore plausible that bdellovibrios due to
their small size, high motility, and mode of
multiplication may strongly influence the bacte-
rial composition of their associated biofilms.
Recently, an isolate that effectively reduces the
level of biofilm E. coli cells on stainless steel has
been reported (Fratamico and Cooke, 1996). In
some instances, biofilms seem to offer better con-
ditions for the multiplication and survival of
bdellovibrios as they have been found in the fab-
ric of natural marine biofilms but not always
recovered from the surrounding water (Kelley
et al., 1997; Kelley et al., 1992; Williams et al.,
1995). In these specific econiches, bdellovibrios
might become entrapped in the gel-matrix of
biofilms, benefiting from higher concentrations
of prey cells that ensure survival, a greater mul-
tiplication rate, and also physical protection.
Surface-associated bdellovibrios were shown to
survive various environmental insults but free-
living cells died rapidly (Markelova et al., 1998).

A high density of prey has often been shown
to be necessary for Bdellovibrio survival. Various
authors have reported that prey concentrations
of at least 10° to 10° CFU.g"' soil or mL™ are
required for Bdellovibrio survival (Keya and
Alexander, 1975; Uematsu, 1980). Calculations
based on the Lotka-Volterra predator-prey
model (Varon and Zeigler, 1978) indicate that at
least 3 x 10° prey cells are needed to give bdell-
ovibrios a 50% chance of survival. From this type
of calculation, the general conclusion was that
Bdellovibrio can survive only in special ecolo-
gical niches. However, low-level, steady-state
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bdellovibrio populations were sustained for long
periods in continuous cultures at low host den-
sity (10* cellsmL™).

As seen above, biofilms can potentially pro-
vide a richer habitat for bdellovibrios. Biofilms
may provide an environment more conducive to
bdellovibrio development in low microbial den-
sity biotas, the predator expanding beyond that
realm during bacterial population surges. Nota-
bly, the calculated minimal prey levels usually
relate to bdellovibrio predation upon a defined
bacterial species in pure culture. Because bdell-
ovibrios are usually not stringently host-range
specific, the concentration of substrate cells in
natural settings may well be high enough to sus-
tain bdellovibrio populations. Moreover, only a
fraction (>1 to a few percent) of the bacterial
cells contained in environmental samples are
typically amenable to cultivation. This fact has
to be considered (Amann et al., 1995), as did
Rice et al. (1998), who quantified the number of
bdellovibrio-susceptible bacteria in an estuarine
environment. Seventy to 85% of recovered bac-
teria were found susceptible to bdellovibrios iso-
lated from the same sampling sites. Assuming
that almost 10% of the bacteria in samples were
retrieved on culture, the authors calculated that
the susceptible populations were sufficient to
ensure survival of the predators. Therefore,
Bdellovibrio spp. may have a modulatory role in
nature (Rice et al., 1998), eradication being pre-
vented by natural oscillations in a predator-prey
system (Varon, 1979).

Survival of bdellovibrios in nature has been
the subject of conjecture because cell composi-
tion in bdellovibrios is known to change rapidly
in starving conditions, and bacterial suspensions
quickly lose viability (Marbach et al., 1976;
Hespell et al., 1974), signifying that a free swim-
ming cell must find a prey rapidly. However,
bdellovibrios were shown to survive longer
periods in nutrient-poor environments (Fry and
Staples, 1976; Daniel, 1969), possibly due to
population heterogeneity (Varon and Shilo,
1978) or better resilience of bdelloplasts (cer-
tainly as bdellocysts, although the number of
strains able to develop this morphology seems to
be small). The molecular responses to starvation
are unknown.

Isolation

The peculiar cell cycle of Bdellovibrio dictates its
method of isolation, whether from sewage, plant
parts, submerged surfaces, or water samples.
Basically, bdellovibrios and phages are isolated
in a similar manner. The sample, or serial dilu-
tions of it, is mixed with a potential prey bacte-
rium in melted soft agar and poured onto an agar
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plate containing a diluted growth medium. The
bacterial predator forms plaques that have to be
differentiated from those formed by protozoa or
bacteriophages.

Relatively low levels of bdellovibrios are usu-
ally retrieved from environmental sources that
contain much higher levels of unsusceptible bac-
teria and “blurring” through overgrowth results,
which can interfere with the detection of bdell-
ovibrio plaques. Moreover, bdellovibrio growth
can be hindered by bacteria-excreted com-
pounds as well as by bacteriophages. A number
of protocols have been developed based on the
physical separation of Bdellovibrio cells from the
rest of the bacterial population, with the purpose
of obtaining enriched fractions of the predator
while reducing contaminating protozoa, bacte-
ria, or viruses.

The number of bdellovibrio plaques detected
in any environmental sample depends on the
host bacterium chosen, the processing of the
sample, and the isolation protocol. Bdellovibrio
shows variation in host range, and no single bac-
terial species can potentially support the growth
of all isolates. This problem is compounded by
the lack of information on the structure and
diversity of Bdellovibrio populations. However,
Vibrio parahaemolyticus was shown to be an
effective host for the retrieval of Bdellovibrio
from estuarine environments (Schoeffield and
Williams, 1990). Pseudomonas spp., Aquaspiril-
lum serpens, a number of phytopathogens such
as Erwinia carotovora sspp. carotovora, E. amy-
lovora, Xanthomonas oryzae and P. syringae
have been used to isolate soil and water bdellov-
ibrios (Stolp and Starr, 1963; Scherff, 1973;
Uematsu, 1980; Epton et al., 1989; Elsherif and
Grosman, 1996).

Direct Isolation of Bdellovibrio from
Environmental Samples

The mo