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Preface

Few biologists, including microbiologists, are aware of the existence of preda-
tory bacteria. However, the reaction of these scientists when they learn about
them, whether through casual talks or through exposure at meetings, is invari-
ably: “cool!!” In modern dialect, this is really a good score.

The aim of this monograph is to increase the awareness of the biologists
at large about the great possibilities that predation between microbes offer
for research and teaching. One can also view this aim within a trend we fully
support and think should be strengthened: microbial systems are excellent
models for studying and discussing basic ecological and general biological
concepts. We won’t deliberate over the reasons, as excellent and up-to-date
reviews are available, but we hope that a short description of the chapters
contained in this book will convince the reader that bacterial predators, their
ecology, and their biology at large form an especially appealing field.

While the variety of known predatory bacteria may already appear to be
substantial, we are convinced that only the surface of this diversity has been
scratched. Moreover, one should not take the term “known” at face value as
most of these bacterial predators have only been anecdotally described. Bacte-
rial predators may even be much more widespread than presently accounted for
owing to the fact that only a tiny fraction of bacteria occurring in natural habi-
tats can be cultivated in thelaboratory. The discovery of new bacterial predators
cannot be performed solely by relying upon culture-independent approaches
as no one particular molecular signature will account for all predatory pheno-
types. The exploration of the diversity of the voracious smalls should also be
based on observation, enrichment or isolation whenever possible. The study
of this diversity and of its phylogenetic roots can bring forward evolution-
ary insights that are pertinent to seemingly unrelated fields such as biological
polymers degradation and the evolution of the eukaryotic cell. This is treated
in the chapter by Edouard Jurkevitch and Yaacov Davidov.

The dynamics of trophic interactions between bacteria is very much a black
box. However, they can be addressed in a systematic way, thanks to the inher-
ent possibilities of manipulating variables in microbial systems in an efficient,
precise, and reproducible manner. Such studies can bear a large impact on our
understanding of the central role of predation in ecology. Microbial preda-
tory systems can be utilized to test essential ecological questions pertaining
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to predation, such as the role of spatial structure, the presence of decoy or
of multiple species (prey or predator) on predator-prey interactions, and how
predation may lead to speciation. In order to address such questions, math-
ematical frameworks can be developed to define the variables to be tested.
Michael Wilkinson presents in his chapter such models in a clear and readily
understandable manner.

Klaus Jiirgens’s chapter provides a thorough background on predation in
the microbial world at large and emerging “rules” of bacterial predation. His
chapter addresses the impact of predation in microbial systems at various
scales, from bacteriophages to metazoans. Bacterial predation is further ana-
lyzed in the larger context of trophic cascades and ecological networks. Protists
are treated in depth and the larger body of knowledge in this domain is used
as a background against which the lesser understanding of predation in the
prokaryotic realm is evaluated. This knowledge and understanding is an im-
portant resource to draw upon for comparison and inspiration.

Laboratory work with Bdellovibrio and like organisms (BALOs), the bac-
teria most studied for their predatory behavior, presents challenges to the
investigator. As wild type strains can only grow in the presence of a host,
isolation and enumeration of BALOs from natural samples are not straight-
forward tasks. Susan Koval addresses these issues as well as other important
subjects related to the analysis of isolates in her chapter. The chapter also cov-
ers culture-independent approaches, such as fluorescent in situ hybridization
as they are applied to BALOs. This chapter should prove of great help to the
microbiologist wishing to engage in work with predatory bacteria as well as to
the more experienced “BALOlogist.”

BALOs are ubiquitously found in nature or at least in most of the environ-
ments in which they were looked for. Since oceans cover about 70% of the
Earth’s surface, the marine milieu is the largest of all environments and also
the one that Henry Williams has been studying for three decades. Together
with Silvia Pifieiro, he presents a very comprehensive and in-depth review of
the ecology of BALOs in aquatic as well as in terrestrial habitats. They ask what
may be the central, yet unanswered questions in BALO ecology, i.e. what is the
impact of BALOs in bacterial mortality, which bacterial groups constitue prey
organisms and how are environmental processes affected. While these are true
challenges for the microbial ecologist, the authors suggest that the tools being
developed and implemented in BALO research will greatly enhance our ability
to answer these basic questions.

Among the most powerful instruments in the biologist’s toolbox are ge-
nomics and bioinformatics. John Tudor and Michael McCann reexamined the
first published BALO genome, that of Bdellovibrio bacteriovorus type strain
100, a terrestrial bacterium. They present us new analyses of chemotactic,
regulatory, and sensory circuits of the predator, as well as a reevaluation of
the amino acid biosynthetic capabilities of this organism. They also provide
the first comparative analysis of different BALO genomes using the published
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genome data available on the marine BALO Bacteriovorax marinus SJ and
on the cyst-forming Bdellovibrio sp. strain W. These, along with data from
proteomic studies are examined within the frame of the unusual life cycle of
BALOs, shedding new light on the predators’ developmental phases.

Eckard Strauch, Sebastian Beck, and Bernd Appel describe the peculiar
biochemistry of BALO cell walls with the presence of sphingolipids in Bac-
teriovorax stolpii, a sugar-linked LPS, and a new family of outer membrane
proteins. They address the importance of chemotaxis, locomotion, and attach-
ment appendages in the predatory process and review the literature pertaining
to intracellular regulatory signals. They link BALO biochemistry to the life
cycle and to the ecology of the predators and examine the potential uses of
BALOs or derived compounds as therapeutic agents, weighing the potential
uses against the potential hurdles.

We hope the readers of this book will marvel at the intricacies of the biology
of microbial predators and at how much of the natural sciences are “packed”
in these small cells. We expect it will keep in them the feeling that these tiny
predators are indeed “really cool.”

We would like to again thank the contributing authors for their dedication
to this project and for their enthusiasm from its very beginning.

Finally, I (Edouard Jurkevitch) would like to thank my wife Einat and my
children Yaniv, Yoav and Maya for the smiles on their faces when I “talk
bdellovibrio” with them, and my mother and late father for the sweet gift of
education.

Rehovot and Miinster, June 2006 Edouard Jurkevitch
Alexander Steinbiichel
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Abstract Like many good things in science (and in life at large, starting with evolution-
ary processes), the obligate predatory bacteria Bdellovibrio and like organisms (BALOs)
were discovered by chance. These fascinating creatures have since been studied by (not
too) many great scientists. As the community studying these organisms has never been
too large, small changes in its number of scientists have had a large impact on the ad-
vancement of this field. A historical perspective of BALO research is presented here.

1
Introduction

Predation is pervasive at all levels of life and maybe as old as life, or cel-
lular life, itself (Maynard Smith and Szathmdry 1995; Bengston 2002). From
the tiniest viruses that parasitize and finally lyze their bacterial hosts to the
largest of the sharks, it is found in all walks of life, and possibly in all envi-
ronments.

Predators kill their prey. Predation is a significant cause of mortality, an
important evolutionary force, driving the selection of escape strategies in
prey and of effectiveness in predators. Predation is such a basic tenet of life
that it is strongly embedded in the human psyche; it has been used to describe
economic processes (predatory pricing), asocial, criminal behaviors (sexually
violent predator), or political developments (predatory democracy).

This central role played by predation in nature is reflected in the great
interest it is generating among the scientific community. The scientific liter-
ature abounds with articles and books dealing with this matter but a simple
search through a few databases reveals that the amount of work performed on
predation in the various fields of ecology differ greatly.
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Table 1 Numbers of entries in the PubMed and GoogleScholar databases relevant to pre-
dation in predator and prey systems of vertebrates, arthropods, and microorganisms

Search Keywords
engine Predation Mammals Predation Arthropods Predation Predation Bacteria
+ mammals + arthropods + Bacteria + Bacteria

(-protozoa,
protozoan)

PubMed 1127 11328519 952 165401 207 969292

Google 21100 451000 7370 59200 10500 261 1170000

Scholar

As seen from Table 1, no rule can be formulated as to the relationship of
the number of studies centered on predation and the size of the subject or-
ganisms, be they predator or prey. However, one thing appears to be clear:
a dearth of work on predatory interactions within the prokaryotic realm.

Predation between bacteria has been known for a long time (Beebe 1941,
and probably earlier) but the described interactions were of a facultative na-
ture. Mostly, myxobacterial systems have served as “role models” for this
type of interaction. However, because of the peculiar and fascinating social
behavior exhibited by these bacteria, predation usually took the back seat
of research priorities in these systems. Nevertheless, the lytic activities of
myxobacteria and other facultative predators have been thoroughly investi-
gated and some data pertaining to the ecological significance of predation by
these organisms is available (see chapter by Jurkevitch and Davidov in this
volume).

Another class of predatory bacteria are the obligate predators. Although
this book is not solely dedicated to these organisms, they form its central
theme. I shall therefore present a short history of the discovery and devel-
opment of the research centered on Bdellovibrio, or according to present
designation, the Bdellovibrio and like organisms (BALOs).

2
Historical Perspective

In 1963, Moshe Shilo, from the Hebrew University of Jerusalem was spending
a sabbatical in Berkeley at Roger Stanier’s laboratory, working on endotoxic
properties of bacterial lipopolysaccharides. During the very same year, Heinz
Stolp was also in California as a postdoctoral fellow, staying with Mortimer
Starr in UC Davis.

A vyear earlier, Stolp had described small, fast-swimming gram negative
bacteria, obligate predators of other gram negative cells (Stolp and Petzold
1962). At that time, Heinz Stolp (today a professor Emeritus of the Uni-
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versity of Bayreuth) was working in Berlin at the Institut fiir Bakteriologie,
developing lyzotyping methods for pseudomonads. In a particular experi-
ment designed to isolate bacteriophages of the phytopathogen Pseudomonas
syringae pv. phaseolicola from a soil suspension, he ran short of filters, and
instead used sintered glass filters. The following day, no lytic plaques were
apparent in the top agar, so the plates should have been discarded. However,
they were not, and when reexamined two days later, plaques had developed
(also see Stolp 1973). Then, “just because the belated generation of the plaque
spoke against the existence of phage activity, the cause of this lysis was further
inspected” (Stolp 1968). What Heinz Stolp saw were rapidly moving, tiny bac-
teria that attached to the substrate cell, and finally, lyzed them. Hence, they
were named Bdellovibrio bacteriovorus, the name describing the morphology
and the supposed way of life of the bacteria; they were curved and seemed to
stick to their prey and to absorb the prey cell content, reminiscent of a leech
(“bdella” in Greek). The term was coined by Robert E. Buchanan, a noted
taxonomist and Professor at Iowa State College of Agriculture and Mechanic
Art. Had the required filters been available, their cut-off size (0.2 um) would
not have enabled the Bdellovibrio cells (0.25 - 0.5 x 0.75-2 um) to pass, but
the sintered glass (1.35 pum) allowed their passage. Moreover, had the nega-
tive plates been discarded ...Dans les champs de Pobservation le hasard ne
favorise que les esprits préparés (In the fields of observation, chance only fa-
vors the prepared mind - Louis Pasteur, lecturing in at the Université de Lille,
December 7, 1854).

Back to Davis, 1963. Stolp and Starr thoroughly investigated the newly dis-
covered organism, describing its morphology, providing first insights into the
dynamics of predation and isolating saprophytic host-independent mutants.
They remarked that isolates vary in prey (always gram negative) range, that
prey bacteria surviving predation do not appear to be mutants, and that since
Bdellovibrio could be recovered in many natural habitats, it probably was
an integral component of the microbial flora (Stolp and Starr 1963). These
results are as pertinent today as when they were first published. However,
Bdellovibrio was thought to remain extracellular and was therefore called an
ectoparasite. The term ectoparasite rather than exoparasite was used to dis-
tinguish it from a parasite that does not require a continuous contact with
the prey. Starr and Baigent (1966) later described host penetration and the
intraperiplasmic nature of the predator.

Moshe Shilo went on a visit to Davis and “met the bdellovibrios”. From
his correspondence, he seems to have been fascinated, and rapidly started to
work on the subject along with Barbara Bruff, a student in Stanier’s lab. By
the summer of 1963, they had developed an efficient protocol for the recov-
ery of host-independent mutants, which were then used to demonstrate the
presence of enzymatic activities able to lyze dead prey cells (Shilo and Bruff
1965). Excited about these new and peculiar bacteria, Shilo wrote from Berke-
ley to Mazal Varon, who had just terminated her M.Sc., and proposed that she
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takes up this project and study Bdellovibrio as a part of her Ph.D program in
his laboratory in Jerusalem. Although microbial ecology was his main field of
research, Shilo had an all-encompassing interest in microbiology, as reflected
in his work with Bdellovibrio. Within the next 15 years or so, Shilo and Varon
(first as a student, and then as a researcher), together and independently, con-
tributed enormously to the field. They, and this is not a exhaustive listing,
studied the attachment and penetration of Bdellovibrio to its prey (Varon and
Shilo 1968, 1969a), followed the dynamics of the predatory interaction and
deduced mathematical models (Varon and Shilo 1969b; Varon and Ziegler
1978; Varon et al. 1984), and examined various aspects of the physiology of in-
vaded prey cells and of host-independent mutants (Varon and Seijffers 1975;
Eksztejn and Varon 1977). They isolated phages active against bdellovibrios
(Varon and Levisohn 1972), developed protocols for isolation of the preda-
tor from the environment (Varon and Shilo 1970), evaluated the impact of
pollutants on predation (Varon and Shilo 1981), addressed the peculiar re-
quirements of marine bdellovibrios (Marbach et al. 1976), and showed that
predation can select for a resistant, slower growing prey, leading to the coex-
istence of the wild type and the mutant in the presence of the predator (Varon
1979). Work on Bdellovibrio at the Hebrew University came to a stop when
Varon moved to Tel-Aviv University in 1982. I feel lucky that since 1998, I have
been able to revive this line of research at the Hebrew University.

In 1969, Sydney Rittenberg, from the department of Microbiology at
UCLA, came to Shilo’s laboratory for a sabbatical and was infected by Shilo’s
enthusiasm for Bdellovibrio. He spent a year in Jerusalem (Rittenberg and
Shilo 1970) and initiated a long and fruitful research on bdellovibrio, almost
exclusively publishing on this subject until his retirement in the mid-1980s.
The bounds between the Shilo and the Rittenberg groups were tight, with co-
operation enduring for years, as Shilo went for a sabbatical at Rittenberg’s lab
in 1975 and Varon in 1979. Rittenberg and his students (A. Matin, R. Hespell,
M. Thomashow, to mention only a few) made landmark discoveries, reveal-
ing the extraordinary physiological adaptations of Bdellovibrio bacteriovorus
as a predator able to built itself an intracellular “cozy niche” within its prey,
in which it could devour the latter with amazing efficiency. After leaving Rit-
tenberg’s group, Robert (Bob) Hespell continued studying the metabolism
of intraperiplasmically growing bdellovibrios and of starving attack cells.
Rittenberg’s and Hespell’s findings are still the reference for understanding
the latest data originating from genome and biochemical analyses (for an in
depth description see chapters by Tudor and McCann, and by Strauss et al in
this volume).

In parallel, Samuel Conti at the University of Kentucky was also interested
in Bdellovibrio. His group provided the first detailed ultrastructural analysis
of the interaction between the micropredator and its prey, showing by elec-
tron microscopy how the outer membrane is breached and a penetration pore
formed (Burnham et al. 1968). More outstanding electron microscopy was
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performed by Dinah Abram and colleagues, who described the possible exis-
tence of pilus-like structures at the proximal, penetrating pole of the invading
cell, and its association with the cytoplasmic membrane of the prey (Abram
et al. 1974). Conti’s interest in Bdellovibrio was profound and his group inves-
tigated the role of chemotaxis in predation (Lamarre et al. 1977; Straley and
Conti 1977; Straley et al. 1979), isolated the first bacteriophages of Bdellovib-
rio (Hashimoto et al. 1970), and discovered the presence of sphingolipids in
the cell wall of B. stolpii (Steiner et al. 1973). With John Tudor, they investi-
gated the peculiar Bdellovibrio strain W that becomes encysted within its prey
(Tudor and Conti 1977a,b, 1978). Tudor went on studying strain W (Tudor
1980; Tudor and Bende 1986; Tudor and DiGiuseppe 1988) and today he takes
part in the ongoing analysis of its genome (see chapter by Tudor and McCann
in this volume). Tudor’s never ending curiosity about BALOs started in the
mid-1960s when, in his words “I first became enamored with the bdellovib-
rios when I was in graduate school for my master’s degree. As part of an
electron microscopy course, I chose to do a project using B. bacteriovorus.
I have been fascinated by these smallest of creatures ever since, and chose
to work with S.F. Conti at the University of Kentucky for my doctoral stud-
ies mainly because he had one of the few established labs working on the
bdellovibrios”. The field was rapidly moving forward, with dedicated sessions
(such as a roundtable at the ASM 1970 general meeting) and “it was always
such fun in those early days to interact at national conferences with grad-
uate students and post-docs from the Rittenberg lab” and “people like Sam
Conti and Syd Rittenberg had a profound influence on the direction of my ca-
reer, and encouraged me greatly in my pursuits with the bdellovibrios... Now,
nearly 40 years since I first peered into the microscope to see these most inter-
esting critters, I find myself drawn to them as much as ever, looking forward
with great anticipation to being able to understand them a little better”.

The contribution of scientists in the former Soviet Union is noteworthy. Of
about 300 publications (Fig. 1) on BALOs, 75 emanated from Soviet groups,
50 appearing between 1970 and 1981. Two scientists, Albina Afigenova and V.
Lambina worked diligently on the subject, leading a long-term research pro-
gram from the 1970s into the 1990s and contributing about 35 publications.
Sadly, this project was terminated, and since then few works have emanated
from Russia. The various groups studied the distribution, taxonomy, preda-
tion dynamics, and other ecological subjects pertaining to BALOs, as well as
their physiology and biochemistry. They isolated Micavibrio (Lambina et al.
1982, 1983), micropredators that while resembling Bdellovibrio, were recently
shown to be phylogenetically unrelated to these bacteria (see chapter by Ju-
rkevitch and Davidov in this volume). Unfortunately, only a fraction of these
publications are available in English.

During the late 1960s and early 1970s, Antonina Guélin, from the Sta-
tion Biologique in Roscoff, France also actively pursued research on (mainly
marine) bdellovibrios, partly in collaboration with the Russian group. She
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Fig.1 Yearly fluctuations in the number of publications on Bdellovibrio and like or-
ganisms. Google Scholar and Medline were searched for the term “bdellovibrio” in the
publication’s title. The greatest number for each year is shown. Doctoral and Master
theses are included

isolated one of the three reported cyst-forming strains of Bdellovibrio (the
other two are strain W and a strain from Russia). Regrettably, only strain W
is still available.

The interest in marine BALOs rose rapidly as the understanding of these
bacterial predators increased. Daniel (1969), Shilo, and Varon (Marbach et al.
1976, 1978) were among the first to isolate, characterize and define the condi-
tions required for work with these organisms. But today, if research on marine
BALOs could be identified with a particular person, it is Henry Williams.
Since a chapter by him in this volume is devoted to this aspect, it would be
redundant to mention his contributions (over 20 publications on BALOs) and
I refer the reader to his chapter. It is, however, appropriate to share Henry
Williams’ view of the field: “I was first introduced to the Bdellovibrio in grad-
uate school during a seminar presentation by a fellow graduate student in
the late 1960s, just a few years following the first report describing these
unique predatory bacteria. My intrigue and excitement for the organisms be-
gan almost immediately and over time I developed a true passion for them,
devoting most of my career to research on the Bdellovibrio and like organ-
isms with a primary interest in their ecology in saltwater ecosystems, but also
their potential as biological control agents in other venues. However, while my
focus was strictly on ecology, my graduate students (Marcie Baer) postdoc fel-
lows (Silvia Pineiro, Kimberly Walker) and collaborators (Jacques Ravel and
Russell Hill) dragged me kicking and screaming down the phylogeny path.
This paid off as we could show that saltwater BALOs are sufficiently differ-
ent from the freshwater strains to warrant a separate classification. While now
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at Florida A&M, my efforts to maintain support to study the BALOs over the
years were made difficult in the early years because I was on the faculty at
a dental school. Reviewers would question why this research was being done
in a dental school and did not think serious work on aquatic organism could
be done in such an environment. I would however use the justification with
tongue in cheek that a toothbrush was used to brush oyster shells to remove
surface biofilms in our studies on the association of BALOs with surfaces in
natural ecosystems...”.

Williams also mentions that “funding to support research on the Bdellovib-
rio has always been difficult to come by” because “program managers at
funding agencies and reviewers of proposals would question the significance
of research on the BALOs since such few investigators were submitting re-
search proposals for the study of the organisms”.

Indeed, the interest in researching predatory prokaryotes predators has
been an oscillating matter. BALO research reached its peak in the 1970s to
rapidly decrease during the 1980s (Fig. 1). The trend was felt from the begin-
ning of the decade, and was a concern for leading scientists such as Rittenberg
(Fig. 2 - in this letter, one can also see the satisfaction of reviving a BALO
culture!). After an all-time low in the 1990s, interest in BALOs seems to
steadily increase, and there is room for cautious optimism. A main reason for
these ups and downs, besides the above mentioned difficulties in securing re-

20 January 1981

Dr. Mazal Varon

Division of Microbial and
Molecular Ecology

Institute of Life Sciences

The Hebrew University

Jerusalem, Israel

Dear Mazal:

Your letter of December 29 and the cultures arrived
simultaneously last Priday. By now it is certain that
BM4 has grown out and is doing nicely. Since this is
the one we were after, we are much relieved. As yet
I cannot give you information on BM4 strf or BMl. They
may or may not be revived, and even if they do not, we really
do not need them. TLm.f @R HoRay — «l/ Koo on |,

From your comments about the rest of your cultures, I
am sort of assuming that Moshe is going out of the bdellovibrio
business, which I hope is not the case. It was lonesome enough
with only a few of us working seriously in the field, and
unless some new blood shows up, there will be no futhur ac-
tivity once I run out of steam, which may not be too long
from now. I am qlad that you sent stocks to the ATCC.

Fig.2 Excerpt of a letter by Sydney Rittenberg to Mazal Varon, January 1981
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search funds, was, as both Varon and Williams pointed out to me, because
of the inherent complexity involved in working with two-membered cultures
of predator and prey. It is somehow ironic that the interest in the field dwin-
dled as molecular biological tools, which can help overcome some of the basic
problems of mixed cultures, were becoming available and were even applied
to the study of BALOs (Cotter and Thomashow 1992a,b). Fortunately, one can
sense that this trend is reversing, and research on predatory bacteria is ris-
ing again as new groups are now entering the field, and genome projects have
been and are being pursued. This book may also stand witness to this trend: it
summarizes the latest developments in the field and hopefully, will contribute
to its strengthening.

Acknowledgements My deepest gratitude goes to Mazal Varon, John Tudor, and Henry
Williams for their help in gathering information and for their personal insights. I would
like to warmly thank Heinz Stolp for providing unique material. I am grateful to Rafael
Springmann for translations from German.
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Abstract Predation is one of the commonest types of interaction in the living world. Its
roots appear to be ancient, and it may have first occurred early in the evolution of life
forms. Predators have evolved many times in the animal realm, and this also seems to
be the case within the prokaryotes. Although still rather limited, our knowledge of obli-
gate and non-obligate bacterial predators suggest that they are common in many bacterial
phyla, as well as in the environment. In this work, we survey and describe the known
bacterial predators according to their phylogenetic affiliation. A hallmark of many bacte-
rial predators is their ability to degrade the polymeric structures of their bacterial preys.
An additional characteristic of known obligate predators is a small cell size. We use such
distinguishing features to put forward hypotheses relating to the origin of predation in
prokaryotes and to the impact of predation on the evolution of the eukaryotic cell.
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1
Introduction

Predation is a common mode of interaction between organisms across the
scales of the realm of life. If bacteriophages are included, a continuum
of predators exists from submicron to (tens) of meters in size, spanning
about eight orders of magnitude. At the lower end of the scale—viruses and
bacteria—predators are usually smaller than their prey, while at the other lev-
els, the opposite is the rule. The boundary stands at the prokaryote-eukaryote
divide, as protozoa are usually larger than their bacterial prey. The rea-
son underlying this difference in predatory modes between eukaryotes and
prokaryotes may stem from the ability of the former, and the inability of the
latter to engulf particles. Obviously, a cell that is unable to phagocytose is not
able to “swallow” an object, let alone if this object happens to be larger than it.
Although size matters, strategies and mechanisms are crucial to the outcome
of the interaction, as described below.

In fact, an escape strategy to protozoal predatory pressure is observed as
the size distribution of bacterial cells exposed to grazing is altered (see Jur-
gens, 2006, in this volume). As it is advantageous for a swallowing predator
to be larger than its prey, a positive feedback loop is created (Bengston 2002).
Therefore, predatory eukaryotes would most necessarily prey on cells smaller
than themselves. In contrast, for cells unable to phagocytose such as prokary-
otes, efficient predation would almost dictate the opposite: a small cell size
and therefore, predation upon larger prey cells. A small predatory cell could
more efficiently adhere to the surface of a large prey. Moreover, and pos-
sibly more significant for an obligate predator, it could be advantageous to
prey upon a cell larger than your own as this could provide enough sup-
plies for replication and growth at once. A relatively large prey could provide
an ample nutrient and energy source for each successful predatory interac-
tion, yielding a number of progeny cells. Moreover, a small-sized predator
could more easily gain access to the interior of its host. Another interest-
ing feature of some prokaryotic predators is their high motility. If motility
is a plus for scavengers, it is obviously an advantage for predators. It seems
that a small cell size could enable rapid and very active motility (Starr and
Seidler 1971). However, larger organisms are usually faster than smaller ones
(Bonner 1993), but paradoxically small bacterial predators, such as Bdellovib-
rio and like organisms (BALOs) are also the fastest swimmers (Stolp 1967).
Therefore, opting for a small size would seem a likely strategy for predatory
bacteria, at least for obligate predators.

It has been argued that prokaryotes are limited to small sizes because they
do not possess a real cytoskeleton (Zlatanova 1997) (although its origin may
be traced to bacteria (van den Ent et al. 2001; Doolittle and York 2002)),
they cannot fuel the metabolic demands of a large cell as diffusion limits
the uptake of nutrients and their internal distribution as well as waste dis-
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posal (Koch 1996). While these may place constraints on the evolution of large
prokaryotic cells, the discovery of “gigantic” prokaryotes such as Thiomar-
garita namibiensus (Schulz 1999) and Epulopiscium fishelsoni (Angert et al.
1993; Clements and Bullivant 1991) demonstrates that prokaryotes may reach
sizes well above the “common” bacterial size. Theoretical consideration
shows that in fact, diffusion may sustain cells even larger than the largest
known prokaryotes (Koch 1996). While prokaryotic cells do not grow to be
as large as most eukaryotic cells, one may ask why aren’t large bacteria more
common. A frequently invoked advantage for a large cell size is protection
from protozoan predation. While a large body would protect from predation
by protozoa, could it make the organism more exposed to bacterial preda-
tion? Could that be a reason for the dearth of such large bacteria? Or has
our sampling been biased by our inability to culture most prokaryotes (Rappé
and Giovannoni 2003) and a propensity to mainly sample accessible habitats?
T. namibiensus and E. fishelsoni have been found in sulfurous marine sedi-
ments in the sea-floor off the coast of Namibia, and in the intestinal tract of
surgeonfish, respectively. It would be interesting to test for the presence of
bacterial and protozoan predators in the environments supporting these large
prokaryotes.

Predatory bacteria are phylogenetically diverse and ubiquitous in terres-
trial and aquatic environments and appear to form a part of their microbial
fabric (Baer et al. 2000; Snyder et al. 2002; Davidov and Jurkevitch 2004, and
this work). Moreover, culture-based and culture-independent analyses of ex-
treme or “exotic” environments reveal that predatory bacteria are also to
be found there: 165 rDNA sequences or isolates related to Bdellovibrio and
like organisms (BALOs) were retrieved from arsenite-oxidizing biofilms, from
hot-spring travertine depositions, arctic marine sediments and hyper-saline
waters (Davidov and Jurkevitch 2004; Pineiro et al. 2004), and predatory in-
teractions between bacteria have been documented in anaerobic layers in
sulfurous lakes (Esteve et al. 1983; Guerrero et al. 1986). Predatory bacteria
exhibit very different phenotypes and often amazing physiological adapta-
tions. They also probably make use of different predatory strategies. They
represent an untapped resource for the microbial ecologist as well as for mi-
crobiologists at large.

Predation is a major ecological force, shaping the structure of commu-
nities, driving diversity and evolution of life histories (Stanley 1973; Day
et al. 2002), and as such is a central subject for ecological research. Microbial
models are very useful for testing basic questions of ecological importance
as they can be controlled, tracked, manipulated and replicated much more
easily than most biological systems (Jessup 2004), enabling experimental ver-
ification that otherwise may be very difficult to achieve. For example, under-
standing the evolution of a predator-prey interaction requires a description
of the potential dynamics of one or more traits in one or both species through
time (Abrams 2000). This may be difficult to implement experimentally but
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microbial models can offer great opportunities to test such systems (Yoshida
et al. 2003). Other theoretical features of predator-prey interactions, can be
tested such as (among many others) the role of spatial structure for explain-
ing coexistence (Schrag and Mittler 1996; Bohannan et al. 2002), fitness costs
of resistance to predation (Lenski 1988; Bohannan et al. 2002) and the link be-
tween productivity and food chain length (Kaunzinger 1998). However, few
studies have used purely bacterial components as predator and prey to test
theoretical hypotheses (Varon 1978, 1979).

In this work, we shall try to show that while the data on predatory bacteria
is not immense, predation is a common mode of feeding within prokaryotes,
and that by investigating it, hypotheses pertinent to the evolution of certain
extant life forms can be proposed.

2
Predatory Bacteria: a Phylogenetic Perspective

As our primary focus in this work is the description of bacterial predators in
an evolutionary perspective, micropredators will be mostly treated on a phy-
logenetic basis. We shall start with a description of phylogenetically defined
bacterial predators along taxonomic lines. We shall focus on bacterial species,
in which predatory behavior has been demonstrated, i.e. the ability to grow
on prey cells as the sole source of nutrients, including both obligate and fac-
ultative predators.

Until recently, the obligate predators described as Bdellovibrio and like or-
ganisms (BALOs), while forming different families, were only found within
the §-proteobacteria and were historically treated together. However, new
findings indicate that obligate predators can be found in different proteobac-
terial classes: Micavibrio spp. belong to the a-proteobacteria. Since this work’s
organization is based on a phylogenetic classification and the term BALO has
hitherto only been used to designate §-proteobacteria predators, Micavibrio
will be treated here under the a-proteobacteria. However, we propose that
obligate predators such as Micavibrio, the mode of action, morphology and
behavior of which resemble the hitherto describes BALOs should also be cov-
ered by this general term. Furthermore, we propose to add a prefix to the term
BALO that would indicate the phylogenetic affiliation of the organism. Mi-
cavibrio would therefore be a-BALOs, and the other known obligate bacteria
predators, d-BALOs.

2.1
Alpha Proteobacteria

Ensifer adhaerens. Ensifer adhaerens is an aerobic rod-like Gram-negative
soil bacterium (0.7-1.1 x 1.0-1.9 um) occurring singly or in pairs. It attaches
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endwise, in a picket fence-like fashion to its prey (Fig. 1A) which are vari-
ous living Gram-positive and Gram-negative bacteria but it is not an obligate
predator (Casida 1982). The prey and the predator are connected through an
electron dense material that seems to emanate from the predator (Fig. 1B).
Prey lysis occurs in the absence of other available resources (Casida 1982).
E. adhaerens divides by budding at one cell pole followed by asymmetri-
cal polar growth and binary fission (Casida 1982; Fig. 1C). E. adhaerens
exhibiting a predatory behavior towards Micrococcus luteus and Gram nega-
tive cells as well were found in the four soils in which they were searched
for (Casida 1980). In soils enriched with M. luteus, both the population of
E. adhaerens and of a Streptoverticillium-like predatory bacterium increased
simultaneously as they preyed upon the added bacteria. A Myxococcus-like
predator also able to utilize M. luteus, developed later (Casida 1980). E. ad-
haerens was able to lyze both these predators in soil (Casida 1980; Germida
1983). However, under laboratory conditions, E. adhaerens could not lyze the
Streptoverticillium-like strain and was itself destroyed by the Myxococcus-like
predator (Germida 1983).

Recently, polyphasic analyses including genetic and phenetic characters
showed that strains of non-symbiotic rhizobia, some isolated from nodules,
were closely related to the type strain E. adherens 7A (Willems 2003). Unfor-
tunately, it is not known whether these other strains are capable of predatory
behavior. On the basis of this relatedness, it was proposed that the nomencla-
ture be changed to Sinorhizobium adhearens in spite of the fact that Ensifer
should take prevalence (Young 2003).

When a symbiotic plasmid from Rhizobium tropici was introduced into
a predatory E. adhaerens strain, the latter was able to form nitrogen-
fixing nodules in Phaseolus vulgaris (bean) and Leucaena leucocephala (Ro-
gel 2001). Similarly, introduction of a plasmid from Rhizobium phaseoli
into Agrobacterium tumefaciens endowed the plant pathogen with nodule-
forming and nitrogen-fixing capacities in P. vulgaris and L. leucocephala

Fig.1 A Attachment of Ensifer adhaerens strain A cells (arrow) onto Micrococcus luteus
prey in a picket fence manner (x3123). B Electron dense connective material appears
between an E. adhaerens cell and the darkly stained Micrococcus luteus prey (arrow)
(x50900). € Bud formation and growth E. adhaerens strain A (x31450). (Casida LE 1982,
Int J Syst Bacteriol 32:339-345, by permission)
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(Martinez et al. 1987). A genome comparison between A. tumefaciens and
Sinorhizobium meliloti suggested a recent evolutionary divergence (Wood
et al. 2001). Conceptually, it is tempting to link predation with symbio-
sis and pathogenesis because these behaviors share common needs such as
recognition of a host, attachment, and eventually penetration. E. adhaerens,
a little-studied organism can serve as a good model, and the taxonomic iden-
tity of E. adhaerens with S. meliloti calls for further investigations of this
link: Is E. adhaerens ancestral, are predatory activities outstanding and solely
found in a few non-symbiotic strains or are they expressed in symbiotic rhi-
zobia? We can suggest that a closer look at this species, the determination of
the presence or the absence of predatory capabilities in E. adhaerens (S. ad-
hearens) strains and other rhizobia, and genome-wide comparison between
strains could lead to interesting and surprising insights into rhizobial ecology.

Micavibrio. Micavibrio are obligate predatory bacteria. Two species were
described, M. admirantus (Lambina et al. 1982), isolated using Stenotropho-
monas maltophila as a prey and M. aeruginosavorus (Lambina et al. 1983),
isolated on Pseudomonas aeruginosa. Both were isolated from sewage works.
They were not able to prey upon any of the 55 other prey cell types tested, al-
though they did utilize almost all of the different strains of the species that
were used for isolating them. These bacteria are small (0.25-0.4 x 0.5-1 pm),
they possess a single, non-sheathed flagellum of 15nm in diameter, with
a regular wavelength (in opposition to other d-BALOs that have a sheath flag-
ellum with a damping wavelength form, see below) (Fig. 2A). Micavibrio prey
in an epibiotic manner and do not penetrate the prey’s inner compartments.

Fig.2 A A Micavibrio sp. predator. The scale bar represents 1 um. B A dividing Micav-
ibrio cell attached to a Pseudomonas corrugata prey. The scale bar represents 0.5 um.
C Micavibrio cells (m) and an empty prey (p). Note the electron-lucent zones in the preda-
tor and the scroll-like structures in the prey. The scale bar represents 1 pm. (Pictures by
Susan Koval)



Phylogenetic Diversity and Evolution of Predatory Prokaryotes 17

They also divide by binary fission (Fig. 2B). As seen in other BALOs and in
Daptobacter (see below) a few mesosomes surrounding electron-lucent ovale
granules are present in each cell (Fig. 2B,C). Destruction of the prey results
in many ghost cells, the cell wall of which often exhibit scroll-like structures
(Fig. 20).

Recently, we isolated six isolates of plaque-forming bacteria from a salt-
laden soil in Northern Israel using Pseudomonas corrugata as a prey. These
six isolates were morphologically very similar to Micavibrio. Phylogenetic an-
alysis of these strains and of M. aeruginosavorus revealed that they were part
of a single, deep branching cluster within the a-proteobacteria (Davidov et al.
2006b). As described in the earlier reports, no host-independent derivatives
could be obtained from Micavibrio strains on a rich medium.

Although Micavibrio and the other Bdellovibrio and like organisms do
not belong to the same proteobacterial class and some morphological fea-
tures differ between them, they show some interesting similarities at the
biochemical level: with both predators, an increase in material absorbing at
wavelengths of 260 and 280 nm and originating from the prey occurs dur-
ing the first stages of the interaction (Afinogenova et al. 1986). Moreover,
enzymes of the glycolytic pathways and tricarboxylic acid cycle enzymes al-
though present, are weakly active (Afinogenova et al. 1986).

2.2
Beta Proteobacteria

Cupriavidus necator. Cupriavidus necator forms short Gram negative rods
(0.7 - 0.9 0.9 - 1.3 um), and belongs to the Burkholderiales. According to
Vandamme and Coenye (2004), Wautersia eutropha (formerly Ralstonia eu-
tropha) is a later synonym for the genus Cupriavidus. The type strain is
C. necator LMG 84537, corresponding to strain N-1T, a non-obligate soil
predator isolated by Casida (1987).

This non-obligate predatory bacterium was isolated from soils and was
shown to prey upon a large range of Gram positive and Gram negative
bacteria, such as Agromyces ramosus, Arthrobacter globiformis, Azotobacter
vinelandii, Bacillus subtilis, B. thurigiensis, Ensifer adhaerens, Escherichia
coli, Micrococcus luteus, Staphylococcus aureus and Streptomyces spp. (Makkar
and Casida Jr 1987). Within this list, other facultative predators are also in-
cluded (Zeph and Casida 1986 and see below). C. necator, like other bacteria
belonging to this genus was not only able to sustain high concentrations of
copper, but these high concentrations were actually required in order to ini-
tiate growth. C. necator produced a peptidic copper-related factor that was
needed for growth initiation but was at the same time inhibitory to other
facultative predators (Casida 1987; Casida 1988). In contrast, a magnesium-
related factor, also produced by C. necator elicited a positive response in other
predators (Byrd et al. 1985; Casida 1987).
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Aristabacter necator. Aristabacter necator 679-2 is among a number of
facultative bacterial predators that were retrieved from soil, based on resist-
ance to high copper concentrations (Casida 1987, 1988, 1992). It was isolated
from a small patch of soil and could not be detected elsewhere. Analysis
of its 16S rRNA sequence revealed that it belonged to the 8-Proteobacteria.
A 16S rRNA phylogeny showed that A. necator was not related to any known
bacterium, with all its closest relatives diverging by more than 10% (Cain
et al. 2003). Strain 679-2 attached to its prey in a picket-fence mode, and
was able to track groups of prey cells. It also exhibited inhibitory activi-
ties on a broad range of bacteria, as well as against some fungi (Casida
1992). Moreover, A. necator 679-2 was highly competitive in soil, and was
able to survive and destroy other microorganisms in-situ. On the basis of
this high potency it was proposed that A. necator stood at the top of the hi-
erarchy of non-obligate bacterial predators in soil (Casida 1992). Its general
and strong antimicrobial activity could be traced to the three compounds
pyrrolnitrin (an antibiotic), maculosin (a molecule with herbicidal activities)
and banegasine (Cain et al. 2003). The last two compounds, while lacking
activity alone, exhibited synergy when combined. Predatory bacteria may
form an interesting source of potent new biochemicals, as such compounds
may be of use in their warfare against other microorganisms (Cain et al.
2003).

23
Gamma Proteobacteria

Stenotrophomonas maltophilia. A bacterium identified as Stenotrophomonas
maltophilia and able to inhibit Chlorobium spp. was isolated from a fresh-
water sulfurous lake in Northern Spain (Nogales 1997). Although no direct
contact between the two organisms was seen, Chlorobium was lyzed, result-
ing in empty ghost cells. Lysis occurred in a mineral medium used to grow
the phototrophic bacteria and in the absence of exogenous carbon sources.
Stenotrophomonas maltophilia acted upon the phototrophs through a dif-
fusible signal and leaks from dead or injured cells may have been used as
resources for growth. However, cell lysis probably provided the bulk of the
nutrients needed for the growth of S. maltophilia. In that sense it can be con-
sidered predatory. S. maltophilia was able to grow as a pure culture; hence it
may act as a facultative predator in nature.

Lysobacter. Within the y-proteobacteria, the genus Lysobacter, family
Lysobacteriales, belongs to the xanthomonads (Reichenbach 2001). These
gliding bacteria can grow very long cells and filaments (up to 70 jm) but most
cells are usually of common sizes for bacteria (0.4 - 0.6 x 2-5 um). Lysobac-
ter produces a lot of slime and by using gliding motility the colonies can
swarm on solid media. Lysobacters are soil and fresh water, sewage, reservoir,
lake and river dwellers. On the basis of their overall morphology, the term
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“myxobacter” has been used in the past to describe certain Lysobacter strains,
generating confusion as to their accurate taxonomic placement.

Many cyanobacteria, other Gram negative, as well as Gram positive bacte-
ria including actinomycetes, green algae, fungi and nematodes were shown
to fall victim to the lytic activities of members of the Lysobacteriales (Shilo
1970; Stewart and Brown 1971; Daft et al. 1973). As such, Lysobacter can be
isolated using bacteria (such as Arthrobacter) as a sole nutrient source in agar
(Reichenbach 2001 based on Ensign and Wolfe 1965). Some Lysobacter strains
are also active against plant pathogens (Folman et al. 2003; Kobayashi 2005).
Although not stringent, different Lysobacter isolates exhibited different prey
ranges. More so, strains of a particular cyanobacterial species varied in their
sensitivity to lysis by a specific Lysobacter strain (Daft and Stewart 1971).

Lysobacter may lyze their prey using a “wolfpack” strategy, which requires
a high density of predators to ensure that the concentrations of the lyzing
factors remain high enough to act upon the prey cell wall (Dworkin 1999).
However, cell to cell contact seems to also be the rule, and membrane-bound
enzymes may be implicated in prey lysis (Shilo 1970; Daft and Stewart 1971,
1973; Kobayashi 2005). Attachment occurs when one cell pole binds to the
prey cell, often close to the cross-septa of the filaments, ending up perpen-
dicular to the prey (Daft and Stewart 1973, Figure 3A). This would fit an
epibiotic mode of predation (Martin 2002), reflected in the capacity of a sin-
gle Lysobacter cell to lyze a Nostoc cell in 20 minutes (Shilo 1970, Fig. 3A).
Prey search may involve an aerotactic response by which the sensing of an
increasing oxygen gradient leads towards photosynthetic prey cells (Reichen-
bach 2001). Interestingly, the same parameter (oxygen concentration) but
in reverse, may be used by Bdellovibrio bacteriovorus to locate its prey in
environments slightly depleted in oxygen by the respiratory activity of the
latter (Rendulic et al. 2004). In opposition to Bdellovibrio and like organ-
isms, no defined structure can be seen at the attachment site of Lysobacter
to the prey. Lysis occurs rapidly after attachment (Gillespie and Cook 1965),
with the peptidoglycan layer being the first structure to be attacked by the
predator (Reichenbach 2001). Lyzed cells contained the remains of internal
membranous complexes and the layers from the cell wall may form scroll-
like structures (Fig. 3B). Similar scroll-like structures can also be observed in
Pseudomonas corrugata prey lyzed by Micavibrio (Fig. 2C).

Lysobacter spp. are a source of enzymes for the biotechnology industry
as they produce a wide array of extracellular biopolymer-degrading enzymes
such as nucleases (von Tigerstrom 1980), chitinases (Christensen and Cook
1978), proteases (Epstein and Wensink 1988; Wright et al. 1998), glucanases
(Palumbo 2003), lipases (Folman et al. 2003), as well as antibiotic compounds
(Christensen and Cook 1978; Kato et al. 1997), and a muramidase and two
peptidases endowed with bacteriolytic activities (Sitkin et al. 2003; Step-
naya et al. 2004). These latter enzymes are positively charged and interact
with a negatively charged extracellular polysaccharide, forming lysoamidase,
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Fig.3 A 1. Healthy filaments of Oscillatoria redekei; 2. Polar attachment of Lysobacter CP-1
(arrow) along filaments of O. redekei; 3. Lyzed cells of an O. redekei filament. The bac-
terial predator is still attached; 4. A healthy filament of Aphanizomenon flos-aquae with
heterocyst (h) and gas vacuoles (v) in vegetative cells.; 5. Attachment of CP-1 (arrow)
and a partially lyzed cell (p) of A. flos-aquae. 6. Attachment of two CP-1 cells (arrow)
near a cross-wall in Anabaena flos-aquae. Note bacteria attached end-on to each other.
B Lysobacter preying on Microcystis sp. 1. A healthy cell of Mycrocystis sp.; 2. Lyzed
cell with a typical scroll structure (s) of Mycrocystic sp.; 3. Lyzed cell of Mycrocystis sp.
showing disorganized membranes (m) and multiple breaks in the cell walls (w); 4. Dis-
tended internal membranes (m) and persistent cell walls (w) of Mycrocystis sp. (Daft MK,
Steward W 1973, New Phytol 72:799-808, by permission)
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a complex able to lyze the peptidoglycan of many Gram positive but of only
a few Gram negative bacteria (Begunova 2004). However, in Gram negative
cells with a compromised lypopolysaccharide layer, lysoamidase was active
against the peptidoglycan (Begunova 2004).

Some strains of Lysobacter were isolated following cyanobacterial and al-
gal blooms. They were able to multiply to high extents by preying on both
populations (Shilo 1970). It is therefore possible that Lysobacter plays a role in
the control or the modulation of certain microbial populations (Reichenbach
2001).

24
Delta Proteobacteria

Myxobacteria. Myxobacteria are gliding, relatively large rod cells (0.6 - 1.2 x
3 - 15 wm). Myxobacteria’s most striking characteristic is the formation of
swarms and their multicellular life-style which has been and still is the fo-
cus of much research. We shall restrict ourselves to the predatory aspects of
the life-style of myxobacteria. Most myxobacteria are proteolytic and exhibit
bacteriolytic activities, feeding among other substrates, on dead and live bac-
terial cells alike (Singh 1947; Margalith 1962; Shimkets 1990). The spectrum
of bacteria lyzed by myxobacteria is rather large, but Gram positive cells ap-
pear to be more sensitive to myxobacterial bacteriolysis than Gram negative
cells (Shimkets 1990). However, cyanobacteria were efficiently preyed upon by
aquatic Myxococcus sp. (Burnham et al. 1981). Even though they are preva-
lent in soils, with densities reaching 5 x 10° cells per gram (Singh 1947), the
role of myxobacteria in controlling bacterial populations is not known. Their
gliding motility permits myxobacteria to efficiently find substrates, especially
in the soil environment (Reichenbach 1999). Contact with the substrate may
also enhance the efficiency of the degradative process by securing higher
local concentrations of excreted extracellular, and of membrane-bound lytic
enzymes. Contact between the myxococcal swarm and prey cells appears to
trigger predation, while chemotaxis toward prey colonies may not be involved
in that process. When an M. xanthus swarm encountered an E. coli colony,
the swarming behavior of the predator was altered: the Myxococcus swarm
cells remained in the prey colony until its lysis was complete (McBride and
Zusman 1996).

A great variety of lytic enzymes, including lipases, nucleases and polysac-
charidases are produced by myxobacteria (Dworkin 1996). Like other bac-
terial predators, many of the cell-lyzing activities of myxobacteria target
the peptidoglycan, and amidases, glucosamidases and a variety of pepti-
dases can be obtained in the culture supernatant (Sudo 1972; Dworkin
1996). The genome of M. xanthus is presently under analysis and should
yield more data on its hydrolytic potential (http://www.tigr.org/tdb/mdb/
mdbinprogress.html). BALOs and myxobacteria both belong to the §-proteo-
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bacteria. Therefore, a comparison of BALO and myxobacterial genomes and
more specifically of their hydrolytic enzyme complements may yield interest-
ing information on their predatory behavior and on its origin. Some of the
hydrolytic enzymes of myxobacteria were shown to be active even when ad-
sorbed to clay minerals suggesting they may have “ecological significance”
(Haska 1981).

As mentioned above, Gram negative cells are lesser prey for the myxobac-
teria. The outer membrane may shield diderms by preventing access of hy-
drolytic enzymes to the peptidoglycan substrate but this substrate may still be
sensitive to degradation by the hydrolytic enzymes of myxobacteria. Damag-
ing the outer shield of Gram negative cells resulted in sensitization to myxo-
coccal bacteriolytic activities, as found with Lysobacter (Begunova 2004). It is
remarkable that the type of interaction between Lysobacter (which were often
mistaken for myxobacteria) with their prey, their range of bacteriolytic ac-
tivities, and their ability to degrade purified peptidoglycan of Gram negative
bacteria and those of myxobacteria resemble each other so much. The lack of
sequence data still prevents the elucidation of the origins of these properties,
be it in lateral gene transfer or convergent evolution.

Most myxobacteria produce antibiotics (Reichenbach et al. 1988), a large
fraction of which have not been characterized. Although it is doubtful that
antibiotics could be produced at levels high enough to play a direct, signifi-
cant role in prey lysis, one may speculate that under natural conditions some
of these compounds may compromise the integrity of the outer membrane,
facilitating the access of peptidoglycan-degrading enzymes to their substrate.

The predatory activities of M. xanthus and M. fulvus strains were studied
in relation to cyanobacterial population control (Burnham et al. 1981; Burn-
ham 1984; Daft et al. 1985). These myxococci formed colonial spherules in
which the peripherally located mycoccocal cells concentrated the cyanobac-
teria within the spherule’s core and caused their lysis: First, myxococci cells
attached to a number of cyanobacterial trichomes, ensnared an increas-
ing number of these, then multiplied to form an encapsulating cell mass
within which prey degradation occurred (Burnham et al. 1981, Fig. 4A,B).
The mechanisms underlying this orchestrated attack are not known. Sim-
ilarly to Lysobacter, the cyanobacterial-lyzing myxococci exhibited varying
prey ranges. However, while Lysobacter could not lyze cyanobacteria when
the predator’s inoculum was less than 10° cell ml™!, as few as 50 Myxococcus
cells per 100 ml and 107 prey cells ml™! were sufficient to start a lytic cycle
(Burnham et al. 1984). Nevertheless, natural blooms could not be controlled
by myxobacteria, because of an insufficient supply of inorganic nutrients
(Fraleigh and Burnham 1988).

Myxobacteria were shown to require a density threshold to grow on casein-
containing medium (Rosenberg et al. 1977). This type of experiment led to
their categorization as predators opting for a wolfpack strategy (Dworkin
1999). Nevertheless, a low level of predators, as described above, would not
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Fig.4 Myxococcus spp. preying upon cyanobacteria. A 1. and 2. Development of M. xan-
thus PCO2 colonies in the presence of 107 P. luridum cells.ml™!, 1% myxococcal inoculum,
17 h interaction. Note microfloccula formation. Cyanobacterial lysis is indicated by an ar-
row. The scale bars represents 10 jum; 3. One hour interaction, 50% myxococcal inoculum.
The scale bar represents 10 um; 4. Ninety hour interaction, 1% myxococcal inoculum. The
boundary between the myxococcus’s periphery and the cyanobacterial core is marked by
arrows. The scale bar represents 100 um; 5. The core region of the colony shown in (4); 6.
Six day interaction, 1% myxococcal inoculum. The spherule was placed under a coverslip
and gently compressed to reveal the internal morphology. Note the large crystals com-
monly observed in the core of such colonies. The scale bar represents 50 um. B 1. SEM of
two mature colonies of M. xanthus PCO2 and P. luridum taken after 5 days of interactive
culture. Arrows indicate the ensnared filamentous cyanobacteria. The scale bar represents
50 um; 2. A higher magnification SEM of the surface of the spherule. Note the presence
of myxospores (arrows) along the edges of the outer layers of the spherule. The scale bar
represents 5 pm. (Burnham J, Collart S, Highison B 1981 Arch Microbiol 129:285-294, by
permission)
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suffice to form an efficient “group”. The wolfpack term has been used to de-
pict an interaction based on a large quantity of predators. The “prey-trap
mechanism” described above actually acts more wolfpack-like than stated in
the definition: it traps the cyanobacterial prey with a scout force that attacks
and weakens it, then new recruits (mostly obtained by way of cell division)
force the prey into a constrained, surrounded space in which it is finally
devoured. One has to keep in mind that bacterial predators may exhibit or
combine various predatory strategies that might vary between closely related
organisms, according to the type of substrate or to their environment.

Bdellovibrio and like organisms of the §-proteobacteria (d-BALOs). The
obligate predators Bdellovibrio spp., Bacteriovorax spp. and Peridibacter spp.,
all belong to the §-proteobacteria and have been clustered under the name
“Bdellovibrio and like organisms”. However, Micavibrio, a clade of a-proteo-
bacteria that should also be covered by the term BALO, were recently char-
acterized. Therefore, we will use the term d-BALOs when Bdellovibrio spp.,
Bacteriovorax spp. and Peridibacter spp. are specifically addressed. “BALO”
will be used when no specific affiliation is known.

Bdellovibrio and like organisms of the §-proteobacteria, the most-studied
group of predatory bacteria, were serendipitously discovered in 1962 by Heinz
Stolp, while he pursued the isolation of soil bacteriophages (Stolp and Pert-
zold 1962, see introductory part of this volume).

d-BALOs are small (0.25-0.5 x 0.75-2 pm), rod or vibrio-shaped, highly
motile Gram-negative bacteria (Figure 5A). d-BALOs possess a single sheathed,
polar flagellum ~ 28 nm in diameter, with an internal core ~ 14 nm in diam-
eter (Thomashow and Rittenberg 1985b). This flagellum exhibits a typical
damping wave pattern (Thomashow and Rittenberg 1985a, Fig. 5A). d-BALOs
are obligate predators of Gram negative bacteria, i.e. they are totally de-
pendent upon other bacteria for their multiplication. These constitute their
nutrient basis for growth, and cell to cell interactions are required for replica-
tion. The typical life cycle is composed of a free-swimming, attack phase and
of prey-dependent stages (Fig. 5A). In almost all d-BALO strains, the preda-
tory cell penetrates into the periplasm of its host, although a few exceptions
are known (Shemesh et al. 2003, Fig. 5B). Under laboratory conditions, host
independent mutants that require a rich medium for growth can be isolated
from wild-type strains (Seidler 1969b; Varon et al. 1974; Barel and Jurkevitch
2001, Fig. 5C). For detailed descriptions of the life stage of wild-type d-BALOs
and of host-independent mutants, their physiology and biochemistry, see the
work by Tudor and McCann, and Strauch et al. in this volume.

BALOs are common in natural and manmade habitats. They are found
in bulk soil (Stolp and Starr 1963), in the rhizosphere (Elsherif and Gross-
man 1996; Jurkevitch et al. 2000), in all sorts of water bodies —rivers (Fry
and Staples 1974, 1976), the brackish environment of estuaries (Williams
et al. 1982; Williams 1988; Rice et al. 1998), the open sea (Marbach and Shilo
1978; Williams 1987; Sanchez-Amat and Torrella 1989; Pan et al. 1997), hy-
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Fig.5 A The life cycle of BALOs: 1. An attack phase Bdellovibrio bacteriovorus 109]
cell. Note the sheathed flagellum and its damping wave form. The scale bar represents
1 pm. 2. Concomitant attachment of two B. bacteriovorus predators onto an E. coli prey.
A mesosome (M) and an electron-lucent zone are visible. The scale bar represents 0.2 pum.
3. Irreversible attachment and penetration. Note the fimbriae-like projections at the prox-
imal, penetrating pole of the predator. cm: prey cytoplasmic membrane. The scale bar
represents 0.2 um. 4. Establishment of the predator in the prey’s periplasm and death of
the prey. The predator is in contact with the prey’s cytoplasm. ps: periplasm. p: prey’s
protoplast. The scale bar represents 0.2 um. 5. The intraperiplasmic BALO cell grows in
a filamentous form while DNA replication occurs. g: granule. The scale bar represents
1 pm. 6. and 7. Fragmentation of the predator into progeny and synthesis of a single flag-
ellum per progeny. 8. Lysis of the prey ghost envelope and release of progeny cells. The
scale bar represents 1 um. (Abram D, Melo CJ, Chou D (1974) ] Bacteriol 118:663-680;
Barel G et al. (2005) J Bacteriol 187:329-335; Burnham JC, Hashimoto T, Conti SF (1968)
] Bacteriol 96:1366-1381, by permission). B The epibiotic predator strain Bdellovibrio JSS
preying upon a Caulobacter crescentus prey (Koval SJ (2001) Bacteriol 183—cover illus-
tration. By permission). C A host independent mutant cell of Bdellovibrio bacteriovorus
109] (Barel and Jurkevitch (2001) Arch Microbiol 176:211-216, by permission)
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persaline waters (Sanchez-Amat and Torrella 1989; Pineiro et al. 2004), at the
various stages of treatment in water treatment plants (Dias and Baht 1965;
Staples and Fry 1973; Afinogenova et al. 1981)—in crab gills (Kelley and
Williams 1992), in hen and mammals feces (Schwudke et al. 2001), in ex-
treme environments (Davidov and Jurkevitch 2004 and below), in biofilms
(Kelley et al. 1997), and associated with biotic and abiotic surfaces (Kelley
et al. 1997). Intriguingly, short sequences clustering within the Bdellovib-
rionaceae and within the Bacteriovoracaceae were obtained from clinical
blood samples (GenBank accession numbers AY886552, AY886636, AY886663,
AY886665, AY886691, AY886717, AY886727, AY886741, Davidov and Jurke-
vitch, unpublished data). Some phylogenetically undefined bacterial preda-
tors were classified as “Bdellovibrio” but this affiliation cannot be confirmed.
This includes a predator of cyanobacterial symbionts of sponges (Wilkinson
1979) and a predator of Chlorella vulgaris (Coder and Starr 1978), later re-
named Vampirovibrio (Gromov and Mamkayeva 1980).

The number of BALO propagules detected in environmental samples using
a standard double-layer isolation procedure (see work by Koval in this vol-
ume) is usually low, ranging from tens to tens of thousands of plaque-forming
units per gram or milliliter of sample. Accordingly, the number of BALO-
related 16S rRNA sequences originating from environmental studies and
found in databases is also low (to date, less than one hundred). The paucity
of such sequences in the databases may stem from PCR biases when domain-
wide 16S rDNA primers are used for amplifying environmental DNA, as
BALOs do not form dominant populations. The recent development and ap-
plication of specific 16S rDNA primers targeting the various groups within
the BALOs promises to expand our ability to assess their diversity, without
reliance on cultivation (Herschkovitz et al. 2005; Davidov et al. 2006a).

BALO strains are usually able to utilize various Gram negative prey (Stolp
and Starr 1963; Jurkevitch et al. 2000). Some strains were reported to prey
upon a single species (Shemesh et al. 2003), although this should be treated
cautiously: most bacteria are not amenable to cultivation, therefore most
prey may go unidentified. To date, the preys used to isolate and characterize
BALOs were almost exclusively from the Proteobacteria phylum (mainly Es-
cherichia coli, Pseudomonas spp. and Erwinia spp. for terrestrial and freshwa-
ter habitats and Vibrio parahaemolyticus for marine habitats) and the range
of BALO strains isolated may therefore be accordingly restricted. Moreover,
at least for terrestrial habitats, the commonly used preys are not relevant for
soils, where the prevailing bacterial groups are different, but unfortunately,
often not culturable, or difficult to grow. In a few such attempts to isolate
predators using autochthonous bacteria as prey, it was shown that most Gram
negative bacteria isolated from the Great Salt Lake and from the Chesapeake
Bay were susceptible to BALOs isolated from the same habitat (Pineiro et al.
2004; Rice et al. 1998). Remarkably, a few of these strains belonged to the
Flavobacteria, and other strains could not be identified (Rice et al. 1998). In
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conclusion, a definition of BALOs as generalist rather than specialist preda-
tors may be better suited, since probably most (if not all) BALOs are able to
use a range of prey in nature.

The unique bacteria isolated by Stolp and Pertzold (1962) were soon de-
fined as the new genus Bdellovibrio, specie bacteriovorus (Stolp and Starr
1963). On the basis of whole genome DNA-DNA hybridization tests, GC con-
tents, rRNA homology, enzyme migration patterns and genome estimation
sizes, two new species, Bdellovibrio starrii and Bdellovibrio stolpii were later
proposed (Seidler et al. 1972). Although BALOs exhibited high variability
in their GC ratio, fatty-acid profiles, serological reactions and partial 16S
rRNA sequences, and DNA-DNA hybridizations could yield very low values
between certain strains (Seidler et al. 1972; Kramer and Westergaard 1977;
Torrella et al. 1978; Hespell et al. 1984; Donze et al. 1991), d-BALOs were
kept under a single genus for almost four decades. Recent molecular stud-
ies, for the most part based on 16S rRNA analyses drastically changed this:
Bdellovibrio stolpii and Bdellovibrio starrii were reclassified as the new gen-
era Bacteriovorax (Baer et al. 2000) and Peredibacter (Davidov and Jurkevitch
2004), respectively. Two new species, Bacteriovorax marinus and Bacteriovo-
rax litoralis were defined (Baer et al. 2004). Except for Micavibrio, known
BALOs are affiliated within the §-proteobacteria (Woese 1987). However, they
do not form a monophyletic group but rather two very heterogenic clades
(Davidov and Jurkevitch 2004). These were reclassified into the two families
Bdellovibrionaceae and Bacteriovoracaceae (Davidov and Jurkevitch 2004),
together forming the Bdellovibrionales order.

The phylogenetic diversity of d-BALOs summarized here is based on all
the 16S rRNA available sequence data gathered from isolated strains and
environmental clones (Baer et al. 2000; Jurkevitch et al. 2000; Schwudke
et al. 2001; Snyder et al. 2002; Davidov and Jurkevitch 2004; Pineiro et al.
2004; Song 2004). Phylogenetic analyses suggested the existence of 11 stable
monophyletic clusters within each of the Bdellovibrionaceae and Bacteriovo-
racaceae (Davidov and Jurkevitch 2004, Fig. 6A,B). Clusters were separated
by at least 3% divergence, and therefore represent putative species (Stacke-
brandt and Goebel 1994). Some of these clusters together formed stable
monophyletic groups. As the distances between these groups were above 6%,
they may be defined as different genera (Vandamme et al. 1996; Ludwig 1998).
Within the next section we’ll provide some detail on the structure of the
Bdellovibrionaceae and Bacteriovoracaceae families.

Bdellovibrionaceae. Isolates and clones of the Bdellovibrionaceae origi-
nated from soil, roots, fresh water, sewage, and vertebrata feces, but none
were from marine environments. Eleven stable monophyletic clusters were
included within this clade (Fig. 6A).

The largest cluster (cluster 1) comprised the majority of the isolates,
from all the habitats described above. Also included were B. bacteriovorus
strains 1007 and 109], the most studied Bdellovibrionales. Both 16S rRNA se-
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quence analysis and whole genome DNA-DNA hybridization data (Baer et al.
2000; Davidov and Jurkevitch 2004, Fig. 6A) were indicative of a high inter-
nal diversity, suggesting the existence of more than one species within the
group. Nonetheless, no environmental clone from the databases belonged to
this clade, implying that the protocol (or preys used) employed to retrieve
BALOs may introduce an isolation bias that does not reflect their natural
distribution.

Strain JSS (cluster 3) was isolated from sewage and preyed upon Caulobac-
ter crescentus. Contrarily to all other d-BALOs, it did not penetrate its prey’s
periplasm, did not form a bdelloplast and divided by binary fission (Fig. 5B).
It cannot be determined whether this epibiotic life cycle is an ancestral phe-
notype or a specific feature of this strain. However, strain HEA, its closest
relative, exhibited a “standard” periplasmic behavior, suggesting that the shift
between the two phenotypes might not imply profound changes in the preda-
tory arsenal. Alternatively, JSS may prey differently upon other prey in nature.

Although prey ranges are usually not linked to phylogenetic affiliations,
the strains constituting clusters 4 and 11, retrieved from six different soil
samples, were all isolated using Agrobacterium tumefaciens as a prey. No ex-
planation can be provided for this particular feature. Members of the seven
remaining clades exhibited varied features: strain W is the sole member of
cluster 5 and the only available d-BALO isolate known to form a bdellocyst
resting stage (Hoeniger et al. 1972). All the members of cluster 7 are envi-
ronmental clones obtained from rocks contaminated with crude oil (C12-11),
groundwater contaminated with high levels of nitric acid bearing uranium
waste (300A-H04), or from a subsurface microbial community (Al and D10).
The unique clone constituting cluster 9 originated from an arsenite oxidizing
biofilm. The unclassified clone BPC2_F12 originated from subalpine stream
sediments. Two environmental clones obtained from hot spring travertine
depositions at 55 °C, formed cluster 10. These two sequences showed clear
signs of unusually rapid evolution (Davidov and Jurkevitch 2004). Clone
mv13.13 was identified during an analysis of methanotrophic communities
using 1>CHy for stable isotope probing (SIP) (Hutchens et al. 2004). Three

Fig.6 Phylogenetic 16S rRNA tree of the Bdellovibrionaceae (A) and of the Bacteriovo-
racaceae (B) lineages. The tree is based on maximum-likelihood (FastDNAml) analysis,
using a 50% conservation filter. Branch points supported by parsimony bootstrap values
(1000 replicates) of >90%, > 75% and > 50% are indicated by filled black, filled gray and
open circles, respectively, while branch points without circles were not resolved (bootstrap
values of < 50%). Partial sequences (< 600 bp), which did not provide sufficient infor-
mation for an unequivocal phylogenetic position are indicated by dash lines. Scale bar
indicates 5% (A) or 10% (B) estimated sequence divergence. Bacteriovoracaceae strains
Uki2®, A3.12T and ETC were used as outgroups for treeing the Bdellovibrionaceae lin-
eage while Bdellovibrionaceae strains 1007, HEA and TRA2 were used as outgroups for
treeing the Bacteriovoracaceae lineage. (Davidov Y, Jurkevitch E 2004 Int J Syst Evolution
Microbiol 54:1439-1452, by permission)
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additional *CHy labeled clones, including one clone from another indepen-
dent DNA-SIP experiment (Morris et al. 2002), were most closely related
to Bdellovibrionaceae but these short sequences and their outlying phylo-
genetic position did not allow their certain classification as true Bdellovib-
rionaceae (not shown). It should be added that phylogenetically undefined
BALOs preying on Methylomonas sp. were isolated from the broth of an ab-
normal fermentation in a methanol pilot plant (Lin and Wang 1983). The
occurrence of BALOs in such remarkable habitats shows that these bacteria
inhabit quite extreme environments. It is reasonable to speculate that these
clones represent “real” predatory bacteria, active within these habitats, as the
most divergent cluster of the tree is constituted of isolated, phenotypically
defined predatory bacteria (cluster 11). In contrast, the outlying oral clone
CA006 although clearly clustering with the Bdellovibrionaceae lineage cannot
be confidently assigned the d-BALOs. The large divergence (> 6.5%) exhib-
ited between clusters 2 plus 3, 10 and 11 and the other Bdellovibrionaceae
supports their definition as new genera.

Bacteriovoracaceae. At least four groups and 11 clusters representing dif-
ferent putative genera and species, respectively, can be identified within the
Bacteriovoracaceae family (Davidov and Jurkevitch 2004, Fig. 6B). Isolates
and clones forming the two groups A3.12T and Uki2T (Davidov and Jurke-
vitch 2004, Fig. 6B), originated from soil, fresh water or sewage samples but
not from marine environments. Isolates and clones from the other groups
were of marine origin, except for the ETC cluster. The organisms constitut-
ing this cluster were isolated from a highly saline soil. Some of the “marine”
clones were found in corals (BM89, DS1, BbB4), including white (A115-
31) and black (140-2-5) band-diseased corals, marine sponge (Hoc41), deep
sea hydrothermal sites (SUTYO-E2, AT-s3-57), methanotrophic communities
(HMMVBeg-13), and arctic marine sediments (Sva0447).

16S rRNA-based phylogenies suggested that Bdellovibrionaceae and Bacte-
riovoracaceae clustered best within the §-proteobacteria (Woese 1987). How-
ever, they did not form a monophyletic group and the phylogenetic distance
between them is very large (> 20%) (Davidov and Jurkevitch 2004). Neither
of these groups formed a stable clade with any other §-proteobacterial group.
16S rRNA secondary structure analysis showed that Bdellovibrionaceae con-
tain motifs atypical of the §-proteobacteria, suggesting it is ancestral to Bac-
teriovoracaceae (Schwudke et al. 2001; Davidov and Jurkevitch 2004). As no
other group clustered between these two families, and given their morpholog-
ical similarity and unusual life cycle, it is reasonable to hypothesize that most
of their shared unique characters originated from the same common predator
ancestor.

Using this phylogenetic information it is now possible to design oligonu-
cleotides that specifically target groups of d-BALOs. A Bdellovibrio-directed
16S rRNA probe is presented by Koval in another part of this volume. We have
developed a series of 16S rDNA primers that specifically target the Bdellovib-
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rionaceae, the Bacteriovoracaceae excluding Peridibacter, Peridibacter, and
also the a-proteobacterial predator Micavibrio. Sequences that were closely or
distantly related to any known BALO were retrieved from soil DNA, thereby
demonstrating that the application of targeted culture-independent strate-
gies will significantly increase the known diversity of BALOs (Davidov et al.
2006a).

2.5
Chloroflexi

Herpetosiphon species are aerobic, chemo-organotrophic, filamentous bacte-
ria that are Gram-negative but do not have a typical Gram negative cell wall
(Reichenbach 2001). They form filaments that reach great lengths of 300 to
1200 pum, and they can glide on surfaces. They are commonly encountered
in aerobic environments such as soil, decaying organic matter, freshwater
and activated sludge. Although they are part of the Chloroflexi clade, they
are non-photosynthetic. Not all Herpetosiphon isolates were capable of lyzing
bacterial cells, and sludge organisms did not lyze bacteria at all (Reichenbach
2001). The strains able to do so lyzed dead as well as living bacterial colonies.
Herpetosiphon strains may differ in prey range, with preyed-upon bacteria
including both Gram negative (including Myxococcus spp.) and Gram posi-
tive cells (but not spores) (Quinn and Skerman 1980). The ability to produce
a capsule around the cells apparently provided prey cells with some protec-
tion against predation (Quinn and Skerman 1980), in contrast to what was
observed with Bdellovibrio predators that attack capsulated bacteria (Koval
and Bayer 1997). On Petri dishes, the predatory sequence included the pen-
etration of the prey colony through sheer physical pressure by swarms of
Herpetosiphon cells, followed by cell proliferation as the Herpetosiphon fila-
ments grew, forming a great cell mass at the margins of the colony (Fig. 7).
This mode of action is reminiscent of a wolfpack-like strategy (Dworkin 1999)
combined with a trap strategy. Lysis of prey cells occurred beyond the colony
edge, enabling the filaments to advance toward the center of the colony thus
indicating that extracellular, diffusing bacteriolytic enzymes were produced.
The commonness of Herpetosiphon in freshwater and their predatory ability
suggests they may have an influence on lake microbial communities (Quinn
and Skerman 1980).

2.6
Cytophagaceae

A number of Cytophaga strains were isolated from a lake in Quebec at the on-
set of the decline of cyanobacterial blooms (Rashidan 2001). The predators
differed in prey range, one of them solely preying upon Anabena-flos-aquae
cultures, another on various Synechococcus species as well as on Anacystic
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Fig.7 Growth of Herpetosiphon UQM 1753. Before (A), during (C, D) and after (E) travers-
ing a confluent streak of Chromatium violaceurn UQM 51 (B) inoculated 48 h prior to
the Herpetosiphon; C. Early attack on host cells; The scale bar represents 25 um; D. Total
digestion with intense filament production. The scale bar represents 25 pm. Before (F),
during (G, H) and after (l) traversing a streak of Micrococcus luteus UQM 117 inoculated
48 h prior to the Herpetosiphon; G. Initial entry of filaments between colonies of M. lu-
teus. H. Colonies are totally surrounded but remain undigested. The scale bar represents
25 um. (Quinn R, Skerman V (1980) Curr Microbiol 4:57-62, by permission)

Fig.8 A Electron micrographs showing attachment of Cytophaga strain C1 to a cell of
Anabaena flos-aquae (x80000). B Expanded view of attachment site where changes in
electron density of the cell wall are evident (x280000). (Rashidan KK, Bird DF (2001)
Microbial Ecology 41:97-105, by permission)



Phylogenetic Diversity and Evolution of Predatory Prokaryotes 33

nidulans. These facultative predators required cell to cell contact in order to
lyze their prey (Fig. 8A). The prey’s cell wall exhibited changes at the point
of contact (Fig. 8B). No extracellular lytic factor could be isolated (Rashidan
2001), suggesting that the bacteriolytic activities were bound to the predator’s
surface. Other predatory Cytophaga were reported to lyze diatoms (Chan et al.
1997) or other marine phytoplankton (Imai et al. 1993).

2.7
Gram Positives

Streptoverticillium. A filamentous, facultatively predatory Gram positive bac-
terium resembling Streptoverticillium was isolated from a number of soils
along with Ensifer adhaerens (Casida 1980). It efficiently preyed upon Mi-
crococcus luteus by lyzing their colonies. This bacterium sought hosts by
extending a slender filament from colony to colony. Lysis of the M. luteus cells
may have been due to a diffusible factor and not necessarily to direct contact
between the predator and its prey.

Agromyces ramosus. Agromyces ramosus, another facultative predator be-
longing to the Actinomycetes is a common soil inhabitant (Casida 1983). Some
strains were capable of attacking and destroying various Gram negative and
Gram positive bacteria, including Azotobacter vinelandii, Rhizobium legumi-
nosarum, Sinorhizobium meliloti, and Agrobacterium tumefaciens, as well as
yeast cells (Casida 1983) in a process that seemed to involve chemotaxis (Byrd
et al. 1985). Prey cell destruction required that both predator and prey be
in close vicinity, with the prey entwined by or in contact with the preda-
tor. No diffusible factor could be detected. This facultative predator could be
consumed by another facultative bacterial predator, Cupriavidus necator.

2.8
Archea

Although apparently not predatory in the sense that the attacked cells are
not killed in the process, the interaction between two archea species pro-
vides a fascinating glimpse at the evolution of bacterial parasitism. The first
and hitherto uniquely described case of parasitism in Archea is the asso-
ciation of Nanoarchaeum equitans that represents the new archeal phylum
Nanoarchaeota, with Ignicoccus sp. (Huber 2002). N. equitans cells are spher-
ical (0.4 wm in diameter). They grow attached to the surface of their specific
archeal host (Fig. 9) under anaerobic conditions at 90 °C and in the presence
of S, H, and CO;. N. equitans bears a small genome (less than 0.5 Mbp) which
lacks genes for lipid, cofactor, amino acid, or nucleotide biosynthesis (Waters
2003). These, and possibly energy, must be acquired from the host. Proba-
bly forming part of the substrate-supply mechanism for N. equitans, many
vesicles are formed in the cytoplasmic membrane of the Ignicoccus host (Hu-
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Fig.9 Electron microscopy and fluorescence microscopy of the Nanoarchaeum equi-
tans-Ignicoccus sp. coculture. A Confocal laser scanning micrograph after hybridization
with a CY3-labeled probe 515mcR (Nanoarchaeum, gray) and a rhodamine-green-labeled
probe CREN499R (Ignicoccus, white). B Ultrathin section of two cells of Nanoarchaeum at-
tached to the outer membrane of Ignicoccus. Scale bar in both panels = 1.0 um. (Stetter K,
by permission)

ber et al. 2000). As seen below, vesicular extrusion may be a rather common
mechanism for acquiring substrate from parasitized or preyed-upon cells.
Phylogenetic analysis showed that although N. equitans diverged relatively
early in the archeal lineage, it is not primitive and its genome appears to be
stable (Waters 2003).

29
Phylogenetically Undefined Predators

A number of obligate and non-obligate predatory bacteria have been ob-
served or isolated from various environments. They differed greatly in the
type of prey they were interacting with, in their morphologies and modes of
predation.

Vampirococcus and Daptobacter. Blooms of photosynthetic bacteria in
sulfurous lakes in Spain provided the grounds for the observation, character-
ization and isolation of various predators of Chromatium spp.

Increasing numbers of an epibiotic bacterium preying upon Chromatium
minus cells were found with increasing depth, suggesting that this organ-
ism was an opportunistic, anaerobic scavenger, taking advantage of environ-
mental conditions detrimental to Chromatium (Esteve et al. 1983; Guerrero
et al. 1986). These aptly named Vampirococcus cells appeared as little spheres
(0.6 pm in diameter), ovals or slightly curved rods (0.3 x 0.6 um) attached
onto the surface of Chromatium (Esteve et al. 1983). Vampirococcus was not
motile, therefore could probably not find its prey by chemotaxis. Neverthe-
less it seemed to be an obligate predator. Binary cell fission was only observed
in cells attached to their prey. At the attachment site, a conspicuous, electron-
opaque structure was observed (Fig. 10).
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Daptobacter, a rod-like (0.5 x 1.5 um) Gram negative bacterium was also
observed to prey upon Chromatium spp. Daptobacter attached to the prey,
breached the membranes, penetrated and degraded the cytoplasm, to finally
divide within the emptied prey cell (Guerrero et al. 1986, Fig. 11A). This was
dubbed a “direct-invasion” strategy (Martin 2002) or a “diacytotic” strat-
egy (Moulder 1985). This bacterium was motile, and facultatively anaerobic.

Fig. 10 Vampirococcus cells attached to Chromatium. There is a cross wall in the dividing
cells. The attachment structure is made of dense material that spans between the Vam-
pirococcus and the Chromatium cells. The outer membrane of the predator is breached
where the dense material appears. (Kindly supplied by I. Esteve)

Fig. 11 Daptobacter penetrates both membranes of the prey cell walls and reproduces
in their degrading cytoplasm. A Three Daptobacter cells are clearly associated with the
degradation of a single prey cell’s cytoplasm. B A Daptobacter cell dividing in the par-
tially degraded cytoplasm of a Chromatium cell. A Vampirococcus cell can be seen on
the lower right. C A Daptobacter-like cell in a Chromatium cell. The scale bar represent
0.5 um. (Guerrero R (1991), by permission)
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Electron-lucent zones were apparent at the cell poles (Guerrero 1987). While
Daptobacter did not prey upon various heterotrophic bacteria or upon Rho-
dospirillaceae, it did utilize a number of Chromotium spp. and Thiocapsa spp.
as prey. Also, Daptobacter was a facultative predator and could be grown ax-
enically in rich media (Guerrero 1987). Chromatium cells have been shown
to harbor other Daptobacter-like bacteria in their cytoplasms but these still
remain unidentified (Guerrero 1991, Fig. 11B).

Unfortunately, the phylogeny of these bacteria is unknown. Although Dap-
tobacter has been isolated, the strain available with culture collections is not
Daptobacter.

Predators of Gram positive rods. Small rods (1 x 0.4 pum) denominated
X-pfr, and preying upon Clostridium perfringens were isolated from Seine
and Arkansas waters (Guelin and Maillet 1978). The predator adhered to
the surface of the prey, along which it multiplied until it formed a thin cell
layer that covered the prey (Fig. 12A). The destruction of the host seemed to
occur through the rupture of its membrane and exudation of the cell content
(Fig. 12B). Although the predator was attached epibiotically to its prey during
the latter’s destruction, X-pfr cells could sometimes be found in emptied prey
cells as well (Fig. 12C).

Santek, a predatory bacterium originating from sea waters near Roscoff
(France) was observed preying upon Bacillus megatherium (Guelin and Mail-
let 1978). This bacterium (1.2 x 0.4 wm) had a Caulobacter-like morphology
(Guelin and Maillet 1978). It attached to its prey through its pedoncule. The
latter’s cytoplasm was lyzed but later on, Santek cells also lyzed, for an un-
known reason (Fig. 13).

Parasites of Thiotrix sp. A Thiotrix sp. was found growing over larvae
of the mayfly Drunella grandis, with apparently no deleterious effect upon
the fly (Larkin 1990). Electron microscopy revealed that at least three bacte-
rial morphotypes with Gram negative cell structures were multiplying within
the Thiotrix trichomes. Two of the morphotypes clearly induced destruction
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Fig.12 The predatory bacterium X-pfr preys upon Clostridium perfringens. A X-pfr ad-
heres and multiplies on the prey surface (x12000). B The host membrane is ruptured,

releasing prey cell content (x37500). C X-pfr cells are sometimes found in empty prey
cells (x37500). (Guelin A, Maillet P-L (1978) CR Acad Sc Paris Serie D, by permission)
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Fig.13 The Santek predator attached to the prey through its peduncle. A The prey’s
cytoplasm is lyzed (x29000). B The predator, for unknown reasons is later degraded
(x37500). (Guelin A, Maillet P-L 1978 CR Acad Sc Paris Serie D, by permission)

of the host by penetrating its cytoplasm, while a third appeared to settle
within the periplasm (Fig. 14). None of these bacteria were defined. Within
Thiothrix, the two types of “periplasmic” and “diacystotic” predatory strate-
gies are exemplified. Whether these three morphotypes represented different
species or morphs of one or two species is unknown.

Fig. 14 Infected Thiothrix trichomes on a mayflies larvae infected with predatory bacteria.
A A single cell of morphotype 1 and a dividing cell of the parasite (P) within a Thiothrix
trichome. Note that the lower parasite is penetrating the septum (S) between two cells of
the host. B Parasites of morphotype 2. Note the remnants of destroyed septa (S) and the
lack of cytoplasm in the host. The ends of this parasite are blunt. C Parasite of morpho-
type 3 within the terminal cell of a Thiothrix trichome. The arrow indicates a place where
a weakness in the cell wall may have been produced and through which the parasite may
emerge. D Transverse section of a parasite of morphotype 3. It appears that the cyto-
plasm has been pushed aside and that the parasite is in the periplasmic space. (Larkin JM,
Henck MC, and SD Burton 1990 Appl Environ Microbiol 56:357-361, by permission)
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Fig.15 Thin section of an unidentified Gram-negative bacterium found in a freshwater
biofilm in a river. This bacterium possesses a micro-capsule and is liberating a prodi-
gious amount of membrane vesicles. The scale bar represents 1 um. (Beveridge TN 1999
] Bacteriol 181:4725-4733)

Membrane vesicles. Gram negative bacteria constantly produce outer
membrane vesicles and discharge them into the environment (Beveridge
1999, Fig. 15). These vesicles contain outer membrane proteins, lipopolysac-
charides, phospholipids, and periplasmic contents, including autolysins,
which are peptidoglycan hydrolyzing enzymes (Li et al. 1996, 1998). The pro-
duction of vesicles has been noticed in many instances, including from the
natural environment (for a review, see Beveridge 1999). Membrane vesicles
were shown to have a lytic action upon Gram positive and Gram negative bac-
teria (Li et al. 1998). However, only starved cells were attacked, suggesting
that the vesicle-producing cell may use this capacity to increase its nutrient
basis, in a “remote distance/wolfpack” kind of predation. Vesicles produced
by the opportunistic, soil dwelling human pathogen Pseudomonas aeruginosa
were recently shown to pack quinolic signaling molecules for interspecies
communication, along with antibacterial toxins (Marshburn et al. 2005).

3
A Word on Predatory Strategies

Martin (2002) proposed to divide bacterial predation into four basic strate-
gies: Wolfpack, epibiotic, direct invasion and periplasmic. However, it may be
difficult to draw clear-cut lines that delineate between these functional preda-
tory strategies. Variations on the themes, utilization of more than one and
possibly other strategies are possible and may even be common, as may be
suggested by the behavior of some Myxococcus and Lysobacter strains (see
above).
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Within the Bdellovibrio, strain JSS and a few other strains exhibit an epibi-
otic behavior (Shemesh et al. 2003) while all other known d-BALO strains
are periplasmic. Therefore, their classification as “periplasmic predators”
may not reflect the diversity of strategies that are found within this type of
predator. Whether these behaviors are solely predator-dependent or prey- or
environmental condition-dependent is not known. Furthermore, culture su-
pernatants of various d-BALO strains could lyze heat-killed prey cells (Shilo
1965; Seidler 1969b) and mixing predator with prey under a high predator-
prey ratio resulted in prey lysis before penetration (Varon 1968), indicating
that predator density may exert some effect upon prey cells. Also, the for-
mation of stable bdelloplasts was increased in diluted cultures of marine
d-BALOs, suggesting density-dependent mechanisms are involved in this pro-
cess (Sanchez-Amat and Torrella 1990). With all other factors kept constant,
the concentration and ratio of both predator and prey are crucial parame-
ters in determining predation rates and predator survival (Hespell et al. 1974;
Varon 1978).

It should be emphasized that in order to obtain a larger picture of the
interaction of a predatory bacterium with its prey, predatory “strategies” can-
not be disconnected from the larger ecological context. This includes, among
others, aspects such as resource allocation and its influence upon the prey
(Fussmann et al. 2000), “environmental” conditions (Wilkinson 2001; Buck-
ling and Rainey 2002; Forde 2004), spatial and temporal influences (Buckling
and Rainey 2002; Forde 2004), prey responses (Agrawal 2001; Shemesh and
Jurkevitch 2004. Also see the work by Jurgens in this volume) and genet-
ics and evolution (Bohannan et al. 2002; Yoshida et al. 2003). For a detailed
discussion of predator-prey dynamics, see the work by Wilkinson in this
volume.

4
Predation Between Prokaryotes: An Evolutionary Perspective

4.1
Origins

The study of predatory bacteria almost inevitably leads to the study of the
evolution of predation itself.

Prokaryotic organisms first evolved during the Archean era, 3800 millions
years ago (Schopf 1993), and probably remained the only cellular life form
for more than one billion years, until the first eukaryotic cells developed
(Brocks et al. 1999; Nealson and Conrad 1999). During that time, many of
the ecological functions performed, and the biochemical diversity exhib-
ited by bacteria were established, and the major bacterial lineages diverged
(Hoenigsberg 2002; Sheridan et al. 2003). Whether life at its beginning was
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heterotrophic or autotrophic (Maynard-Smith and Szathamary 1995), as it
expanded, so did the amount of dead material, offering a niche for the evo-
lution of scavengers that could efficiently degrade and recycle this material.
Such degradation entailed the presence of enzymes able to break down poly-
meric material into lower molecular weight components that could be taken
up. As such, these components are more diffusible. So, the closer the sub-
strate to the degrader’s uptake system, the lower the amount of compounds
lost to the environment (Guerrero 1987). The ability to move onto a surface
(by means such as gliding or twitching motility) would also have been advan-
tageous, as the decomposer would stick onto its food and could slide along
the surface to find new, pristine spots. This ability probably evolved indepen-
dently a number of times in the various groups of gliding bacteria, as different
mechanisms are involved in this process (McBride 2004). It is interesting that
in Flavobacterium johnsoniae and Cytophaga johnsonae, non-motile mutants
fail to utilize chitin (Chang et al. 1984; Kirchman 2002; McBride 2003). It was
suggested that in F. johnsoniae, gliding evolved from a polysaccharide utiliza-
tion system (McBride 2004). Could the ability to stick to a surface that is also
a substrate for growth lead to the evolution of parasitism or predation?

Bacterial predators and degraders essentially perform the same processes,
i.e. they attach onto and then degrade polymeric substrates but with one ma-
jor difference: predators degrade the cell walls of living cells. At first, access to
the nutritious contents of a prey cell would not necessarily require additional
functions, as breaching the cell wall may lead to membrane disruption and
total cell rupture. It becomes clear that within the prokaryotic realm, such
bacterial predators would gain from being smaller than their prey. It therefore
can be argued that the evolution of predation, at least between bacteria, may
almost be a consequence of their degrading ability. Could that account for the
presence of bacteria able to display a predatory behavior in widely different
taxonomic groups?

If the hypothesis presented here is acceptable, it seems reasonable to us to
assume that predation within prokaryotes has evolved many times, as already
proposed by Guerrero (1987), as is the case within the metazoans. Whether
the traits endowing predatory abilities can be laterally transferred between
different bacterial species or not is not known. The huge increase in data
from whole genome sequencing projects will enable comparative analyses
that could help answer some of the questions asked: what are the phyloge-
nies of the lytic complement of predatory bacteria? What makes a bacterium
a predator? Can these traits spread by lateral gene transfer? Is there a step-
wise transition between degraders to non-obligate predators and to obligate
predators?

Obligate predatory bacteria do not only rely on their prey for growth, but
are also directly dependent upon them for multiplication, blurring the dis-
tinction between predator and parasite (and in turn, the one between prey
and host). This is especially true for obligate predators like the BALOs that are
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defined by an incapability to propagate extra-cellularly (Varon 1969). How-
ever, while terminological representation is a problem, fuzzy lines such as
those between predation and other interactions are common in natural phe-
nomena (Bengston 2002). The spontaneous occurrence of host independent
variants of d-BALOs that retain a predatory behavior (Barel and Jurkevitch
2001) suggests that the transition between a facultative to an obligate preda-
tory life history may only involve a limited adaptive sequence (Cotter and
Thomashow 1992; Rendulic et al. 2004). The study of this system may help un-
derstand the evolution of such transitions. One could notice that numerous
members of the taxonomic groups to which non-obligate predators belong
are non predatory (although in most cases no verification of the predatory
phenotype has been attempted). Many of these non-obligate predators be-
long to groups of bacterial scavengers such as the myxobacteria, Lysobacter
or Cytophaga, all endowed with gliding motility and strong degrading capaci-
ties, and with the possession of a wealth of extracellular or membrane-bound
polymer-degrading enzymes (Reichenbach 2001; Kirchman 2002). Similarly,
the obligate predators Bdellovibrio bacteriovorus, Bdellovibrio strain W and
Bacteriovorax marinus have among the largest arsenal of hydrolytic enzymes.
Notably, sequences homologous to Myxococcus genes encoding for twitch-
ing motility and adventurous gliding are found, at least in the genome of
Bdellovibrio bacteriovorus type strain 100 (Rendulic et al. 2004. See the work
by Tudor and McCann, in this volume). It is tempting to propose that the
adsorptive and the motile capacities, as well as the lytic functions found in
heterotrophic degraders stood at the basis of the development of the attach-
ment mechanisms and of the lytic capacities of predatory bacteria.

Attachment to a prey was investigated in d-BALOs and was shown to re-
quire two steps, which are independent of protein synthesis (Varon 1968,
Fig. 5A). First, there is a reversible event during which the predator appears
to scan the prey’s surface. Often, the predator will not commit to the sec-
ond step of irreversible attachment preceding degradation of the prey cell
(Shemesh and Jurkevitch 2004). This step appears to involve fimbriae-like
projection, from the pole of the predator to the cytoplasmic membrane of
the prey (Fig. 5A). Whether the same dynamics are at work with non-obligate
predators is not known. It can be argued that in the case of an obligate preda-
tor, commitment through irreversible binding to the prey could be a crucial,
life-or-death decision and should therefore be tightly controlled.

B. bacteriovorus exhibits an extremely efficient metabolism (Hespell 1978)
which is dependent on the timely and gradual degradation of its prey con-
tents (a non-exhaustive list of references would be: Rittenberg 1970, 1983;
Thomashow and Rittenberg 1978; Thomashow 1978a,b; Ruby 1984, 1985,
1988; Tudor 1990; Barel et al. 2005). Micavibrio spp. appears to act in a rather
similar way, as by the end of the interaction ghosts and membrane fragments
are all that is left of prey cells (Lambina et al. 1982, 1983). The evolution of
such a large panoply of lytic enzymes and of their regulatory mechanisms
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enables this exquisite molecular dissection. In that sense, BALOs are highly
evolved predators. Although data are missing for non-obligate predators, the
lytic processes engendered by the interactions of these predators with their
prey may not be as regulated and finely tuned as the ones performed by BA-
LOs because their survival and reproduction are not solely dependent upon
the utilization of a prey.

The known genomes of d-BALOs are not small genomes (see Tudor and
McCann, in this volume). In contrast, obligate parasites of eukaryotic hosts
such as Chlamydia (Stephens 2001; Horn et al. 2004; Horn 2004), Rickettsia
(Ogata et al. 2001) or Buchneria (Shigenobu et al. 2000) all have shrunken
genomes. The genome of the parasitic archeon N. equitans has also under-
gone a strong reductive process, resulting in a small genome size (Waters
2003). Such reductive processes are not random (Andersson and Kurland
1998) as can be observed in Sadalis glossinidius and Sitophilus oryzae, rela-
tively recently acquired commensal symbionts of the tsetse fly (Diptera,
Glossina spp.) and of the rice weevil (Coleoptera). The genomes of these
symbionts are being reduced as compared to that of their close relative
Escherichia coli (Andersson et al. 2003): Functions of carbon compound
catabolism, energy metabolism, fatty acid metabolism, and transport are
differentially lost between the two symbionts that live under very different
ecological constrains, pointing to the role species ecology has on a symbiont’s
genome (Mira 2002). Similarly, function losses are apparent in the B. bac-
teriovorus’s genome with enzymes required for the metabolism of a num-
ber of amino acids being absent (Rendulic et al. 2004). On the other hand,
genome expansion might have occurred as reflected by the large comple-
ment of hydrolytic enzymes present. Comparative genomic analysis of the
genomes of B. marinus and Bdellovibrio strain W, both in the processes of
sequencing and annotation might also reveal further differential losses or
acquisition of functions which are species-specific adaptations. It should be
emphasized that these d-BALOs originated from terrestrial and marine envi-
ronments. Within these biotopes, they are subjected to very different abiotic
and biotic conditions and fluctuations. Moreover, an important difference
between d-BALOs and obligate symbionts is that d-BALO cells are not al-
ways found within the protective, intracellular milieu of their hosts but must
cope with a changing external environment during their attack phase. It also
appears that within their hosts, d-BALOs still sense the external milieu, as
bdelloplast lysis can be delayed (Sanchez-Amat and Torrella 1990) or a bdel-
locyst can be formed when conditions are deleterious (Tudor 1977). These
examples suggest that prey utilization is not an “automated” mode and that
delays in host destruction may occur in response to environmental condi-
tions. These smallest hunters, that earn a living killing other cells, can be
viewed as predators or parasites (Jurkevitch 2000). However, can such delete-
rious relationships evolve, under proper conditions into cooperative systems
(Sachs et al. 2004)?
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4.2
The Predatory Hypothesis to the Origin of Mitochondria

On the basis of present knowledge, we think that the assumption that preda-
tory interactions between prokaryotes constitute an ancestral trait that has
influenced microbial evolution (almost) since cellular life came to be is
a reasonable one. This hypothesis (Maynard-Smith and Szathamary 1995;
Bengston 2002) also served as a rational basis for proposing that predation
could provide a means by which a bacterium could enter another bacterium,
forming an endosymbiotic association (Guerrero et al. 1986).

Recent data strongly suggest that all characterized amitochondrial eu-
karyotes have had mitochondria and that when absent, this resulted from
reductive evolution (van der Giezen and Tovar 2005). Moreover, amitochon-
driate eukaryotes may not form the deepest branches in the Eukarya phy-
logenetic tree (Embly and Hirt 1998; Simpson and Roger 2002; Stechmann
and Cavalier-Smith 2002). Therefore, the establishment of the mitochondrial
symbiosis might have been a primordial event during the evolution of the eu-
karyotic cell. A number of hypotheses have been formulated on whom these
ancestors were. One such hypothesis, based on phylogenomic analyses, sug-
gests that the eukaryotic genome evolved from a single fusion between an
archeal and a bacterial genome (Rivera and Lake 2004). This fusion may have
occurred between the mitochondrial ancestor and its host (Martin and Em-
bley 2004). If the host of the protomitochondrial symbiont was a prokaryote,
how was cell fusion achieved? Although some rudimentary cytoskeleton ex-
ists in prokaryotes, no such cell type has ever been shown to phagocytose
another cell. Possibly, phagocytosis cannot occur when the cell is surrounded
by a stiff cell wall as the ones prokaryotes possess. About 20 years ago, Guer-
rero and Margulis (1993, 1991, 1986) proposed that predation could provide
a simple explanation for the entry of a prokaryotic proto-endosymbiont into
another prokaryotic cell. The latest data provide support for the revival of this
hypothesis.

Extant predatory prokaryotes attach to their prey’s cell wall, lyze the pepti-
doglycan, sometimes in an exquisitely regulated manner, and consume their
prey while staying on the outer side, or after penetrating the prey’s periplasm
or its cytoplasm. Could such predatory interactions lead to stable symbioses
between the two organisms (Guerrero et al. 1986, 1991; Margulis 1993)? As
proposed above, predatory bacteria may have been common at the time Earth
became increasingly oxidized, or about 2500 million years ago. This was
a catastrophic transition for most anaerobes that could not adapt to higher
oxygen levels (Andersson et al. 2003). It has been advanced that an oxygen
respiring cell can reduce local oxygen concentration, so the presence of an
oxygen-respiring cell in the vicinity of an anaerobe could enable it to sur-
vive (Andersson et al. 2003). If the anaerobe would provide substrates to the
respiring partner, an enduring association may have developed. If one con-
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siders the case that the aerobic partner was a facultative predator, predation
may offer a parsimonious explanation for a way by which the aerobic part-
ner could have gained access into the host cell. At the least, cell to cell contact
could have been established (epibiotic predator), then further develop. Or,
in the case of intracellular predation, the predatory cell could have directly
penetrated the host (periplasmic or diacytotic predators). It was shown that
under nutrient stress, d-BALOs may stop their growth cycle, and remain in
the bdelloplast, apparently without growth and replication (Sanchez-Amat
and Torrella 1990) or, as seen in very few strains, as a (bdello) cyst, which also
does not replicate (Tudor 1978). As described above, at least one parasite of
Thiothrix may settle in the periplasm of its host. Such behaviors may consti-
tute a starting point for the development of a stable endosymbiosis. A stable
endosymbiosis, i.e. of a prokaryote within another prokaryote was found
in mealybugs bacteriocytes. These structures contain y-proteobacterial en-
dosymbionts within the cytoplasm of a S-proteobacterial host (von Dohlen
et al. 2001) but how they were acquired is unknown.

A problem stemming from this hypothesis is that for the evolution of a sta-
ble interaction to happen, mechanisms for moderating predation should have
been at work. These types of mechanisms may occur through the modulation
of predatory aggressiveness in a predator that may also be a saprophyte, i.e.
a facultative predator. A high level of available resources may reduce preda-
tory activity (Casida 1988a,b). Along similar lines, host-independent mutants
of d-BALOs can still be predatory when grown in the presence of prey in
a nutrient-poor medium but will grow saprophytically in a rich medium (Barel
and Jurkevitch 2001). Population dynamics and prey responses are important
factors to consider: it has been demonstrated that certain regimens of resources
and dilution rates can bring about stability in predator-prey interactions (Fuss-
man et al. 2000). Also, in BALO cultures, a fraction of the prey population
always survives, and therefore, the prey is not eradicated. While being more re-
sistant to predation, this fraction is not totally immune to it. Consequently, the
predator is still able to replicate, potentially enabling co-existence (Shemesh
and Jurkevitch 2004). The dynamics of such systems should be taken into ac-
count in the model proposed because evolutionary changes in any trait that
affects parameters such as predator and prey growth rates, prey carrying cap-
acity etc., depend on these dynamics. In other words, to study the evolution of
such traits without incorporating the population dynamics that the ecological
interaction implies may not be realistic (Abrams 2000).

Although symbiotic interactions evolve from chance associations between
species, symbiotic phenotypes are more likely to originate in highly interac-
tive communities (Law 1991). BALOs can be found in association with biofilms
(Kelley et al. 1997) and are able to efficiently consume prey in such structures
(Kadouri and O’Toole 2005). Within biofilms, there might be more opportu-
nities for such long-term co-existence to evolve, as exposed above. In a milieu
such as stromatolites, or microbial mats, that were common during the Pro-
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terozoic Eon (Bengston 2002), the levels of resources may have been high
enough to enable stable interactions to become established. Bacterial preda-
tors could have co-existed with their prey within these structures, as animals
less than a few millimeters in size tend not to disrupt the fabric of modern
microbial mats, and so may co-exist with stromatolites (Farmer 1992). Then,
there may be mechanisms through which long-term coexistence may be sta-
bilized. Although such conditions intuitively appear to be appropriate for the
evolution of a symbiotic interaction, this has to be demonstrated.

It is accepted that the mitochondrial ancestor was an «-proteobacterium
(Gray et al. 1999). Recently, «-proteobacterial predators were isolated from
a soil in Israel (Davidov et al. 2006b). These obligate predators belong to
the Micavibrio, a hitherto phylogenetically uncharacterized bacterial preda-
tor (Lambina et al. 1982, 1983). The Micavibrio cluster is not related to any
known, cultured a-proteobacteria and forms a deep-branch within this bac-
terial class. However, although present-day technologies may impair a precise
placement of the origin of the mitochondrion, the Rickettsiales appear to be
the closest extand relatives of this organelle (Emelyanov 2003; Fitzpatrick
et al. 2006). All known members of the Rickettsiales are obligate intracellu-
lar parasites or symbionts of eukaryotes (Yu and Walker 2000). Remarkably,
Ixodes ticks bear a Bdellovibrio-like predator of mitochondria in their ovarian
tissues, and these bacteria are closely related to the Rickettsiales (Sacchi et al.
2004). Notably, as Kalberg (2004) stated: “If the mitochondria belong to the
Rickettsiales, then it is tempting to assume that the mitochondrial ancestor
had already started on the path of intracellular parasitism that is a common
feature of its descendant”. This assumption is reinforced by recent analyses
pointing to this ancestor as an aerobic motile bacterium with pili and sur-
face proteins for interactions with its host cells, containing an abundance of
metabolite transporters including lipid, glycerol and amino acid transporters,
and a host dependency for several compounds (Boussau et al. 2004; Gabaldén
and Huynen 2003).

Predation constitutes a relatively parsimonious mechanistic explanation
for the entry into a host as compared to phygocytosis between prokary-
otes. Moreover, the presence of predatory bacteria as deep a-proteobacterial
branches, suggestive of a possible ancient origin for predatory behaviors in
a-proteobacteria and the existence of predators within the Rickettsiales help
us put forward the hypothesis that predatory bacteria could have been at the
origin of the mitochondrial endosymbiosis.

5
Conclusions

Predation appears to be a common trait within the prokaryotes: predators are
found in a relatively large number of bacterial classes. While the known dis-



46 E. Jurkevitch - Y. Davidov

tribution of obligate and facultative predators within the prokaryotic domains
may still be rather patchy, groups such as Bdellovibrio and like organisms that
have been more thoroughly studied encompass a very large diversity of or-
ganisms (Baer et al. 2000; Davidov and Jurkevitch 2004; Pineiro et al. 2004),
suggesting that much more is to be found “out there”. Moreover, exotic or ex-
treme habitats, as they become more widely explored, reveal that populations
of prokaryotic predators or of bacterial parasites of bacteria exist under harsh
conditions. Even in the most common habitats, such as soils and the marine
environment, there surely are myriads of bacterial predators at work, as the
still fragmentary knowledge we have on the subject suggests.

To date, predatory behavior between bacteria can only be defined by obser-
vation of the interaction between a predator and its prey. As most bacteria are
not amendable to standard culture practice, many of these interactions can go
unnoticed. Nonetheless, a dedicated observer might discover numerous new
such interactions, as exemplified by the collection of non-obligate predators
found by Casida (see above). We are convinced that these efforts, combin-
ing direct observation, ingenious in-situ enrichment and careful observation
(Casida 1969, 1980), modern microscopic techniques including confocal and
scanning probe microscopy (Nunez et al. 2003), and cryoelectron tomogra-
phy, along with original culture approaches (Fry 2000; Sait et al. 2002) and of
course, the power of molecular biology will lead to the discovery and charac-
terization of many more bacterial predators.

Predation is an important factor in evolution. It influences the prey’s bi-
ology (Abrams 2000; Agrawal 2001), and this, in turn may also have im-
portant consequences on the predator itself, and on species diversification
(Kitchell 1983; Buckling and Rainey 2002). The impact of bacterial predation
on bacterial community structure, function and diversity is still not under-
stood but the diversity and ubiquity of bacterial predation suggests that it
should be taken into account. Fortunately, the theoretical and experimental
tools available today have the potential to provide important data, if only
partial.

The study of bacterial predators can greatly contribute to the understand-
ing of earlier events that have shaped the world as we know it today. One
major example of a critical role that bacterial predation may have played in
evolutionary transitions is the evolution of the mitochondrial endosymbiosis
(Guerrero et al. 1986; Davidov et al. 2006b), and see above. Novel genomic and
phylogenetic analyses, as well as the isolation of a-proteobacterial predators
descending from an early split of this class help bring forward this assump-
tion. We think that other predatory organisms such as Micavibrio, that branch
deep into the o-proteobacteria can be found. The study of their biology, and
phylogenomic analyses should certainly contribute to confirm or invalidate
this intriguing possibility. Future research may sieve the right from the wrong
in the views that were exposed here.
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Abstract Predation on bacteria is now considered as an essential component of aquatic
and terrestrial food webs, with important implications for many ecosystem processes.
Studies in recent years have also focused on the mechanisms of predation and its im-
plications for the structure of bacterial communities. This chapter gives an overview on
predation on free-living bacteria by the major predator groups encountered in aquatic
systems: bacteriophages, predatory prokaryotes, protists and metazoans. Quantitative as
well as qualitative predation impacts on bacterial communities by the different predators,
as derived from field studies and laboratory experiments, are summarized. The differ-
ent predator types encompass several orders of magnitude in size and differ with respect
to foraging strategy, consumption rates and selectivity. Bacteria have evolved various
strategies to reduce predatory mortality. These have been studied most extensively with
respect to protist predation and encompass behavioural, morphological and physiological
adaptations, which act at different stages of the predator-prey interactions between bac-
teria and bacterivores. Field studies and food web manipulation experiments in pelagic
systems have also demonstrated the relevance of predation for the taxonomic and mor-
phological composition of natural bacterial assemblages. Compared to bacterivorous
protists, much less is known about the predation impact of the smallest, parasitoid-like
predators such as bacteriophages and prokaryotic predators (e.g. Bdellovibrio) and the
resulting anti-predator strategies of bacteria.
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1
Introduction

Predation on bacteria is an interesting phenomenon, both from an ecological
and an evolutionary point of view. As prokaryotic microorganisms (Bacteria,
Archaea) are the driving agents of all biogeochemical cycles and as they con-
stitute a global biomass comparable to that of green plants (Whitman et al.
1998), it is crucial for ecosystem research and community ecology to un-
derstand predation as a regulating and structuring mechanisms for natural,
complex microbial communities. From an evolutionary point of view, pre-
dation has been suggested to have promoted the development and evolution
of new life forms within the microbial world, for example by the incorpo-
ration of prokaryotic cells as precursors of eukaryotic organelles (Guerrero
et al. 1986; Margulis 1996). Predator-prey co-evolution is assumed to have
shaped the phenotypic traits of both microbial predators and prey organisms,
and the origin of phagotrophy has been suggested to have become a selective
pressure for multicellularity (Stanley 1973). This view has been supported by
culture experiments, which have demonstrated the development of predation-
resistant, colonial forms from unicellular prey in bacteria (Hahn et al. 2000;
Matz et al. 2002b) and algae (Boraas et al. 1998).

In this review I will deal mainly with predation impacts that have eco-
logical implications on shorter time scales, i.e. affecting the structure and
function of bacterial communities and promoting bacterial adaptations to re-
duce predatory mortality, but which also offer insights into predation as an
evolutionary selective force. I use “predation” here in its widest sense, in-
cluding phagotrophic organisms engulfing and digesting bacteria (protists,
some metazoans) as well as predators that multiply inside bacteria (bacterio-
phages, predatory bacteria) and that could rather be termed parasitoid. For
the latter, the bacterial prey cells are synonymously called host cells. There
are other antagonistic interactions between microorganisms that are not con-
sidered here, for example antibiotic- or bacteriocin-mediated inhibition of
competitors. The practical, generic term “bacteria”, which is used throughout
this chapter, includes the phylogenetic domains Bacteria and Archaea as there
is no evidence that archaea microorganisms behave fundamentally different
with respect to predatory interactions.

Traditionally, microbiologists have focused more on the abiotic physico-
chemical conditions and substrate supply, so called “bottom-up” control,
as factors determining bacterial growth and survival in the environment
(Roszak and Colwell 1987). However, predation (“top-down” control) has
been identified as a major mortality and selection factor for bacteria in many
aquatic and terrestrial systems, impacting their abundance, composition and
activity. Further, many ecological functions of prokaryotes, such as detritus
decomposition and nutrient remineralization, might not be possible without
bacterial predators (Fenchel and Harrison 1976). Ecologically realistic models
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now consider both driving forces, control by resources and predation, in
order to understand the functioning and regulation of microbial communities
in the environment (Thingstad 2000a). Therefore, in recent years predation
on bacteria has gained more attention as a regulating and structuring force,
for which it is important to achieve a mechanistic understanding (see reviews
by Jiirgens and Matz 2002; Pernthaler 2005).

Much of our current knowledge of predatory effects on bacteria and mi-
crobial predator-prey interactions stems from studies on aquatic ecosystems,
particularly freshwater and marine plankton communities and their respec-
tive model systems. This field was particularly stimulated when the new
conceptual role of microorganisms in aquatic systems was formulated, stat-
ing that bacteria are an essential component of aquatic food webs, with high
biomass and productivity, and dominate energy and nutrient fluxes (Azam
et al. 1983). Understanding the fate of bacteria was central for a comprehen-
sive picture of the major carbon flow pathways in the pelagial of the ocean.
Small protists (flagellates, ciliates) had been identified as the major bacteri-
vores in pelagic systems, their grazing activity controlling bacterial numbers
and consuming bacterial production (Fenchel 1982b, 1984). After the gen-
erally recognized importance of bacteria in aquatic food webs, quantitative
studies on bacterial mortality due to protist grazing and, later, due to viral
lysis were performed. These studies resulted in the general notion that preda-
tory mortality of bacteria is more or less in balance with bacterial production
and, therefore, the major loss factor for planktonic prokaryotes (Pace 1988;
Sherr et al. 1989; Sanders et al. 1992).

In the last few years, qualitative aspects of predation came more into focus
and aspects such as prey selectivity, grazing impact on bacterial community
composition, and predation avoidance mechanisms were studied in field and
laboratory experiments (see reviews by Jiirgens and Matz 2002; Pernthaler
2005; Matz and Kjelleberg 2005). Initially, indirect evidence suggested strong
qualitative impacts of bacterial predation (Jiirgens and Giide 1994). This has
been confirmed by many experimental studies that demonstrated significant
predation effects on the phenotypic and genotypic composition of bacterial
communities, as well as on their physiological functions. Most insights have
been gained on mechanisms of bacteria-protist interactions in planktonic
systems. Results from the whole spectrum of approaches, from field observa-
tions to controlled laboratory experiments with isolated strains, gave a rather
comprehensive picture of the nature of this predator-prey relationship. Com-
paratively little is still known on the quantitative and qualitative implications
of prokaryotic predation (e.g. by Bdellovibrio) and bacteria-virus interac-
tions on natural bacterial communities, and on resulting bacterial resistance
mechanisms.

Meanwhile, we do not only have a reasonable quantitative estimate of bac-
terial grazing losses in aquatic systems, we also have insights into the protist
grazing impact on the bacterial community composition, functional proper-
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ties, and the development of bacterial resistance mechanisms. This high level
of comprehensive information might be due to the fact that predation is of
particular importance for suspended bacteria in pelagic habitats where few
spatial refuges exist. Further, such systems are also most amenable to the an-
alysis of predatory interactions with appropriate methods both in situ as well
as in model laboratory systems with cultured organisms. Although the impor-
tance of predation has also been demonstrated for other habitats such as soil
(Ekelund and Ronn 1994), sediment (Dietrich and Arndt 2000) and biofilms
(Matz et al. 2004a), much less is known about the regulating mechanisms.

In this review I will mainly refer to results obtained from predatory in-
teractions in aquatic (mainly planktonic) ecosystems in order to illustrate
general mechanisms of microbial predator-prey interactions and to summa-
rize known impacts of bacterivory and grazing resistance mechanisms in
bacteria. These insights might serve as a general example and as framework
to be used in other systems and with other bacterial predators. When appro-
priate, I will also include examples from other aquatic and terrestrial habitats.
For comparison, I will outline the basic principles of predatory strategies of
the other major aquatic predator groups (bacteriophages, prokaryotic preda-
tors and filter-feeding metazoans) and briefly discuss evidence for their in
situ predation impact and potential bacterial resistance mechanisms.

2
Predation as a Selective Force for Bacteria in Aquatic Systems

It is common knowledge that predation is a major and probably the most
important mortality factor for bacteria in all kinds of aquatic systems, from
freshwater to marine, from groundwater and rivers to the ocean (Pace 1988;
Sherr and Sherr 2002). In order to elucidate whether predation by a particu-
lar predator group creates a significant selective pressure on bacterial com-
munities, information on the in situ abundance and predation rates across
temporal and spatial scales is needed and should be combined with detailed
mechanistic studies of foraging strategies, particle capture and potential bac-
terial adaptations. Ideally, such information is gathered by a combination
of well-controlled laboratory experiments (to elucidate specific mechanisms)
and in situ observations and field experiments (to estimate the importance in
the environment). Such a comprehensive level of information, which is out-
lined in more detail below, is at present only available for bacteria—protist
interactions in planktonic systems.

Aquatic ecosystems encompass a large structural and functional diversity,
implying a diversity of predators and different selection pressures on bac-
teria. Depending on the structure of the habitat and whether bacteria are
mainly in suspension (e.g. plankton) or attached (biofilms), different func-
tional predator groups have to be considered. Freshwater and marine systems
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further differ with respect to the dominating groups of phagotrophic organ-
isms that potentially consume bacteria. This is most evident in the case of
filter-feeding zooplankton, which is much more dominant in lakes than in
the ocean (Sommer and Stibor 2002). Further, the abiotic constraints of the
specific habitat determine which predator group is of importance. Harsher
environments (e.g. anoxia, very high or very low temperature, high pres-
sure etc.) harbour a significantly lower diversity of predator groups and, in
the most extreme ones, potentially none at all. For example, it is not known
whether predation plays any role in microbial communities in the deep sub-
surface, the habitat which contains the majority of prokaryotes on earth
(Whitman et al. 1998). It is beyond the scope of this review to discuss preda-
tion on bacteria in this whole spectrum of habitats, and most of the examples
are from predation on suspended bacteria in the water column or on attached
bacteria in biofilms surrounded by water. However, even here we have to deal
with different predator groups, encompassing a size range of more than eight
orders of magnitude, from viruses to large bivalves (Table 1), which all might
potentially consume similar sized bacterial prey. Therefore, obviously, huge
differences in the type of predatory interactions with bacteria, in regulating
mechanisms and in the predation impact in different environments have to
be expected. Only some very general features are sketched in Table 1 and then

Table 1 Basic characteristics of different groups of predators on bacteria in aquatic sys-
tems

Predator group Size Nutrition Predatory Occurrence  Selectivity
strategy
Bacteriophages nm Bacteriovorous Parasitoid Ubiquitous  High
Prokaryotes
Bdellovibrio pum Bacteriovorous Parasitoid Aquatic, soil  High
Protozoans
Flagellates 2-20m Bacteriovorous, Direct Aquatic, soil Moderate
omnivorous interception,
filtration
Ciliates 10-100m  Bacteriovorous, Filter feeders Aquatic, soil Low (size)
omnivorous
Metazoans
Cladocerans 0.5-5mm Herbivorous, Filter feeders Freshwater Low (size)
omnivorous plankton
Tunicates mm-15cm Omnivorous Filter feeders Marine Low (size)
plankton
Bivalves mm-1m  Omnivorous Filter feeders Marine, Low (size)
freshwater

benthos
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outlined more in detail. Bivalves are only one among several groups of benthic
filter feeders that can potentially retain bacteria and are mentioned here as
a representative group. Bryozoans, corals, sponges and different marine inver-
tebrate larvae must also be considered (Riisgard and Larsen 2001a). A major
distinction can be made between the smallest predators, bacteriophages and
predatory bacteria, which multiply inside the bacterial host, and protistan
and metazoan predators, which ingest whole bacterial cells.

The grazing pressure in the environment depends on predator abundance
and their feeding rates. This information is not trivial to obtain, particu-
larly not for the smallest predator groups. Although many new techniques to
quantify bulk grazing rates on bacteria have been developed, particularly for
protist grazing (Landry 1994; Sleigh and Zubkov 1998), there is still a great
deal of uncertainty in all bacterial grazing rate estimates (Vaqué et al. 1994).
Precision and reliability in measurements seem to decrease with decreasing
size of predators: whereas the impact of filter-feeding zooplankton can be
quite accurately assessed, grazing rate measurements of protists are tedious
to determine and all methods are subject to different kinds of biases. Esti-
mates on virally induced mortality are only assessed indirectly and depend
on several empirical conversion factors (Weinbauer 2004). In situ predation
rates by predatory bacteria (e.g. Bdellovibrio) cannot be assessed at all with
the methods currently in use.

In order to understand the particular selective force exerted by the differ-
ent predator groups on bacteria we also have to consider foraging strategies
and particle capture mechanisms. Such information is partly available from
autecological studies with cultivated organisms, particularly for planktonic
protists (Fenchel 1982a; Jiirgens and De Mott 1995). However, in the case of
microbial predators (protists, prokaryotes, phages) it is not clear whether the
studied isolates are representative of the majority of the natural assemblages.

The degree of prey selection (or host specificity) is of overall importance
for estimating the ecological impact of the different predator types. Natural,
complex microbial assemblages are characterized by an enormous hetero-
geneity, which encompasses not only the phylogenetic affiliation but also
physiological states and phenotypic properties of the cells. There is no totally
unselective predator, in the sense that all different phenotypic and genotypic
bacterial cells are consumed in the same proportions as they occur in the en-
vironment. The bacterial phenotypic properties that govern prey selection,
such as size and morphology, can be related to the physiological state of
the cells, to specific taxonomic characters or to a mixture of both. Bacterial
cell size is of overall importance for all predatory interactions, particularly
in planktonic systems. The predatory strategy determines the selectivity be-
tween different bacteria, which is naturally highest for the parasitoids and low
for those organisms that retain small particles by specialized filtering struc-
tures (e.g. cilia). Here, particle size is the main decisive prey selection criteria.
However, even within the different ciliary filter feeders different particle col-



Predation on Bacteria and Bacterial Resistance Mechanisms 63

lecting mechanisms can be found (Riisgard and Larsen 2001b). It also makes
a difference for the realized selective pressure whether predators are special-
ized bacterivores that feed nearly exclusively on bacteria or whether bacteria
are only one component of the diet (omnivores). In this latter case, the dy-
namics of the biotic interactions between bacteria and their consumers are
influenced largely by other factors (e.g. alternative food resources).

As mentioned above, all these data are best documented for the interaction
of bacteria and phagotrophic protists in planktonic systems. However, some
major characteristic features for the different predators on bacteria, which are
relevant for an understanding of the nature of their selective force, can be ex-
tracted from the current literature. In the following, I will therefore briefly
summarize existing information on the four major predator groups in aquatic
systems and will address the general occurrence, characteristics of the forag-
ing strategy (which determines possible anti-predator defenses), evidence for
environmental relevance and potential impact on bacterial communities. Ex-
cept for metazoans, these predator groups are also relevant in soil ecosystems.

2.1
Predation by Bacteriophages

Viruses occur in all aquatic systems at high concentrations, typically be-
ing 10-100 times more abundant than prokaryotes (see reviews by Fuhrman
2000; Wommack and Colwell 2000; Weinbauer 2004). Probably most of
the viruses are in fact bacteriophages, infecting heterotrophic bacteria and
cyanobacteria. Electron microscopy studies revealed that a significant frac-
tion, typically in the range of 5-20%, of planktonic bacteria are infected by
phages. Estimates for the fraction of bacterial mortality in aquatic systems
due to viral lysis are in the range of 5-40% (Fuhrman 1999) and largely
differ between different systems and different times of the year. On certain
occasions, viral mortality can be of similar or higher magnitude than protist
grazing (Fuhrman and Noble 1995; Fischer and Velimirov 2002). The range
of viral mortality estimates is, however, very large and there is considerable
uncertainty with regard to the precision of the methods used. From a com-
pilation of all current bacterial mortality assessments, it seems reasonable
to conclude that viral lysis is the second most important bacterial mortality
factor after protist grazing in non-extreme environments (such as the pela-
gial of oceans and lakes) and in sediments (Pedrds-Alié et al. 2000). However,
the relative importance of viral mortality changes seasonally and with depth
(Bettarel et al. 2004) and viral mortality probably becomes the major bacterial
mortality factor in more “extreme” environments with respect to the abiotic
conditions, such as anoxic (Weinbauer and Hofle 1998; Bettarel et al. 2004)
and hypersaline (Guixa-Boixareu et al. 1996) waters. This seems simply due
to the fact that bacteriophages tolerate a wider range of conditions than do
eukaryotic predators. Altogether, bacteriophages are now considered to have
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a strong and significant effect on the composition of bacterial communities,
on the production of dissolved organic matter (DOM) and the cycling of bac-
terially bound nutrients in pelagic systems (Thingstad et al. 1993; Fuhrman
1999; Weinbauer and Rassoulzadegan 2004). Data from other environments
are much scarcer but high viral abundances have also been reported from
sediments, microbial mats and soil (Weinbauer 2004).

Different life cycles can be observed in bacteriophages, the major ones be-
ing lytic and lysogenic infections. In the lysogenic cycle, the viral genome
remains in the bacterial host in a dormant state (prophage) and replicates to-
gether with the host until a lytic cycle is induced by certain environmental
factors (e.g. UV radiation). A large fraction of cells (10-40%) within natural
bacterial assemblages are lysogenic (Wommack and Colwell 2000; Weinbauer
2004) but it is under debate how much prophage induction contributes to
phage production. Although it resembles a parasitic interaction, the life cycle
of a lytic phage is of a real predatory nature. The adsorption of the phage by
passive diffusion to specific cell surface structures (e.g. transporter proteins,
flagella, pili) of a suitable host bacterium involves a reversible phase and an
irreversible binding between the phage and a receptor. After enzymatic treat-
ment of the bacterial cell wall the viral nucleic acids are injected and later
integrated into the host genome. This causes the host cell to produce numer-
ous progeny phages, leading to bursting of the cell, release of the new phages
and the start of a new cycle.

The contact rate between bacteriophages and bacteria depend on their
respective concentrations and can be modelled by including diffusive trans-
port, temperature, bacterial swimming speed and cells size (Fischer and
Velimirov 2002). Host specificity is of crucial importance for understanding
the in situ selective predation pressure by bacteriophages. A common view
is that the host range is rather narrow and phages do not “trespass generic
boundaries” (Ackermann and DuBow 1987). This is supported by the fact
that most isolated aquatic viruses examined to date show species or strain
specificity (Wommack and Colwell 2000). However, for some phages, and on
several occasions, broader host ranges have been demonstrated (Wichels et al.
1998). Broad host range (polyvalence) has been particularly demonstrated for
cyanophages infecting marine Synechococcus (Suttle and Chan 1993; Water-
bury and Valois 1993; Lu et al. 2001). Presently, there is too little data available
to draw conclusions on the host range and specificity of natural bacteriophage
communities.

From field and laboratory experiments, evidence shows that viral infec-
tion influences the diversity of the bacterial host communities (Wommack
and Colwell 2000; Weinbauer 2004). It had been assumed intuitively, and
later supported by models, that bacterial strains that are most successful
in exploiting a substrate pulse and in developing higher concentrations are
also most susceptible to viral infection due to the increased virus-host en-
counter. This “killing the winner” concept has been used in food web models
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(Thingstad 2000b) but experimental evidence for this concept is still rather
scarce. Heterotrophic bacteria and cyanobacteria can quickly acquire resist-
ance to lytic phages when exposed to strong predation pressure, for example
in long-term chemostat cultures with one bacterial prey and one phage (Bo-
hannan and Lenski 1997), but also in more complex experimental systems
(Middelboe et al. 2001). The rapid development of resistant mutant strains
means that bacteriophages only have a temporal effect on specific host pop-
ulations. Despite potentially resistant host cells in natural waters, the high
virus abundance observed can be explained by the fact that resistance has
physiological costs, thereby promoting the co-occurrence of less competitive
but resistant, and of sensitive but faster growing host bacteria (Bohannan
et al. 2002). Because of this, it has been argued that viral lysis is more signifi-
cant as a factor for influencing clonal diversity than for controlling bacterial
abundance (Waterbury and Valois 1993; Middelboe et al. 2001). There can
also be an evolutionary response of virulent bacteriophages towards resistant
host populations by phage mutants that can utilize alternate host receptors
(host range mutants) (Buckling and Rainey 2002). This suggests the existence
of co-evolving populations of bacteria and phages with endless cycles of re-
sistance and counter-resistance mutations (Lenski and Levin 1985).

2.2
Predation by Prokaryotes

Prokaryotic predation on other prokaryotes seems to be a widespread sur-
vival mode among different taxonomic groups of bacteria (see chapter by
Jurkevitch and Davidov in this volume) and probably affects to some ex-
tent a wide prey range among Gram positive and Gram negative bacteria.
Predatory prokaryotes have only been known since the early 1960s when
Bdellovibrio was discovered (Stolp and Starr 1963). Bdellovibrio and like
organisms (BALO), which have been isolated from many aquatic and terres-
trial environments, are now the best studied group of predatory prokaryotes.
Much less information is available on predatory bacteria from other phy-
logenetic groups (e.g. Ensifer, Micavibrio), some of which are non-obligate
predators on bacteria and some only partially described and not available in
culture collections (see overview by Jurkevitch and Davidov).

In order to judge the ecological role and implications of prokaryotic pre-
dation on bacteria, field data on predator and prey abundance and rates of
successful attacks and multiplication time within hosts are required. Some of
this data is available for BALOs, which seem to occupy a wide spectrum of
ecological niches (Williams et al. 1995; Markelova and Kerzhentsev 1998; Yair
et al. 2003), including oxygen-deficient environments (Schoeffield et al. 1996).
The in situ quantification of BALOs has up to now been performed by count-
ing plaque-forming units on specific host bacteria. This technique yields
numbers ranging usually from tens to tens of thousands of plaque-forming
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units (pfu) per gram or milliliter of sample, with the lowest values of < 10 pfu
from open water (Varon and Shilo 1978; Williams et al. 1982). Somewhat
larger numbers can be found in sediments (Williams 1988), the air-surface
interface (Williams 1987), biofilms (Williams et al. 1995; Markelova and Col-
well 1999) and soils (Jurkevitch et al. 2000). Also, seasonal fluctuations, partly
correlated with temperature, were shown to occur (Williams et al. 1982; Sut-
ton and Besant 1994). There is evidence that BALO concentrations increase
with bacterial concentrations and are thus found in more productive envi-
ronments such as sewage effluents and polluted rivers (Fry and Staples 1974,
1976). Dependence on high prey concentrations fits with the observations that
bdellovibrios prefer to associate with surfaces (Kelley et al. 1997) and can ef-
ficiently prey on and eliminate bacterial biofilms (Kadouri and O’Toole 2005;
Nunez et al. 2005).

If we assume that every BALO has a certain host preference range, the
plaque-counting technique faces the same limitation (and probably severe
underestimation) as does the classical quantification of bacteriophages, for
which direct microscopic counts yielded several orders of magnitude higher
concentrations (Bergh et al. 1989). Within one habitat, different taxa of preda-
tory bacteria co-exist, and even within the genus Bdellovibrio ecologically
different strains occur that have different bacterial utilization patterns (Ju-
rkevitch et al. 2000; Pineiro et al. 2004). Therefore, the real concentrations of
predatory prokaryotes in the environment are probably much higher. How-
ever, we cannot make conclusions at present on the real numbers of BALOs
or other predatory prokaryotes in the environment. This might change in the
near future with the application of newly designed oligonucleotide probes
(Davidov et al. 2006), which could be used for quantification by fluores-
cent in situ hybridization or quantitative PCR (see chapter by Koval in this
volume).

Many laboratory studies demonstrated that isolated BALOs from soil and
water can be efficiently grown on suspended and attached pure or mixed cul-
tures of prey bacteria, which become efficiently reduced during the grazing
experiments. From growth experiments with suspended bacteria it seems that
BALOs need minimum prey concentrations in the range 10°-10® mL™! for
survival (Varon and Shilo 1978). Then, it depends on the in situ host speci-
ficity whether a significant impact on the natural bacterial community can be
expected. This also agrees with the fact that BALOs are more abundant in pro-
ductive systems and are particularly associated with surfaces where bacterial
biomass is found in a more concentrated form.

A significant predation impact by BALOs or other predatory prokaryotes
has not been confirmed yet for natural systems. Reports on the ecological
importance of predatory prokaryotes are, besides the quantification by the
plaque assays, mostly descriptive without quantitative assessments of grazing
impact on bacterial communities. For example, high abundance of predatory
prokaryotes has been observed during blooms of purple sulfur bacteria, with
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a high percentage of prey cells under attack by Vampirococcus (Guerrero et al.
1986). Though this indicated potential ecological relevance, it was not clear
whether all attached cells contributed to host damage as host mortality rates
were not determined. Experimental studies with river bacterioplankton as-
semblages did not reveal a significant impact of Bdellovibrio on the bacterial
community (Fry and Staples 1974).

The different groups of prokaryotic predators have evolved different
predatory strategies to attack bacteria (Martin 2002). One strategy does not
even require cell-to-cell contact: group predation (“wolfpack strategy”) by
Myxococcus and Lysobacteria in which the production of hydrolytic extracel-
lular enzymes results in localized prey damage, e.g. in dense cyanobacterial
blooms. A probably more common foraging strategy involves attachment to
the outer cell wall (epibiotic) and subsequent degradation and assimilation
of the host cell through specialized structures (e.g. Vampirococcus) or the
generation of a lytic factor (presumably in Ensifer). Epibiotic predation in
field samples might be confused with epibiotic attachment because surfaces
of larger prokaryotes can be colonized by other prokaryotes. Direct invasion
of predators into the cytoplasm (e.g. by Daptobacter) has also been reported
(Esteve et al. 1983; Guerrero et al. 1986) but so far not further investigated or
observed.

Invasion into the periplasm of Gram negative cells by BALOs is the best
studied process, both by field observation as well as by laboratory experi-
ments with isolated cultures. It is outlined in detail in the chapters by Jurke-
vitch and Davidov and Tudor and McCann in this volume. Whereas foraging
by excretion of lytic enzymes is probably only effective at dense, non-motile
prey concentrations (e.g. microbial mats, biofilms), predation involving cell-
to-cell contact might also be relevant for suspended bacteria in a dilute
habitat such as plankton. BALOs in the attack phase have limited substrate
uptake capacity and therefore may only have a relatively short time (in the
range of hours) to search for appropriate host cells with high velocity un-
til their energy reserves are exhausted (see chapter by Strauch et al. in this
volume). Similarly to other heterotrophic bacteria and protists they are at-
tracted by chemotactic behaviour towards labile substrates (e.g. amino acids),
which enhances the probability of finding patches of higher bacterial con-
centrations. The dynamics of predator-prey interactions between BALOs and
their substrate cells is described in the accompanying chapter by Wilkinson
in this volume. A random collision model has been suggested similar to that
for phage-bacteria interactions,(Martin 2002).

The crucial factor that determines the magnitude of prokaryotic predation
as a selective factor and its ecological impact on the bacterial communities is
the host specificity. Although a wide variety of Gram-negative bacteria can be
infected by BALOs, the prey range susceptible to specific BALO strains varies
strongly. Interestingly, colony-forming bacteria growing on agar plates seem
to be particularly susceptible: around 80% of the bacteria isolated from wa-
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ter, sediment and oyster-shell surfaces were susceptible to BALO predation
from the same sample site, as revealed by the plaque-forming technique (Rice
et al. 1998). From these numbers the authors extrapolated to the whole bac-
terial assemblage, concluding that sufficient prey bacteria should be present
to support in situ growth of BALOs. This extrapolation is of course problem-
atic as we now know that the bacteria growing on agar plates (in the study
by Rice et al. 1998 mainly from the genera Pseudomonas, Vibrio, Aeromonas)
represent only a small fraction of the in situ assemblage, which is domi-
nated by hitherto uncultivated bacterial taxa (Rappé and Giovannoni 2003).
A more realistic picture of the in situ dynamics of BALOs and their prey
populations would require direct measurements of predator abundance and
infection rates in the environment. One approach could be the monitoring of
added prey bacteria (Lambert et al. 2003) in combination with BALO-specific
probes.

Bacterial resistance to prokaryote predation has also to be considered in
order to understand the in situ population dynamics. When exposed to strong
predation by Bdellovibrio, for example in experimental monocultures of prey
bacteria, a rapid development of predation-resistant prey bacteria can be ob-
served (Shemesh and Jurkevitch 2004). The underlying reasons may be both
phenotypic plasticity (Shemesh and Jurkevitch 2004) as well as the develop-
ment of resistant mutants (Varon 1979). In summary, due to the lack of field
studies on prokaryote predation impact on bacterial communities and pop-
ulations, it remains to be proven that predatory prokaryotes might have an
impact comparable to predation by bacteriophages and protists.

23
Predation by Protists

Phagotrophic protists are ubiquitous grazers of bacteria in marine, freshwater
and terrestrial environments and have been the focus of numerous inves-
tigations in the past three decades. This line of research was promoted by
the general notion that heterotrophic bacteria and picocyanobacteria account
for a large fraction of primary and secondary production in marine pelagic
food webs and that protist grazing is the major mortality factor for sus-
pended prokaryotes (Azam et al. 1983; Fenchel 1984). A number of different
techniques for obtaining grazing rate estimates have been developed, result-
ing in a large data base particularly for planktonic habitats (Landry 1994;
Vaqué et al. 1994; Sleigh and Zubkov 1998). The data revealed that protist
grazing often balances bacterial production, thereby keeping bacterial num-
bers rather constant within a given system (Sherr et al. 1989; Sanders et al.
1992). Protist grazing is considered an important term in all aquatic food web
models, which include microorganisms (Gasol 1994; Thingstad 2000a). Less
data are available for grazing on attached bacterial communities in biofilms,
which dominate in benthic systems, small running waters and all below-
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ground habitats. Here some of the regulating mechanisms might be different
from planktonic systems, and the interactions between bacteria and bacteri-
vores on biofilms have only recently been examined in more detail (Matz
et al. 2004a; Weitere et al. 2005). Besides the quantitative aspects of pro-
tist bacterivory, grazing has also functional impacts, such as the stimulation
of microbial nutrient regeneration and detritus decomposition (Fenchel and
Harrison 1976; Caron et al. 1988; Jiirgens and Sala 2000), and of bacterial
production (Posch et al. 1999).

Small (2-10 um), flagellated heterotrophic or mixotrophic protists have
been identified as the major bacterivores in pelagic systems, able to thrive
exclusively on suspended bacteria as food (Fenchel 1984, 1986a). This func-
tional group, consisting of very different phylogenetic lineages (Patterson
1994; Arndt et al. 2000), is often collectively termed heterotrophic nanoflag-
ellates (HNF). Their abundance (range roughly 10%2-10* cells mL™!) increases,
together with that of bacteria, with the trophic state of the system (Sanders
et al. 1992) but shows strong temporal dynamics within a system due to food
web interactions with higher trophic levels (e.g. Gasol and Vaqué 1993; Jiir-
gens and Stolpe 1995). In most situations HNF grazing accounts for the major
portion of protist bacterivory. Threshold bacterial concentrations which sup-
port HNF growth are in the range of 10°-10° bacteriamL™ (Eccleston-Parry
and Leadbeater 1994). However, this has been mainly deduced from labora-
tory experiments in which neither the bacteria nor the HNF taxa might be
representative for the in situ situation. Further, the incipient limiting in situ
level of bacterial concentration is less clear as it depends on the size and food
quality of the bacteria as well as on the HNF taxa. When HNF are found
in habitats with extremely low bacterial concentrations (groundwater, olig-
otrophic ocean) some taxa might also depend on the occurrence of spots with
higher concentrations of bacteria (e.g. on aggregates, biofilms) (Caron 1987).

For ecological studies, HNF are treated generally as one trophic level (bac-
terivores). Although this might be reasonable for estimates of major carbon
flows it is a simplification as most flagellates are rather omnivorous, ingesting
small algae, other flagellates and detritus (Boenigk and Arndt 2000) as well
as bacteria. HNF are also considered a black box in terms of species composi-
tion, ignoring the huge phylogenetic diversity of this functional group. Dom-
inant taxonomic groups in pelagic habitats are dinoflagellates, choanoflag-
ellates, heterokont taxa (e.g. chrysomonads, bicosoecids) and katablephar-
ids, euglenids in benthic communities, bodonids, thaumatomastigids, cer-
momonads and apusomonads (Arndt et al. 2000). The in situ species com-
position within these groups has only rarely been studied in more detail but
probably differs between freshwater, brackish and marine systems. Further,
there are many groups of as-yet uncertain phylogenetic position (“protista in-
certae sedis”) (Patterson 1994). In recent years, novel groups among the phyla
stramenopiles and alveolates have been discovered in the ocean by 18S clone
libraries (Lopez-Garcia et al. 2001; Moon-van der Staay et al. 2001; Diez et al.
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2001). Some of these still uncultivated groups seem to be abundant and glob-
ally distributed in marine systems (Massana et al. 2004). Although there is
evidence that some of these picoeukaryotes are bacterivorous (Massana et al.
2002), their ecological role still has to be examined.

Nanoflagellates possess behavioural and morphological adaptations to
concentrated food particles in suspension, being able to clear about 10° times
their own cell volume of water per hour (Fenchel 1982a, 1986a). Even in
pelagic habitats a large portion of HNF is loosely attached to seston particles
as this is assumed to allow higher clearance rates (Fenchel 1986a). Differ-
ent principal mechanisms of capturing and concentrating suspended food
particles can be distinguished (Fenchel 1986a; Boenigk and Arndt 2002):
interception feeding, which depends on the random encounter between indi-
vidual prey cells and the predator; filter feeding, in which prey organisms are
concentrated by sieving through a ciliary or pseudopodial filter; and diffusion
feeding, in which motile prey collide with a sticky surface on the predator.
Filtration and direct interception, the two most common modes in HNF, are
achieved by undulating flagella. These produce a water current that trans-
ports particles towards the cell surface where phagocytosis and food vacuole
formation is induced. In benthic habitats many HNF taxa grasp attached bac-
teria, often aided by specialized feeding organelles to detach bacteria from
biofilms.

Beyond this distinction in basic feeding mechanisms, a large variability
with regard to feeding strategy, food uptake and selection mechanisms exist,
even among a single feeding type group (Boenigk and Arndt 2002). This re-
sults in different prey size preferences even within the micrometre range of
prey particles (see Fig. 1), and probably also different prey selectivities based
on other bacterial properties. A complex prey selection behaviour has been
discovered in different protist taxa (Verity 1988; Jiirgens and De Mott 1995).
It suggests that there may exist many species-specific interactions between
bacteria and bacterivorous protists. These, together with the development
of bacterial defence mechanisms, would allow the coexistence of many bac-
terivorous protist taxa and maintain bacterial diversity despite a substantial
grazing exerted by the functional group of HNE.

Many filter-feeding ciliate species are also able to consume bacteria.
Strictly bacterivorous taxa seem to be adapted to environments with very
high bacterial concentrations (e.g. in decomposing organic material) (Fenchel
1980). However, some planktonic ciliates (e.g. oligotrichs) can also exert sig-
nificant feeding rates on bacteria although they are probably omnivorous,
consuming pico- and nanosized plankton organisms (Sherr and Sherr 1987;
Simek et al. 2000).

Size-selective prey uptake occurs in nearly all bacterivorous protist groups.
In filter-feeding taxa this is governed by the morphology of the filtering
structure, the distance between ciliary membranelles in ciliates or between
the tentacles of the collar in chaoanoflagellates and helioflagellates (Fenchel
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Fig.1 Size-selective feeding efficiency and prey size range of three species of interception-
feeding flagellates (Spumella sp., Ochromonas sp., Bodo saltans), determined by uptake
experiments with fluorescent latex beads. For each particle size, ingestion rates were
measured as a function of particle concentration (functional response) and fitted to a hy-
perbolic function. For each flagellate and particle size, maximum ingestion rate (I,) and
half-saturation constant (Ks) were determined and used to calculate maximum clearance
rate by I, /K. (from Jiirgens & Matz 2002, with permission from the publishers)

1986b). The porosity of the filter structures determines the particle size that
can be retained. Therefore, as a first-order approximation, filter feeders are
characterized by the absence of food particle discrimination, except through
mechanical properties (Fenchel 1986b). The bacterial cell size is the decisive
character determining the efficiency with which a bacterial cell is retained.
Whereas among larger bacterivores (ciliates, some metazoan filter feeders)
only filtration is realized, many nanoflagellates are interception feeders. How-
ever, even this feeding type has shown to be strongly size selective, achieving
much higher clearance rates with larger food particles (Chrzanowski and
Simek 1990; Gonzalez et al. 1990). Prey size-selectivity in interception-feeding
flagellates requires neither particular filter structures nor active predator
choice, but can be explained by simple geometric models in which the en-
counter rate between prey and predator increases proportional to the prey
radius (Fenchel 1982a). Therefore, small differences in bacterial cell size can
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result in large differences in feeding efficiency (roughly proportional to the
square of the prey radius), which can be demonstrated in feeding experiments
with artificial particles of defined size (Fig. 1). Besides this general pattern,
differences in predator size, feeding currents and mode of prey uptake can
nevertheless result in distinct prey size ranges, and therefore in niche differ-
entiation, among bacterivorous nanoflagellates (Fig. 1).

Interception-feeding flagellates are the only phagotrophic organisms that
handle and process individual bacterial cells, thereby potentially interacting
with their prey at the biochemical, molecular level. This has considerable
implications for recognition and prey selection as well as for bacterial de-
fence mechanisms. Bacterial features such as size, motility and the physico-
chemical properties of surface structures strongly influence the HNF preda-
tion success and the escape probability of bacteria (see below). Additionally,
the flexibility in the expression of certain bacterial characters that are rele-
vant for the predatory interactions implies that phenotypic plasticity can be
involved in the formation of resistant phenotypes.

24
Predation by Metazoans

There are no metazoans that feed exclusively on bacteria, but some groups
can nevertheless not be ignored as bacterial consumers. These are, in plank-
tonic systems, some mesozooplankton groups. In benthic habitats certain
bivalve species and other benthic filtrating suspension feeders collect sus-
pended particles from the water column. The possession of specialized fil-
tration structures enables the retention of a range of particles sizes and it
depends on the fine structure of the filtering organs whether particles in
the bacterial size fraction can be captured. In freshwater planktonic systems,
the most relevant group to be considered are cladocerans, particularly of
the genus Daphnia. Their grazing impact affects all organisms of the mi-
crobial food web, from picoplankton to large ciliates (reviewed in Jiirgens
1994). Many Daphnia species have fine filter mesh widths, which retain bacte-
rial cells of around 0.5 um (Brendelberger 1991). During Daphnia population
maxima in lakes (“clear water phase”) they can occasionally become the
major bacterial consumer, partly due to the fact that the abundance of bac-
terivorous protists is strongly suppressed (Jiirgens 1994). Additionally, some
smaller cladoceran taxa and a number of rotifer species are able to filter sus-
pended bacteria (Arndt 1993). Their overall impact on planktonic bacteria
is, however, only occasionally comparable to Daphnia-dominated situations
(Ooms-Wilms et al. 1995).

A functional counterpart of freshwater filter-feeding cladocerans in marine
systems are pelagic tunicates, such as salps, doliolids and appendicularians
(also referred to as gelatinous zooplankton) (Sommer and Stibor 2002). All
pelagic tunicates are filter feeders and some of them possess fine-mesh filter
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screens to retain even the smallest bacterial cells (Deibel and Lee 1992). Sim-
ilarly to freshwater daphnids, they can temporarily have an important impact
on lower trophic levels due to this particular filtering ability and due to their
high population growth rates.

All planktonic metazoan filter feeders are characterized by the facts that:

1. Their predation pressure is generally spatially (due to patchy distribution)
and temporally (seasonal succession) confined

2. Planktonic bacteria are at the lower boundary of ingestible particle sizes
and the retention efficiency depends on the actual zooplankton species
(and the mesh width of their filtration apparatus) and the size structure of
the bacterial community

3. They do not solely depend on bacteria as food resource as they ingest
a certain prey size spectrum

Other metazoans potentially able to feed on suspended bacteria are various
organism groups of freshwater and marine benthic communities such as bi-
valves, ascidians and corals (Cotner et al. 1995; Bak et al. 1998). In particular,
some bivalve species have sufficiently fine filter structures (laterofrontal cirri)
to retain bacteria (Riisgard 1988; Silverman et al. 1997) and their impact on
microbial communities in shallower aquatic systems has been demonstrated
(Strayer et al. 1999).

Besides direct predation on bacteria, many invertebrate metazoans in
aquatic systems can have stronger indirect effects on bacterial communi-
ties due to cascading predation effects, for example when bacterivores (e.g.
protists) are efficiently controlled, thereby relieving predation pressure on
bacteria (Zollner et al. 2003).

3
Bacterial Resistance Mechanisms with Respect to Protist Predation

Heterotrophic or mixotrophic (photosynthesis and bacterivory) nanoflagel-
lates can be easily maintained on a mixed or pure bacterial diet and have been
extensively used for laboratory experiments in batch and continuous culti-
vation to study growth, feeding and interactions with bacterial populations.
These studies, at well-defined conditions, provided insights into basic princi-
ples and mechanisms, for example of protist feeding and foraging behaviour
(Juirgens and De Mott 1995; Boenigk et al. 2001) and of bacterial resistance
mechanisms (Jiirgens and Matz 2002; Matz et al. 2002a). These results can fur-
ther be related to observations from field experiments and in situ studies of
bacteria—protist interactions in order to deduce their relevance for the natural
situation. For bacterial cell size, which is probably the most relevant pheno-
typic character of suspended bacteria for determining predation mortality,
evidence is now available both from laboratory studies as well as from field
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experiments and observations in different systems. Thereby, we have a com-
prehensive insight into the importance of bacterial size for the interactions
with bacterial consumers, which will be summarized below.

Size-selective grazing by most protists and an increase in predation rates
with increasing bacterial cell size has repeatedly been demonstrated and
has already been mentioned (see Fig. 1). Small bacteria obviously suffer less
predation mortality than large cells and this fact is one reason for the dom-
inance of small bacterial cells in pelagic habitats. However, above a certain
cell size bacteria clearly become too large to be ingested by nanoflagellates
or other small protists and might become grazing-resistant. Resistant bacte-
rial morphologies include different types of filament-forming bacteria and
cells growing in aggregates or microcolonies (Fig. 2). The development of
predation resistance in bacteria has frequently been studied in bacteria-
protist continuous culture systems with mixed bacterial prey communities.
In those systems, grazing becomes the major selective force and predation-
mediated phenotypic and taxonomic changes and the selection of more or
less resistant strains can be analysed. This was most obvious in the case of
filamentous bacteria, which sometimes became the dominant morphotype in
such bacteria-protist chemostats (Simek et al. 1997; Hahn and Héfle 1999;
Matz and Jiirgens 2003). It confirmed the previous observation from lake
plankton where the occurrence of filamentous bacteria was associated with
increased grazing pressure by nanoprotists (Giide 1989; Jiirgens et al. 1994;
Jiirgens and Stolpe 1995; Sommaruga and Psenner 1995). Besides filamentous
bacteria, other bacteria without unusual morphologies also often survived
protist grazing in mixed chemostat cultures (Pernthaler et al. 1997; Pernthaler
et al. 2001; Matz and Jiirgens 2003), indicating the existence of other resist-
ance mechanisms.

The isolation of bacterial strains able to grow in the form of long filaments
and the maintenance of axenic protist cultures allowed the performance of
one prey/one predator experiments (Hahn and Hoéfle 1999). These gave some

Fig.2 Examples of grazing-resistant bacterial morphologies, observed in response to
increased protist predation pressure. a Pure culture experiment with Pseudomonas sp.,
growing in resistant microcolonies in the presence of protists (Matz et al. 2002b);
b Bacterial aggregates and filaments developing in response to protist grazing in micro-
cosm experiments (Jiirgens et al. 1997); ¢ Filamentous bacteria observed in a mesocosm
experiment during increased protist abundance (Jiirgens et al. 1994)
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insight into the underlying mechanisms of development of resistant bacte-
rial morphotypes. When using monocultures of isolated bacterial strains as
prey, a remarkable degree of phenotypic plasticity in some of the studied
bacterial strains was observed. This plasticity resulted in reversible morpho-
logical changes towards grazing-resistant growth forms such as filamentous
cells (Hahn et al. 1999; Corno and Jiirgens 2006) or cells growing in the form
of microcolonies (Hahn et al. 2000; Matz et al. 2002b) (see also Fig. 2). From
chemostat experiments, as well as from field observations, three different
principal mechanisms could be distinguished by which filamentous bacte-
ria can become dominant in a complex bacterial assemblage under enhanced
protist grazing pressure (Jiirgens and Matz 2002):

1. Permanently resistant morphotypes: Certain bacterial taxa are perma-
nently resistant to ingestion by nanoprotists, for example due to complex,
large morphologies. Although generally not abundant, they increase in
number when edible (and presumably more competitive) bacteria are
eliminated during increased grazing pressure. Many bacterial taxa with
a permanent complex morphology (e.g. stalked and filamentous cells),
have been observed and isolated from freshwater and marine plankton
(e.g. Hirsch 1974; Schmaljohann et al. 1987). Occasionally an increased
in situ abundance of such taxa with peculiar morphology was observed
in response to increased protist predation (e.g. Ancalomicrobium; Bianchi
1989).

2. Growth rate-related morphological changes: Enhanced substrate supply
and high bacterial growth rates often result, within a mixed bacterial as-
semblage, in an increased proportion of larger bacteria, bacterial clumps
and aggregates, which are all less available for nanoprotists (e.g. Jiirgens
and Sala 2000). At the level of single bacterial strains, the shift towards
resistant morphotypes can be mediated by phenotypic plasticity and di-
rectly related to increased protist grazing pressure. For example, the bac-
terial strains Comamonas acidovorans and Flectobacillus sp. both showed
a shift towards inedible filaments when grown in chemostat cultures in
the presence of bacterivorous flagellates (Hahn et al. 1999). Because this
increase in cell length is similar to the increase that can be observed at
higher growth rates, it was concluded that the grazers enhanced the spe-
cific bacterial growth rate due to recycling of nutrients and elimination of
competitors, thereby indirectly triggering the shift towards resistant cell
sizes (Hahn et al. 1999).

3. Chemically induced morphological changes: The induction of phenotypic
changes due to specific signals released by the predators (kairomones)
has been demonstrated for many other plankton organisms (Tollrian and
Harvell 1999) and also assumed to exist for bacteria. However, evidence
for chemically induced plasticity in bacteria was obtained only recently
from chemostat studies with a Flectobacillus strain in which resistant bac-
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terial filaments developed despite bacteria and protists being separated by
dialysis membranes (Corno and Jiirgens 2006). However, it remains to be
demonstrated whether a predator-released “infochemical” is involved or
whether protist excretions change the bacterial growth medium in a way
that favours filamentous morphotypes. Until the active chemical com-
pound that triggers morphological changes in bacteria is determined, it
will not be possible to answer this question.

Predation experiments with single bacterial strains also revealed the impor-
tance of morphological polymorphism within a clonal bacterial population,
including vulnerable and resistant (e.g. elongated cells and filaments) mor-
photypes. Phenotypic heterogeneity is a recognized property of bacterial
cultures, including morphological and metabolic properties (Booth 2002).
In the case of strains with high phenotypic plasticity, such as the filament-
forming genus Flectobacillus (Hahn et al. 1999; Corno and Jiirgens 2006), this
polymorphism should enhance the adaptability and the potential to survive
environmental changes caused by abiotic or biotic factors. Phenotypic hetero-
geneity of bacterial strains with respect to vulnerability towards predators is
certainly an important issue needing further research.

A more systematic investigation of potentially important bacterial phe-
notypic traits, other than bacterial size, that affect vulnerability towards
bacterivorous protists has been performed using high-resolution video mi-
croscopy. Using this technique, the fate of single bacterial cells from well-
characterized cultures could be followed during the protist feeding process
(reviewed in Jiirgens and Matz 2002). Such an analysis provided evidence for
a complex selection behaviour and for the influence of bacterial properties on
different stages of the process of food acquisition (Boenigk and Arndt 2000;
Jirgens and Matz 2002; Matz et al. 2002a). Predator-prey interactions be-
tween flagellates and bacteria can be subdivided into several stages, starting
with the encounter or contact of flagellate and bacterium, followed by cap-
ture and particle handling, ingestion of the particle, and finally digestion and
assimilation of the prey (Boenigk and Arndt 2000a). A number of bacterial
properties have been found to cause feeding failure, thus acting as success-
ful defence mechanisms at different stages of this predator-prey interaction
(Jurgens and Matz 2002). A schematic overview of the most important recent
findings is shown in Fig. 3 and summarized in Table 2, outlining the crucial
steps observed in the feeding behaviour of an interception-feeding bacterivo-
rous flagellate and the effective bacterial resistance mechanisms.

Figure 3 only shows the mechanisms acting after the encounter of preda-
tor and prey. However, the encounter rate itself is already affected by bacterial
size and motility and by bacterial exudates operating as attractant or repel-
lent in chemoperceptive prey location of protozoans (Fenchel and Blackburn
1999). Once the bacterial cell encounters a flagellate predator, bacterial motil-
ity and surface charge seem to be effective as initial mechanisms of capture
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Table2 Properties of bacteria that influence predation success rates of bacterivorous
nanoflagellates. See text for details

Properties Remarks on mechanisms

Size Decreased encounter and ingestion efficiency with
decreasing size; resistance to ingestion by elongated,
complex morphologies; phenotypic plasticity

Microcolonies Resistance against ingestion; phenotypic plasticity
Hydrophobicity Decreasing hydrophobicity reduces feeding rates
Charge Reduced capture efficiency of particles with

highly negative surface charges
Biochemical surface Influences prey selection behaviour

structures
Motility High swimming speeds prevent capture
Capsules, exopolymers Influences prey selection; potentially reduces digestion
Toxicity Inhibitory or lethal effects on predators

SPEED
CHARGE
SIZE
SHAPE
. SPEED
X TASTE

CHARGE SIZE
SPEED
L)
ENCOUNTER \\6I /7

CAPTURE () /
HANDLING
INGESTION

‘\
DIGESTION \
Fig.3 Resistance mechanisms of suspended bacteria, acting at different stages in the
predator—prey interactions with interception-feeding nanoflagellates. Events of potential

feeding failure at each stage are indicated by hatched arrows (from Jiirgens and Matz
(2002) with permission from the publishers). See text for further explanations
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avoidance (Fig. 3 Encounter): High swimming speed provides a mechanism
to escape prior to the predator’s reaction. Ingestion rates are already nega-
tively affected at bacterial swimming speeds > 25 ums™ (Matz and Jiirgens
2005) and significantly reduced at speeds of 40-60 ms™!, a motility com-
monly found in planktonic bacteria (Fenchel 2001; Grossart et al. 2001; Jo-
hansen et al. 2002). Prey particles with extremely negative surface charges
reduce capture probabilities due to repulsive surface forces (Matz and Jiir-
gens 2001), whereas contradictory results were obtained for the impact of cell
hydrophobicity (Monger et al. 1999; Matz and Jiirgens 2001). Bacterial cells
captured by a flagellate can still potentially escape, favoured by several bac-
terial features (Fig. 3 Capture handling): Very large and very small bacterial
size and complex cell shape and morphology can cause handling problems.
Further, extreme surface charge or “distasteful” biochemical surface com-
pounds of the bacterial prey may result in active rejection of the captured
bacteria. Even during the process of food vacuole formation (Fig. 3 Inges-
tion), oversized bacteria might be rejected and highly motile cells may escape
from the phagocytosis process. Finally, resistance can also occur in the last
stage (Fig. 3 Digestion) when unpalatable prey bacteria (shown for example
for some cyanobacterial strains) can be prematurely egested (Boenigk et al.
2001) or some bacteria might be resistant to enzymatic digestion. Some bac-
terial strains produce highly toxic compounds (e.g. the pigment violacein),
which result in immediate death of the predators after these compounds are
released into the food vacuoles (Matz et al. 2004b).

Although this compilation already comprises a range of resistance mech-
anisms comparable to those known for higher aquatic organisms (see Tollrian
and Harvell 1999), it is by no means exhaustive and presumably other mech-
anisms await discovery. It is not yet known which of these mechanisms is
most relevant in natural systems. Although most evidence is available for
bacterial size as the relevant character, this is biased by the fact that other
bacterial phenotypic features that potentially confer resistance or reduced
vulnerability are more difficult to assess in field samples. This is particularly
the case for the physico-chemical surface structures of bacteria.

4
Bacterial Resistance against Other Predators

Experimental studies with bacterial isolates showed that bacterial strains
can quickly acquire resistance against bacteriophages (Bohannan and Lenski
1997) and also against prokaryotic predators such as BALOs (Shemesh and
Jurkevitch 2004). The dynamics of predator-prey interactions in a batch
culture experiment for BALO or bacteriophage predation looks in some as-
pects quite similar to that for bacteria-protist interactions: After a phase of
rapid predator growth and decline in prey bacteria, a relatively stable level
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is achieved below which prey abundance does not decrease further. Eventu-
ally, re-growth of bacteria occurs despite continuing predation pressure. Such
a pattern is evidence for the development of resistant bacterial prey and has
been observed with protists (Jiirgens and Giide 1994), BALOs (Shemesh and
Jurkevitch 2004) and bacteriophages (Middelboe et al. 2001) as predators. In
a continuous culture system, in which bacterial growth and predation are per-
manently present, the development of resistance is even more pronounced.
This has been repeatedly documented with bacterivorous protists, as outlined
above, but has also been observed for Bdellovibrio (Varon 1979) and bacte-
riophages (Lenski and Levin 1985; Bohannan and Lenski 1997). For the latter,
coevolutionary arms races between phages and bacteria has been observed
and modelled (Bohannan and Lenski 1997; Weitz et al. 2005). It should be
kept in mind, however, that many predation studies were performed with
monocultures of bacteria and bacterial predators. A lower degree of bacterial
resistance might develop when multiple bacterial preys (Harcombe and Bull
2005) or when different bacterial predators are present (Massana and Jiirgens
2003).

The underlying bacterial resistance mechanisms and their regulation to-
wards predation by BALOs and bacteriophages have generally not been
studied in as detailed a manner as for bacterivorous protists. Some studies
on resistance to phage predation have been performed with economically or
medically important bacterial strains (e.g. Allison and Klaenhammer 1998).
During the first stage of phage infection (i.e. adhesion) the distinct tail fibres
of the bacteriophage are presumed to exclusively absorb to specific con-
formations of bacterial surface receptors. In principle, resistance to phage
absorption can most efficiently be attained by a lack of receptor expression
or by a change in protein conformation (Lenski 1988). Relevant receptors
include cell wall and membrane proteins, lipopolysaccharides, flagella and
pili. It is not known what the major responsible receptors are in natural
communities or what implications the lack of them has for the host cells.
However, loss of receptors is not the only possible resistance mechanism, as
seen, for example, from the detailed studies on phage resistance in lactic acid
bacteria (Allison and Klaenhammer 1998). In this model, bacteria evolved
a variety of mechanisms to interfere with phage development at different
stages of the infection cycle. These included prevention of phage adsorp-
tion; inhibition of DNA injection, replication and transcription; restriction
of phage DNA; and interference with the synthesis of phage proteins, phage
assembly and release of phage progeny. Abortive infection is called a resist-
ance mechanism and acts after phage adsorption and DNA injection and
results in cell suicide. This is interpreted as an altruistic strategy to prevent
the formation of phage progeny and ensuing infection of other cells within
the population.

Biochemical and physico-chemical structures of the outer cell wall (e.g.
lipopolysaccharides) might also constitute decisive factors characterising the
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appropriate host cells of BALOs and of other prokaryotic predators. Changes
in the biochemical surface structures of host bacteria would then result in
predation resistance by inhibiting BALO attachment. However, the nature of
the specific receptor sites of host cells is not clear yet and the problem of
receptor sites and prey recognition seems to be quite complex (Gray and
Ruby 1991) (see also chapter by Strauch and Appel in this volume). Bacte-
rial capsules, which have been assumed to be involved in protection against
bacteriophages and may also prevent digestion by larger bacterivores (Plante
2000), cannot prevent the penetration of Bdellovibrio (Koval and Bayer 1997)
and may even increase the encounter rate with BALOs. On the hand, paracrys-
talline protein surface layers (S-layers) have been shown to protect Gram-
negative cells against predation by B. bacteriovorus (Koval and Hynes 1991).

5
Impact of Predation on Natural Bacterial Communities

The rather extreme effects of predation on the morphology and composi-
tion of bacteria, as observed in experimental systems in the laboratory, can
only seldom be found as clearly in natural systems. This is mainly due to
the fact that bacterial predators in natural systems are also regulated by
abiotic and biotic forces, and bacteria are subject to both bottom-up and
top-down control. In the case of bacterivorous protists, food web interac-
tions with higher trophic levels (Jiirgens and Giide 1994) are most important,
whereas for BALOs and bacteriophages the host dependency is probably
the major governing force. Nevertheless, at least for protozoan and meta-
zoan bacterivory, predation effects on natural bacterioplankton communities
are well documented. For example, in situations when filter-feeding crus-
tacean zoooplankton (Daphnia) dominate, i.e. during the seasonal succession
in lakes, strong declines in bacterial abundance (reviewed by Jiirgens 1994)
and even bacterial diversity (Ho6fle et al. 1999) have been observed. In con-
trast, strong predation pressure by small protists (nanoflagellates) is only
seldom associated with declines in bacteria but occasionally with the appear-
ance of resistant filamentous bacterial cells (Giide 1989; Jiirgens and Stolpe
1995; Pernthaler et al. 1996), indicating grazing impacts on bacterial com-
munity composition similar to those observed in chemostat studies. The
contrasting effects of metazoan and protozoan predation on the bacterial size
structure, which can be observed during the seasonal succession within one
lake, have been described by Giide (1989) (Fig. 4). Recently, the population
structure of the filamentous bacteria was elucidated with molecular tech-
niques (Pernthaler et al. 2004; Schauer and Hahn 2005). It revealed that such
grazing-resistant taxa can temporarily dominate bacterioplankton biomass
(Pernthaler et al. 2004), thus demonstrating similar protist predation effects
as previously shown in chemostat studies.
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Fig.4 Conceptual scheme showing the different impacts of metazoan filter feeders
(Daphnia spp.) and protozoan (flagellates) predation on the bacterial size, structure and
morphology as observed in Lake Constance (from: Giide 1989 with permission from the
author and the publishers). Both predator groups preferentially remove medium-sized
bacteria (B) whereas smallest cells (A) may accumulate. Complex bacterial morpholo-
gies such as filaments and aggregates (C) are resistant to protist predation but not to
metazoans

There are certainly many other grazing-mediated shifts in bacterial com-
munity composition besides the shift towards filaments, which seems to be
restricted to limnic and brackish habitats. For example, it has been shown
that certain bacterial groups (e.g. Alteromonas and other strains within the
y-Proteobacteria in marine systems) generally occur in low numbers and
only sporadically increase (e.g. due to substrate pulses). Such r-strategists
and easily culturable bacteria are highly vulnerable to protist predation and
become rapidly eliminated when grazers follow a bacterial peak (Beardsley
et al. 2003). There are also indications that the dominance of small-sized
Actinobacteria in lakes (Sekar et al. 2003) might be related to a reduced vul-
nerability towards protist grazers (Pernthaler et al. 2001). It remains to be
shown whether this also plays a role in the dominance of ultra-microbacterial
strains in the ocean (Morris et al. 2002).

To gain an overall understanding of predation on bacteria, food web con-
trol of the bacteria-protist relationship has to be considered. This was re-
vealed in size-fractionation and enclosure experiments in which top-down
control on HNF was relieved by removing larger predators (Jiirgens et al.
1999; Simek et al. 1999; Langenheder and Jiirgens 2001; Simek et al. 2002). In
those studies, HNF abundance and the grazing pressure on bacteria were en-
hanced and resulted in stronger or weaker morphological and compositional
changes of the bacterial assemblage, depending on the presence or absence
of larger predators. Grazing-resistant bacterial morphotypes (filaments, ag-
gregates) appeared within the major phylogenetic groups a-Proteobacteria,
B-Proteobacteria and Cytophaga-Flavobacteria. Within each of these groups



82 K. Jiirgens

there are examples of relative increases in abundance due to increased grazing
pressure.

The abundance and production of bacterial communities, as well as their
species composition and phenotypic structure, are regulated by the interplay
of bottom-up and top-down forces. In a conceptual model by Simek et al.
(2002) the bacterial community composition is relatively stable at a given
level of substrate supply and grazing pressure (steady-state-like situation) but
shifts to a new composition (with better adapted taxa) when the ratio of bac-
terial growth and grazing is changed (Fig. 5). In planktonic systems, a tight
predator—prey relationship between populations of bacterivorous protists and
planktonic bacteria might rapidly mediate changes in the external forcing to
the level of bacterial species composition.

Most of the evidence for the importance of trophic couplings and plank-
tonic food web structure comes from studies in freshwater plankton. We are
starting to gain a consistent picture on the possible cascading effects from
zooplankton to bacteria. Considering all the available evidence from food web
manipulation studies in enclosure experiments, as well as from field obser-
vations of seasonal succession, it now appears that there are strong linkages
between the higher trophic levels and the microbial communities. Different
metazooplankton communities exert different grazing pressure on the proto-
zooplankton assemblage and the population density of bacterivorous protists,
especially HNF, regulates the selective grazing pressure and feed-back mech-
anisms within the bacterioplankton.
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Fig.5 Conceptual model of the regulation of bacterial community structure by a balance
of production and bacterivory. Under steady state conditions of growth and grazing, the
bacterial community composition is assumed to be near steady state (shadowed area),
while a change in the ratio between growth and grazing will result in shifts in bacterial
community composition towards a new state (after: Simek et al. 2002, with permission
from the authors and publishers)
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6
Conclusions

Predation has long since been considered an important force, along with
competition, in community and population ecology. It has major effects
on organismal traits, population dynamics and community structure (see
overviews in Kerfoot and Sih1987; Tollrian and Harvell 1999). Within the last
two decades the relevance of this force has also been recognized in microbial
ecology, particularly thanks to the study of aquatic microbial communities.
It has become obvious that predatory mortality and selective predation are
important factors to be considered for understanding a wide variety of is-
sues, such as the flow of energy and material through ecosystems and the
evolution of bacterial lifestyles and adaptations. It now seems possible that
the distribution and diversity of free-living bacteria in the ocean is to some
extent governed by the ability of microbes to survive in this hostile environ-
ment, in which predation quickly eliminates non-adapted strains (Pernthaler
and Amann 2005). The development of new molecular tools in microbial ecol-
ogy, which enable the monitoring of both bacterial population dynamics and
of their physiological and phenotypic states, allows a more detailed compre-
hension of the interplay of resource supply and predation as shaping forces
of bacterial assemblages. The current view has largely emerged from studies
in pelagic environments, in which predation is naturally extremely import-
ant. It remains to be seen to what extent microbial communities in ecosystems
less accessible to similar detailed studies, such as biofilms, below-ground food
webs and the deep biosphere, show comparable patterns.

The numerous experimental studies with bacteria and bacterivorous pro-
tists have revealed several hitherto unknown mechanisms of predation re-
sistance and predator foraging strategies, yet they probably still only repre-
sent the tip of the iceberg (Jiirgens and Matz 2002). Moreover, our know-
ledge of the qualitative and quantitative impacts of other major predator
groups, such as bacteriophages and predatory prokaryotes, is even smaller
and lacks basic information such as in situ predation rates and bacterial
defence mechanisms. More research efforts in this direction, as well as the
development of new approaches, will be required to achieve a more compre-
hensive understanding, similar to the one we now have of bacteria—protist
interactions.

Finally, we have to be aware that microorganisms are continuously faced
with trade-offs, e.g. between resistance to predation by differently acting
predator types or between resistance and competitive ability (Bohannan et al.
2002). Studies that have considered the interaction of substrate limitation and
predation demonstrated that these factors should always be considered to-
gether (e.g. Matz and Jiirgens 2003). It will be a challenge for experimental
microbial ecologists, as well as for theoretical studies, to simulate trade-offs
in a complex and permanently changing environment at the microscale level
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in order to obtain a more realistic view of the consequences of predation for
bacterial communities in the natural world.
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Abstract Predator-prey models have a long history in mathematical modelling of ecosys-
tem dynamics and evolution. In this chapter an introduction to the methodology of
mathematical modelling is given, with emphasis on microbial predator-prey systems, fol-
lowed by a description of variants of the basic two-species system. Then the two-species
system is extended to incorporate effects such as predator satiation and prey escape
strategies, after which multi-species effects, including alternative prey, protector species
and decoy effects, are discussed. Simulations are used to discuss the effect of several
model parameters.
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1
Introduction

Mathematical models of predator-prey systems are amongst the oldest in
biology (Lotka 1925; Volterra 1926). Though usually referred to as predator-
prey systems, host-parasite and plant-herbivore systems are in many ways
fundamentally the same: one species grows at the expense of another (e.g.
Bulmer 1994; DeAngelis 1992). The mathematical treatment is therefore of-
ten similar, so predator-prey models are really a cornerstone of ecological
modelling. Many, and certainly all the earliest, predator-prey models were
concerned with macroscopic organisms. Though it has been shown that mi-
crobial ecosystems require a slightly different approach in some aspects,
many of the same effects apply to all scales (e.g. Jost et al. 1973; Marchand and
Gabignon 1981; Kooi and Kooijman 1994a).

This chapter has three main objectives: (1) to give a review of modelling
predator-prey systems in general, (2) to review such work that has focussed
on Bdellovibrio bacteriovorus and related species, and (3) to discuss a num-
ber of hypotheses proposed in other predator-prey systems in the context of
predatory prokaryotes.

The chapter is organized as follows. First, modelling methodology is dis-
cussed, dealing with some basic concepts from dynamical systems theory.
After this, various predator-prey models will be discussed, starting with the
classical Lotka-Volterra model (Lotka 1925; Volterra 1926), followed by the
introduction of variants to account for predator satiation and limitations on
prey growth. Different models specific to the predatory prokaryotes are dealt
with after this, including a comparison to bacteriophage models. Various
strategies exist for bacterial predators, and the differences in modelling these
mathematically are also dealt with. Furthermore, some models for evasion
strategies for the prey are discussed.

In most cases I will assume the ecosystem is perfectly mixed (such as
in chemostats), which means the spatial dimensions can be ignored. Cer-
tain ecosystems are not modelled well using this assumption, so techniques
for dealing with spatial distributions and transport processes are dealt with
briefly in Sect. 2.2.

Of course, no real ecosystem consists of just one predator and one prey.
Therefore, multiple-species effects are dealt with after that. The most import-
ant of these are the alternative prey (Mallory et al. 1983), protector species
(Pius and Leberg 1998) and decoy effects (Christensen et al. 1976; Wilkinson
2001). Though some of these have been suggested or even observed in a mi-
crobial setting, the protector species effect has not. A model for this effect in
the context of predatory prokaryotes is presented here. The chapter ends with
a discussion of the state of the art in modelling predatory prokaryotes and
future directions for research.
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2
Methodologies in Ecological Modelling

Mathematical modelling of ecosystems has two major aims, which are closely
related: (1) understanding the dynamics of the system, given the behaviour
of the organisms within the system, and (2) understanding the evolutionary
processes by which different behaviours occur. Two approaches to modelling
have been used traditionally: (1) dynamical systems, in particular through
the use of differential equations, and (2) game theory, which focuses on best
choices of behaviour given some model for the “payoff” of each possible strat-
egy. These two approaches are no longer considered to be completely sep-
arate: replicator equations yield game-theory-based dynamical systems (e.g.
Hofbauer and Sigmund 1998). Other taxonomies of modelling approaches
split models into tactical and strategic models (Levins 1968). The former aim
at accurate predictions for a specific system, but low general applicability,
whereas the latter aim at wide applicability, but without accurate predictive
capability. Strategic models are mainly interested in what kind of dynam-
ics may occur in a given class of systems. We may also distinguish between
individual-based modelling, in which the population is represented as a sys-
tem of N interacting individuals, versus population-density-based modelling,
in which the system is represented by M densities, each representing a par-
ticular species (generally M < N). It is assumed that each of the densities is
a continuous variable, which is plausible if the populations are large enough.
Density-based models are far easier to treat analytically, whereas individual-
based models can handle inter-individual difference within a population
more easily, potentially showing a richer diversity in behaviour. This is why
individual-based modelling has become popular only after the availability
of (lots of) cheap computing power. Fortunately, the population numbers in
microbial predator-prey systems easily run into billions of individuals, so
modelling on a population density basis is feasible, which is why the main
focus is on this type of modelling.

Many textbooks on theoretical (evolutionary) ecology exist (e.g. Bulmer
1994; DeAngelis 1992; Hofbauer and Sigmund 1998; McGlade 1999), each of
which provides a solid background in the topic of predator-prey modelling.
A specific textbook on mathematical modelling in microbial ecology is by
Koch et al. (1998).

2.1
Dynamical Systems

The cornerstone of population modelling is through dynamical systems.
A dynamical system is represented mathematically by its state variables.
In typical predator-prey systems, the two most obvious state variables are
predator density and prey density. In general we will have an N-dimensional



96 M.H.E. Wilkinson

state vector x = (x1,X2,...,xy)T, in which each x; represents, for example,
a species or resource density. Apart from the state vector, a dynamical system
is defined by its differential equation, which has the general form

dx
dt

in which x is some (vector-valued) function, which takes the state vector x
and time ¢ as its inputs, and returns the rate of change of the state vector.
In other words, the rate of change in time of each of the state variables is
determined by the current state of the system, and the time. The latter may
be used to introduce circadian or seasonal effects into biological systems,
or any other time-dependent external influence. In many cases, and indeed
most of the cases reviewed in the rest of the chapter, we are interested in
time-independent ordinary differential equations (ODEs) which ignore the
influence of time, i.e.

=f(x1), (1)

dx
= . 2
g = T® (2)
In this case, we can study the equilibrium condition
dx
= =0 ,
dt f@x)
or
dx; .
dt =fi(x)=0, forall ie{l1,2,..,N}, (3)

in which f; denotes the ith element of f. Each of these N equations yields
a zero-isocline for state variable x;, which is a manifold in N-dimensional
space along which the rate of change of x; is precisely zero. In 2-D these
zero-isoclines are just curves, in 3-D they are curved surfaces. The equilib-
rium points are found where all N isoclines intersect. An example is shown
in Fig. 1¢,d, in which the zero-isoclines for prey and predator are drawn for
a predator-prey system. Thus, solving for equilibrium requires solving N
(non-linear) equations. Given the non-linear nature of the equations, there
may be any number of equilibria. Each of these equilibria can be (locally) sta-
ble, neutrally stable, or unstable. If the system is in a stable equilibrium it will
return to the same state after any small disturbance. Neutral stability means
that the system will not return to equilibrium, but neither will it move fur-
ther away if disturbed. Instability means that a small disturbance will cause
the system to move ever further from the equilibrium. In the case of time-
independent ODEs, we can perform local stability analysis of the result very
easily (e.g. DeAngelis 1992).

Rather than simply focussing on equilibria, we often want to use ODEs to
determine the evolution of the state of the system in time. In the simplest
cases, an exact, analytical solution can be computed, but often we have to
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Fig.1 Predator-prey dynamics using logistic growth for prey and Holling type II for the
predator. a Predator (dash-dot line) and prey (solid line) densities vs. time, for carrying
capacity K = 10; b same as a but with K = 20; ¢ and d predator vs. prey density (solid
line) for the same settings as a and b, respectively. The predator (dashed line) and prey
(dash-dot line) zero-isoclines are shown as well. In the case of K = 10 the system stabi-
lizes, even when released far from equilibrium, whereas for K = 20 the system spirals away
from equilibrium for even the smallest perturbation. a.u.: arbitrary units

resort to numerical treatment. The most common type of problem concern-
ing ODEs is the so-called initial value problem. In this case the state of the
system is known at some time t, and we wish to compute the state of the sys-
tem at a series of points in time #;, f2,...,t;;. This can be done using one of
many ODE solvers, the best-known of which are probably the Euler method
and the Runge-Kutta method (Press et al. 1986; Van Loan 1997). Various sci-
entific packages such as MATLAB (The Mathworks, Inc.) contain a variety
of methods to solve ODEs, both analytically and numerically (Palm 2005;
Van Loan 1997).

A variant of ODEs are delay differential equations (DDEs), in which the
rate of change does not only depend on the current state of the system x(t),
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but also on the state at various points in the past x(t - 1), x(¢ - 12), ..., x(f -
7k ). Their general form is

dx
dt :f(x(t))x(t_TI))x(t_TZ))---)x(t_TK)) > (4)
and the equilibrium condition becomes
fi (x(t),x(t), e x(t)) =0, forall ie{l,2,..,N}, (5)

because x(t) = x(t - 7;) for all j at equilibrium. Though finding equilibria is
often straightforward, and similar to the ODE case, stability analysis and nu-
merical treatment are in general more difficult in the case of DDEs. However,
packages such as MATLAB also support DDE solvers. DDEs have been used to
model bacterium-phage systems (Campbell 1961; Levin et al. 1977; Bohannan
and Lenski 1997) and B. bacteriovorus—Escherichia coli systems (Marchand
and Gabignon 1981; Dulos and Marchand 1984; see also Sect. 3.3).

2.2
Spatial Models

In the population-density models presented previously the spatial extent of
the ecosystem was ignored. This may be done for two reasons. First, the an-
alysis of the system becomes much easier. Second, spatial extent is irrelevant
if the ecosystem is well mixed, as in a chemostat (excluding surfaces support-
ing biofilm growth). Including spatial extent can have a profound effect on the
dynamical behaviour of an ecosystem. For example, the chaotic oscillations
predicted by a non-spatial model for a gypsy moth population were changed
into regular wave trains by diffusion in a spatial model of the same popula-
tion (Wilder et al. 1995). Generally, when introducing a spatial dimension to
the system we must change the ODEs to partial differential equations (PDEs),
due to the transport processes. The simplest and most commonly used trans-
port process is diffusion, which for any substance X is modelled using the
following PDE:
2 2 2

8X=dV2X=d<8X+8X+8X> ’
t axz  9y?  9z?
in which V2 is the Laplacian (a second-order spatial derivative) and d is
a diffusion constant. If only diffusion is used, the system becomes a reaction-
diffusion system, in which the growth model determines the type of reaction.
PDEs are generally more difficult to handle, both analytically and numer-
ically. To allow computer simulation, the spatial extent is discretized in some
way, after which the PDE can be turned into a (complex) ODE. An introduc-
tion to solving PDEs numerically is found in the book by Press et al. (1986).

Spatial extent can be added in various stages, each adding complexity to
the model. In microbial ecology, much work is done in chemostats (Monod
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1950; Levin et al. 1977; Chao et al. 1977; Gerritse et al. 1992; Kooi and Kooi-
jmans 1994a,b), eliminating the need for spatial extent in the mathematical
model. A slightly more complex approach is to use N cascaded chemostats,
the effluent of number i being the inflowing material for i + 1, thus effectively
discretizing the spatial extent into N compartments (Itoh and Freter 1989;
Gibson and Wang 1994; Alander et al. 1999; Forde et al. 2004). This can readily
be modelled using mN coupled ODEs, with m the number of coupled ODEs
needed to model a single chemostat. For the intestinal microbial ecosystem,
one spatial (axial) dimension can be added in models of plug-flow reactors
(Ballyk and Smith 1999; Ballyk et al. 2001; Jones and Smith 2000), in which
PDEs are used to model transport, and ODEs growth and wall attachment.
A 2-D approach (one axial, one radial dimension) has also been used for the
same ecosystem, in the MIMICS cellular automaton (Kamerman and Wilkin-
son 2002; Wilkinson 2002).

Full-blown PDE-based analysis in microbial ecosystems is essential in, e.g.,
microbial mats (de Wit et al. 1995) or sediments (Jahnke et al. 1982), which
may show a distinct layered structure. They have also been used to explain
the diversity of bacteriocins in microbial populations (Frank 1994). Frank’s
analysis is a two-stage approach: first several coupled ODEs are used to ana-
lyse the dynamics of a system consisting of a bacteriocin-producing species
and a susceptible species in a chemostat-like environment. This system is bi-
stable: either the susceptible species survives, or the producer survives, but
coexistence is impossible. He then extends the model to include a spatial
dimension in which several nutrient-rich patches separated by low-nutrient
regions exist. In this system coexistence of susceptible and producer species
is possible. A slightly different lattice-based spatial model used by Isawa et al.
(1998) yields a similar result. Other spatial models include those of bacterial
chemotaxis, reviewed by Ford and Cummings (1998), and pattern formation
in growing colonies (Ben-Jacob et al. 1995; Tyson et al. 1999; Kawasaki et al.
1997) and various biofilm models (Dockery and Klapper 2001; Hermanowicz
1998).

As a final note it should be said that other forms of structure within a pop-
ulation, such as size structure, age structure, or resource-reserve structure,
can equally be modelled through PDEs, as in the dynamic energy budget
model of Kooijmans (1993) which has been applied to microbial predator-
prey systems (Kooi and Kooijmans 1994a,b).

3
Two-Species Systems

In the following discussion X will denote the number, biomass or density of
the prey species, and Y will denote the number, biomass or density of the
predator species. The classical model of predator-prey systems is the Lotka-
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Volterra system, which is set of ODEs of the form

((i;: = F(X) - G(X,Y) (6a)
dYy
dt = 'IG(X,Y)—H(Y), (6b)

in which F is a function denoting the growth of prey, G is a function denot-
ing the reduction of prey due to predation by Y, 7 is a yield factor coupling
prey losses to predator gains, and H is a function determining the preda-
tor starvation rate in the absence of prey. The latter term is often called the
maintenance energy term (Nisbet et al. 1983). The very simplest form the
Lotka-Volterra system can take is

dx
4 ~IX-eXY (7a)
dy
o = EXY Y, (7b)

with f, g and h constants. The interpretation of these equations is the follow-
ing. Prey has a constant relative growth rate, and therefore grows exponen-
tially in the absence of predators. Conversely, predators starve at a constant
relative rate, leading to exponential decay of predator numbers in the ab-
sence of prey. The predation rate is modelled as proportional to the number of
predator-prey encounters, and is thus proportional to the product of preda-
tor and prey numbers. Setting the right-hand sides of Eqgs. 7a,b to zero yields
a non-trivial equilibrium point of X = h/(ng) and Y = f/g. This equilibrium
is neutrally stable: any deviation from this point does not result in the system
returning to the equilibrium, but in predator-prey oscillations of an ampli-
tude depending on the initial deviation from equilibrium.

Despite the simplicity of the model, it already explains the existence of os-
cillations in the populations of predators and prey. Having said that, Eqs. 7a,b
suffer from many shortcomings. The most glaring is the fact that the prey
species will grow to infinity if predators are absent. This can be corrected by
using logistic growth to model the prey, i.e.

FX)=rX (1 - i) , (8)

in which r is the maximum relative growth rate and K the carrying capacity
of the ecosystem. The equilibrium position for X remains the same, but for Y
we have

(-3)

which is now a function of X. The equilibrium point is now found by
intersecting the two zero-isoclines, in this case inserting the equilibrium
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position of X in Eq.9. This means that at equilibrium, we have Y =r(1 -
h/(ngK))/g. In this case the equilibrium is stable: any deviation from equi-
librium results in damped oscillations, and the system slowly returns to
equilibrium.

Curiously, the above improvement does not explain the persistent preda-
tor-prey oscillations observed in nature. This is due to the other main short-
coming of Egs. 7a,b, which is that the relative growth rate of the predators
will go to infinity as the number of prey increases. In reality, predator growth
rate is limited by various other factors, the most obvious of which are the
maximal fecundity of the predator and the “handling time”, which is the
time needed to process the prey, during which the predator generally can-
not attack another prey item. Improvements to Egs. 7a,b are given in the
following subsections, focussing on microbial predator-prey systems. Note
that although the Lotka-Volterra equation was intended to model predator-
prey systems, it has also been used to model mutualistic interactions between
species (Neuhauser and Fargione 2004).

3.1
Improvements to the Predator Model

The improvements to the predator model focus on G, rather than on H,
which is usually modelled as a constant starvation rate. As in the case of sim-
ple exponential (or Malthusian) growth for the prey, some saturation of the
predator growth rate, and therefore of predation, is required. The Holling
type II (Holling 1959) model is given by

XY
k1 +X

in which k; is a saturation constant. It is based on the notion that any preda-
tor will spend some time processing the prey after having encountered it. The
Holling type II model is essentially the same as the Monod model for bacterial
growth (Monod 1950). If prey densities are high, the predator grows at a max-
imum relative growth rate g, whereas at low prey densities G approximates the
Lotka-Volterra model, asymptotically approaching gXY/k as X approaches
zero.

The Holling type II model shows several changes in the dynamical be-
haviour of the predator-prey system as compared to the Lotka-Volterra sys-
tem with logistic growth of the prey. In this case the zero-isocline for the
prey is a parabola, and depending on where the zero-isocline for the preda-
tor intersects it, the result may be locally stable, neutrally stable, or unstable
(e.g. DeAngelis 1992). Thus, this system can explain many of the features
in real predator-prey systems. This is shown in a hypothetical predator-
prey system in Fig. 1. In this system, prey dynamics are modelled by logistic
growth with r = 0.2 and a variable value of K. The Holling type II model

G(X,Y) = , (10)
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is used for the predator-prey interaction, with g =0.2 and k; = 5; preda-
tor parameters are n = 0.25, and starvation rate h = 0.02. Figure la,c plots
the predator-prey dynamics for K = 10. In this case the system is stable,
because the (linear) predator isocline intersects the prey isocline after the
maximum of the parabola, as shown in Fig. Ic. Even if the system is re-
leased from a point quite far from equilibrium, the system converges to the
point of intersection of the isoclines. In Fig. 1b and d where K = 20, we see
strong oscillations. In this case, the intersection of the isoclines lies before the
maximum in the prey isocline, and even if the system is released very close
to equilibrium the system veers away from it, finally approaching a stable
limit cycle.

Numerous variants have been proposed (for a discussion see, e.g., DeAn-
gelis 1992, pp 81-87). The Holling type III (Holling 1959) model is given by

(2.6

G = -

(11)

In this case, the saturation behaviour is as in Eq. 10, but the behaviour at
low prey densities becomes quadratic, rather than linear, in the number of
prey: as X approaches zero, G approaches gX?Y /k. This models the difficulty
predators may have in finding prey at lower densities, or the fact that any re-
maining prey may be harder to detect. Jost et al. (1973) proposed a variant
of this

gxXy

D= 4 x) (ke + %)

(12)

with k; and k; saturation constants, which has similar behaviour. The Holling
type III form appears to model vertebrate predators better than insects
(DeAngelis 1992, pp 81-87) or microbes (Canale 1969; Kooi and Kooijmans
1994a), which are often modelled by the Holling type II model. The model
of Jost et al. (1973) was also proposed in the context of a microbial ecosys-
tem.

Another effect that may occur is that of interference (Arditi et al. 2004;
Beddington 1975; DeAngelis et al. 1975; Hassel and Varley 1969), i.e. at high
predator densities the efficiency of the predator declines, not because of
plummeting prey numbers, but through predator-predator interactions. In
all the above models G is a linear function of Y. This means that the rela-
tive predation rate is independent of Y. To include interference we should
introduce a non-linear term to replace the linear one. Based on observations,
Hassel and Varley (1969) propose the following modification of the standard
Lotka-Volterra form

G(X,Y) = gxy'™, (13)
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which becomes
_ gxyl—m
G = 5 oy (14)

in the Holling type II case (Arditi and Akgakaya 1990). Strictly speaking we
should replace Y™™ by (Y/Y,)™, with Y, the predator density correspond-
ing to a single predator in the entire ecosystem (Arditi et al. 2004). If m is
zero, we have no interference, whereas if m is negative we have co-operation.
The interference parameter m can readily be determined empirically. Both
equations are essentially empirical, so interpretation of the meaning of m is
difficult. Beddington (1975) uses a behavioural argument to introduce a dif-
ferent form of interference

XY

G(X’Y) - kl + X+ kz(Y— Yo) ’ (15)

by arguing that predators will lose some time in predator-predator encoun-
ters. In essence, this is a form of competitive inhibition, with k; the saturation
constant as before, and k; the inhibition constant. DeAngelis et al. (1975) de-
rive a very similar equation, in which Yy is omitted. In practice there is no
difference between the two. It is often assumed that both forms of interfer-
ence tend to damp out oscillations and increase the stability of the ecosystem,
but recent analysis by Arditi et al. (2004) shows that this may not be the case
for high interference levels if exponential growth of the prey is assumed (it
remains stable if logistic growth is used). This effect can be seen in Fig. 2.
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Fig.2 Stabilizing effect on prey oscillations in the same system as in Fig. 1b but with mu-
tual interference among predators: a according to model of Hassel and Varley (1969) with
m = 0.01 (solid line), m = 0.04 (dash-dot line) and m = 0.05 (dashed line); b according to
model of Beddington (1975) and DeAngelis et al. (1975) with k; =1 (solid line), k, =5

(dash dot line), and k, = 10 (dashed line). Whatever the model, the system is stabilized
by mutual interference
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Here the unstable system of Fig. 1b,d is used to show the stabilizing effect.
In Fig. 2a the Hassel and Varley model is shown (only prey oscillations) for
m = 0.01, 0.04 and 0.05. In Fig. 2b the model of Beddington (1975) and DeAn-
gelis et al. (1975) is used for k; =1, 5 and 10. In either case increasing the
interference parameter increases stability.

3.2
Improvements to the Prey Model in the Microbial Case

As mentioned before, logistic growth is often used to model the prey dy-
namics. Though generally thought to be suitable for macroscopic prey, for
microbes the Monod model is more suitable (Monod 1950; Koch 1998). In the
following we assume the predator-prey system is contained within a chemo-
stat with dilution rate constant D. Assuming that X, denotes the limiting
substrate concentration, X; the prey concentration and S the concentration of
substrate in the inflowing fluid, the set of differential equations becomes

dXp Xo

=D(S-Xp)-V X 16
dr ( 0) 1K1+X0 1 (16a)
dx; Xo

= X1 -DX; - G(X,,Y 16b
dt M1K1+Xo 1 1 (X1, Y) ( )
dYy
ds znG(XI) Y)_H(Y)_DY7 (16C)

with u; the maximum specific relative growth rate, K; the saturation constant
and V; the maximum specific uptake rate of X by X;. In the absence of preda-
tors, growth of the prey must precisely balance the dilution term DX;, and the
equilibrium concentrations of X, and X; become

DK;

Xo = (17a)
° u1-D
DK
x, =M (s- ! ) . (17b)
Vi n1-D

Curiously, the equilibrium concentration of food is not a function of S,
whereas the equilibrium concentration of the prey is a linear function of S.
Note that this is only meaningful if

1. 1 > D, otherwise X is negative at equilibrium.
2. DK;/(m1 - D) < S, or else X is zero or negative at equilibrium.

The first condition means that the bacterium must be able to grow at more
than the dilution rate, the second that sufficient food must be available for it
to grow at precisely the dilution rate.

Since Monod, many people have put forward improvements to Egs. 16a,b.
One objection that has been raised against this is that no maintenance en-
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ergy term similar to H(Y) in Eq. 6b is used (Nisbet et al. 1983), but this
can either be assimilated into D, or added explicitly as an extra term. In
some cases, multiple pathways for uptake of the same substrate are present,
e.g. for low and high substrate availability, and this can be accommodated
by multiple Monod terms, each with its own u; and K; (Gerritse et al.
1992). Gerritse et al. (1992) also provide a model for aerobic and anaero-
bic behaviour, which was extended and used by Kamerman and Wilkinson
(2002) and by Wilkinson (2002). A further refinement is that of a cascade
of enzymes, or transporter protein mediated reactions which limit growth
(Button 1991; Koch 1982). Many models also focus on the physiology of
slow growth, which can be of particular importance in low-nutrient envi-
ronments such as lakes (Button 1991, 1993; Koch 1997). On the other side
of the spectrum we have substrate inhibition models (e.g. Tan et al. 1996),
which deal with situations in which there is a sudden glut of food. A num-
ber of alternatives to the Monod equation are reviewed by Koch (1998), in
which not only enzyme-mediated steps are considered, but also diffusion pro-
cesses. Koch (1998) concludes that, while there are many shortcomings to
the Monod model, it does describe the overall behaviour of bacteria grow-
ing in chemostats quite well, and (with caveats) can serve as a basis for
qualitative and even quantitative modelling of bacterial growth. Especially
when designing strategic models of microbial dynamics, its use seems jus-
tified (Gottschal 1993; Kooi and Kooijmans 1994a; Wilkinson 2001, 2002).
This is why I will use the simple Monod model for prey throughout the rest
of this chapter.

33
Modelling a Microbial Predator—Prey System

An early model for a microbial predator-prey system was put forward by
Canale (1969). He used the Monod/Holling type II model for growth of both
predator and prey. When modelling predatory bacteria or protozoa, mainte-
nance energy must be taken into account (Nisbet et al. 1983), but not in the
case of bacteriophages. Therefore, the growth of microbial predators Y on
prey species X; is modelled as

dY _ ,LL),X1

= Y-(D+d,)Y, 18
dt  Kx+X; (D +dy) (18)

in which Wy is the maximum specific growth rate, Kx is the saturation con-
stant, D is the dilution rate of the chemostat, and d), is the starvation rate. The
differential equation for species X; is

dX1 _ /L]Xo X VyXI

= - Y - DX, . 19
dt K +X ' Kx+Xy ! (19)
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in which V), is the maximum specific uptake rate of prey by predator. The
differential equation for the limiting substrate becomes

dX, X
dt0=D(S—X0)—V1 ° X, (20)

K; + X
as before.

The behaviour of the set of ODEs defined by Eqs. 18-20 is similar to that of
the logistic growth/Holling type II model shown in Fig. 1. This can be shown
by stability analysis (Wilkinson 2001). Four different “phases” of the sys-
tem can be identified (Kooi and Kooijman 1994a): (0) total washout of both
species; (I) stable prey population with washout of predator; (II) stable co-
existence of predator and prey, and (III) unstable coexistence (limit cycle be-
haviour). Levin et al. (1977) split phase III into two subphases: (IIla) in which
the limit cycle is itself stable (neither species is driven to extinction), and
(I1Ib) in which either the predator or both species are driven to extinction
by increasing oscillations. The boundaries between these two subphases were
determined by numerical analysis (Levin et al. 1977). In phases II and III,
where predator and prey coexist, we can assume that all concentrations are
non-zero, and we find the equilibrium point by equating the right-hand sides
of Egs. 18 and 20 to zero. A little algebra yields:

1 V1K V1K 2

Xo= |s-k, - UK :I:\/(S—Kl— 17X ) +4KS | (21a)
2 uy =D -d, uy-D-d,
D+d,) K

X1=( h) Kx (21b)
ty-D-dy
D uy (1

Y= S-Xo)-Xi ) . 21
Dﬂwy(vl( ) ) @10

Thus it can be seen that the equilibrium concentration of prey is directly pro-
portional to saturation constant Kx. The boundaries between the phases 0,
I and II as a function of the chemostat’s control parameters (dilution rate D
and input concentration of the limiting substrate S) can be obtained analyti-
cally (Wilkinson 2001), whereas the boundary between phases II and III was
obtained by local stability analysis of the steady-state solution. All bound-
aries are shown in Fig. 3b. Figure 3a shows the transient behaviour of the
system using parameter values from Nisbet et al. (1983) and Kooi and Kooi-
jman (1994a) (ie. K; =8 mgl‘l, Kx=9 mgl‘l, w1 =0.5h71, py =0.2 hl,
Vi =125h" and V, = 0.3333h7!). Note that in all these studies the inflow-
ing substrate levels are held constant. If they fluctuate, the dynamics become
more complicated, allowing multiple prey species to coexist on a single limit-
ing substrate (Grover 1988, 1990).
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Fig.3 Phase boundaries and transient behaviour of microbial predator-prey system de-
scribed by Egs. 18-20, with parameter settings according to Nisbet et al. (1983), i.e.
Ky =8mgl™!, Kx =9mgl™, u; =0.5h™, 1, =0.2h7!, Vi =1.25h™! and V;, =0.3333h7".
a Transient behaviour showing strong predator (dashed line)-prey (solid line) oscillations;
b boundaries between phases as a function of dilution rate D and inflowing substrate con-
centration S. Note how the probability for oscillations increases with enrichment of the
ecosystem. See text for details

34
Modelling Bacterium-Phage Systems

Bacterium-phage systems in chemostats have long been studied as “ideal”
predator-prey systems, due to their small scale and short generation time
(Campbell 1961; Chao et al. 1977; Levin et al. 1977; Bohannan and Lenski
1997; Weld et al 2004). Because the phage life cycle is similar to the life cycle of
Bdellovibrio and similar organisms, I will present the methods used to model
phages before describing predatory prokaryotes proper. All the work cited
above uses DDEs to model a phage’s life cycle using a single delay 7, which
is the time between invasion and phage release. Following Levin et al. (1977),
rather than Campbell (1961) who uses logistic prey growth, we use Monod
growth as before. Note that the predator can be in two phases: the free and
the reproductive phase within the infected host. Let X; be the prey as before;
Yfree denotes the free predators and [X; Y] denotes the complex formed when
prey is bound to predator (the infected bacteria). Furthermore, assume the
rate of productive collisions (i.e. which result in prey capture or penetration)
between predator and prey is r per unit of prey species, per unit of preda-
tor. Note that the actual collision rate may be larger by an order of magnitude
or more. The prey/predator complex dissociates after a time delay 7, yielding
yx + 1 new predators. Because one predator is lost in the infection, we have
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a net yield of yx. We now obtain

dX, Xo
=D(S-Xp) -V X1+ [X1Y 22
dr ( 0) 1K1+X0(1 [X,Y]) (22a)
dX;  wiXo
= X1 - rYgee X1 - DX 22b
dt K + X, 1 free™1 1 ( )
dYfree _ -DT v/ v/
dt = (}’x + 1)e X1Y - rX1Yiee — DY free (22¢)
d[X;Y
[ d; I e DT X|Y - D[X1Y] + X} Yiree » (22d)

in which X| and Y’ denote the density of X; and Y at time ¢ - 7, respectively.
Note that it is assumed that infected prey also use the substrate. The term
e‘D’X’1 Y’ denotes the amount of [X;Y] which formed at t - 7, and has not
yet been washed out of the chemostat. In the last term in Eq. 22a, the fac-
tor (X; + [X1Y]) means that the complex [X;Y] consumes substrate, which
may be partly right for phage-infected prey, but much less for Bdellovibrio-
infected prey.

Approximations using (slightly more tractable) ODEs have also been pro-
posed. Payne and Jansen (2001) transform the time delay 7 into a lysis rate
k1 = 1/7. In this case we obtain the set of ODEs

dX, Xo

=D(S-Xp) -V X+ XY 23
dr (S-Xo) 1K1+Xo( 1+ [X1Y]) (23a)
dX; m1Xo

= X1 - rV5eeX1 - DX 23b
dt K + Xy 1= T reedl ! ( )
Yfree _ 1) k1 [X1Y] = X1 Yeree - DY, 23
dt —()’x"' ) 1 [X1Y] - 7X) Yiree — DYfree (23¢)
d[X,Y
[d; ]=—k1[X1Y]—D! [X1Y] + X1 Ve - (23d)

Figure 4 shows the result of a simulation using both models for an E. coli-
T2 phage system, using the parameters from Levin et al. (1977). The overall
behaviour of both models is similar, though the ODE method tends to over-
estimate predator growth (Weld et al. 2004). Another small difference is the
slightly later onset of the oscillations in the case of the DDE approach. Many
variants of the DDE method have been proposed, and the interested reader is
referred to Weld et al. (2004).

3.5
Modelling Predatory Prokaryotes

To model prokaryote predators we must of course start with an understand-
ing of how they attack and consume their prey. Martin (2002) distinguishes
four types of predatory prokaryotes (in reverse order compared to Martin):
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Fig.4 DDE vs. ODE models for E. coli-T2 phage systems, showing prey density (solid
line), infected prey density (dotted line) and phage density (dash-dot line). a DDE model
according to Levin et al. (1977); b ODE equivalent according to Payne and Jansen (2001).
The chief difference is a slight delay in the onset of oscillations in the DDE case

(1) periplasmic, in which the predator invades the periplasmic space of Gram-
negative cells as in the case of Bdellovibrio and Bacteriovorax species; (2) dir-
ect invasion into the cytoplasm as in Daptobacter (Guerrero et al. 1986);
(3) epibiotic, i.e. attached to the surface such as done by Vampirococcus; and
(4) the “wolf-pack” approach, in which no physical contact is needed, but
the predatory bacteria release lytic substances which break down the prey, as
seen in Myxococcus (Burnham et al 1981), Lysobacter (Lin and McBride 1996)
and Pseudomonas strain 679-2 (Casida and Lukezic 1992; Cain et al. 2003).
The last case may be considered a simple extension of the production of lytic
bacteriocins, which is very common amongst bacteria (Chao and Levin 1981;
Frank 1994; Riley and Gordon 1996; Iwasa et al. 1998). By simply absorbing
the nutrients released by the destruction of competitors, all these bacteria
could be considered non-obligately predatory prokaryotes (see the chapter by
Jurkevitch and Davidov, this volume).

From the point of view of modelling, the first two types of predator are
identical, because the model simply does not take the location of the preda-
tor within the cell into account. The third and fourth are slightly different,
because multiple organisms may attack a single host (Esteve and Gaju 1999;
Guerrero et al. 1986; Martin 2002). The mechanisms are slightly different and
I will propose two different models for types (3) and (4) in the following
subsection.

We must also make the distinction between obligate and non-obligate
predators. The former can be modelled with a single substrate uptake process,
whereas the latter requires two: one for the predatory mode and one for the
non-predatory mode. Furthermore, we need to model a switch between these
modes. This is discussed in Sect. 3.5.2.
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3.5.1
Obligate Predators

We will start by modelling the best-known obligately predatory prokaryote:
B. bacteriovorus. Given that the lifestyle of B. bacteriovorus is similar to that of
phages, the approach to phage modelling can be applied to B. bacteriovorus,
as was done by Marchand and Gabignon (1981) and Dulos and Marchand
(1984). They also used a DDE, similar to that of Levin et al. (1977), but with
some simplifications. First of all they used exponential growth for the prey,
without taking its substrate into account, which is an oversimplification. Sec-
ondly, the flush-out term ¢ 27 was not included. This can be defended for low
dilution rate D combined with a fairly small delay time 7. Dulos and Marc-
hand (1984) used D = 0.03h™! and t = 3 h, which means that e?* = 0.9131.
Given the many inaccuracies in the measurements, this may be close enough
to unity. Their set of coupled DDEs is

dX;
dt = uX1 - rYgeeX1 - DXy (242)
dY;
df;ee = (yx+1) X[V =7 (X1 + [X1Y]) Yeree = DYfree (24b)
d[X1Y]
dt =- Xi Y-D [Xl Y] +rXy Yfree > (24C)

with u the relative growth rate of prey. Note that multiple invasion is mod-
elled in Eq. 24b by the additional r[X; Y] Y¢ee term. Though it is not apparent
in this set of equations, Dulos and Marchand do model the starvation of free
predators in their simulation program. They note the difficulty in modelling
the starvation of those predators who have not found a prey within the star-
vation time t1 = 10 h within the framework of DDEs or ODEs. The reason
for this is that the effect depends on the age structure of the free predator
population. Ideally, this should be modelled through partial differential equa-
tions similar to the dynamic energy budget model (Kooijman 1993; Kooi and
Kooijman 1994a,b). The approach in Dulos and Marchand (1984) is similar
in that it effectively discretizes the age distribution of free prey, and trans-
forms the problem back into a more complicated ODE, which they solve with
a Euler approach with a fixed (20 min) time step. The predator can be mod-
elled by an array of variables, each representing an age class. At each time
step, we can first compute how many of each class find prey, and put any
remaining predators in a higher age class. All new predators are put in the
lowest class.

Following Dulos and Marchand’s parameter settings we have 7 =1/k; =
3.0h. This system is shown in Fig. 5a, in which u =0.06 ht, yx=8, D=
0.03h™!, r=3x 10" mI"' h™! and k; = 1/3.0 h™!. The initial prey and preda-
tor densities are 3 x 10° mI™! and 107 ml™}, respectively. As can be seen the
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oscillations increase in amplitude until one or both species go extinct. Fig-
ure 5b shows the effect of ignoring starvation, leading to more regular os-
cillations. We compare this to the DDE approach of Levin et al. (1977) with
added starvation and similar parameter settings, but additionally u; = V; =
1h™!, $=3x10°ml™! and K; = 10°ml™!' (note that the latter two are ex-
pressed in equivalent number of prey bacteria per millilitre), shown in Fig. 5c.
Somewhat surprisingly, the change in prey model to a Monod-type sub-
strate limited growth stabilizes the system dramatically. Only by raising r
to 3x 108 mI™' h™! do we get any oscillations, as seen in Fig. 5d. If we fol-
low the ODE approach and assume that the dilution rate constant D is small
compared to the reaction constants, we can approximate this set as follows
by so-called quasi-steady-state analysis. We assume that the prey capture
and predator division reactions are fast enough to settle into equilibrium. At
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Fig.5 Different models for the B. bacteriovorus (dashed line)-E. coli (solid line) system.
a DDE according to Dulos and Marchand (1984); b same as a but ignoring starvation;
¢ DDE according to Levin et al. (1977) with the same parameter settings as a; d only by
increasing collision rate r by a factor of 10 do oscillations occur
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(quasi-)steady state we have
r

[X1Y] = XiYees
ki
inserting this in Egs. 23¢,d and summing we arrive at
dy X1

dt —yxkl k1/7’+X1Y’ (25)
which is just the Holling type II model (Holling 1959). Whether quasi-steady-
state analysis is justified depends very much on the situation. The same
simulation as in Fig. 6a using the explicit form of Eqs. 22a-d was performed
using the Holling type II approximation. The results are shown in Fig. 6b.
Clearly, at a dilution rate of D = 0.03 h™!, the Holling approximation is quite
reasonable. This is not unexpected because the time constant k; is an order
of magnitude larger than the dilution rate.

For epibiotic predatory bacteria, such as Vampirococcus spp., which attach
to the outside and feed there, the Holling type II model is probably justi-
fied. In this case, multiple predator cells might attach to a single prey item
(although this is not necessarily the case for all epibiotic interactions). This
situation is more or less similar to “normal” feeding by bacteria, which is
generally modelled through the use of Monod models, which are function-
ally identical to the Holling type II model. We can revert to the model given
by Eqgs. 18-20. Given the difficulties in culturing Vampirococcus in the labo-
ratory (Martin 2002), no models have been put forward to date, so parameter
estimation, let alone model validation, is difficult.

Finally, we have the wolf-pack type, which we can model using a com-
bination of the model for bacteriocin production and susceptibility (Frank

density (ml ")

0 50 100 150 200 250 300 0 50 100 150 200 250 300

time (h) time (h)
(a) (b)

Fig.6 Predator-prey oscillations in Bdellovibrio-type predator model. a Two curves are
shown: prey density X; (solid line) and free predator density Yg.. (dashed line). b The
same model in a Holling type II approximation
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1994; Wilkinson 2002), and allowing the predator to feed upon the materials
released by lysis of the prey. The set of equations becomes somewhat more
complex. Let T be a lytic toxin released by the predator Y. As before, we have
the prey X; growing on X, through Monod kinetics. We assume the prey is
destroyed at a rate proportional to the concentration of T. This reaction con-
sumes some fraction of T. The destruction of X; by T leads to the formation
of a substrate Sy on which Y grows directly, using Monod kinetics again. The
set of differential equations becomes

dX, Xo

=D(S-Xy)-V X 26
dr ( 0) ! K1+ Xo ! (262)
dX; m1Xo

= X1 -«kTX; - DX 26b
dt K + Xy 1K ! ! ( )
dy ySy

= Y-(D+d,)Y 26
dt Ks+ Sy ( y) (26¢)
dT
dr =aY-BTX-DT (26d)
dSy VySy

= Y -nkTX - DS, , 26
dt Ks+ Sy e 4 (26¢)

with «, B and « rate constants and 7 a conversion efficiency factor. For the
sake of simplicity, we assume that the two substrates X, and Sy are different,
which need not be the case. Rigorous analytical treatment of this set of ODEs
is beyond the scope of this chapter. It may well be possible to simplify this set
to a model similar to that of Eqs. 18-20, but this is not obvious. Preliminary
numerical analysis suggests that Eqs. 26a—e resemble bacteriocin-mediated
interactions in an important way. Bacteriocin-mediated interactions are bi-
stable: either the susceptible species survives, or the producer species sur-
vives, but stable coexistence is impossible (Frank 1994; Wilkinson 2002). This
is in part due to the positive feedback loop in this set of equations. This oc-
curs because more predators means more toxin, means more substrate for
the predators, means faster predator growth, etc. The reverse is also true: if
predator numbers drop, so does the toxin level, and therefore substrate lev-
els, meaning slower predator growth, etc. This means that once the predators,
and therefore the toxin levels, have crossed a certain threshold, a runaway
reaction takes place, killing all the prey. After this the predator population
also collapses. In the alternative scenario, toxin levels are not high enough
to kill enough prey, and the predator dies out. This means that if the preda-
tor is to be able to invade a system of only prey, it must produce a toxin
potent enough to kill sufficient prey quickly, so that it can then grow at
more than the dilution rate. Such potent toxins means that predators al-
ways wipe out the prey once their numbers start growing. This suggests that
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Fig.7 A simulation for wolf-pack predators: prey (solid line), predator (dashed line) and
toxin level (dash-dot line) are shown as a function of time. As predator numbers increase
slowly, toxin levels rise gently so long as there are many prey to absorb the toxin. Once
a certain threshold is reached, the prey kill rate outstrips the prey growth rate, leading to
a collapse of the prey population, sudden release of substrate and an explosive growth of
the predator, which then starves in the absence of prey

only predators that cannot invade pure prey systems might be able to coexist
with prey.

We can conclude that, unless some damping mechanism is available, wolf-
pack feeding does not appear to be stable. This suggests it will only occur in
non-obligate predators, which is to some degree supported by observations
(Martin 2002). A typical simulation run is shown in Fig. 7.

3.5.2
Non-Obligate Predators

Non-obligate predators may survive without prey, and in the prokaryote
case often only switch to predatory behaviour under conditions of low sub-
strate availability (Esteve and Gaju 1999; Guerrero et al. 1986; Martin 2002).
Though B. bacteriovorus is probably the best-known predatory prokaryote,
non-obligate predatory behaviour may actually be more common than obli-
gate predatory behaviour. Modelling a non-obligate predator can be done by
combining the standard Monod model for growth on regular substrate with,
e.g., the Holling type II model for the predator phase. If the predatory be-
haviour only switches on below some minimum substrate level Spin, we also
need to model a switch function T. This function is zero at low substrate
level, and switches rapidly, but preferably continuously, to 1 above Spin. One
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plausible model would be
Sl’l
Stin+S"

min

T(S) =

If n is larger than 1, this is a sigmoid function which switches rapidly from
zero to 1 around Smin, as is shown in Fig. 8 for various values of n. The equa-
tion for growth of a non-obligate predator then becomes

dYy SY XY
=T(S +(1-T(S , 27
dt ()Mmasz+S ( ())Mny+Y (27)
and for the prey (X; growing on Xj) we obtain
dXx; XoX1 XY
= —(1-T(S)) V. , 28
at Mg ex, T Ve Ly (28)

disregarding the dilution of the chemostat for the moment.

An alternative to this approach would be to model the predator not by one,
but by two variables, Y; denoting the non-predatory mode and Y, the preda-
tory mode. In this case, we must model the transfer rate from predatory to
non-predatory mode in some way. Let T, be the maximum switch rate. The
forward switching function Tj; could then be modelled as

n

SIZ
T12(S) = Tmax S,112 L’ (29)

in which Sj, is the substrate concentration at which half the maximum for-
ward switch rate is achieved. Obviously, if S > S, the forward switch rate is
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Fig.8 The switch function T(S) for Smin = 5, and n =4 (solid line), n = 8 (dashed line), n =

16 (dash-dot line) and n = 128 (dotted line). As n increases the sigmoidal shape progresses

towards a more threshold-like behaviour. a.u.: arbitrary units
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near zero. The reverse switch function T,; is modelled as
Sn
T51(S) =1 R 30

21( ) maxSgl +8§n ( )
in which S,; is the concentration of S at which the reverse switch rate is
half the maximum rate. It is possible to let the switch points be equal, i.e.
S12 = $21 = Smin. However, the above method is slightly more general. Assum-
ing the offspring of Y; are also non-predatory and the offspring of Y, are all
in predatory mode, the set of differential equations now becomes

dy; SY;

= -T12(SY; + T51(S)Y 3la
dar MmaxKS+S 12(8) Y1 + T21(S) Y2 (31a)
dy, X1Y,

= + T12(8)Y; - T51(S) Y. 31b
it Mo+, 12(8)Y1 - T21(S) Y2 (31b)
dx XoX X1Y;

Lo, Kok _v, 12 (310)
dt K1+ Xy Kx+Y,

Note that many other switch functions could be used instead. These equations
just serve to show how such predators could be modelled. I am not aware that
similar types of ODEs have ever been used to mathematically model any of
the known non-obligate prokaryote predators. Though easy to draw up, and
fairly straightforward to simulate by computer, these equations are not easy to
analyse, and the large number of parameters makes it hard to estimate them.

3.6
Prey Countermeasures

Another feature that could be modelled mathematically is that of prey coun-
termeasures. As observed by Shemesh and Jurkevitch (2004), some prey
species apparently respond to predation by switching to a resistant phe-
notype, in a similar way as bacteria may switch to an antibiotic-resistant
phenotype when challenged by antibiotics (Balaban et al. 2004). Leaving aside
the case of mutants, we assume that this resistant phenotype incurs some
growth penalty, as observed in the case of antibiotic resistance (Balaban et al.
2004). If this were not the case, mutants only ever expressing that pheno-
type would dominate the population once they appeared. A simple way to
model this is to model the prey species by two variables: X; which is sus-
ceptible and X} which is not. The latter grows at a slightly lower growth rate
determined by parameters p} and Kj. We will first treat the case of “type I
persisters”, as defined by Balaban et al. (2004). A predator-prey collision can
now result in two outcomes: (1) either the prey is penetrated by the predator
as before, with probability 1 - p, or (2) the predator swims away and the prey
is triggered to switch to resistant mode, with some probability p. In type II
persisters, the switch to the resistant phenotype occurs at a constant rate in-
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dependently of any trigger (Balaban et al. 2004). In either case, the resistant
phenotype switches back to the sensitive strain at some rate s;. Of course, the
reverse switch rate could also be made dependent on some trigger (e.g. ab-
sence of collisions during some time interval). We arrive at the following set
of differential equations

dXo Xo Xo

g ~D(S-Xo)-Vi, "oy Xi- Vikr+ 20 (32a)
dcil - K?LX;(OXI - ("Yiree + D) X (32b)
df - K?ZX;OXT + Pr¥freeXi - (s + D) X{ (32¢)
dzf;ee = (ye+1) ky [X, 7] - ((1 - p)rXy + D) Yiree (32d)
‘ [ﬁi . (k1 + D) [X1Y] + 7X1 Viree - (32e)

The complexity of this system makes analysis and estimation of parameters
quite hard. Nonetheless, we can use this set of ODEs to obtain some feeling
for the importance of the parameters. The results of a number of simulations
are shown in Fig. 9. In Fig. 9a the same system as in Fig. 5d is shown, which is
the starting point of our modifications. In Fig. 9b-d we have set u] = 0.99u1,
K} =K; and p = 0.5, whilst doubling the collision rate r to ensure the same
number of productive collisions with Y., takes place. In Fig. 9b we set the re-
verse switch rate s, = 0.06.41, corresponding to a switch rate about 1/16 times
the fastest doubling time (Shemesh and Jurkevitch 2004); in Fig. 9c we have
sy = 0.01p;. Clearly having a p > 0 increases the survival rate, as suggested by
Shemesh and Jurkevitch (2004). Increasing p to increase the forward switch-
ing rate does not change the dynamics of the system dramatically, it just leads
to a further reduction of predator numbers. Reducing the reverse switch rate
delays the return of the original phenotype to dominance as expected. Note
that setting the reverse switch rate s, to (nearly) zero, and making the forward
switch probability small, and possibly independent of collision with Y., al-
lows modelling of a genotypical switch (mutation) such as that observed in an
E. coli bacteriophage PP01 system (Mizoguchi et al. 2003), rather than a phe-
notypic response using essentially the same set of equations. This is shown in
Fig. 9d where p = 0.09 and s, = 0. It is difficult to see in the plot, but the sensi-
tive strain does recover very slowly after elimination of the predator, due to its
slight growth advantage, as suggested by (Shemesh and Jurkevitch 2004). In
the case described by Mizoguchi et al. (2003), the phage apparently responded
to the prey response by mutating itself, potentially starting (or simply con-
tinuing) an arms race.
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Fig.9 Prey countermeasures by switching to a resistant state, showing susceptible state
X density (solid line), resistant state density X} (dashed line), free predator density Y.
(dash-dot line), and bdelloplast density [X; Y] (dotted line). a No countermeasure (p = 0);
b prey switches to resistant mode after collision with Y. with probability p = 0.5, col-
lision rate r doubled with respect to a, and reverse switch rate s, = 0.06441; ¢ same as b,
but with s, =0.01p41; d p =0.09 and s, = 0, to mimic mutations rather than phenotypic
switches

Equations 32a-e are only one way to model this type of countermeasure.
If the switch is based on some active response by the prey, we could also
model the signal transduction in the prey using density-dependent switches
such as those in the model for non-obligate predators in Eqgs. 31a-c. The ef-
fect described by Shemesh and Jurkevitch (2004) is by no means the only
possible countermeasure. The prey species could also respond to predation
by producing cidal or inhibitory toxins, such as bacteriocins. These could be
modelled using the differential equations from Frank (1994) and Wilkinson
(2002), similar to the lytic toxins used in Eqs. 26a-e. A further possibility is
the production of decoys: objects which in some way distract the predator
long enough to let the prey escape. This is similar to tail autotomy in certain
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lizards (Dial and Fitzpatrick 1983), leg autotomy in arachnids (Punzo 1997)
and the immune evasion strategies used by certain parasites (Donelson 1998;
Ramasamy 1998). By casting off some part of the outer envelope, e.g. mem-
brane vesicles (Beveridge 1999; Mashburn and Whiteley 2005), bacteria might
be capable of something similar. The decoy effect is explained in detail in
Sect. 4.2.

4
Third-Species Effects

Adding a third species to a system can have a profound effect, and just a few
of the potential 704 different effects (Harmon and Andow 2002) will be dis-
cussed, in particular those which have been noted in a microbial context.

4.1
Alternative Prey

In the fields of control of potential pathogens in waste water (Mallory et al.
1983) and the control of insect pests (Harmon and Andrews 2002), the pos-
sibility of the so-called alternative prey model has been put forward. Before
that it was also studied by Levin et al. (1977) in the setting of bacterium-
phage systems. Suppose we wish to eliminate some pathogen X; in waste
water by using predator Y. However, the levels of X; in the water may be
too low to support the predator Y, let alone yield the predator-prey oscilla-
tions which would lead to a catastrophic collapse of the numbers of X;. In
this case the third, harmless species, X3, is added to the water simultaneously
with Y. This can enrich the ecosystem to the level that the “paradox of enrich-
ment” effect takes place, i.e. the diversity reduces and ideally the pathogen
disappears. The key issue is that the alternative prey effect occurs mainly in
generalist predators, simply because true specialists do not have alternatives.
Modelling this situation is straightforward. Simply add a third species X3,
which either grows on the same substrate as X; or on a different one, and add
a second predation term to the model of the predator

I Y-DY-d,Y. (33)
dt Kx1 + X3 Kxy + Xo

The results of the alternative prey effect depend on whether X, competes for
the same substrate with X;. If this is the case, X; is threatened both by in-
creased predation and by competition. Nonetheless, X; could still eliminate
X, provided it can grow faster than X;. A few simulation runs using the same
system as in Fig. 3 are shown in Fig. 10. Input substrate level S was lowered
to 100 mgl™! to obtain a stable predator-prey equilibrium. In all cases the
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growth rate of X, is 0.9941, to give it a slight disadvantage relative to X;. Fig-
ure 10a,b concern the situation where X is sustained by a separate substrate,
i.e. it does not compete for Xy. In Fig. 10a the input level of the substrate for
X, is equal to S, the input substrate level for X;. Note the strong predator-prey
oscillations, in which the levels of X; and X, are almost identical. The sys-
tem behaves very much like the two-species system with double the amount
of nutrients. In Fig. 10b the input substrate level for X; is 28, resulting in dif-
ferent predator-prey oscillations in which X, is suppressed more. In the case
that X; and X, are in direct competition for the same resources the situation
is very different, as shown in Fig. 10c,d. If X is added at the equilibrium level
of Xj, it fails to have any real impact, and the system will ultimately settle back

N N N S TN
K . A\ -~

A N
NN N i ~

40 60 80 100
time (h) time (h)

() (d)

Fig. 10 Alternative prey effects in the same system as shown in Fig. 3. Top row: alternative
prey X, (dash-dot line) that does not compete for the same substrate as regular prey X;
(solid line): a equilibrium level (without predation) of X, equals that of X;; b equilibrium
level (without predation) of X, twice that of X;. Bottom row: X, that does compete with
Xj: ¢ X; added at the same level as equilibrium of X;; d X, added at twice the equilibrium
level of X;. Predator Y shown as dashed line



Mathematical Modelling of Predatory Prokaryotes 121

into equilibrium (Fig. 10c). However, if the initial density of X, is doubled,
it leads to an eradication of X;, despite the fact that the latter has a higher
growth rate at identical substrate levels. The system now gradually converges
to a two-species equilibrium of X, and Y (Fig. 10d). The mathematically inter-
ested reader is referred to Levin et al. (1977) and Deng et al. (2003) for a more
thorough analysis.

4.2
Decoy Species

The decoy effect occurs whenever a third species interferes with the ability of
a predator to detect or track its prey. It was described by Christensen et al.
(1976) in a host-parasite system consisting of Fasciola hepatica (sheep liver
fluke) miracidia, which infects the snail Lymnaea trunculata. The presence of
non-host snails inhibits the ability of the parasite to find its host, depending
in part on the non-host species (related/non-related). Similarly, Yousif et al.
(1998) found that Schistosoma mansoni (schistosomiasis parasite) miracidia,
which have the snail Biomphalaria alexandrina as host, were inhibited by the
presence of several other snail species. More relevant to the study of preda-
tory prokaryotes is the model for the decoy effect as described by Wilkinson
(2001). This model is based on some attempts to use B. bacteriovorus and
bacteriophages for pathogen control (Westergaard and Kramer 1977; Smith
and Huggins 1983; Jackson and Whiting 1992; Fratamico and Whiting 1995;
Sarkar et al. 1996). In particular, Drutz (1976) observed that B. bacteriovorus
can waste time when encountering non-prey bacteria, in this case Neisseria
gonorrhoeae. We essentially start at the model of Egs. 23a-d and consider the
addition of a non-prey species X,, which is present at a constant level and has
no direct effect on either Xy or X;. We make these assumptions to study the
effect of the simple presence of a decoy species independently of any other
competition effect. Rather than two states, the predator can now be in three
states: free, bound to X;, and bound to X,. These complexes are denoted as
[X1Y] and [X,Y]. Again, assume the rate of collisions is r per unit of prey
or non-prey species per unit of predator. Furthermore, the non-prey/predator
complex dissociates at a rate of k. However, only the dissociation of the first
complex yields new predators, again with a yield of y, + 1. This leads to the
following set of differential equations:

d Yfree

. (rx+ 1) k[ X1 Y] + k2 [X2Y] - 7 (X1 + X2) Yiree (34a)
d[X;Y

[ dlt D KT+ X Ve (34b)
Y

diXoY]_ _ K [Xo Y] + 17X Ve - (34¢)

dt
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At (quasi-)steady state we have

r

r
[X1Y] = XiYfee and [XpY]=  X; Yiree -
k] k2

Summing Egs. 34a—c we find a growth rate of

dy yxk1X1Y _ MyXIY

= = s 35
dt kl/T+X1 +k1X2/k2 Kx + Xi + Kinh X2 ( )

with Kx = ki /r and Ki,, = ki /k;. In this form we can recognize that the de-
coy effect is essentially a form of competitive inhibition (e.g. Vos et al. 2001;
Wilkinson 2001). In effect the interference models of Beddington (1975) and
DeAngelis et al. (1975) can be considered an auto-decoy effect. The above
system could also be modelled using DDE:s as in Eqgs. 22a-d.

4,21
The Consequences for the Ecosystem

We can understand the consequences for the ecosystem by the usual analysis
of the equilibria. The easiest way to do this is by absorbing the inhibition by
the decoy into the saturation constant Kx. Substituting K} = Kx + Kinp X into
Egs. 21a-c we obtain equilibrium (in phase II or IIT) when

1 ViK% VK% 2
X0=2 S-Kj - 1™ :t/(S—Ky— 1™x ) +4K;S| (36a)
Hy

uy =D -d, -D-d,
D+d,) K5
y-D-d,
D uy (i
Y= S-Xo)-X1) . 36
D+dyvy(vl( 0) 1) (369)

Because the equilibrium density of X; is directly proportional to K, it should
be a linear function of the density of decoys. Therefore, the decoy effect
should be easy to quantify in an experimental setting, as suggested by Wilkin-
son (2001). To date, this has not been done. Figure 11 shows the stabilizing
effect of decoys, with K} = 2Kx. As can be seen, increasing Ky means that, for
a given D, the predator can only be present in the ecosystem at all at a higher
input substrate concentration than in the absence of decoys.

The decoy effect has been observed and modelled in the context of arthro-
pod predator-prey systems (Vos et al. 2001). This model was slightly different
in that multiple predator-prey couples were used, and some interference fac-
tor coupling these oscillators was postulated. For a more detailed review of
the decoy effect in microbial and other ecosystems, see Wilkinson (2003).
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Fig. 11 The stabilizing effect of the presence of decoys, in the same system as shown in
Fig. 3, shown for a decoy concentration such that Ky = 2Kx. a Transient behaviour shows
damped oscillations between prey (solid line) and predator (dashed line); b phase bound-
aries show that the region of phase III (unstable oscillations) is greatly reduced with
respect to Fig. 3b. See text for details

At this juncture it should be noted that the prey countermeasures sug-
gested in Sect. 3.6, Eqgs. 32a-e, do not include a decoy effect. Collisions be-
tween Y. and X} are not taken into account. It is expected that these would
also lead to a decoy effect, further stabilizing the ecosystem and damping out
oscillations.

4.3
Protector Species

The protector species effect is mainly known from nesting colonies of birds
(Pius and Leberg 1998), in which a smaller, less aggressive species benefits
from the presence of larger, more aggressive birds in the colony, if these latter
(1) do not attack the smaller species and (2) are better at driving off potential
predators than the smaller species. Mathematical models seem to be singu-
larly lacking in this context, despite the fact that several of the above models
could be adapted easily, by letting G depend on the density of the protector P,

e.g.
gXY

X,Y) = ,
G( ) kl +X+k2P

(37)
which is yet again a form of competitive inhibition, similar to Eq. 15 or the
decoy effect according to Eq. 34. Alternatively, the protector species effect may
take a form similar to the Hassel and Varley (1969) or Arditi and Akgakaya
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(1990) models, i.e.
gP XY
ki +PmX’

I am not aware of any literature that describes this effect in microbes, and
yet it is possible to imagine a similar effect happening in microbes. Suppose
a third species produces a bacteriocin to which the predator is susceptible,
but the prey is not. In this case the bacteriocin-producing species would act
as protector species, albeit indirectly through the inhibitory or even bacterici-
dal action of the bacteriocin. ODEs to model bacteriocins have been proposed
by Frank (1994). Note that the phrase “protector species” is also used in a dif-
ferent context (Fisher and Freedman 1991), for which mathematical models
do exist. In the case of Fisher and Freedman, no predator is modelled; rather,
the protector species protects the environment of some other species, which
in turn provides some sustenance to the protector.

G(X,Y) = (38)

5
Conclusions

Mathematical modelling of ecosystems, or even just single organisms, may
seem a daunting task given the complexity of such systems compared to many
systems in, e.g., physics. However, it is the very complexity of these biologi-
cal systems which makes modelling an essential tool for their understanding.
Highly complex systems consisting of many, much simpler, interacting units
can be simulated with comparative ease on modern computers.

Fortunately, modelling predator-prey dynamics is a well-established field,
and many effects have been studied. Furthermore, microbial predator-prey
systems have many advantages compared to others, due to the short time
scale at which dynamics such as oscillations occur, the small spatial extent
and the degree of control, quite apart from the absence of ethical prob-
lems. As many authors have pointed out, chemostats offer an ideal system
to observe the dynamics, and more importantly perform parameter estima-
tion (Levin et al. 1977; Chao et al. 1977; Gerritse et al. 1992; Koch 1998;
Kooi and Kooijmans 1994a). Many protist-bacterium, and bacteriophage-
bacterium systems have been studied using such systems. Once parameters
have been determined, they can be used to model the behaviour in real
ecosystems with spatial extent (Jahnke et al. 1982; de Wit et al. 1995; Wilkin-
son 2002).

By contrast, mathematical modelling of predatory prokaryotes is in many
ways still in its infancy. Very few articles provide models solely intended for
these organisms (Marchand and Gabignon 1981; Dulos and Marchand 1984;
Wilkinson 2001). On the other hand, the results from many other predator-
prey models can be applied to these systems without major modifications.
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Furthermore, many models already applied to bacteria, such as the bacteri-
ocin model of Frank (1994) or Wilkinson (2002), can be adapted to model
prokaryote predators.

One of the problems is the difficulty experienced in culturing many preda-
tory prokaryotes in the laboratory (Martin 2002). Once these problems have
been overcome, it should be possible to compare models, which are often easy
enough to draw up, to the real dynamics observed in, e.g., a chemostat. Pa-
rameters estimated from such experiments could then be used to model the
impact of these predators on, e.g., biofilm communities.

However, even without exact parameter estimates, strategic modelling can
be used to gain some insight into the potential interactions. This is illustrated
by the discussion on wolf-pack behaviour, modelled through Egs. 24a-e.
Even without real parameter estimates, we can determine that the two-species
equilibrium in this system is so inherently unstable that the coexistence of
two species is impossible. Therefore wolf-pack behaviour is unlikely to occur
in obligate predators. In a way, we can consider mathematical modelling as
a rigorous form of performing thought experiments in systems which are too
complex to understand, or which exhibit counterintuitive behaviour. Many
papers on microbial ecology describe the ecological effects of different pa-
rameters in the system qualitatively (Alexander 1981; Mallory et al. 1983;
Shemesh and Jurkevitch 2004; Yair et al. 2003). I would not wish to claim these
are at all wrong, especially when based on observation, or that we do not need
a qualitative description. However, mathematical models can serve as a neces-
sary “sanity check”, if nothing else. They can also predict both the magnitude
of the effects proposed and precisely under which conditions the effect should
occur. Only with such quantitative predictions can we validate or invalidate
our theories.

In this chapter a few new models have been put forward to model dif-
ferent types of predatory prokaryotes. Within the scope of this chapter it is
impossible to analyse each of these models in detail, let alone provide a thor-
ough validation. This must be left for future work. It might be objected that
many of these models are somewhat speculative, and in some sense they are
unashamedly so. However, the “speculations” made in this chapter do have
a “mathematical backbone” which will help people to design experiments to
prove the speculations right or wrong: if the latter, we will have to speculate
anew.

I hope this chapter has served to illustrate some of the many factors which
may complicate predator-prey dynamics. Many of these effects could occur in
predatory prokaryotes, and drawing up suitable models is not very difficult.
What is more difficult, and where many research opportunities lie, is in model
validation and parameter estimation. Close collaboration between theoreti-
cians and experimentalists in this area could lead to many new results and, of
course, new questions.
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Abstract Bdellovibrio and like organisms (BALOs) are predatory bacteria capable of in-
vading the periplasm of Gram-negative bacteria and of growing and replicating within
this protected niche. Research dedicated to studying the sophisticated weaponry of these
predators aims to find novel strategies for combating pathogenic bacteria as the world-
wide increase of pathogens resistant to a wide range of antibiotics forces a search for
alternative antimicrobial substances to counter this threat.

The physiology of BALOs will be the main focus of this chapter, and some potential
applications for BALOs will be discussed. However, our current knowledge of the amazing
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biology of these extraordinary prokaryotes that possess an astonishing predatory lifestyle
and perform a well-organized deconstruction of prey bacteria is still rather limited. The
great advances in proteomic and genomic techniques will allow the investigation of the
interaction between predators and prey, lately supported by the availability of the genome
sequence of one B. bacteriovorus reference strain. It seems likely that the exploitation of
the unique weaponry of these bacteria will enable researchers to find new biochemicals
and—perhaps—therapeutic agents.

1
Introduction

B. bacteriovorus was discovered in experiments designed for the isolation
of bacteriophages from soil samples using the common double layer plate
technique. In contrast to phage plaques that appear during the logarithmic
growth of susceptible bacteria, plaques were discovered on a bacterial lawn
that developed 2 to 3 d after the onset of the experiment and increased slowly
in size during the course of 1 week (Stolp and Petzold 1962; Stolp and Starr
1963. See also the introductory chapter of this volume). The microscopic ob-
servation of these plaques revealed the presence of small motile bacteria,
which were later shown to cause the lysis of the prey bacteria. Further preda-
tory strains were obtained from soil, sewage and aquatic environments, e.g.
the rhizosphere of plants, saltwater samples, freshwater habitats and, recently,
even from the gut of animals (Taylor et al. 1974; Marbach et al. 1976; Williams
and Falkler 1984; Richardson 1990; Ravenschlag et al. 1999; Jurkevitch et al.
2000; Schwudke et al. 2001; Snyder et al. 2002; Kleessen et al. 2003; Pineiro
et al. 2004). These predators prey on a wide variety of Gram-negative bacteria,
whereas they fail to grow on Gram-positive bacteria.

Originally, all isolates were included in the one genus Bdellovibrio. How-
ever, more detailed investigations revealed a taxonomically diverse group of
bacteria: 16S rRNA analyses and DNA-DNA hybridization studies were per-
formed and recently two new genera were introduced, Bacteriovorax and
Peredibacter (Baer et al. 2000, 2004; Schwudke et al. 2001; Snyder et al. 2002;
Davidov and Jurkevitch 2004). These two genera form the family Bacteriovo-
racaceae, while B. bacteriovorus belongs to the family Bdellovibrionaceae. The
two families are found under the order Bdellovibrionales. Obligate predatory
bacteria are now called the Bdellovibrio and like organisms (BALOs).

B. bacteriovorus is the best-characterized member of the Bdellovibrionales.
Wild type strains possess an obligate predatory lifecycle consisting of a free
living attack phase and of an intracellular growth and replication phase
within the periplasm of prey bacteria, which is terminated by lysis of the latter
and release of newly differentiated attack-phase bacteria. Based on micro-
scopic investigations, the lifecycle of B. bacteriovorus has been divided into
eight stages (Seidler and Starr 1969; Rendulic et al. 2004, see Fig. 1 in chap-
ter by Tudor and McCann). At least one strain, Bdellovibrio sp. W, features
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a variation of this theme, as this strain is able to produce resting cells termed
bdellocysts within the bdelloplast. Bdellocysts possess enhanced resistance to
high temperatures, desiccation and disruption (Burger et al. 1968; Hoeniger
et al. 1971).

The recent publication of the genome sequence of a B. bacteriovorus strain
(HD100) has opened the way to new research opportunities. Further genome-
sequencing projects on Bacteriovorax marinus and Bdellovibrio sp. W are in
progress (see chapter by Tudor and McCann). The majority of the early stud-
ies were performed on strain B. bacteriovorus 109] and its derivatives. As the
16S rRNA sequences of HD100 and 109] are identical, a close relationship
between both strains seems likely.

With the availability of the genome sequence of B. bacteriovorus HD100,
a discussion was initiated about the use of predatory bacteria as a kind of
“living antibiotic” to reduce pathogenic bacteria within an infected mam-
malian host (Rendulic et al. 2004; Sockett and Lambert 2004). Based on the
current knowledge of the biology of B. bacteriovorus and accounting for the
many open questions concerning its lifestyle, this chapter will also address
a therapeutic perspective.

2
Free-Living BALOs

In their free-living phase BALOs are small vibrioid to rod-shaped Gram-
negative bacteria (0.2-0.5 pm wide, 0.5-2.5 um long) that move with a high
velocity, propelled by a single sheathed flagellum. The estimated speed, in
the case of B. bacteriovorus, is about 100 cell lengths per second, which is
about 10 times the speed of E. coli cells (Rittenberg 1983). BALOs are aerobic
and mesophilic bacteria, which can respire a variety of compounds, including
amino acids and acetate (Rittenberg 1983). However, growth and replication
of wild type predators can only take place in the presence of prey bacteria.
Thus, BALOs are obligate predatory prokaryotes.

2.1
Prey Location: Chemotaxis Versus Random Collision

The high metabolic activity caused by the rapid movement and the require-
ment for organic substrates for growth make it important that the predators
find prey bacteria in order to avoid starvation and death. It has been esti-
mated that free-living predators only have a few hours to locate prey bacteria
before depletion of the limited energy reserves leads to cell death (Gray and
Ruby 1991). The free-living bacteria are therefore always in search of puta-
tive victims and are permanently in an attack phase. For this reason, any
mechanism for putative prey localization would be favourable for the preda-
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tors. Research on chemotaxis as a mechanism of prey detection has been
performed; however, the role of chemical detection in directing movement
towards prey cells remains uncertain. Several studies conducted by one re-
search group with attack-phase predators (B. stolpii and B. bacteriovorus)
demonstrated relatively weak directed motility (in comparison to other bac-
teria) towards respirable substrates, specific amino acids and other organic
compounds (Straley and Conti 1974; LaMarre et al. 1977; Straley et al. 1979).
However, no evidence of specific motility towards prey bacteria was found
(Straley and Conti 1977). It was proposed that positive chemotaxis of BALOs
could enable the detection of ecological niches that might be rich in prey or-
ganisms, rather than the prey cells themselves. A minor role for chemotaxis
in predation by B. bacteriovorus seems feasible, as a recent study indicated
the involvement of a methyl-accepting chemotaxis protein (MCP) in B. bac-
teriovorus 109] prey cell attack (Lambert et al. 2003). Strain B. bacteriovorus
HD100 has 20 MCP genes and a chemotatic machinery for signalling environ-
mental changes to the flagellar motor. Aerotaxis of BALOs towards increased
oxygen concentrations was clearly demonstrated (Straley et al. 1979). Genes
coding for proteins possibly involved in oxygen sensing were found in the
genome sequence of strain HD100 (Rendulic et al. 2004), but whether these
findings can be linked to a general mechanism of prey location awaits experi-
mental confirmation.

Most of the research addressing prey location performed in the first
decades after isolation of these predatory bacteria concluded that the en-
counter between prey and predator resulted from random collisions (Varon
and Shilo 1980). This means that the chances for collision between preda-
tor and prey are directly dependent on the cell density of both and can be
explained by mathematical models (Wilkinson 2001, and his chapter in this
book). By studying the predator-prey interaction using a marine Bdellovib-
rio strain and the luminous prey Photobacterium leiognathi, the extinction
of bioluminescence was taken as an indicator for the number of successful
encounters between the bacteria. The bioluminescence decay rate was depen-
dent on the predator-to-prey ratio and the prey cell density. Upon dilution of
the prey population, a higher predator-to-prey ratio was required to obtain
the same decay ratio (Varon and Shilo 1980).

2.2
Cell-Wall Compounds

The first contact between predator and prey occurs through surface struc-
tures of the cell envelope. Therefore, the outer membrane of BALOs has been
the focus of several studies. For a long time B. bacteriovorus was thought
to reutilize unaltered and unmodified prey cell constituents for the integra-
tion into its own cell wall (Nelson and Rittenberg 1981; Guerrini et al. 1982;
Diedrich et al. 1983, 1984; Talley et al. 1987; Diedrich 1988; Stein et al. 1992).
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In these publications, the transfer of prey cell outer membrane components,
such as lipid A, as well as complete lipopolysaccharides (LPS) and outer mem-
brane proteins (Omps) was described. The relocation of cell components was
thought to show the high metabolic efficiency of the predators, thus achieving
a faster growth rate. Recent studies on the LPS and Omps of B. bacteriovorus
strains have demonstrated that B. bacteriovorus strains possess cell walls with
unusual structural features, which suggests that the predators synthesize their
own innate membrane rather than reutilize prey components.

It was shown that the LPS anchor group lipid A possesses a unique
structure among other lipid As in the microbial world (Schwudke et al.
2003). Lipid A from the wild type B. bacteriovorus HD100 and from the
prey-independent strain HI100 consist of a B-(1—6)-linked 2,3-diamino-
2,3-dideoxy-Dp-glucopyranose disaccharide carrying six hydroxylated, mostly
branched fatty acids. In place of phosphate groups at the O-1 of the reduc-
ing and at the O-4’ of the non-reducing end, o-p-mannopyranose residues
were found to be present in the sugar backbone (Fig. 1). Thus, both structures
represent the first lipid As described so far completely missing negatively
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Fig.1 Top: Uncharged lipid A of B. bacteriovorus HD100 compared to lipid A of Gram-
negative bacteria. (Man: a-pD-mannopyranose; GIcN3N: 2,3-diamino-2,3-dideoxy-p-glu-
copyranose; P: phosphate group, Glc: glucosamine; EtN: ethanolamine). Bottom: sphin-
gophosphonolipid of B. stolpii
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charged groups. Cytokine induction from human macrophages revealed that
the B. bacteriovorus lipid A and LPS possessed a significantly reduced endo-
toxic activity compared to lipid A or LPS from other Gram-negative bacteria.
Another conclusion of the detailed LPS analyses was that the wild type B. bac-
teriovorus synthesizes an innate LPS and does not integrate prey cell LPS into
its outer membrane.

In earlier studies it was also claimed that B. bacteriovorus has the ability
to reutilize prey cell porins. Relocation of E. coli OmpF into the predator’s
outer membrane was claimed (Diedrich 1988, and literature cited therein;
Stein et al. 1992). However, another study refuted the transfer of OmpF to
the outer membrane of the predator and showed that intraperiplasmic B. bac-
teriovorus synthesized its own OmpF-like membrane protein (Rayner et al.
1985). In later studies, translocation of the B. bacteriovorus OmpF-like protein
into the cytoplasmic membrane of prey was reported (McCann et al. 1998; Tu-
dor and Karp 1994). Two recent studies using mass spectrometry and reverse
genetics clearly demonstrated that different B. bacteriovorus strains produce
a highly abundant innate Omp, whereas no evidence for an Omp relocation
was found (Beck et al. 2004; Barel et al. 2005). Protein data from these stud-
ies clearly suggested that the major Omp of B. bacteriovorus is the OmpF-like
protein described in earlier studies (Rayner et al. 1985; Tudor and Karp 1994;
McCann et al. 1998). The polypeptide was also found to be associated with
membranes in prey ghosts (Barel et al. 2005). Analyses of outer membrane
fractions of more BALOs outside the species B. bacteriovorus confirmed that
related Omps are widely distributed in Bdellovibrionales (Beck et al. 2005;
Schwudke et al. 2005).

2.3
Role of Shingolipids in Predation?

An interesting observation concerning cell-wall lipids was reported for
Bacteriovorax stolpii UKi2. The predatory wild type strain produces the
common bacterial phospholipids phosphatidylethanolamine (PE) and phos-
phatidylglycerol (PG) as major glycerophosphatides and, additionally, three
unexpected lipids (Diedrich et al. 1970), which turned out to be sphin-
gophosphonolipids. One of these compounds was further characterized to be
N-2"hydroxypentadecanoyl-2-amino-3,4-dihydroxyheptadecan- 1-phosphono-
(1-hydroxy-2-aminoethane) in 2001 (Fig. 1, Watanabe et al. 2001). Sphin-
golipids are common to eukaryotic cells and are rarely found in bacteria. In
mammalian cells they play an important role in transmembrane signalling
(Waggoner et al. 1999). Furthermore, sphingolipids arranged in lipid rafts
hold a key position for the invasion of mammalian cell by pathogens but also
inhibit their invasion (Gulbins et al. 2004). It was suggested that the pres-
ence of sphingophosphonolipids may play a role in attack-phase B. stolpii
Uki2 (Steiner et al. 1973), as saprophytic mutants of the strain able to grow
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without prey bacteria lacked sphingolipids. However, as the phospholipid
content of predators has only been investigated in B. stolpii so far, this sug-
gestion is still speculative and further research on more strains must be
performed.

Nevertheless, predatory BALOs need to possess special structures for prey
recognition that are likely associated with the cell surface. So far, the cell-
wall components investigated in detail have revealed novel structures, and it
should be the aim of future research to assign functions for these structures
in the predator-prey interaction.

3
Morphological and Biochemical Events During Attachment and Invasion

Predators attach to the prey via the pole opposite to the flagellum (Fig. 2a).
The initial attachment is reversible and does not involve specific structures.
This was shown by the fact that BALOs can attach to Gram-positive, non-prey
bacteria and even abiotic surfaces (e.g. glass) (Gray and Ruby 1991). An ir-
reversible, productive attachment was estimated to occur in only 3 per 100
collisions with prey bacteria (Varon and Shilo 1980). However, the nature of
the interaction between prey and predator remains unclear, as the existence
of specific receptors or sites could not be unequivocally demonstrated (Gray
and Ruby 1991).

e -

Fig.2 Stages of predatory life cycle of B. bacteriovorus HD100 with prey E. coli K12:
a Attack-phase predators. b Penetration of prey bacteria. ¢ Bdelloplast containing intra-
cellularly growing B. bacteriovorus d Released predator
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3.1
Role of Prey Structures in Recognition

In one study, the attachment of predatory strains with a wide prey range
(including Enterobacteriaceae and Pseudomonadaceae) to cell-wall mutants
of E. coli K-12 and Salmonella enterica Typhimurium LT2 were investigated
(Schelling and Conti 1986). As both rough and smooth strains of Salmonella
were susceptible to predation, the receptor sites involved in attachment were
thought to reside in the LPS core. Sequential deletion of sugar residues from
the LPS core of S. enterica and inhibition studies with free sugars reduced the
number of attached bacteria in the case of B. bacteriovorus. However, upon
prolonged incubation, even the deep rough strain S. enterica SL1102 (hep-
toseless mutant) was penetrated. Attachment of B. bacteriovorus to wild type
E. coli K-12 and mutants lacking several Omps occurred with the same ef-
ficiency. In contrast, B. stolpii was described to recognize the major outer
membrane porins OmpF and OmpC to a certain degree but did not recognize
differences in LPS.

So far, studies to determine receptor sites on the cell surface of prey bac-
teria did not give conclusive results. A study designed to use the prey range
as taxonomic marker revealed that cultural conditions are critical for prey
recognition and dismissed this phenotype as a taxonomic marker (Torrella
et al. 1978). The wide prey range of most predators among Gram-negative
bacteria indicates that there might be common motifs present on the sur-
face triggering the change from a reversible to an irreversible attachment. In
a review, the controversial results on the subjects of receptor/recognition sites
were summarized, and it was concluded that ‘bdellovibrios are capable of re-
sponding to a variety of cell surface characteristics as a means of identifying
suitable prey. This reinforces the idea that bdellovibrios possess only very gen-
eral, though highly adaptable, abilities of prey recognition that might more
accurately be described as simple environmental sensing mechanisms.” (Gray
and Ruby 1991). This statement is still valid today.

3.2
Penetration by Hydrolytic Enzymes, Involvement of Pili?

When attachment becomes irreversible, the predator swivels violently and
forms a pore in the envelope of the prey bacterium. It enters its prey within
about 10 min and sheds the flagellum in the process (our Fig. 2b; Rittenberg
1983). A prerequisite for penetration seems to be that the prey cytoplasmic
membrane comes into contact with the invading predator. Prey cells with
a cytoplasmic membrane separated from the cell wall by plasmolysis were
not successfully penetrated. Electron microscopy showed that the attach-
ment pole of the invader remained in firm contact with the prey cytoplasmic
membrane throughout the penetration phase (Abram et al. 1974). After in-
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vasion the pore seems to reseal, thus generating a confined niche for the
predator.

Invasion requires a number of hydrolytic enzymes, as the predators lo-
cally lyse the outer membrane and peptidoglycan layer of the prey (Shilo
1969; Tudor et al. 1990). The genomic sequence of B. bacteriovorus HD100
revealed numerous putative genes encoding hydrolytic enzymes (e.g. pepti-
dases/proteinases, glycanases, lipases, etc.) (Rendulic et al. 2004) (also see
chapter by Tudor and McCann). This large number of candidate genes makes
it difficult to assess the individual importance of a hydrolase, but transcrip-
tion profiling and proteomic approaches would be a suitable approach to
address this question. The locally restricted degradative activity of the invad-
ing predator might be explained by enzymes anchored at the attachment site
of the cell membrane or by a localized release of such enzymes (Sockett and
Lambert 2004).

The genome sequence also revealed the presence of at least four potential
pilus gene clusters and numerous dispersed pil genes coding for type IV pili
that might play a role in attachment and during the penetration process (Ren-
dulic et al. 2004). Rigid, filament-like structures that might correspond to pili
were reported at the attachment site (Shilo 1969), but their existence has been
questioned by others (Moulder 1985). A transcriptional analysis of a putative
pilin gene (flp1) that is part of a cluster for pilus formation near the hit locus
(see below) revealed a high transcriptional activity in attack-phase predators.
However, a proteomic approach to detect Flpl-derived peptides by mass spec-
trometric methods failed (Schwudke et al. 2005). Therefore, pilus-mediated
entry of BALOs remains an attractive idea that is still awaiting experimental
proof.

3.3
Remodelling the Prey Cell

With the invasion of a suitable prey cell the predators start to remodel their
‘home’, as the modification of the prey envelope structures has been de-
scribed. In this context B. bacteriovorus N-deacylates the prey peptidoglycan,
removes diamino-pimelic acid from it and attaches long-chain fatty acids to
the murein (Thomashow and Rittenberg 1978a-c; Tudor et al. 1990). Several
putative genes for membrane-bound and soluble lytic murein transglyco-
sylases have been found in the genome and have been implicated in the
invasion process (Rendulic et al. 2004). Furthermore, the bonds between the
outer membrane and the peptidoglycan are simultaneously breached, as the
degradation of the prey OmpA and the murein-lipoprotein (Lpp) in the case
of E. coli and the OprF in the case of Pseudomonas species has been re-
ported (Rittenberg 1983; Cover et al. 1984; Beck et al. 2004). The result of
these activities is the morphological change of the invaded prey cells to bdel-
loplasts that are rounded spherical, osmotically stable structures (Figs. 2c
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Fig.3 Morphological and biochemical events in prey-predator interaction in attack and
invasion phases

and 3), which provide the predator with an enlarged space for reproduc-
tion. In a synchronous culture it takes ca. 30 min to convert all substrate
cells to bdelloplasts (Rittenberg, 1983). Based on the genome information
aspartate, cysteine, serine and metallo proteases were suggested to be in-
volved in prey cell penetration and establishment (Rendulic et al. 2004). The
extensive modifications of the bdelloplast envelope were thought to prevent
invasion by a second predator (Gray and Ruby 1991). In the cyst-forming
Bdellovibrio sp. W deacetylation of the prey cell peptidoglycan does not occur
and the invasion of prey cells does not lead to morphological alterations in
bdelloplasts (Fig. 3). Nevertheless, the exclusion of secondary invaders was
observed (Tudor et al. 1990; Gray and Ruby 1991).

4
Physiology of Intracellular Growth

Invasion of a prey bacterium reduces the oxygen supply of the predatory cell
because conditions become microaerophilic. From the genome sequence data
of B. bacteriovorus HD100, it seems likely that B. bacteriovorus can adapt
well to this different situation, as the predator possesses cytochrome oxidases
capable of oxygen binding under such conditions of reduced oxygen con-
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centration. Probably also other substrates like nitric oxide or nitrite can be
reduced for energy production (Sockett and Lambert 2004).

Within the bdelloplast a dramatic morphological change of the predator
takes place. The short rod-shaped bacteria start to elongate into a filament
that finally fills out the whole bdelloplast. This phase represents the actual
growth of the predator cell. During this elongation phase, B. bacteriovorus
incorporates prey cell components that have been digested by enzymatic ac-
tivities. The incorporation of prey DNA and RNA nucleotides as well as fatty
acids has been described (Matin and Rittenberg 1972; Hespell et al. 1975;
Kuenen and Rittenberg 1975; Hespell and Odelson 1978). Interestingly, B. bac-
teriovorus HD100 only possesses biosynthesis pathways for 11 amino acids,
while 10 amino acid degradation pathways are missing (Rendulic et al. 2004).
However, alternative anabolic pathways are possible, at least for a few of these
compounds (see chapter by Tudor and McCann). With such metabolic defi-
ciencies, it is obvious that wild type BALOs are obligatorily prey dependent.
The transport of substrates is probably achieved via the numerous predicted
membrane transport systems: 244 such putative systems are found in the
genome of B. bacteriovorus HD100. These either belong to the ATP-binding
cassette or to the permease/major facilitator superfamily types. Utilization of
prey compounds by bdellovibrios is astonishingly efficient. A mass balance
shows that 50-55% of the substrate cell carbon is assimilated, 15% is respired
and the remainder is discarded (Rittenberg 1983).

4.1
Prey Factor Requirement for Initiation of Growth and Elongation

The fact that wild type BALOs have an obligate requirement for a suitable
prey in order to initiate growth has been addressed in a number of studies.
Several experimental approaches have been taken to identify the growth initi-
ation factors that induce reproduction. The first report was published in 1969
(Reiner and Shilo 1969) and described a prey-derived, heat-stable, DNAse-
, RNAse- and pronase-resistant factor of a molecular weight of more than
50 kDa that was beneficial for extracellular growth of obligate prey-dependent
strains of B. bacteriovorus. Further investigations described the growth of
non-invading, prey-dependent predators by the addition of autoclaved Gram-
negative as well as Gram-positive bacteria to the growth medium (Crothers
et al. 1972; Huang and Starr 1973; Ross et al. 1974). Notably, Gram-positive
cells are not suitable preys under predacious conditions. The contradictory
results of various studies on this subject (summarized in Gray and Ruby 1991)
left the nature of the prey-derived factors unclear. In a later study, axenic
growth of B. bacteriovorus was stimulated by heat-shock, and it was con-
cluded that heat shock had altered the transcription of one or more genes
and had generated a signal normally derived from prey (Gordon et al. 1993).
These observations have not been further pursued.
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Additionally, elongation may require the continuous presence of prey-
derived factors. Treatment with lytic enzymes normally produced by the
predator at the end of a growth cycle induced the release of B. bacteriovorus
from bdelloplasts at various stages of intracellular growth. This premature re-
lease prompted the predatory cells to differentiate into motile attack-phase
cells upon completion of their previously initiated rounds of DNA replica-
tion, suggesting that certain substances are required to maintain intracellular
growth (Ruby and Rittenberg 1983; Gray and Ruby 1989). As prey-derived
factors are not limited to a single class of compounds, their identity re-
mains unclear (Gray and Ruby 1990), and it is likely that more than one prey
signal—perhaps a regulatory cascade—is necessary to commit predators to
filamentous growth (Martin 2002).

4.2
Termination of Growth

Once the filament has reached a size several times that of the free-living
predator, septation into daughter cells begins. The final length of the filament
and, consequently, the number of progeny cells seem to be determined by the
size of the prey cell. This was shown using E. coli K-12 Hfr strains that grow
to variable lengths of up to 100 pm. The number of daughter cells obtained
varied, from as few as 3 to 4 in small prey cells up to as many as 90 in fil-
amentous, multinucleate E. coli (Kessel and Shilo 1976; Diedrich 1988). The
dependence of growth duration on the size of the prey cell suggests that the
filament extends until nutrient depletion and that differentiation into attack
phase is initiated in response to starvation conditions.

After termination of elongation, the filament is multinucleate and cross-
walls appear simultaneously and equidistantly in several places. The filament
then septates into uniformly shaped progeny cells containing one nucleoid.
Cell division has been explained by the accumulation of a division factor pro-
duced by the predator, which triggers septation after having reached a certain
level—either in the filament or in the surrounding medium. This division
factor, which was described as a small cyclic peptide, was not further charac-
terized (Eksztejn and Varon 1977). The concept of an endogenously produced
signal initiating the division into progeny cells, therefore, remains unproven.

With the onset of cell division, the morphological differentiation into at-
tack phase predators and the production of lytic enzymes are initiated (Gray
and Ruby 1991). Daughter cells are finally equipped with a flagellum, ready
to be released to hunt down their next victims (Fig. 2d). It was proposed
that the release is caused by hydrolytic enzymes produced by the predator
that degrade the modified peptidoglycan layer from the inside of the infected
prey cell (Rittenberg 1983; Tudor et al. 1990). Although candidate genes en-
coding such enzymes were identified (Rendulic et al. 2004), the presence of
large amounts of prey cell LPS in B. bacteriovorus cultures (Schwudke et al.
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2003) and the fact that prey cell envelopes can still be isolated after release
(Beck et al. 2004; Barel et al. 2005) suggest that a putative LPSase activity is
rather limited. This is in agreement with conclusions from early studies that
LPSase activity is only locally expressed and is timely confined to the early
attachment phase, when B. bacteriovorus drills a hole into the prey cell wall
(Rittenberg 1983).

5
Growth in Natural Environments

The physiological deficiencies of BALOs and their high metabolic activity in
the free-living state support that rapid encounters with prey are essential for
survival. Most of the work on predatory bacteria has been performed under
laboratory conditions optimized for research. It is clear that the commonly
used physiological growth conditions, e.g. a temperature of 30 °C, high num-
bers of ‘well-prepared’ stationary-phase prey bacteria and optimal aerobic
conditions, are very different from the natural environment. What happens if
attack-phase predators are not supplied with prey and instead face starvation?

5.1
Prey Independency as a Survival Strategy

Under laboratory conditions, it was reported that spontaneously appearing
derivatives were found that were able to grow on rich media in the ab-
sence of living prey (Stolp and Starr 1963). Such prey-independent mutants
were reported to occur with a frequency of 107 to 107/, suggesting that
they resulted from a single mutational event (Thomashow and Cotter 1992).
Prey-independent mutants are difficult to interpret because their nutritional
requirements vary. Some mutants form small colonies on heat-killed prey
bacteria or on agar supplemented with cell extract. Other mutants grow on
standard rich media and develop into larger colonies that are often yellow
pigmented (Varon and Shilo 1980; Thomashow and Cotter 1992). Most of
the saprophytic mutants are initially facultative predators, although prey ly-
sis occurs with a lower frequency. Maintaining these mutants under prey-free
conditions induces them to develop into non-predatory forms (Thomashow
and Cotter 1992). However, co-cultivation of a predatory strain and a prey-
independent strain on the same prey always led to elimination of the axenic
mutants. Cultivation of axenic mutants alone in presence of living prey soon
led to the development of prey-dependent revertants (Varon and Shilo 1980).

What is the molecular basis of prey independency? Is the development
of prey independency reversible under natural conditions and/or is it part
of a survival strategy? In a pioneering work, Cotter and Thomashow (1992)
showed that a short open reading frame (ORF) within a small genetic region,
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the host-interaction locus (hit), was mutated in different prey-independent
clones, leading to major changes in the resulting gene product. The hit locus
in two closely related B. bacteriovorus strains (HD100 and HD114) is prob-
ably part of a genetic cluster responsible for pilus formation and adherence
that might play an important role in the attachment and invasion process
(Rendulic et al. 2004; Schwudke et al. 2005). Interestingly, all saprophytic
mutants analysed in the original study (Cotter and Thomashow 1992) had
mutations in the hit ORF, whereas a recent study reported prey-independent
mutants with an unchanged hit locus (Barel and Jurkevitch 2001). South-
ern hybridization experiments indicated that the hit locus is only present
in B. bacteriovorus strains (Jurkevitch et al. 2000; Schwudke et al. 2001), al-
though it is conceivable that related genetic sequences in other predators exist
that are too different to be detected by this method. On the other hand, it may
also indicate that the predator-prey interactions are quite different for other
predators.

The processes leading to prey independency remain a major open ques-
tion. The development of prey independency under natural conditions seems
to be advantageous only if this capability is restricted in time and is re-
versible. The metabolic deficiencies of BALOs make it likely that the prey-
dependent lifestyle is superior to the axenic lifestyle (Varon and Shilo 1980).

5.2
Bdelloplasts as Resting Stages

The ecological role of BALOs has mostly been studied in aquatic environ-
ments, but it seems rather obvious that a balance between prey and predator
populations exists in all habitats. As the initial encounter between prey and
predator appears to occur by random collision, the survival of predators in
an aquatic environment requires more than 10* prey cellsml~'. The actual
number of prey bacteria in such environments (water, sediment, oyster-shell
surfaces) was found to vary from 102 to 10° cellsml™! (lowest in water), and
73% to 85% of all bacteria were found to be susceptible to predation (Rice
et al. 1998). However, it was suggested that the actual prey population is 100
to 1000 times higher, as only a small fraction of the indigenous bacteria is cul-
tivable. The highest population density of prey and predators was found on
the surface of oyster shells, supporting the idea that BALOs may survive best
in biofilms (Williams et al. 1995). Recent studies have confirmed the ability of
B. bacteriovorus to prey successfully on biofilms (Kadouri and O’Toole 2005;
Nunez et al. 2005).

The intracellular growth phase, in which the predators are enclosed in
a nutrient-rich sheltered environment, might represent a prolonged resting
period under natural conditions, but not under laboratory conditions. To
survive starvation, marine BALOs form stable bdelloplasts containing viable
progeny of the predator in a state of reduced metabolic activity (Sanchez-
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Amat and Torrella 1990). Interestingly, B. bacteriovorus bdelloplasts also
protect the predator from xenobiotic substances (Markelova 2002). In times
when prey populations are reduced, the predators might take refuge in spe-
cific niches, preferably on submerged surfaces where the concentration of
prey cells may be higher (Varon and Shilo 1980). Alternatively, bdelloplasts
may not mature until conditions better.

In Bdellovibrio sp. strain W, the resting cells are termed ‘bdellocysts’ and
are produced within the bdelloplast. These bdellocysts have an enhanced re-
sistance to high temperatures, desiccation and disruption (Burger et al. 1968;
Hoeniger et al. 1971). The encysted resting cells of Bdellovibrio sp. W repre-
sent a stage with low metabolic activity during which the predator is able to
outlast nutrient depletion while remaining inside its prey.

6
Predatory Prokaryotes as Therapeutic Agents

The worldwide spread of pathogenic bacteria resistant to antibiotics makes
it necessary to seek alternatives for treatment of infectious diseases. Many
researchers believe that natural biological systems, like bacteriophages, hold
a promising therapeutical potential for treatment of bacterial diseases (re-
views: Sulakvelidze et al. 2001; Summers 2001; Duckworth and Gulig 2002).
BALOs were shown to decrease the number of viable Gram-negative bac-
teria in polluted waste-water sewage plants (Lambina et al. 1987). A suc-
cessful reduction of a number of foodborne pathogenic (Escherichia coli,
Salmonella spp., Shigella spp., Yersinia enterocolitica) and spoilage bacte-
ria (Pseudomonas spp.) was reported using B. bacteriovorus (Fratamico and
Whiting 1995). Additionally, as biofilms turn out to provide a protected envi-
ronment for pathogenic bacteria, it is of relevance that BALOs were shown to
be associated with biofilms in nature (Williams et al. 1995) and are able to kill
susceptible bacteria in biofilms (Kadouri and O’Toole 2005; Nunez et al. 2005).

With the elucidation of the complete genome sequence for one B. bacte-
riovorus strain, the idea was put forward to use B. bacteriovorus directly as
therapeutic agents, as a kind of ‘living antibiotic’ (Rendulic et al. 2004; Sockett
and Lambert 2004). The isolation of B. bacteriovorus strains from the intesti-
nal tract of animals (Schwudke et al. 2001) and the low endotoxic potential of
the predator LPS (Schwudke et al. 2003) were used as arguments to support
this concept.

6.1
Use of B. bacteriovorus as a Living Antibiotic

The use of predatory bacteria to combat of pathogenic bacteria is an intrigu-
ing idea. Their capability to prey on biofilms led to suggest the following
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therapeutic approaches: (1) topical application of B. bacteriovorus on burn
wounds, (2) inhalation of predator-containing aerosols targeted to pathogenic
Burkholderia and Pseudomonas in lungs of cystic fibrosis patients and (3) use
in controlling urinary-tract infections (Sockett and Lambert 2004). However,
caution for the concept of a ‘living antibiotic’ should be exercised.

The concept parallels in some aspects the reemerged discussion on phage
therapy. Bacteriophages are physically very stable particles, which can survive
in a mammalian environment—at least temporarily—to be effective. Phage
treatments were successfully performed by either direct injections into the
body (intravenous, subcutaneous or intraperitoneal) or by oral route. In case
of the predatory prokaryotes the situation is less clear. B. bacteriovorus does
not possess the weaponry of pathogenic bacteria for establishing in a eu-
karyotic host and for resisting the immune response. How should predatory
bacteria escape the attack of the immune system without being equipped with
appropriate virulence factors or cross barriers within the mammalian host;
e.g. gastrointestinal barriers, to follow enteropathogens into deeper tissues
through M-cells?

Bacteriophages possess a high specificity for target bacteria, while preda-
tory B. bacteriovorus have a wide prey range among Gram-negative bacteria.
Resistance to bacteriophages may develop rather rapidly in target bacteria,
while resistance to B. bacteriovorus seems to be only transient (Shemesh and
Jurkevitch 2004; Sockett and Lambert 2004), and upon new cultivation such
strains regain susceptibility. Transient resistance, termed ‘plastic resistance’
(Shemesh and Jurkevitch 2004), is an obstacle to the living antibiotic concept.

Therefore, the biology of the predatory lifestyle calls the concept of a ‘liv-
ing antibiotic’ into question. In nature, predator-prey interaction requires
a balance between the two populations. A successful predator does not erad-
icate its prey, as this means that it would extinguish its own food supply
and, therefore, eliminate itself. The fact that predator and prey coexist in
nature is a priori evidence that mechanisms have developed during evolu-
tion to allow coexistence. This coexistence is often a steady-state condition
over the long term, whereas in the short term, large fluctuations or oscilla-
tions in the populations of feeders and substrate cells are common (Alexander
1981) (see chapter by Wilkinson). Studies with continuous cultures, con-
ducted to determine the predator-prey population dynamics, revealed an
oscillation of the two populations. The B. bacteriovorus titre increased as the
prey titre decreased, followed by a decrease in the number of B. bacteriovorus
as the prey number increased again (Varon and Shilo 1980). What does this
mean for a ‘living antibiotic’? A high prey density is necessary for the preda-
tory lifestyle and—because of the wide prey range—predator strains used
in therapeutic applications would prey on commensal bacteria as soon as
the pathogen concentration dropped. A prerequisite for a therapeutic use is
therefore a limitation of the predator’s prey range. How this could be accom-
plished is completely unsolved. The research performed so far does not give
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any clue as to how predators could be coerced into a purposive attack on
a single target bacterium.

6.2
B. bacteriovorus as Probiotic?

The presence of predatory bacteria in the gut of animals and humans may in-
dicate that they have a potential to be used as probiotics. Probiotics are viable
non-pathogenic microorganisms that, when administered to man or animals,
confer health benefits to the host by improving the microbial balance of the
indigenous microflora. In an applied veterinary study, B. bacteriovorus was
found as part of the natural intestinal population of chicken (Kleessen et al.
2003). In this study, the influence of a special diet (feeding with Jerusalem ar-
tichoke, Helianthus tuberosus) on the gut microflora was investigated, and it
was reported that a decreased level of aerobic bacteria and Enterobacteriaceae
was accompanied by an increased level of B. bacteriovorus. The observa-
tion was interpreted as meaning that higher levels of B. bacteriovorus protect
the mucosal epithelium from adherence to or invasion by Gram-negative
pathogenic bacteria and, therefore, improve the state of health of animals. As
the veterinary study is—so far—the only published work on the role of preda-
tors in the intestinal tract, more research must be conducted to elucidate their
roles in the intestinal flora.

Before a probiotic application becomes feasible, applied research should
focus on the isolation of predators from the intestine of mammals and on
the characterization of their function in this environment. At present it is
not clear if such strains contribute to the establishment of a stable beneficial
population in the mammalian gut or if the retrieval of B. bacteriovorus from
faeces of domestic animals and humans (Edao 2000; Schwudke et al. 2001) is
only the result of a steady input of the predatory bacteria via nutrition.

6.3
BALOs as Sources of Therapeutical Compounds

The most promising use for BALOs arises from the exploitation of their vast
arsenal of degradative enzymes. The genome sequence has opened the field
for research of the sophisticated weaponry of these prokaryotic predators.
It might be promising to identify and isolate those components of attack-
phase BALOs that are involved in the recognition and successive killing of
the prey. B. bacteriovorus possesses a wide range of genes coding for hy-
drolytic/degradative enzymes; hence these are potential tools for targeting
pathogenic bacteria. The analysis of the genome sequence of strain B. bac-
teriovorus HD100 revealed the presence of at least 150 proteases/peptidases,
15 lipases, 10 glycanases, 89 other hydrolases, 20 DNAses and 9 RNAses (Ren-
dulic et al. 2004). The first candidate enzymes for therapeutic use may be
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found within the numerous proteases that are secreted into the medium
by attack-phase BALOs. These proteases may have the potential to degrade
the matrices surrounding bacteria in biofilms (Sockett and Lambert 2004).
The degradative enzymes of the predator used to gain access to the prey’s
periplasm might help identify prey cell-wall targets that could offer clues on
the design of antimicrobial agents. With the genome sequence available it
should be straightforward to obtain expression profiles by proteomic studies
and RNA transcription analyses to identify the involved factors (see chapter
by Tudor and McCann).

7
Perspectives and Conclusions

BALOs open a large field of research activities. Determining the nature of
the requirements that make a cell a prey for BALOs is fundamental for the
analysis of the prey-predator interaction. The understanding of this inter-
action may be helpful for the analyses of other cell-to-cell interactions. The
development pathway from small rods to long filaments and the successive
septation of this filament into flagellated motile cells is a fascinating model for
studying differentiation in prokaryotes. Finally, for applied research, the ex-
ploitation of the predatory weaponry for therapeutic purposes seems to be an
extraordinarily enthralling research area, which may lead to novel, effective
and specific antimicrobial agents, avoiding the application of intact bacteria.
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Abstract Bdellovibrio and Bdellovibrio-like organisms (BALOs) are defined by their
unique intraperiplasmic developmental cycle, which is an essential part of their preda-
tory activity on other Gram-negative bacteria. The genome sequence of the type strain
of the genus Bdellovibrio is the first of a predatory bacterium to be completed, and will
serve as a good model for genomic analysis of predation. Many putative genes have al-
ready been identified that could encode products that play important roles in predation.
Much work has been done in the past to elucidate the biochemistry and physiology of
the BALO predatory life cycle, and the genomic information will permit this wealth of
information to be connected with the genetic basis of predation in these unique organ-
isms. As sequence data from other predatory bacteria becomes available, comparative
genome analysis will provide important insights into the evolution of genes involved in
predatory mechanisms. Clearly, we are on the threshold of a more complete understand-
ing of the BALO developmental cycle, which can serve to increase our understanding of
not only predation but also cell-cell interaction. Additionally, the knowledge provided
through genome analysis could lead to the potential use of the BALOs as biocontrol, or
even biotherapeutic, agents.

1
Introduction

There are a variety of bacteria that are predatory on other prokaryotes,
the majority of which are found among the Proteobacteria group of Gram-
negative bacteria. These predatory representatives can be found in each of the
o, B, v, and & subdivisions of the Proteobacteria. They exhibit varying mor-
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phologies, lifestyles, and predatory strategies. Martin (2002) has identified
four basic strategies for predation by these bacteria:

1. Wolf pack, exemplified by Myxococcus;

2. Epibiotic, as seen with Vampirococcus;

3. Direct invasion, as demonstrated by Daptobacter; and
4. Periplasmic, as defined by Bdellovibrio.

(A broad description of predatory bacteria and of their predatory modes can
be found in the chapter by Jurkevitch and Davidov in this volume).

The most extensively studied category of predation is occupied by
the §-proteobacteria Bdellovibrio and related organisms, referred to as
Bdellovibrio-and-like organisms (BALOs, Snyder et al. 2002), and classified in
the order Bdellovibrionales (Garrity et al. 2002). Based on the analysis of 16S
rRNA genes (Baer et al. 2000; Davidov and Jurkevitch 2004), the Bdellovib-
rionales include at least three genera, Bdellovibrio, Bacteriovorax (mostly
marine forms), and the recently named Peredibacter; there are also a num-
ber of other periplasmic predators that remain uncharacterized, although
they are all closely related morphologically and behaviorally to the Bdellovib-
rio. Almost all members of the Bdellovibrionales have been shown to be
periplasmic predators. This predatory lifestyle is advantageous for these very
small bacterial predators in that, upon establishment of residence within the
periplasmic space of the prey cell, there can be no other competitors for the
rich nutrients available from the cytoplasm of the invaded cell. In this chapter,
the common name “bdellovibrio” will be used interchangeably with BALO.

This chapter is intended to provide an analysis of the genomic data on
predatory bacteria. Only three predatory bacterial genomes have been se-
quenced to date, and all are from the Bdellovibrio or Bacteriovorax genera.
The genome of Bdellovibrio bacteriovorus HD 100 was the first of this group
to be sequenced, followed by the marine form Bacteriovorax marinus SJ. The
last to be sequenced was the unclassified Bdellovibrio sp. strain W, which is
of particular interest because it is the only BALO that has been found capable
of producing dormant cysts, termed bdellocysts (Tudor and Conti 1977a). We
will summarize what is known about these genomes, identifying peculiarities
and potential important loci for predation, and present an initial compara-
tive analysis of the three genomes. From this we hope to supply information
that will aid in understanding the predatory behavior of these periplasmic
predators, and provide a framework for future investigations.

After a brief description of the predatory life cycle, we will attempt to enu-
merate some of the putative genes and gene clusters identified in the BALO
genomes that may be involved in predacious growth. We will also point out
methods that are available to elucidate the regulatory networks controlling
gene expression during attack phase and intraperiplasmic growth.
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2
The BALO Predatory Life Cycle

This genomic information must first be put into context with the intri-
cate life cycle of these unique, obligately predatory bacteria. Regardless of
the degree of relatedness among these periplasmic predators, they all fol-
low a rather uniform developmental cycle, which is outlined in Fig. 1. The
bdellovibrios exhibit a complex two-phase developmental life cycle that in-
volves an extracellular free-living form, termed an attack-phase cell, and an
intraperiplasmic form that undergoes growth and reproduction within the
periplasmic space of the invaded bacterial cell. A typical cycle of an in vitro
culture is completed within 3-4 h following initial attachment to a prey cell by
an attack-phase BALO. This developmental process is complex and must in-
volve multiple signaling pathways that give rise to temporally regulated gene
expression enabling the predator to find, invade, and devour its prey. Al-
though the mechanisms of direct invasion and degradation of prey contents
have been studied, many of the processes and their genetic controls are not
understood.

The bdellovibrios are highly motile as attack-phase cells, moving at rates
of up to 160 um per second (Sockett and Lambert 2004), and powered by
a single polar sheathed flagellum. Although they are metabolically active and
capable of synthesizing macromolecules, such as RNA, protein, and peptido-
glycan (Thomashow and Rittenberg 1979), these cells do not replicate DNA
and are not capable of cell division. Their rapid motility while in search of
susceptible Gram-negative prey comes at a high price in terms of energy
expenditure. The endogenous rate of respiration for bdellovibrios has been

Bdellovibrio bacteriovorus Developmental Cycle
Attachment
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Fig.1 The predatory life cycle of B. bacteriovorus. See text for explanation
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shown to be some seven times that of E. coli (Hespell et al. 1973). This high
rate of energy usage leads to rapid loss of viability in the absence of prey.
Whether the mechanism for finding prey cells is purely random chance due
to the predator’s extreme mobility, or is dependent on chemical signals from
the prey cells or the environment, is still open to debate. The fact that some
of the bdellovibrios are chemotactic is indisputable (Straley and Conti 1974;
1977; Lamarre et al. 1977; Straley et al. 1979), but whether this capability is
involved in locating prey cells still remains unknown.

Regardless of the mechanism of prey location, once the predator encoun-
ters prey it attaches to the prey cell envelope, at first reversibly, followed
rapidly by an irreversible attachment. The mechanism of this interaction
remains a mystery although there is suggestive evidence that it involves
the core polysaccharide of the prey lipopolysaccharide (Schelling and Conti,
1986). This irreversible attachment is followed by the invasion of the prey
cell periplasm as the bdellovibrio penetrates the outer layers of the prey cell
envelope. During this early stage of invasion, the attacking BALO sheds its
flagellum. Following entry into the periplasm, the penetration pore is sealed,
and the attacking predator takes up residence without breaching the cytoplas-
mic membrane of the prey cell. Prey cells are rapidly immobilized, followed
within a few minutes by cessation of RNA and protein synthesis and cellular
respiration (Rittenberg and Shilo 1970; Thomashow and Rittenberg, 1978a).
This invasion process results in the periplasmic predator sitting inside an
isolated “food bag”, the contents of which are made available by the many
degradative enzymes that are part of the predator’s arsenal.

In order to keep the prey cell intact during the intraperiplasmic growth
phase, the prey cell envelope is modified, producing an osmotically stable
spheroplast, termed a bdelloplast (Thomashow and Rittenberg 1978a, Tudor
et al. 1990, Ruby 1991). The bdelloplast serves as a unique niche for the in-
vader, where it has sole access to the rich nutrients provided by the prey
cell cytoplasm. The remainder of the bdellovibrio growth phase takes place
in this structure, with the predator systematically degrading the cytoplasmic
contents of the prey and incorporating these nutrients into the growing fil-
ament. It remains unclear how these nutrients cross what appears to be an
intact prey membrane, but there is evidence that a porin or porin-like pro-
tein is translocated from the bdellovibrio to the cytoplasmic membrane of the
prey immediately following invasion (Tudor and Karp 1994). Kinetic studies
of protein synthesis utilizing 3°S-labeled methionine indicate that a protein
of similar molecular weight and isoelectric point is synthesized soon after
the bdellovibrio resides in the periplasm of the prey (McCann et al. 1998).
The translocation of such an outer membrane protein would explain ear-
lier observations on Bdellovibrio attack, such as increased permeability of
the prey cytoplasmic membrane (Rittenberg and Shilo 1970; Rittenberg and
Thomashow 1979), and the rapid loss of cytoplasmic potassium following an
attack (Galdiero 1975).
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When the initial invasion process is completed, the intraperiplasmic
bdellovibrio shifts into a growth phase, systematically degrading the cellu-
lar contents of the prey and synthesizing and assembling its own cellular
structures. Many degradative enzymes, transport proteins, and biosynthetic
pathways are required during this rapid growth phase. It is during this phase
that DNA synthesis takes place, as the bdellovibrio grows into a filament,
several cell lengths long. The length of the filament, and ultimately the num-
ber of progeny produced, is directly related to the size of the invaded prey
cell (Seidler and Starr 1969). Once the filament reaches its maximum length,
it fragments into multiple progeny predatory cells, each of which synthesizes
its own flagellum. Lytic enzymes are then released that lyse what remains of
the bdelloplast, and new attack-phase cells emerge.

3
Bdellovibrio bacteriovorus HD 100 as
a Model for Genomic Analysis of Predation

The genome of the type strain of B. bacteriovorus, strain HD 100 has been
determined to be circular, containing 3782950 base pairs, and is predicted
to code for approximately 3580 proteins (the exact number varies based on
prediction method; see Integr8 at http://www.ebi.ac.uk/integr8, microbeson-
line at http://www.microbesonline.org and the PEDANT genome database at
http://www.pedant.gsf.de). Two complete rRNA operons have been identified,
that also contain 36 genes encoding tRNAs for all 20 translationally used
amino acids (Rendulic et al. 2004). The genome contains 50.7% G+C, and
no plasmids have been found. Only one other genome from a BALO, Bac-
teriovorax marinus SJ, has been sequenced and completely assembled at the
time of this writing. Sequence data for this organism were produced by the
Bacteriovorax marinus Sequencing Group at the Sanger Institute (B. marinus
sequence data can be obtained at: ftp://ftp.sanger.ac.uk/pub/pathogens/bm).
It consists of a single chromosome of 3435933 bp with a G+C content of
36.75%, and a plasmid of 1973 bp having a G+C content of 36.19%. Our an-
alysis of the Sanger sequence data suggests that, like B. bacteriovorus HD 100,
the genome of B. marinus S] contains two rRNA operons and 36 tRNA genes.
The predicted B. marinus proteome is some 13% smaller than that of B. bacte-
riovorus HD 100, at approximately 3100 protein-coding genes (PEDANT). The
genome of a third BALO, Bdellovibrio sp. strain W has also been sequenced
(http://www.micro-gen.ouhsc.edu/), but at the time of writing it had not yet
been assembled into a complete sequence. Preliminary analysis has found it
to be very similar in composition and sequence to the genome of B. bacteri-
ovorus HD 100, but dissimilar to that of B. marinus SJ.

The increasing numbers of bacterial genes and whole genomes that have
been sequenced have facilitated the development of robust computer pro-
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grams that use sequence similarity at both the nucleotide and the deduced
amino acid sequence level to identify gene orthologs and paralogs. While this
is a powerful technique, it is naturally limited to the identification of genes
that are present in many different organisms. While some of the most inter-
esting genes in BALO predators may not have orthologs in other bacteria, this
approach can be used to identify many of the genes essential for the predatory
life style. Genes unique to bacterial predators would not be expected to have
orthologs in non-predatory bacteria. Thus a group of candidate predation
genes can be identified by exclusion. Similarly, the functions of the prod-
ucts encoded by these genes (and other not essential for predatory growth)
may well be deduced based on the presence of conserved domains or other
predicted motifs in the predicted polypeptide products.

It is important to note at this point that, other than the genomic DNA se-
quences, there is very little genetic, molecular or biochemical information
regarding specific genes or gene products in any of these BALO-type preda-
tors. Much of what follows regarding “genes” in this chapter is therefore
speculative and largely driven by computer-based analysis of homology to
genes and proteins of known or suspected function. Thus, most of the “genes”
to which we refer should be considered putative or probable genes until there
is experimental evidence addressing the function of their products. However,
to avoid needless repetition we will typically omit these terms in the descrip-
tions that follow.

Until the sequencing of the B. bacteriovorus HD 100 genome in 2004 (Ren-
dulic et al. 2004) research on the predatory life cycle of the BALOs had been
almost exclusively based on physiological and morphological studies. The re-
sults of all of these past studies can now serve as a framework on which the
genomic data can be evaluated and interpreted. Since all wild-type BALOs
that have been isolated from nature have an absolute requirement for prey
cells, comprehending the nature of this cell-cell interaction, and the intricate
genetic regulation of the predatory life cycle is fundamental to our under-
standing of the BALOs and the role they play in the environment. Increasing
our knowledge of the genetic and molecular basis of predation could lead to
much broader biological implications for other cell-cell interactions that are
at present medically and environmentally relevant. The remainder of this sec-
tion will use the annotated B. bacteriovorus HD 100 genome as a basis for
describing possible molecular and genetic components of predation.

It is assumed that motility is a prerequisite for the predatory capability of
the BALOs as a means of efficiently encountering and attaching to susceptible
prey bacteria. Early work demonstrated that when bdellovibrios were ren-
dered non-motile, they were incapable of attaching to prey cells (Varon and
Shilo, 1968). Bdellovibrio motility is achieved using a single polar sheathed
flagellum. The genome of B. bacteriovorus HD 100 contains six clusters of
genes responsible for flagellar synthesis and motility, as well as six genes cod-
ing for the flagellin protein located at multiple loci. Expression of one of the
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motility genes, motA is required for predation and for efficiently exiting the
prey cell following the growth phase. Flannagan et al. (2004) have shown
that inhibiting the expression of the motA gene with antisense RNA delayed
bdellovibrio escape from the invaded prey cell.

Twenty genes encoding putative methyl-accepting chemotaxis proteins
(MCPs) have been identified in the Bdellovibrio genome. It has long been
known that the bdellovibrios exhibit chemotaxis (Straley and Conti 1974,
1977; Lamarre et al. 1977; Straley et al. 1979). However, all of these studies
were performed using strain UKi2, now classified as Bacteriovorax stolpii,
whereas only a couple of experiments demonstrated chemotaxis by other
strains, with B. bacteriovorus strain 109] exhibiting no chemotactic behav-
ior against the compounds tested (Straley et al. 1979). The B. bacteriovorus
HD 100 genome contains all the required genes for a functional chemotactic
system (Fig. 2). The role that CheD would play in chemotaxis is not known
for the bdellovibrios, but has been shown to be necessary for a chemotactic
response in other prokaryotes (Kristich and Ordal 2004). It is interesting to
note that no cheZ homolog has been found in the B. bacteriovorus HD 100
genome. An unknown protein must therefore carry out its usual function
of dephosphorylating CheY. Whether chemotaxis plays an important role
in location of prey is still open to speculation. Lambert et al. (2003) have
shown that disruption of an mcp gene of B. bacteriovorus led to a decrease
in efficiency of predation. Determining which chemotaxis genes, if any, are
important or essential for either prey location and/or predation efficiency
should now be possible because of the genomic data available. Insight into
their importance may also be gleaned from a comparative examination of
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Fig.2 Putative chemotaxis proteins encoded in the B. bacteriovorus HD 100 genome.
Numbers beneath the protein designations represent genomic loci. This schematic is
based on the model proposed by KEGG (Kyoto encyclopedia of genes and genomes;
www.genome.jp). Note that an ortholog of the gene for CheZ (dephosphorylates CheY)
has not been identified based on sequence comparison *There are potentially 20 MCP
genes in the Bdellovibrio genome
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the MCP genes found in available BALO genomes (see discussion below). B.
stolpii has also been shown to be tactic in regard to oxygen concentrations
(Straley et al. 1979) and therefore presumably should have the machinery for
aerotaxis. The B. bacteriovorus HD 100 genome contains a gene that codes
for a putative aerotaxis sensor (Aer, protein accession #CAE77867), that could
function in sensing oxygen concentrations in the environment. This could be
important for BALOs in finding their potential prey. Aerotaxis experiments
showed that B. stolpii accumulated below the surface of the medium, indi-
cating a preference for lower oxygen tension and that, therefore, they are
potentially microaerophilic.

Irreversible attachment closely follows after the collision of a predator
with a susceptible prey cell. The mechanism of adhesion between the two
cells is still unknown. Many attempts have been made to isolate predator-
resistant prey, and to date only one success has been reported (Varon 1979)
using continuous culture over several days. BALOs are capable of preying on
a wide range of Gram-negative bacteria, but the identification of the receptor
molecule(s) on the prey remains elusive. Bacterial adhesion to substrates and
other cells many times involves fimbriae. Electron microscopy has revealed
the presence of fimbriae, especially on the pole of bdellovibrios opposite the
flagellum (Abram and Davis 1970), which may be involved in attachment to
the prey cell envelope. Several clusters of pil genes are present in the B. bac-
teriovorus HD 100 genome. The number of pil genes is greater than found in
most bacteria to date. These genes could be involved in a number of functions
(i.e., secretion, uptake, adherence, etc.), but also may also be the means by
which these predators establish irreversible attachment.

In synchronous cultures of B. bacteriovorus growing on Escherichia coli as
prey, penetration of the outer envelope of the prey by the predator commences
within minutes of attachment, resulting in the bdellovibrio cell invading the
prey periplasm (Thomashow and Rittenberg, 1978a; Tudor et al. 1990). This
breach of the outer layers of the prey cell is the result of a localized coor-
dinated attack on the prey cell wall by hydrolytic enzymes produced by the
predator. The B. bacteriovorus HD 100 genome reveals the presence of the
second highest density of genes encoding hydrolytic enzymes that has been
seen in bacterial genomes, including ten glycanases, 150 protease/peptidases
(the highest number ever reported), 20 DNAases, nine RNAases, and 15 li-
pases. A number of enzymatic activities are released during the initial stages
of bdellovibrio attack, which not only result in penetration of the prey envelop,
but in extensive modification of the outer prey layers. Thomashow and Rit-
tenberg (1978a,c) presented data for several degradative enzyme activities that
would affect the outer layers of the prey, such as glycanase, peptidase/protease,
and LPSase. The outer membrane of the prey is extensively modified, includ-
ing the solubilization of up to 25% of LPS glucosamine during the initial stages
of bdellovibrio attack (Thomashow and Rittenberg 1978a), with the prey cell’s
OmpA and Braun’s lipoprotein getting degraded (Cover et al. 1984; Barel et al.
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2005; Beck et al. 2004), and a subsequent increase in hydrophobicity (Cover
and Rittenberg 1984). The protein degradation observed in the outer mem-
brane of the prey can be easily be accounted for by the extensive number
of proteases/peptidases encoded by genes found in the predatory genome.
Several secreted proteases have been identified that could fulfill this role dur-
ing predation. Sockett and Lambert (2004) identified a secreted protease of
~ 90 kDa that could be the product of any one of three different protease genes
in the B. bacteriovorus HD 100 genome.

These extensive modifications of the prey cell envelope apparently lead to
an immunity to subsequent invasion by a second predator. Two potential ex-
planations for this exclusion mechanism have been presented. Thomashow
and Rittenberg (1978b,c) suggested that deacetylation and acylation of the
peptidoglycan inhibit further solubilization of this macromolecule following
penetration, and result in the bdelloplast being resistant to superinfection.
An alternative explanation has been presented by Tudor et al. (1990), which
suggests that changes in the topography of the outer membrane could lead
to masking of receptor sites, excluding subsequent irreversible attachment.
In any case, once a predator has established itself in the periplasmic space,
and the prey is converted into a rounded bdelloplast, subsequent invasions
by other bdellovibrios are prevented, making the bdelloplast an exclusive,
protected environment for growth and reproduction of the intraperiplasmic
predator.

Diedrich et al. (1983, 1984) reported that bdellovibrios pick up intact outer
membrane proteins from their prey cell during the invasion of the periplasm
and incorporate them into their own outer membrane. However, subsequent
reports have presented data that question these earlier conclusions (Barel
et al. 2005; Beck et al. 2004; 2005). The latter have demonstrated that BALOs
produce an Omp that, while it is similar to E. coli OmpF, is unique to the
predators (for more details, see chapter by Strauss et al. in this volume).
These data confirm the earlier report by Rayner et al. (1985) that B. bacte-
riovorus 109] produces its own Omp similar to OmpF of E. coli. The genes
coding for this Omp are conserved across diverse groups of BALOs, showing
sequence similarities ranging in value from 34% to 89% at the amino acid
level (Beck et al. 2005).

The exact mechanism by which the predator successfully breaches the
outer layers of the prey cell is still not understood. Whether the enzymatic
degradation of a portion of the outer membrane of the prey is required for
the movement of the predator through this envelop, or if movement of the
predator, due either to flagellar motion (so called drilling) or by twitching
motility due to Type IV pili, is sufficient, is not known. The B. bacteriovorus
HD 100 genome possesses two copies of genes that code for Type IV pili that
could be involved in penetration (Rendulic et al. 2004). The actual means
of penetration may well be a combination of both enzymatic and mechan-
ical activities. Whatever the mechanism for breaching the outer membrane,
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in order to penetrate the rigid peptidoglycan, the predator must break cova-
lent bonds to produce a penetration pore large enough to squeeze through.
Several reports (Tudor et al. 1990; Thomashow and Rittenberg 1978a,c) have
demonstrated that both glycan and peptide moieties of the prey peptido-
glycan are released into solution during the first few minutes of invasion
as the result of glycanase and peptidase activities. Up to 15% of the prey
cell peptidoglycan is solubilized during penetration, with glycanase activity
ceasing almost immediately following invasion, but peptidase/protease activ-
ity continuing throughout intraperiplasmic growth. The glycanase activity
is inhibited through the modification of the substrate rather than direct in-
hibition of the enzyme (Thomashow and Rittenberg 1978c). A gene coding
for a putative peptidoglycan GIcNAc deacetylase (#CAE78449) is present in
the B. bacteriovorus HD 100 genome. This could be the enzyme responsible
for this modification. The amount of glycanase activity recorded, however,
may be sufficient to cause the peptidoglycan layer to lose rigidity, resulting
in the formation of a rounded structure called a bdelloplast. There is one
glycanase gene identified in the B. bacteriovorus HD 100 genome that codes
for an extracellular enzyme that could be a good candidate for this activity
(Rendulic et al. 2004). Glycanase, however, may not be necessary for invasion,
as heat-killed cells are penetrated without any detectable release of glycan
units (Tudor et al. 1990). An examination of the temporal activity of these hy-
drolytic enzymes during invasion would be necessary to determine the exact
role of each in these early events in predation.

Peptidase/protease activity continues throughout the intraperiplasmic
growth phase, and this continuous peptidase activity could be attributed to
any number of the protease/peptidase genes found in the B. bacteriovorus
HD 100 genome. Indeed, 12 of these genes encode putative extracellular
enzymes that could be secreted into the periplasm of the prey following inva-
sion. However, the activity responsible for the production of the penetration
pore most likely is not an excreted enzyme, but rather a peptidase that is
localized and anchored in the outer membrane of the anterior pole of the
predator. Bd0168 is a gene in the B. bacteriovorus HD 100 genome encoding
a putative peptidase (#CAE77837) that is predicted to be an integral mem-
brane protein. If it is localized at the anterior pole of the cell, it could function
to produce localized hydrolysis of prey peptide cross links, permitting the
predator to squeeze through the prey’s peptidoglycan layer into the periplas-
mic space. This mechanism for penetration has been suggested by the work of
Tudor et al. (1990), based on the study of B. bacteriovorus 109] and strain W
versus live and heat-killed E. coli.

These extensive modifications to the prey envelope result in the formation
of an osmotically stable rounded bdelloplast, in which the predator is safely
nestled in the periplasmic space. The work of systematically degrading the
prey cytoplasmic contents for nutrient acquisition begins, and the predator is
now faced with two challenges:
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1.

The extensive hydrolytic arsenal must be exported from the predator cyto-
plasm across its two membranes into the prey periplasm, and then across
the prey cytoplasmic membrane. Therefore, if products of Bdellovibrio
genes are to serve as the agents responsible for hydrolysis of prey cell
macromolecules, then there must be mechanisms present in the preda-
tor to move these products across the three membranes. A number of
pathogenic bacteria have very specialized Type III secretory complexes
that are capable of moving important virulence factors across both their
cytoplasmic and outer membranes and directly across the host cell mem-
brane into the cytoplasm of a host cell. Because of the close proximity of
the bdellovibrio cell outer membrane and the cytoplasmic membrane of
the prey (Abram et al. 1974), it would be reasonable to suspect a similar
process for the bdellovibrios. However, no homologs of genes coding for
either Type III or Type IV secretory pathways have been found in any of
the sequenced genomes of BALOs, so the bdellovibrios must make use of
alternate secretory pathways.

There are a number of genes found in the B. bacteriovorus HD 100 genome
that correspond to Type I and Type II secretion systems, as well as twin
arginine translocation (TAT) systems, which could code for translocation
complexes capable of moving hydrolytic enzymes into the prey periplasm.
For example, gene Bd0887 codes for a putative outer membrane protein
(#CAE78831) as part of an ABC transporter for protein export across
both the cytoplasmic and outer membranes of the predator. The genome
also contains genes coding for Type IV pili capable of translocating pro-
teins, and a number of genes that code for putative translocators of the
TAT system, which could translocate native folded proteins across both
predator membranes. Such export systems could be used to secrete the
predator’s hydrolytic arsenal into the bdelloplast periplasm. However,
since the prey’s cytoplasmic membrane does not appear to be physically
disrupted by the predator, the mechanism by which specific bdellovib-
rio hydrolytic enzymes are then introduced into the prey cytoplasm re-
mains unknown. One proposal involves the secretion of predator enzymes
from the periplasm into the prey cytoplasm using the prey’s own secre-
tory systems, but operating in a reverse fashion (Saier 1994). Saier also
suggested the need for molecular chaperons in the process of moving
proteins from the predator to the prey cytoplasm. The B. bacteriovorus
HD 100 genome contains three genes encoding proteins of the GroELES
system (#CAE77776, #CAE77777, #CAE78154), two for the DnaJK system
(#CAE79192, #CAE79194), and one gene encoding a putative SugE chap-
erone protein (#CAE80306). Whether these chaperons are essential for
predation and whether they could function in the prey periplasm and/or
the cytoplasm has yet to be elucidated.

Many studies have demonstrated that the BALOs produce a wide variety
of hydrolytic enzymes that could be used for degrading their prey cy-
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toplasmic contents, and that the sequenced genomes of these predators
contain a high concentration of genes encoding this hydrolytic arsenal.
In addition to the plethora of proteases/peptidases synthesized by the
predator, there are a full range of hydrolytic enzymes that could be re-
sponsible for degradation of the prey cytoplasmic contents. Specifically,
polysaccharides, lipids, proteins, and nucleic acids of the prey would need
to be hydrolyzed to produce precursors for bdellovibrio biosynthesis to
fuel the predator’s growth. There are 12 candidate protease/peptidase
genes in the B. bacteriovorus HD 100 genome that code for predicted
extracellular enzymes. Protease activity was shown to increase through-
out the intraperiplasmic growth phase (Romo et al. 1992). Two putative
DNase genes (Bd0934 and Bd3507) that code for proteins (#CAE78875 and
#CAE78299) are predicted to be secreted by the predator and could be
responsible for the controlled degradation of the prey DNA (Matin and
Rittenberg 1972; Rosson and Rittenberg 1979), resulting in the production
of a variety of nucleosides and nucleotides, as well as ribose sugars. There
are nine genes predicted to code for RNases and 15 genes encoding li-
pases, which would complete the degradative potential of the predator for
producing biosynthetic precursors.

2. Hydrolyzed products must be imported from the prey cytoplasm into its
own cytoplasm to serve as nutrients. This latter process involves move-
ment of small molecules from the prey cytoplasm, across the cytoplasmic
membrane into the periplasm, and then transport of these molecules
across the predator cytoplasmic membrane. As the bdellovibrio enzymes
hydrolyze prey macromolecules, there must be a means of moving the re-
sultant hydrolyzate across the prey cytoplasmic membrane and into the
periplasmic space, where the predator would have access to it. The exact
mechanism employed for this function is not known,. However, as noted
earlier, the invading bdellovibrio is capable of inserting a porin-like pro-
tein into the cytoplasmic membrane of the prey (Tudor and Karp 1994).
Recent reports confirm that the bdellovibrios make an outer membrane
protein with similar molecular mass and isoelectric point as that reported
by Tudor and Karp (Barel et al. 2005; Beck et al. 2004). Subsequent work
by Beck et al. (2004; 2005) presented data showing that a number of BA-
LOs (B. bacteriovorus HD 114, HD W, B. stolpii, and B. starrii) possess
homologs of this major outer membrane protein, suggesting that this
function of translocating a porin into the prey cytoplasmic membrane is
presumably conserved among all the Bdellovibrionales. The gene Bd0427
encodes a protein (#CAE78413) in B. bacteriovorus HD 100 of 36 kDa with
a pl of 4.75, which matches the physical characteristics of this Omp. This
major predator Omp is unique among porin-like proteins in that it has ex-
tensive a-helices. This is in contrast to the S-sheets of most Gram-negative
porins, which are organized as S-barrel channels. The unique structure of
this Omp explains how it may undergo translocation from the Bdellovib-



Genomic Analysis and Molecular Biology of Predatory Prokaryotes 165

rio outer membrane to the prey cytoplasmic membrane, when no other
Omps have been shown to be capable of such movement. It follows that
the hydrolyzed products of prey macromolecular breakdown could diffuse
into the periplasmic space through this uniquely placed porin, giving the
intraperiplasmic bdellovibrio access to these nutrients.

After the prey cell molecules have leaked into the periplasm, the predator
must have a full complement of transport systems to import the nutrients.
The B. bacteriovorus HD 100 genome contains 244 ORFs that could corres-
pond to genes coding for membrane transporters (Rendulic et al. 2004). Of
these ORFs, 147 potentially code for proteins of the ABC type that could
be used to produce 40 ABC transport complexes, about half of which are
putative exporters and half importers. The remaining number of transport
ORFs represent primary transporters of the major facilitator superfamily
(MES).

Since the bdellovibrios have not been shown to utilize sugars as major
sources of energy, it is not surprising that there is a paucity of sugar
transporter genes found in the B. bacteriovorus HD 100 genome. For ex-
ample, only genes encoding periplasmic binding proteins and permeases
for ribose (#CAE78424 and #CAE78425) and maltose (#CAE79129 and
#CAE79131) have been identified. The genome sequence also predicts that
bdellovibrios can transport phosphorylated glycerol utilizing a glycerol-3-
phosphate transporter (#CAE79991 and #CAE80692).

Previous work (Hespell et al. 1973; Ruby et al. 1985) has shown that al-
though BALOs cannot use sugars as sources of energy production, they do
use amino acids as a major source of energy as well as for protein syn-
thesis. Rendulic et al. (2004) reported that the B. bacteriovorus HD 100
genome shows that genes for the biosynthesis of nine amino acids are ab-
sent, suggesting that the predator must obtain them from the substrate
cell. However, we have identified genes coding for biosynthetic pathways
for both asparagine and alanine, suggesting that B. bacteriovorus HD 100
may not be auxotrophic for these amino acids. The B. bacteriovorus HD 100
genome contains three genes that convert deliberately mischarged asp-
trn(asn) to asn-trn(asn), thus forming asparagine:gatA (Bd0059) that codes
for glutamyl-tRNA(GIn) amidotransferase, subunit A (CAE77740), gatB
coding for glutamyl-tRNA(GIn) amidotransferase, subunit B (CAE77741)
and gatC coding for glutamyl-tRNA(GIn) amidotransferase, subunit C
(CAE77739) (Min et al. 2002). A gene (Bd1194) encoding the enzyme cys-
teine desulfurase (CAE79103), which catalyzes the conversion of L-cysteine
to L-alanine, is present in the genome of B. bacteriovorus HD 100. Whether
this pathway would be used to produce significant amounts of alanine is
questionable, since its main function is the formation of sulfane sulfur. It
is of interest to note that the genome of B. marinus SJ does not appear to
have any of the gat genes, and contains a poorly aligned sequence for the
cysteine desulfurase gene (46% similarity).
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The genome of B. bacteriovorus HD 100 shows that the bdellovibrios possess
the genes necessary to transport three of the nine amino acids considered
essential by Rendulic et al. (2004). The remainder are apparently moved
across the predator’s membranes as peptides. The HD 100 genome has
genes coding for transporters and permeases for di-, tetra-, penta-, and
oligopeptides (Rendulic et al. 2004). Once transported into the bdellovib-
rio, the many cytoplasmic proteases/peptidases can convert the peptides
into individual amino acids to be used for biosynthesis of proteins and
other cellular molecules, and for energy production. Interestingly, no genes
for the enzymes of the urea cycle have been identified, while they have in
other closely related § proteobacteria, such as Geobacter and Desulfovibrio.
Other essential nutrients, such as lipids, phosphates, nitrates, metal ions,
anions, and ribonucleotides appear to be transported by dedicated ABC
transporters or transporters of the MFS system. Although it has been re-
ported that the bdellovibrios are capable of transporting ATP directly via
a dedicated permease system (Ruby and McCabe 1986), the genome anno-
tation of Bdellovibrio bacteriovorus HD 100 failed to identify any homologs
of known ATP transport systems (Rendulic et al. 2004). However, there are
anumber of uncharacterized putative transporter genes in the genome that
could serve this function. The repertoire of genes coding for transporters
in the bdellovibrios includes the capability to transport multiple drugs,
organic solvents, lipoproteins, polyamines, and, interestingly, two antimi-
crobial peptides (#CAE79032 and #CAE79033). The role these genes play in
predation remains unknown, but it is interesting to speculate that they may
be involved in the killing of the prey, or in the subsequent termination of
prey cellular functions. How these antimicrobial peptides could be delivered
to the prey cell is not understood at this time.

Information from the sequenced genome of the B. bacteriovorus HD 100
shows that it should have full metabolic capability for glycolysis, the TCA
cycle, fatty acid §-oxidation, and oxidative respiration (Rendulic et al. 2004;
KEGG). This is in agreement with previous studies showing that B. bacte-
riovorus 109] contains glycolytic enzymes (Hespell 1976) and a functional
TCA cycle and electron transport chain (Rittenberg and Hespell, 1975). Even
though they have the genes encoding for all of the glycolytic enzymes, these
prior studies have shown these enzymes to be present at reduced levels in
intraperiplasmically growing bdellovibrios (Hespell et al. 1973), suggesting
that this pathway is probably not utilized by the BALOs for energy produc-
tion via substrate-level phosphorylation, but for synthesis of organic precur-
sors for biosynthesis. Evidence suggests that there is a preference for amino
acids and components of nucleic acids for fueling energy production in the
bdellovibrios (Hespell 1976). Production of ATP must proceed via oxidative
phosphorylation, utilizing electron transport. The B. bacteriovorus HD 100
genome contains genes coding for cytochrome aa3 (ctaA; #CAE80048), the
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terminal aerobic electron acceptor, as well as for alternate cytochromes that
may function under microaerophilic conditions (two cytochrome c types
- #CAE78847 and #CAE80606; and a cytochrome bb3 type - #CAE80404). The
presence of these alternate cytochromes may reveal that the bdellovibrios can
change the composition of their electron transport chain based on oxygen
tension, or perhaps use terminal acceptors other than oxygen. This function-
ality may be important for these predators, especially intraperiplasmically,
where the oxygen tension may be low. Inorganic electron acceptors may
also be made available during the breakdown of prey cellular material. The
genome sequence reveals the presence of both nrf and nor genes, coding for
a nitric oxide reductase (#CAE80395) and a nitrite reductase (#CAE80607),
respectively. The biosynthesis of these electron transport components re-
quires that the bdellovibrios have the capability of scavenging iron and other
metals. Putative genes have been identified in the B. bacteriovorus HD 100
genome that would code for a TonB-like siderophore-mediated iron trans-
porter and a receptor (#CAE80640 and #CAE79283), as well as iron trans-
porters FeoA and B (#CAE79719 and #CAE79720) and Fut A (#CAE79001),
an iron ABC transporter. There also appear to be genes encoding proteins
for heme and aerobactin-like siderophore synthesis and for bacterioferritin
(Rendulic et al. 2004). It is clear that the bdellovibrios have the potential
for acquiring metals, transporting them, and synthesizing electron-transport
components. It is assumed that these metals are being scavenged from the
degraded prey cell constituents that then leak into the periplasm.

It is well known that BALOs cannot initiate DNA replication as attack
phase cells, and that synthesis of DNA is limited to the intraperiplasmic
growth phase. Although the BALOs are known to be capable of taking up and
incorporating a number of different prey molecules intact (Kuenen and Rit-
tenberg 1975; Rittenberg and Langley 1975; Ruby et al. 1985), there is still
a need for de novo macromolecular synthesis. Significant de novo synthesis
must occur in order to synthesize four to five copies of a genome the size
of the Bdellovibrio’s. Sockett and Lambert (2004) suggested that a consider-
able amount of the prey’s cytoplasmic sugars and amino acids would need to
be used simply to synthesize the predator’s nucleic acids. An analysis of the
BALO genomes shows clearly that they have the genetic content necessary for
the synthesis of nucleotides and for coding the proteins needed for synthesis
of all the macromolecular components of the cell. The genome of B. bacteri-
ovorus HD 100 contains genes homologous to those of other prokaryotes that
encode polymerases and the accessory proteins necessary to replicate DNA.

The processes of cell growth and DNA replication are limited to a par-
ticular phase of the bacterium’s life cycle, the intraperiplasmic growth phase.
They represent an unusual reproductive strategy among the prokaryotes in
that the intraperiplasmic cell grows into a filament, elongating into a cell that
is several times unit length. The replicated DNA is then distributed within this
filament prior to septum formation and fragmentation of the filament into
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individual progeny. Even though the genome of B. bacteriovorus HD 100 con-
tains genes coding for proteins that are typically involved in cell wall growth
(eg. a full complement of peptidoglycan biosynthesis proteins), cell shape
(MreB/Mrl homologs; #CAE79605 and #CAE77874), septum formation (eg.
FtsZ; #CAE80944), and in genome segregation (e.g., homolog of SMC pro-
tein, #CAE79072), how they may function in positioning of multiple septa,
and segregation of genomes in the elongated predator is not at all clear. Un-
derstanding this very unusual reproductive strategy could potentially provide
important insights into the fundamental cellular mechanisms required for
determining how growing cells establish symmetry, and how genomes are
distributed in growing cells.

During, or immediately following, septation new flagella are synthesized and
assembled just prior to the release of progeny cells from the bdelloplast. Since all
of the BALOs require flagella for motility, and as a requirement for predation, it
was expected that they would possess the genes required for both the synthesis
of the flagellar components and its biogenesis. Using homology-based searches,
almost all of the required flagellar genes have been identified. This includes the
genes for structural components such as flagellin and the motor and basal body,
as well as signaling systems to connect chemotaxis sensors to flagellar rotation
(see below). There are also a number of open reading frames (ORFs) that have
weaker homology to known genes related to motility. While some of these may
be involved in functions specific to locating and attacking prey, it is likely that
many (perhaps all) of them are simply less-well conserved forms of the “miss-
ing” flagellar genes (i.e., flhC and flhD) that encode transcriptional regulators
of some flagellar operons that have yet to be identified.

Along with the identification of most of the genes encoding components
of the flagellum, some interesting gene duplications have been identified. The
B. bacteriovorus HD 100 genome contains six (or possibly seven) paralo-
gous copies of the flagellin gene. These ORFs all encode polypeptides with
greater than 70% similarity to each other over their entire length. One of
these flagellin genes is predicted to be part of an operon with a gene encoding
a flagellar-hook protein (FIgK) and a conserved hypothetical, transmembrane
protein (#CAE78516). Four of the other six predicted flagellin genes are in two
clusters with two genes each, which are not predicted to be part of an operon.
One of these clusters is located within 6 kb of a fliDLS operon (2 hag genes,
Bd0604 and Bd0606, coding for proteins #CAE78570 and #CAE78572). The re-
maining two paralogs are relatively distant from the other flagellin genes, but
one is located within 11 kb of an operon containing 12 predicted fIi genes.
The polypeptides encoded by the six ORFs most similar to flagellin are all
predicted to be just over 29 kD in size. This value agrees very well with the
SDS-PAGE analysis of purified B. bacteriovorus 109] flagella by Thomashow
and Rittenberg (1985), in which a large band of ca. 29.5kD was observed.
The seventh potential paralog (Bd0542), is predicted to encode a much larger
polypeptide of nearly 40 kD (#CAE78515). No polypeptide of this size was
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detected in their analysis, suggesting that it is either a very minor compon-
ent of the flagellum or that it is involved in some unrelated function. These
paralogous copies may make versions of flagellin that are used at different
locations within the B. bacteriovorus flagellum, analogous to the situation
found in Caulobacter crescentus (Leclerc et al. 1998). It is also worth noting
that at least two other members of the §-proteobacteria, Desulfovibrio vulgaris
Hildenborough (Heidelberg et al. 2004) and Geobacter sulfurreducens (Methe
et al. 2003), also have multiple paralogous copies of the flagellin gene (pos-
sibly five and three copies, respectively), which may be a common feature of
this group.

Following flagellar biogenesis and septation of the growing filament into
progeny predators, a new burst of glycanase activity breaks open the bdel-
loplast, freeing the newly formed attack-phase bdellovibrios (Thomashow
and Rittenberg 1978c) to search out new prey. The identification of the spe-
cific gene or genes that code for this lytic enzyme among the ten predicted
glycanases must await experiments that will study timed gene expression dur-
ing the predatory cycle.

The switch, or signal, that initiates the processes of cellular growth and
replication remains an unknown. Gray and Ruby (1990) have speculated that
there are signal molecules from the prey that somehow regulate these pro-
cesses. They suggest a two-signal model, the first signal regulating the switch
from attack phase to growth phase, and the second initiating DNA replication.
Prey-dependent BALOs can be made to elongate, and in some cases undergo
fragmentation, when cellular extracts from prey cells are added to cultures.
This appears to support their suggestion that there are signal molecules from
the prey (Friedberg 1978; Horowitz et al. 1978). However, regulation of the
predatory life cycle of the BALOs must involve additional regulatory systems,
some of which presumably include two-component regulatory systems.

One of the problems in studying the genetics of the developmental process
of the bdellovibrios has been their obligately predatory nature. All attempts
to isolate BALOs from nature and grow them axenically on laboratory me-
dia have been unsuccessful (Friedberg 1978; Horowitz et al. 1974, Reiner and
Shilo, 1969). Mutations in genes essential for predation would be lethal, and
therefore undetectable. A number of prey-independent mutants have been
isolated that have gained the ability to grow on complex media in the absence
of prey. Although their growth pattern is similar to that seen intraperiplas-
mically and they are more easily manipulated, most have lost the ability
to efficiently engage in predatory growth on living cells (Seidler and Starr
1969; Varon and Seijffers 1975). This conversion of prey-dependence (PD) to
prey-independence (PI) appears to occur with single-hit kinetics (Seidler and
Starr 1969), implying the mutation may be in a regulatory gene. Cotter and
Thomashow (1992b), using a Bdellovibrio genomic library cloned into a sui-
cide vector, were able to identify a single locus, called hit, that apparently
controls the ability of PI bdellovibrios to grow predaceously. Rendulic et al.
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(2004) located the hit locus as putative gene Bd0108, which is part of a tran-
scripton coding for cell wall-associated proteins. They also suggest that this
region may have been inserted into the B. bacteriovorus HD 100 genome be-
tween putative genes coding for chemotaxis and MCP proteins. What role this
region may play in switching from PI to PD is, however, still open to ques-
tion. Barel and Jurkevitch (2001) isolated seven independent axenic mutants,
only three of which had mutations located in the hit region. Additionally, all
seven PI mutants exhibited diverse morphologies and growth characteristics.
The hit locus apparently codes for a small hypothetical polypeptide of 10.6 to
11 kDa (Cotter and Thomashow 1992b; Schwudke et al. 2005). The role that
this small polypeptide plays in predation is unknown, but its size suggests
that its function might be regulatory, perhaps being secreted. Expression an-
alysis using RT-PCR has shown that transcripts for this peptide are highest
in attack-phase and very early and late intraperiplasmic-phase cells, suggest-
ing a role in attack and/or penetration of the prey (Schwudke et al. 2005).
Clearly, the waters are still quite muddy when it comes to understanding what
genes are involved in the change from PD to PI bdellovibrios, or vice versa.
Certainly there is much work still to be done in order to understand the func-
tion(s) of these mutated sequences.

4
Genomics and Proteomics of Bdellovibrio and like Organisms

Since the only annotated BALO genome available at the time of this writing
is that of B. bacteriovorus HD 100, a detailed comparison of several BALO
genomes and proteomes is not yet possible. One interesting possibility of
such an analysis would be the definition of a minimum “Bdellovibrio/BALO
predator-specific genome/proteome”. Our initial comparisons of the B. bac-
teriovorus and B. marinus genome sequences indicate that they are rather
different in terms of their gene complement, yet, since both organisms are
intraperiplasmic bacterial predators, a common set of orthologous genes re-
quired for this predatory lifestyle may exist between them (Fig. 3, stippled
region). Such genes may well encode products involved in prey detection, at-
tachment, penetration, bdelloplast formation and the mobilization of prey
components for use by the growing predatory cell, as described above. These
genes should easily be distinguished from the other set of common genes
encoding proteins involved in central metabolic processes, DNA replication,
transcription, etc. (Fig. 3, hatched region), based on the homology between
these housekeeping type genes and known genes in other bacteria. Any re-
maining genes that are unique to either B. bacteriovorus or B. marinus would
likely encode proteins involved in the specific environments that these bac-
terial predators encounter in their rather different niches. This section is
intended to provide a preliminary analysis of the relationships between the
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Fig.3 Venn diagram showing the potential functional relationships between the pro-
teomes of Bdellovibrio bacteriovorus HD 100 and Bacteriovorax marinus SJ]. While there
are a number of predicted polypeptides that are not shared between these two predators
(unshaded regions; see text) there is a large common set (stippled and hatched regions). Of
these common proteins, some are expected to be “housekeeping” in nature (hatched re-
gion) and thus similar to those found in other bacteria, while others may be required for
the BALO lifestyle (stippled region). If this is the case, these common “predatory” proteins
may define a minimum predatory proteome. The diagram is not to scale and areas do not
reflect the abundance of different types of genes

genomes and proteomes of B. bacteriovorus HD 100, Bdellovibrio sp. strain W
and B. marinus S]. For simplicity, all comparisons will be made to the B. bac-
teriovorus HD 100 sequence and proteome.

Until the B. sp. strain W genome sequence is closed, a large-scale analy-
sis is not possible, but comparisons of the larger contigs from the assembly
(http://www.micro-gen.ouhsc.edu/b_bacter/b_bacter_home.htm) with the B.
bacteriovorus HD 100 genome using BLASTN, shows that they are almost
completely syntenic. Synteny refers to a region of similarity in terms of gene
sequence, location, and orientation between two or more genomes (Bently
and Parkhill 2004). This is quite surprising given their differences in morph-
ology, prey-range, rDNA sequences, and the apparently unique ability of
strain W to encyst (Tudor and Conti 1977a,b). Given the very high level of
sequence identity observed between the B. bacteriovorus HD 100 and the
Bdellovibrio sp. strain W genomes, it is expected that they will be almost com-
pletely syntenic with most orthologous genes in similar/identical locations,
and in the same orientation. This was confirmed by TBLASTN (Altschul 1990)
comparisons of the B bacteriovorus HD 100 genome against several of the
largest available B. sp. strain W contigs (totaling more than 200000 bp). Not
only were almost all of the predicted ORFs conserved between both species,
the deduced amino acid sequences were nearly identical over their entire
length, with identities typically greater than 99%.

The very high conservation of both nucleotide and protein sequence be-
tween B. bacteriovorus HD 100 and B. sp. strain W is surprising since, as
stated above, they differ in many ways, notably the ability of strain W to
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encyst inside prey cells. We had presumed that these morphological and
developmental differences would be reflected in substantial differences in
genome and proteome composition, but there are several other possible ex-
planations as to why this is not the case. First, it may be that other BALOs
are capable of encystment, but that the frequency at which this occurs under
laboratory conditions is extremely low. It is important to note that the sig-
nal(s) that trigger cyst formation are not known, and procedures to induce an
attack-phase culture to encyst do not result in a consistently high percentage
of cells encysting. An ability to encyst would help to explain how these preda-
tory cells with such high metabolic rates manage to persist in environments
with very low prey cell densities. If B. bacteriovorus HD 100 is actually capa-
ble of encystment, then comparative genomics/proteomics will probably not
provide much insight into this process, as orthologs of the genes involved will
be present in both species. The second possible explanation is that the ability
to encyst is unique to B. sp. strain W, and was either recently acquired by this
strain (perhaps through horizontal gene transfer in a manner analogous to
that of the transfer of pathogenicity islands; Hacker and Kaper 2000), or that
encystment evolved early in the Bdellovibrio lineage but was only retained in
the line of descent, leading to strain W. If either of these occurred, a com-
parative genomics/proteomics approach should identify the genes/proteins
involved since some of them should be unique to strain W. The third possi-
bility is that the ability to encyst is unique to strain W and that it evolved by
modification of genes involved in predatory growth. In this case, a compara-
tive approach will again probably not be fruitful unless the evolution of this
process has been driven by the formation of multiple paralogous genes in B.
sp. strain W. Whatever mechanism is responsible for controlling encystment,
genomics and proteomics can only provide candidate genes for examination
by genetic and biochemical techniques (see below).

While B. bacteriovorus HD 100 and B. sp. strain W are quite similar in
terms of their genomic sequence, they both differ significantly from B. mar-
inus SJ. Only a comparatively few, short regions of similarity at the nucleotide
sequence level could be found by BLASTN comparison of segments of the
B bacteriovorus HD 100 and B marinus S] genomes. A preliminary analysis
comparing 1000 predicted proteins from the B bacteriovorus HD 100 pro-
teome (the first 1000 polypeptides in the FASTA formatted proteome set avail-
able from the EMBL-EBI Integr8 database: http://www.ebi.ac.uk/integr8/)
with the B. marinus sequence using TBLASTN (Altschul 1990) revealed some
interesting similarities and differences. Nearly 25% of the tested HD 100
polypeptide sequences had a very good match (E value of less than 1070) with
a predicted SJ gene product, and almost half of the B bacteriovorus HD 100
sequences returned a match with an E value of 101° or lower. On the other
hand, 29% of the tested protein sequences returned no match to the B. mar-
inus S] genome by this method. Of these, more than 80% (233 out of 290)
are ORFs encoding “hypothetical” proteins with no significant homology to
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known proteins. In the absence of transcriptome data it is not possible to
draw any conclusions regarding the nature of these hypothetical ORFs and it
is likely that at least some of them are not actual genes. The verification of
“real” genes (those that are actually transcribed into RNA) will be an import-
ant step in the comparison of the proteomes of these species (see below).

Given the observed differences between the proteomes of B. marinus SJ
and B. bacteriovorus HD 100, it is not surprising that there appears to be little
large-scale synteny between their genomes. While a full genome comparison
is beyond the scope of this work, we were able to assess synteny by manually
comparing assigned ORF identities and locations at several dozen randomly
selected locations throughout the genomes. In a few instances, short areas of
synteny were identified; however, all but one of these regions was restricted to
predicted operons. The one exception is a region of ca. 35 kb (Fig. 4) on either
side of the region that is predicted to contain oriC in B. bacteriovorus HD 100,
based on GC skew (Rendulic, et al. 2004). We have identified four potential
DnaA boxes in the region immediately upstream of dnaA, in both genomes,
consistent with this being oriC (Mackiewicz et al. 2004).

Synteny in the oriC region is not uncommon; in fact, in many eubacte-
ria the origin is flanked by gidA, trmE, yidC, rnpA, rnpA, dnaA, dnaN, recF,
and gyrB, with oriC upstream of dnaA (Mackiewicz et al. 2004). Putative
matches to all of these genes were found in this region, as well as ORFs for
17 others, including several encoding proteins involved in cell division (parA
and parB) and the atpFDAGBC operon. One segment within this syntenic re-
gion in the B. marinus S] genome, containing risA-ribA-ribH, is located more
than 830 kb counterclockwise from this region, and is in an inverted orien-
tation in B. bacteriovorus HD 100 and B. sp. strain W, relative to B. marinus
(Fig. 4b). While apparent orthologs of most of the genes in this region that
were not syntenic were identified in the other strains, their locations were
scattered around the chromosome.

While it is likely that other regions of synteny exist between the B. mari-
nus S] and B. bacteriovorus HD 100 genomes, the observation that there are
many non-syntenic regions argues for a relatively distant evolutionary rela-
tionship between them. This is consistent with the recent taxonomic change
in which the genus Bacteriovorax was created and moved out of the genus
Bdellovibrio, based on rDNA sequence analysis (Baer et al. 2000). The high
level of sequence identity and synteny between B. bacteriovorus HD 100 and
B. sp. strain W argues for a very close evolutionary relationship, which has
been supported by rDNA analysis.

Another approach for comparing the B. bacteriovorus HD 100 and B. mar-
inus S] proteomes is to examine the predicted polypeptide sequences for
regions of similarity to conserved protein domains and structures. A compar-
ison of potential ORFs in both genomes against the protein family database
(Pfam; Bateman et al. 2004) and to the clusters of orthologous groups of
proteins database (COG; Tatusov et al. 2001) has been performed as part of
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Fig.4 A region of synteny between the chromosomes of Bacteriovorax marinus SJ,
Bdellovibrio bacteriovorus HD 100 and Bdellovibrio sp. strain W in the region contain-
ing oriC. A region spanning nearly 35kb, roughly centered on the predicted location
of oriC, is syntenic between all three BALOs whose genomes have been sequenced. In
both panels, orthologous genes are designated by black arrows while non-orthologous
genes are shown as gray arrows. ORF positions for HD 100 and SJ are based on the auto-
called ORF locations in PEDANT (Riley, et al. 2005). a shows a region of ca. 16 kb while
b represents some 19kb of sequence. The predicted oriC regions for all three chromo-
somes lies between rnpA in a and dnaA in b. The sequences for HD 100 and strain W
are nearly identical throughout this region (BLASTN identity of 99%) except where the
strain W sequence is broken at the end of several contigs (in b indicated by hatch marks).
OREFs labeled “hyp”. encode hypothetical proteins. In a, hyp® is an ORF found in all three
genomes, which is similar to the amino terminal region of atpF, encoding the b subunit of
ATP synthase (Walker, et al. 1982) which is leftward; hyp? refers to an ORF (grey) found
only in HD 100 and strain W, which has similarity to a conserved hypothetical protein.
In b, the ORF labeled “map*” in the SJ genome aligns by BLAST to putative methionine
aminopeptidase genes. The region containing risA-ribA-ribH is inverted in B. marinus SJ
relative to HD 100 and strain W. In these strains these three genes are located some 832 kb
counterclockwise away from the predicted oriC

the PEDANT (protein extraction, description, and analysis tool; Riley et al.
2005) project at the Munich Information Center for Protein Sequences. Pfam
and COG can be highly informative in terms of inferring protein function
by matching a deduced amino acid sequence to existing protein families
and, since their basis for detecting matches is somewhat different, they can
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serve as complementary tools in genome/proteome analysis. The Pfam and
COG analysis of B. bacteriovorus HD 100 and B. marinus S] were undertaken
for two reasons: first, to obtain an initial estimate of the possible number
of genes/proteins from each of these predators that are involved in several
key areas (chemotaxis, two-component signal transduction systems, alternate
sigma factors, and transcriptional regulators); and secondly to compare the
gene/protein complements of these two predators and other selected bac-
teria. Two other members of the §-proteobacteria, Geobacter sulfurreducens
and Desulfovibrio vulgaris subspecies vulgaris, were chosen for comparison,
along with two bacteria with complex developmental cycles, Bacillus subtilis
and Caulobacter crescentus, and two pathogens, Escherichia coli 0157:H7 and
Bacteroides fragilis, since the predatory lifestyle of the BALOs shares some
common features with the parasitism of pathogens.

The comparison of the components of the chemotaxis systems (Table 1) is
not meant to be an exhaustive one, but simply a basis for comparison in terms
of the potential breadth of the chemotactic or, in the case of the BALOs, po-
tential prey-taxis systems. One interesting observation from this comparison
is that B. bacteriovorus HD 100 has potentially 2.5 times as many methyl-
accepting chemotaxis proteins than B. marinus S]. Unfortunately none of the
published studies on chemotaxis in BALOs (see above) were conducted with
either of these predators, so our ability to assign function to these systems
is very limited. It has been suggested that BALOs may use chemotaxis sys-
tems to locate and move towards regions of high prey cell density, but this
idea has not been thoroughly examined. Given the rapid loss of viability of
attack-phase cells in culture, the presence of a prey-taxis system would help
explain how BALOs can be found in environments where the prey cell dens-
ity seems to be too low to support them (Varon and Ziegler 1978). It is also
worth noting that the other two members of the §-proteobacteria included in
the comparison may have a considerably larger number of MCP genes than
do either of the BALOs studied here.

A similar situation was found when potential members of two-component
signaling systems were examined. As was the case with potential MCPs,
B. bacteriovorus HD 100 appears to have a larger array (by about one third)
of sensory transduction histidine kinases than does B. marinus SJ, yet they
have about the same number of response regulator proteins that are the tar-
gets of histidine kinases. These systems serve as a primary mechanism for
bacteria to respond to changes in environmental conditions (Stock et al.
2000), providing an excellent link between the extracellular environment and
patterns of gene expression. As B. bacteriovorus 109] has been shown to un-
dergo a complex, temporally-controlled pattern of gene expression during
intraperiplasmic growth (McCann et al. 1998), we suspected that the BALOs
might possess a large suite of these systems. While both B. bacteriovorus
HD 100 and B marinus S] have more predicted sensory kinases and response
regulators than do E. coli and B. subtilis (Table 2), they are fairly comparable
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to the numbers predicted for C. crescentus and B. fragilis. This does not sup-
port a specialized function for these systems during intraperiplasmic growth
in the BALOs. It is worth noting that, once again, the other two members
of the §-proteobacteria studied have a substantially greater potential array of
these genes than both of these intraperiplasmic predators, the significance of
which is unclear.

Another mechanism for coordinating the temporal pattern of gene expres-
sion observed during intraperiplasmic growth would be the use of alternate
sigma factors in a cascade, such as observed in B. subtilis during sporula-
tion (Piggot and Hilberty 2004). Indeed, this has already been suggested as
a potential mechanism used by the BALOs (McCann et al. 1998; Rendulic
et al. 2004). Unfortunately, this does not seem to be the case. Both B. bacte-
riovorus HD 100 and B. marinus S] appear to have sigma factor complements
very similar to those found in E. coli (Table 3) with one o54-type, an RpoN
ortholog, presumably regulating transcription of genes involved in nitrogen
limitation (Reitzer 2003). They also appear to have five paralogous o 70-type
genes and one extracytoplasmic function (ECF; Helmman 2002). As the ECF-
type sigma factors have been shown to control such processes as cell wall
biosynthesis, protein folding, and pathogenesis (Paivio 2001), we suspected
that the BALOs might possess multiple sigma factors for control of gene ex-
pression during intraperiplasmic growth. Unfortunately only one match to
an ECF was found in both predatory genomes by COG analysis. Compar-
ing the total number of potential sigma factors identified in the BALOs by
this approach (seven each) with the number of known or predicted alternate
sigma factors in C. crescentus (14), B. subtilis (17), and B. fragilis (43) sug-
gests that these BALOs do not make extensive use of alternate sigma factors
during their developmental cycle. Indeed, the predicted sigma factor comple-
ments for both B bacteriovorus HD 100 and B. marinus S] are basically the
same as those in E. coli with one o54-type and one ECF-type (presumably
an ortholog of the E. coli oE; Erickson and Gross 1989) involved in respond-
ing to envelop/periplasmic stresses, and five 70/32 class members. Given the
need for sigma factors in “housekeeping” gene expression, heat-shock, etc.,
the genomes of these predators do not seem to possess the genes required in
order to use an alternate sigma factor cascade to direct differential expression
governing intraperiplasmic growth.

Matches to known and putative transcription regulatory proteins in the
COG database were also examined (Table 4). Similar to what we had antic-
ipated regarding the two-component regulatory systems and sigma factor
families, we had expected to find a large number of transcriptional regula-
tors. However, this was not the case. In fact, with the exception of B. fragilis,
B. bacteriovorus HD 100 and B. marinus S] have the fewest number of ORFs
(72 and 67, respectively) matching known transcription regulatory proteins
among the eight bacteria we studied. When these ORFs are considered as
a percentage of the total number of predicted ORFs (taking into considera-
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tion the differences in genome sizes) the BALOs again are at the bottom of
the list (0.02% for HD 100 and 0.022% for SJ), with only B. fragilis (0.012%)
having a lower percentage of its genome/proteome dedicated to transcription
factors. But the case of B. fragilis must be considered in light of its very large
number of predicted sigma factors (43; Table 2), nearly seven times the num-
ber predicted for B. bacteriovorus HD 100 and B. marinus S]. One group of
transcription factors, the PspF family, is of particular interest. PspF was iden-
tified in E. coli as a regulator of the phage-shock operon (Brissette et al. 1990)
and subsequently found to be a member of the AAA (ATPases Associated
with various cellular Activities) class of regulators of 054-RNAP (Jovanovic
et al. 1996). PspF-regulated genes have been shown to be involved in protein
secretion (Nishiyama et al. 1999), and virulence in the intracellular para-
sites Yersinia enterocolitica (Darwin and Miller 2001) and Salmonella enterica
(Eriksson et al. 2003). The possible roles of these 054-RNAP regulators be-
comes even more interesting (and less clear) when one considers that about
half of the genes known to be transcribed by 0 54-RNAP are not involved with
nitrogen limitation but are instead involved in responses to other environ-
mental stresses (Reitzer 2003). While the number of PspF-family members
predicted for both B. bacteriovorus HD 100 and B. marinus S] is less than
that predicted for either G. sulfurreducens or D. vulgaris (Table 4), it is greater
than the number predicted for all of the other bacteria examined in this an-
alysis. Perhaps this family of transcription factors may be playing a role in
controlling the genes encoding proteins secreted into the prey cell periplasm
and cytoplasm during intraperiplasmic growth. Additionally, the presence of
a relatively large number of predicted LysR-type transcription factors is not
surprising as they are thought to be the largest family of prokaryotic DNA-
binding proteins (Zaim and Kierzek 2003). This is one of the few instances
where the predatory BALO genomes actually have more predicted genes of
this type than do either G. sulfurreducens or D. vulgaris. Unfortunately, little
insight can be gleaned as to the possible function of the genes these factors
might regulate in the BALOs, since the LysR-type transcription factors regu-
late a wide variety of operons involved in nitrogen fixation, oxidative stress,
and virulence (Schell 1993).

5
Conclusions and Perspectives

As powerful as genomic and proteomic analyses can be, there are obvious
limitations to them in attempting to pinpoint predatory genes and their reg-
ulation in the BALOs. Some of these problems will be overcome when more
predatory genomes have been sequenced and thoroughly annotated. A com-
parative genome analysis of multiple genomes from BALOs should yield more
insights into the strategies of these obligate intraperiplasmic predators. This
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type of comparative analysis could perhaps identify a shared set of genes that
are involved in predation, and also help resolve the question of the evolution-
ary relationship within this unique group of prokaryotes.

Although there are limitations to the usefulness of genomic analysis, ex-
perimental methods are available and should be utilized to address some
of the questions pertaining to the BALO predatory life style. One obvious
approach is to systematically examine transcriptional activity (the transcrip-
tome; Velculescu et al. 1997) throughout the entire life-cycle. The ease with
which synchronously attacking and developing cultures of many of the BALOs
can be prepared (Thomashow and Rittenberg 1978a) will permit isolation of
total RNAs at different points in the life cycle. Further, the availability of sev-
eral genomic sequences will permit the fabrication of DNA microarrays of
all potential ORFs. This temporal analysis of gene expression, analogous to
the protein synthesis profile already done for B. bacteriovorus 109] (McCann
et al. 1998), will provide an essential starting point in assigning specific func-
tions related to the predatory life style to individual genes. One of the first
pieces of information it will provide will be a demarcation between genes
transcribed at high levels in attack-phase cells versus genes transcribed at
high levels during intraperiplasmic growth. Genes expressed at high levels
only during the attack phase will likely produce proteins involved in finding
and attacking prey (chemotaxis, motility, prey cell receptors, etc.) while those
expressed at high levels only during the intraperiplasmic growth phase will
likely encode products involved in utilization of prey cell components, growth
of the bdellovibrio filament, formation of progeny cells, etc. It is likely that
gene expression in both of these phases will be further temporally defined
with genes expressed early in the intraperiplasmic phase encoding proteins
involved in prey cell penetration and bdelloplast formation, while genes ex-
pressed later will encode proteins involved in the mobilization and utilization
of prey components for growth. For example, at least one glycanase and one
peptidase are expected to be expressed either during or before prey cell pen-
etration, as these enzymatic activities have been shown to be involved in
penetration of the cell wall (Thomashow and Rittenberg 1978a; Tudor et al.
1990). A genomics approach has already identified ten potential glycanase
genes and more than 150 proteases/peptidase genes (see above). The microar-
ray analysis will show which (if any) of these putative glycanase and peptidase
genes have a pattern of expression consistent with the known time course
of enzymatic activity. Similarly, other genes producing proteins involved in
bdelloplast formation, prey cell degradation, utilization of prey cell compo-
nents, etc., would be expected to be maximally expressed later in the growth
phase.

While the use of genomic analysis and global expression patterns as de-
scribed above are powerful tools, they are limited in defining gene function,
especially in regard to predicted genes with little or no detectable similar-
ity to known genes. Developing methods for the generation and isolation of
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mutants that are deficient in predation would be a direct way of identifying
predation-specific genes. A number of attempts have been made to move ex-
ogenous DNA into bdellovibrios, but most without success. In 1992, Cotter
and Thomashow (1992a) were the first to demonstrate that conjugative plas-
mids could be introduced into both prey-dependent and prey-independent
bdellovibrios by conjugation with E. coli. More recently, Martin (2002) re-
ported that a variety of transposons could be conjugatively transferred into
Bdellovibrio and inserted into the predator’s genome by transposition. Re-
porter genes, such as antibiotic resistance markers and §-galactosidase, were
shown to be expressed in the resultant transconjugants. However, Martin’s
work focused on the use of prey-independent mutants and simply demon-
strated that transposition could occur in BALOs.

A handful of facultative mutants of BALOs, with the capacity to grow when
cultivated either on prey or on complex media, have been isolated over the
years (Diedrich et al. 1970; Pritchard et al. 1975). Most of these mutants ap-
pear inefficient in switching from one form of growth to the other. This defect
has hampered attempts to use mutagenesis to search for genes that are es-
sential for predation. Our laboratory has recently developed a protocol that
permits the introduction of transposons into facultative bdellovibrios, and
the subsequent screening of large numbers of transposon-insertion mutants
for predation using two different facultative strains of B. bacteriovorus 109]
(manuscript in preparation). Expression of suspected predatory genes can
easily be analyzed by looking at temporal gene expression using the real-time
polymerase chain reaction (RT-PCR) or Northern blots. These facultative
predators thus have the potential for use as a system for identifying genes
essential for predatory-growth but dispensable for prey-independent growth.
A facultative mutant defective in a gene required only for predatory growth
(such as a mutant unable to express the enzymes required for prey cell pen-
etration) would still be viable and could be grown in complex medium, but
not on prey cells. This could be a very fruitful approach for the identification
of genes necessary for predacious growth only.

The opportunities afforded by the availability of the genomic sequences
of these BALOs, along with the already developed molecular genetic tools,
are enormous. We are on the threshold of a new wave of exploration into
the genetics, biochemistry, and physiology of these unique bacterial preda-
tors. The potential applications of this understanding are far reaching and
only begin with the exploration of this system in terms of its behavior and
developmental biology. The BALOs will provide a point of comparison for
the other types of bacterial predators and it seems likely that many simi-
larities and differences will be found. Further, the potential applications for
BALOs and the possible utilization of their predation systems is only be-
ginning to be realized. BALOs (especially those capable of encystment like
Bdellovibrio species strain W) may well have utility in limiting or eradicat-
ing bacterial pathogens in food processing and industrial settings. They may
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similarly be effective against Gram-negative plant pathogens in the field, as
many of the previously isolated BALOs have prey ranges that include common
pathogens such as Pseudomonas and Erwinia. BALOs may also have poten-
tial as biocontrol agents in the event of a bacterial pathogen being used as
a bioterrorism weapon. It also seems likely, by exploring the way in which the
BALOs manipulate prey cell membranes and constituents, that useful tools
for modifying and controlling the structure and behavior of other Gram-
negative bacteria may be developed, which could lead to potential use as
therapeutic agents (Sockett and Lambert 2004). While much of this remains
speculative, we obviously have a great deal to learn from these fascinating
creatures.
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Abstract The aim of this chapter is to review the methods available for the isolation, cul-
tivation and identification of Bdellovibrio and like organisms (BALOs) from freshwater
and terrestrial environments. Culture-dependent methods are discussed with a focus on
the selection of appropriate dilute media and prey cells for direct isolation, enrichment
cultures, and pure cultures. The preparation of cocultures for physiological and genetic
studies is outlined, with a discussion of the use of buffer vs. dilute nutrient medium and
the monitoring of predation. Two approaches for characterizing BALOs are discussed.
Cell morphology and the stages in the life cycle can be analyzed by light microscopy and
transmission or scanning electron microscopy. Methods for determining the prey range
of an isolate are described, as well as appropriate techniques for enumeration of preda-
tors. The potential use of the fluorescence in situ hybridization (FISH) and of PCR-based
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techniques for tracking and identification of BALOs in environmental samples is then dis-
cussed, as these are excellent tools for those researchers unfamiliar with the subtleties of
growing and maintaining BALOs.

1
Introduction

The first obligate predatory bacterium to be discovered, Bdellovibrio bac-
teriovorus, owes its place in bacteriology to serendipity (see introductory
chapter) and the use of a classical microbiological technique: the double-layer
agar method for viral plaque formation. Just as the development of the field
of microbiology was dependent upon technological advancements, mainly in
the development of the light microscope and the agar culture method, so our
introduction to and understanding of the first predatory bacterium (Stolp and
Starr 1963) was dependent upon the use of appropriate methods to isolate
and characterize these novel bacteria. These methods were well used in the
next 25 years or so of research and documented by Starr and Stolp (1976) and
Jurkevitch (2006). With the availability of molecular techniques in the past
few years, we are now able to use nonculture methods to identify predatory
prokaryotes in various habitats and to study their evolution and phyloge-
netic relationships (Davidov and Jurkevitch 2004; Baer et al. 2000). The recent
genome sequencing of the type strain of B. bacteriovorus (Rendulic et al.
2004) has provided new insights into the physiology and life cycle of these
organisms (see chapter by Tudor and McCann). However, biochemical and
physiological experiments to characterize specific functions of genes still have
to be done. Thus the researcher still has a need to grow the organism in
culture to understand the life cycle and to enumerate progeny cells under var-
ious growth conditions. This chapter will discuss both classical and molecular
techniques for use in studies of predatory prokaryotes, with the emphasis on
Bdellovibrio and like organisms (BALOs) from freshwater and terrestrial en-
vironments. Methods for studies on BALOs from halophilic environments are
discussed in the chapter by Williams.

2
Culture-Dependent Methods

2.1
Direct Isolation

The basic approach to the isolation of BALOs from environmental samples
utilizes techniques fundamental to the study of bacteriophages. Dilutions of
soil, sewage, or water are mixed with a susceptible prey bacterium in soft
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agar (0.6%), plated, and incubated at a temperature appropriate to the source
of the sample. Plaques produced by BALOs are slower to appear (3 to 4 d)
than plaques from bacteriophages (ca. 24 h), and thus care must be taken
to avoid overgrowth of BALO plaques by contaminating organisms from the
sample that are not susceptible to attack by predators. Soil and sewage are
particularly rich in microbial composition, which may include other preda-
tory microorganisms. The solution to this potential problem is to physically
separate BALOs from other microorganisms in the sample.

The technique first described by Stolp and Starr (1963) for the direct isola-
tion of Bdellovibrio from soil, and subsequently explained by Starr and Stolp
(1976), Stolp (1981), and Ruby (1992), still works effectively. A 50- to 500-g
soil sample is suspended in 500 ml of tap water or buffer. This suspension
is shaken vigorously for 1h and centrifuged for 5 min at 2000 g, and the su-
pernatant is passed through a series of decreasing pore-size membrane filters
(3.0, 1.2, 0.8, 0.65, and 0.45 pm). Samples of the final filtrate are plated using
the conventional double-layer agar technique. Presumably the large sample
size (50-500 g) is used because some bdellovibrios are lost during the succes-
sive filtration steps.

The composition of the agar medium for isolation can vary. It was noted in
the original description of Bdellovibrio that reduced growth of prey cells fa-
vors development of predators (Stolp and Starr 1963). YP medium (0.3% yeast
extract, 0.06% peptone, pH 7.2) and YP medium diluted tenfold (YP/10) were
used to isolate bdellovibrios. Seidler and Starr (1969) introduced the use of
dilute nutrient broth (DNB) for propagation of BALOs (0.08% Difco nutrient
broth, 2 mM CacCl, - 2H,0, 3 mM MgCl, - 6H,0), and this medium is the most
widely used today.

A critical step in any isolation technique for predatory prokaryotes is the
selection of the prey cell. Most BALOs can utilize a wide range of Gram-
negative prey bacteria, but it is not inclusive. Cell surface components need
to be taken into consideration. B. bacteriovorus can penetrate the capsule of
E. coli cells and complete its life cycle (Koval and Bayer 1997), but paracrys-
talline surface layers (S-layers) are a barrier for predation (Koval and Hynes
1991). If one is interested in the numbers of BALOs in general in a particular
habitat, the selection of one kind of prey cell for plaque formation may skew
the data, as one may not account for BALOs that do not use that prey cell, i.e.,
only a subset of BALOs will be enumerated. As most bacteria are not amenable
to cultivation, this bias may be large. Herein lies the value of direct micro-
scopic counts (Sect. 4) for estimation of BALO populations. The selection of
prey cell will depend upon the objective of the research. A “representative”
prey cell may be chosen for isolation of predatory prokaryotes, but it must be
chosen carefully, as it will be used in the subsequent preparation of pure cul-
tures of predators. Or if the focus of research is on a particular Gram-negative
bacterium, this species can be used as the prey cell for ecological studies on
the distribution of BALOs that use that organism as a prey cell.
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Stolp and Starr (1963) in their initial description of Bdellovibrio used
many different Gram-negative bacteria to isolate these predators from soil
and sewage. They obtained isolates on lawns of Erwinia amylovora, Pecto-
bacterium carotovorum subsp. carotovorum, Escherichia coli B, Aerobacter
aerogenes, Proteus mirabilis, Serratia marcescens, Ralstonia solanacearum,
Enterobacter cloacae, Pseudomonas syringae pv. phaseolicola, Pseudomonas
syringae pv. tabaci, and Pseudomonas fluorescens. Klein and Casida (1967)
isolated BALOs on indigenous soil bacteria. Afinogenova et al. (1981) used
54 strains of bacteria of different taxonomic status to isolate BALOs from city
sewage and river water. Richardson (1990) isolated BALOs from man-made
water systems on lawns of strains of Legionella pneumophila. Jurkevitch et al.
(2000) used phytopathogenic bacteria as potential prey for isolation of the
predators from soil and the rhizosphere. Predators were isolated on Pseu-
domonas corrugata, Pectobacterium carotovorum subsp. carotovorum, and
Agrobacterium tumefaciens. Schwudke et al. (2001) isolated BALOs from feces
and sewage on Proteus mirabilis and Citrobacter freundii. It is notable that all
the bacteria used to isolate BALOs belong to the proteobacteria.

2.2
Enrichment Methods

Isolation of BALOs from various environments may require a preliminary en-
hancement of cell numbers as these predators can be present in low numbers
in freshwater and terrestrial habitats. Or, one may want to isolate a BALO that
is lytic toward a specific strain or species of bacterium. In these instances,
populations of predators that use the prey cell of choice are first increased
in number before isolation by plaque formation. Because prey cells can be
pregrown, the medium for enrichment cultures does not have to be tailored
to the prey cell of choice. The use of dilute nutrient media discourages the
growth of heterotrophic bacteria in the sample and also minimizes bacterio-
phage development. Enrichment cultures in full-strength nutrient broth (NB)
or Luria broth (LB) will not be particularly successful. A standard cultivation
medium for BALOs is 1/10 strength NB (dilute nutrient broth, DNB). There
are variations on the composition of DNB, with regard to the concentration
of additional cations or the addition of yeast extract and casamino acids. All
use 0.08% Difco NB. Seidler and Starr (1969) supplemented the medium with
2 mM CaCl; - 2H,0 and 3 mM MgCl, - 6H, 0. Ruby’s DNB (Ruby 1992) included
0.05% casamino acids, 0.01% yeast extract, ] mM CaCl, - 2H,0, and 0.1 mM
MgCl, - 6H,0. For genetic experiments with E. coli, Cotter and Thomashow
(1992) used DNB with 1 mM CaCl, - 2H,0 and 0.1 mM MgCl, - 6H, 0.

We have used the following method for the isolation of BALOs from raw
sewage (Koval and Hynes 1991). A 200-ml sample of raw sewage is supple-
mented with 50 ml of dilute nutrient medium, incubated with shaking at
30°C for 1h and then centrifuged at 3000 g for 10 min. The supernatant
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(a 20 ml aliquot) is added to an equal volume of pregrown prey cells (which
have been washed and resuspended in the same dilute nutrient medium).
This enrichment culture is incubated at 30 °C for 48 h, or until the presence
of bdelloplasts (infected prey cells) or attack-phase BALOs is confirmed by
phase contrast microscopy. The enrichment culture is then centrifuged at
7000 g for 10 min and the supernatant passed through a series of 0.45-pum
filters. The filtrate is diluted and plated for plaques.

We have also used the method of Ruby (1992) for enrichment of BALOs
from soil samples. A 50-ml overnight culture of prey cells is centrifuged and
resuspended in HM buffer (Sect. 2.4) or DNB to a concentration of 10° or
1010 cells/ml. Soil (100 mg) is then added to 20-50 ml of the bacterial sus-
pension. The enrichment cultures are incubated with rapid shaking at room
temperature or at 30 °C, until the presence of bdelloplasts or attack-phase BA-
LOs is confirmed. The slurry is centrifuged at 2000 g for 5 min and filtered
through a 0.45-pum filter. The filtrate is then diluted and plated for plaque
growth. It should be noted that the enrichment method may yield less diverse
BALO populations than direct isolation.

For both methods, if the number of bacteriophages is higher than the num-
ber of BALOs in the enrichment cultures, the filtrate can be centrifuged at
27000 g to concentrate the BALOs and reduce the number of bacteriophages,
which remain in the supernatant (Varon and Shilo 1970).

2.3
Preparation of Pure Cultures

The double-layer agar technique is essential for the isolation of BALOs in pure
culture as they are purified by repeated plaque formation. Predators from
a well-separated plaque are picked up with a flamed loop and transferred to
5 ml of dilute nutrient broth (DNB) in a test tube. Prey cells are added (0.5 ml
of a 24-h culture) and the coculture incubated with shaking at 30 °C until lysis
of prey cells has occurred. This suspension of predator cells is serially diluted
and plated for single-plaque production. This process is repeated three times,
from which one obtains a pure culture of a strain of predator (Stolp and Starr
1963). If necessary, the suspension of predators from a single plaque can be
passed through a 0.45-pm filter before plating for plaque formation.

24
Coculture Methods

Prey cells are pregrown to stationary phase in a medium suitable for their
growth (as BALOs do not require actively growing cells, in contrast to bacte-
riophages). They are then added to DNB, usually as a 10% inoculum, along
with predators. Any nutrients in the original culture medium are diluted
~ 1/10, and thus prey cells do not have to be centrifuged and washed before
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use in cocultures. An alternative approach is to prepare cocultures in a buffer
(Thomashow and Rittenberg 1979). This procedure is possible because BA-
LOs do not replicate outside of prey cells and thus do not require exogenous
nutrients. The suspending medium provides a weak buffering environment
with cations required for predation. In early studies (Crothers and Robinson
1971) 25-mM HEPES buffer, pH 7.8 with 2 mM CacCl, - 2H,0 was used for co-
cultures of B. bacteriovorus strain 6-5-S growing on E. coli ML35. Our lab uses
HM buffer with 3 mM HEPES, pH 7.6 containing 1 mM CaCl, and 0.1 mM
MgCl, (Flannagan et al. 2004), but both options are valid. However, HEPES
buffer is not a suitable medium for all Gram-negative prey bacteria, as might
be expected. Cocultures with Aeromonas salmonicida had to be prepared in
Tris buffer (Koval and Hynes 1991).

The requirement for cations may vary with the strain of BALO (Huang and
Starr 1973). Calcium is required for efficient predation in buffer systems, as
it probably functions to facilitate attachment between two negatively charged
surfaces. Magnesium has also been included in some buffer compositions for
cocultures, but magnesium alone (without calcium) did not support efficient
growth of B. bacteriovorus strain 6-5-S (Crothers and Robinson 1971).

There are advantages for cocultures prepared in a buffer system, rather
than DNB. The metabolic activities of the prey cell are minimal. Also, as there
is no growth of prey cells in a buffer, the efficiency of predation can be meas-
ured by counts of prey cells at the beginning and end of growth. In DNB most
prey cells will have an initial growth period, in which prey cells increase in
number, and then predation begins. Specific compounds can be added to the
buffer as probes for the process under investigation. A practical advantage is
that the risk of contamination is decreased in a buffer system.

As BALOs are aerobic bacteria and most require culture conditions that
provide efficient aeration, cocultures should be set up to keep a steady flow of
oxygen (20-25 ml in a 125-ml flask for example, with circular shaking at ~ 120
to 150 rpm). In our experience, predation of a 50-ml coculture in a 125-ml
flask never really gets started, nor does it proceed to completion. Erlenmeyer
flasks with baffles, or a reciprocating shaker, provide even better aeration.

How is predation monitored in cocultures? There are three independent
methods that can be used for assessment.

(1) Measurement of turbidity. Typically there is a decrease in turbidity of
cocultures, due to the lysis of prey cells. The number of predators increases,
but due to their small size the resulting turbidity is often less than the ini-
tial turbidity of the coculture. Turbidity measurements can be conveniently
done using a Klett colorimeter and side arm flasks (Koval and Hynes 1991),
or a spectrophotometer. No samples need to be removed for measurement
of turbidity and the risk of contamination is reduced. The culture volume
remains the same, i.e., is not reduced. Cocultures can also be set up in mi-
crotiter plates (Jurkevitch et al. 2000; Lambert et al. 2003), which have the
advantage of small volumes, the ability to screen large numbers of isolates,
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and the availability of plate readers for initial and final turbidity readings.
However, while measuring turbidity works well for “aggressive” predators
that can clear a population of prey cells, not all BALOs are so efficient and
unattacked prey cells can remain. Thus a large decrease in turbidity during
predation may not be apparent in all cases. Or, if a large number of prey cells
are used initially in the coculture, and if DNB is used (rather than HM buffer)
such that the number of prey cells increases initially, the resulting number
of progeny cells can also be large. Thus the initial and final turbidities of
the coculture may not be too different. Therefore, one should also examine
cocultures by phase contrast microscopy to assess predation.

(2) Phase contrast microscopy. This is an essential method to monitor
growth of BALOs in cocultures, either for maintenance or for other experi-
mental conditions. A turbidity reading does not reveal the stage of the life
cycle of predators or the progression of predation in the batch coculture.

(3) Plaque-forming numbers. This is the definitive method to prove that
the predators have multiplied in a coculture. Quantification by an increase in
plaque-forming units over the time of incubation will confirm growth of the
predators.

Stages in the BALO life cycle can be conveniently measured by the use of
synchronous cultures (Thomashow and Rittenberg 1979). The principle of the
method is simple, in that the multiplicity of infection is adjusted (a predator
to prey ratio of ~ 2-3: 1) so that each prey cell is attacked and penetrated by
a predator within 20 to 30 min of mixing the organisms and synchronous for-
mation of bdelloplasts ensues. This technique has been used mostly with B.
bacteriovorus and E. coli cocultures. It will be most useful for timing of cell
cycle events and studies on the regulation of gene expression in predators.

2.5
Maintenance and Preservation

Starr and Huang wrote (1972) that “In the present state of knowledge, main-
taining cultures of Bdellovibrio is a rather exasperating art.” Hopefully we
have progressed since then.

The reality about maintenance of BALOs is that bdellovibrio progeny, once
released from the bdelloplast, are faced with starvation conditions “in the
outside world.” There is evidence that BALO populations are maintained in
nature for relatively long periods of time (and hence our continued success
in obtaining new isolates). However, under laboratory conditions, there is
heterogeneity of survival potential among isolates (Varon and Shilo 1980).
Varon compared the survival of different Bdellovibrio strains under nongrow-
ing conditions (as cell lysates, or by resuspension and storage of predators in
DNB). The viable numbers of predators (as PFUs) was determined after 3, 6,
and 9 months. After 3 months there was a 10* to 10° decrease in cell num-
bers in the lysates, while survival was somewhat higher for all strains in DNB.
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Other studies indicated a dramatic decrease in the viability of cell suspensions
in the first 18 to 24 h, with the surviving populations remaining constant for
the next week or so.

With these comments in mind, stock cultures of BALOs can be prepared
by storage at 4 °C of cocultures prepared in DNB or HM buffer and contain-
ing mainly attack-phase cells. Screw-capped test tubes work well for storage.
Cultures can be stored for 3 to 4 weeks, before subculture. Some isolates may
require more frequent transfers to maintain viability. It is advisable every
6 months or so to plate out the predator for plaques to ensure that the Iytic ac-
tivity of the predator has been maintained. Alternatively, BALOs can be stored
as plaques in agar medium.

For experiments, a coculture should be prepared from a stock culture by
incubation for 24 to 48 h. This culture of fresh, new predators can then be
used for the next coculture for experimental purposes. Methods for long-term
preservation of BALOs are well described (Jurkevitch 2000).

3
Characterization of Isolated BALOs

3.1
Microscopy

3.1.1
Light Microscopy

Phase contrast light microscopy is the preferred mode for visualization of
predators. In enrichment cultures and cocultures they can be identified as
very small cells, rapidly motile with a “darting” motion. Use of the 100x oil
immersion lens is essential. Depending upon the age of the culture, predators
can also be seen attached to prey cells, or as multiple motile progeny cells in-
side the bdelloplast cell wall near the end of the life cycle. Light micrographs
of cultures are best taken with preparations of cells deposited on 2% agarose
coated slides (Pfennig and Wagener 1986). The cells are then all at the same
depth of focus. The stages in the life cycle can be clearly identified (Fig. 1).

3.1.2
Transmission Electron Microscopy

For characterization of the morphology and life cycle of predators, nega-
tive stains and thin sections can be prepared for transmission electron mi-
croscopy. Uranyl acetate (1%, pH 4.4) is the preferred negative stain for
determining cell shape and appearance of the single, polar, sheathed flag-
ellum (Fig. 2). Neutral negative stains (e.g., ammonium molybdate, phos-
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Fig.1 Phase contrast microscopy of a co-culture of Bdellovibrio bacteriovorus 109] and
E. coli ML35. White arrows indicate predators attached to prey cells. Black arrows point
to a bdelloplast

Fig.2 Electron micrograph of negatively stained (1% uranyl acetate) BALO cells. Note the
vibroid shape and the single, polar sheathed flagellum with damped waveform. The scale
bar represents 0.5 pm



Fig.3 Electron micrographs of thin sections of bdelloplasts. a Bdelloplast of E. coli ML35
with Bdellovibrio bacteriovorus 109]. One unseptated progeny cell is indicated by the ar-
row. The scale bar represents 0.2 um b Bdelloplast of Aquaspirillum serpens VHL in the
later stages of infection with Bdellovibrio bacteriovorus 6-5-S. Multiple progeny cells have
been produced, and are seen in longitudinal or cross section (arrows). Flagella are also
easily seen at the pole of the one cell cut longitudinally, and as they traverse the residual
space in the bdelloplast. The scale bar represents 0.5 um

photungstic acid) can cause excessive blebbing of the outer membrane and
disruption of the flagellar sheath (Abram and Davis 1970; S. Koval and C. El-
wood, unpubl. data). On occasion, and with luck, bdelloplasts can be seen in
negative stains (Abram et al. 1974), but usually they stain too darkly and the
predator in the periplasm cannot be clearly seen. Confirmation of bdelloplast
formation in the life cycle of a prokaryotic predator is best done by thin sec-
tions (Fig. 3). These sections clearly show the predator inside the periplasmic
space adjacent to the diminishing protoplasm of the prey cell. Depending
upon the plane of the section through the bdelloplast, the helical, nonsep-
tated filament may appear associated with the cytoplasmic membrane of the
prey cell, but this association has not been addressed experimentally. The at-
tachment of predator to the surface of prey cells can be seen in thin sections
(Abram et al. 1974). B. bacteriovorus penetrates the outer membrane of the
prey cell and produces a localized dissolution of the peptidoglycan. A “bulge”
of outer membrane forms around the attack-phase pole of the predator. The
integrity of the prey cell’s cytoplasmic membrane, as visualized in thin sec-
tions, is not compromised. Penetration into the periplasm must occur fairly
rapidly, as it is rare to see BALOs “half-way” through the cell wall of prey
cells. There are, however, Bdellovibrio strains that remain epibiotic and do not
penetrate their prey (Koval 2001).
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3.13
Scanning Electron Microscopy

This method of electron microscopy affords another view of cells in cocul-
tures. It allows one to see whole cell interactions and associations in a way
that is not possible with negative staining, due to overstaining of cells and flat-
tening of bdelloplasts. Some excellent use of scanning electron micrographs
to illustrate the life cycle of B. bacteriovorus has been made (Hampton 2004).
In a coculture of B. bacteriovorus 109] and E. coli ML35, predators can be
seen attached to prey cells (Fig. 4). The proximal part of the flagellum is seen
on attached predator cells, but the distal part that lies on the support sur-
face (the Nucleopore filter in Fig. 4b) is “lost” as it has little relief and is
not readily detected by scanning electron microscopy. The same flagellar im-
ages were seen earlier (Fratamico and Whiting 1995). The round, wrinkled
bdelloplasts of E. coli are easily distinguished from uninfected, rod-shaped

Fig.4 Scanning electron micrographs of cells in a co-culture of Bdellovibrio bacteriovorus
109] and E. coli ML35. a The impact and penetration by the predator cell is seen. The flag-
ellum on the opposite pole of the predator is barely visible. b This micrograph shows the
proximal end of the flagellum on the predator, and the loss of relief as it flattens out on the
support filter. ¢ The co-culture contains prey cells (Ec), predators (Bd) and bdelloplasts
(Bp)
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prey cells (Fig. 4c). Scanning electron microscopy is particularly useful in the
study of epibiotic predators, when the mode of cell division and multiplica-
tion needs to be assessed. Scanning electron microscopy was used in our lab
to examine the life cycle of a novel strain of Bdellovibrio, which remains ex-
tracellular during predation. This study confirmed that no bdelloplast was
formed during predation and that the empty, stalked Caulobacter crescentus
prey cell retained its original shape (Shemesh et al. 2003).

3.1.4
Atomic Force Microscopy

The value of atomic force microscopy lies in its ability to visualize cells nearer
to their “natural state” and with high spatial resolution (nanometer detail). It
can be used to measure elasticity and rigidity properties of microbial surfaces
and long-range forces over membranes. Thus atomic force microscopy can
be considered a form of high-resolution microscopy. Although transmission
and scanning electron microscopy can provide higher resolution, these mi-
croscopic techniques operate in a high vacuum environment, precluding the
study of living systems. Also, electron microscopy techniques do not provide
vertical resolution of images, and thus the height of surface features cannot be
measured. Atomic force images can be acquired in liquid medium (underwa-
ter), which means that this technique may be used for imaging living entities.
However, some technical considerations need to be addressed. Conditions
must be determined for adhesion of cells to a substratum, and this requires
trial and error. If the cell density is too high, individual cells and their surface
properties are not clearly seen. If the cell density is too low, it may be difficult
to find a cell in the sample. Although the instrumentation is smaller, simpler,
and less expensive than a comparable electron microscope, the operation is
not. Samples for atomic force microscopy cannot be “scanned” for detection
of representative cells, as can be done with transmission or scanning electron
microscopy. It takes a long time to find a suitable cell and then do the analysis.
Thus atomic force microscopy is not a practical method for routine check-
ing of bacterial cultures and will not replace electron microscopes for routine
ultrastructural analyses.

With these precautions in mind, what knowledge can be gained about
BALOs using this microscopy method? The stages in the life cycle are al-
ready known and have been determined by other independent methods of
microscopy. We know that individual BALO cells can be visualized by atomic
force microscopy (S. Koval, unpubl. observations), and bdelloplasts are nicely
imaged, with good turgor pressure (Fig. 5), and not wrinkled as in scanning
electron microscopy images (Fig. 4c). The progeny cells can be clearly seen
inside. A good use of atomic force microscopy would be to do force measure-
ments on cells during the life cycle to try to detect changes in turgor pressure
during bdelloplast formation and utilization of nutrients.



The Search for Hunters: Culture-Dependent and -Independent Methods 203

Fig.5 Atomic force micrograph (contact mode) of a bdelloplast of Escherichia coli
ML35 infected with Bdellovibrio bacteriovorus 109]. The predator inside the bdelloplast
is clearly outlined in this image. The scale bar represents 1 pm

Nunez et al. (2005) used atomic force microscopy to study the interac-
tion of B. bacteriovorus with E. coli cells in a biofilm. They showed that
Bdellovibrio could invade and reduce the population of prey cells in a biofilm,
but little other information was gained about this process by use of atomic
force microscopy. Kadouri and O’Toole (2005) also examined the suscepti-
bility of E. coli biofilms to predation by B. bacteriovorus by use of phase
contrast and epifluorescence microscopy and environmental scanning elec-
tron microscopy. Their analyses confirmed the reduction in prey cell numbers
and provided quantitative data on the impact of bdellovibrios on biofilm
populations.

An experimentally unanswered question in BALO biology concerns the
timing of flagellum loss during attack and penetration of prey cells. As dis-
cussed in Sect. 3.1, the sheathed flagellum is not readily seen by scanning
electron microscopy. The use of atomic force microscopy was considered as
a possible method to visualize this event in the life cycle. But often flagella
are not seen on attack-phase cells imaged by contact mode atomic force mi-
croscopy in cocultures (S. Koval, unpubl. obs.) or in biofilms (Nunez et al.
2005).

3.2
Prey Range

The extent of the prey range of a BALO isolate is a useful practical crite-
rion in the description of a predator, although it has no taxonomic relevance.
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Nevertheless, knowledge of the prey range has ecological and biocontrol
implications. The first strain of predatory prokaryotes isolated from Ger-
man soils and described by Stolp and Petzold (1962) was characterized by
a lytic activity limited to members of the Pseudomonadales. It lysed exclu-
sively fluorescence pseudomonads and xanthomonads. Subsequent isolates of
predatory prokaryotes from California soil and sewage samples by Stolp and
Starr (1963) revealed differences in their prey activity spectra. Some had a re-
stricted prey range and others were able to attack a broad spectrum of prey
bacteria. Other studies on the prey range of isolates of BALOs have shown that
most predators have a broad prey range. Peredibacter starrii A3.12 (formerly
Bdellovibrio starrii and then Bacteriovorax starrii) was isolated from soil on
Pseudomonas fluorescens, and its lytic activity on plates was restricted to
Pseudomonas spp. (Stolp and Starr 1963). The type strain of B. bacteriovorus
strain 1007 and the well-studied strain 109] are active against some enteric
bacteria and pseudomonads. Strain 1007 was isolated on Erwinia amylovora
and strain 109 on E. coli B.

The results of analyses of prey range depend on experimental conditions.
Stolp and Starr (1963) analyzed the “activity spectra” of their new isolates
by plaque formation and coculture analysis. These are still the two tests that
should be used to test prey range. When plated with an excess of suscepti-
ble prey bacteria in top agar, BALOs are capable of producing single plaques
(as PFU) or confluent lysis, depending upon the concentration of predators
(Stolp and Starr 1963). A lytic effect on prey bacteria can also be simply
demonstrated by placing 10 to 20 ul of a predator suspension on the top soft
agar layer inoculated with prey bacteria (a drop lysis test). A large, clear lytic
area is produced. This test appears to parallel individual plaque formation by
a predator isolate (Stolp and Starr 1963). It was used to analyze the preda-
tion pattern of BALOs from Great Salt Lake, Utah (Pineiro et al. 2004) and
our lab has used it (D. McNeely and S. Koval, unpubl. data) to test the prey
range of various BALOs. In some cases, results were not concordant between
the two methods. Therefore it is advisable to do liquid cocultures and follow
the incubations by light microscopy, to look for bdelloplast formation and an
increase in the number of progeny cells. As some new isolates may not be as
“aggressive” as others, two independent methods of prey range analysis are
recommended.

33
Phylogenetic Characterization

Phenotypic characterization as described above is important for ecological
and functional studies, but it only has limited resolution and cannot replace
a phylogenetic approach for the classification of BALOs. Until recently, all
known BALOs belonged to the §-proteobacteria. Recently, a class of preda-
tors from the «-proteobacteria was characterized. To differentiate between
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the different classes, they can be called d-BALOs and a-BALOs, respectively
(see chapter by Jurkevitch and Davidov). d-BALOs form two families, the
Bdellovibrionaceae and the Bacteriovoracaceae (Baer et al. 2000; Pineiro
et al. 2004; Davidov and Jurkevitch 2004) that encompass the genera B. bac-
teriovorus, and Bacteriovorax stolpii, B. marinus, B. littoralis, and Peridibacter
starrii, respectively. These groups were determined using mainly the 16S
rRNA gene as a phylogenetic marker. Amplified rDNA restriction analysis
(ARDRA) is a convenient, simple, and quite powerful method for an initial
characterization of BALO isolates. It enables a first classification based on the
restriction patterns obtained from digested PCR products of the 16S rRNA
gene of BALOs compared to known, characterized isolates (Davidov and Ju-
rkevitch 2004). Naturally, a more precise analysis requires the sequencing of
the gene itself, and of other marker genes if possible, followed by phylogenetic
analysis (Baer et al. 2000; Pineiro et al. 2004; Davidov and Jurkevitch 2004).

4
Enumeration

The procedures for plaque formation are used throughout BALO method-
ology: direct isolation, enrichment cultures, purification of predators, and
quantification of predator numbers. For enumeration purposes it is very im-
portant that plaques be clearly visible on the lawns of prey bacteria. As
discussed in Sect. 2.1, development of plaques is favored by low-nutrient me-
dia. While DNB is often the medium of choice, other media more adapted to
certain prey types have also been used. YPSC is a medium used for Aquaspir-
illum spp. (Koval and Hynes 1991) and was adapted by Huang for studies on
predation by bdellovibrios on aquaspirilla. It is a low-nutrient medium for
these freshwater spirilla and thus appropriate for BALO plaque formation. Our
lab has compared some media (YP/10, YPSC, and DNB) for visibility and clar-
ity of isolated plaques, using different BALOs (strains 109], 6-5-S, and JSS) and
a variety of prey cells in the lawn (E. coli, Aquaspirillum serpens, Caulobacter
crescentus, and Burkholderia cenocepacia; S. Koval, unpubl. data). DNB pro-
vided the best results for all combinations. The use of an obliquely illuminated
colony counter also assists in plaque visibility (Stolp 1981).

Plating is performed by preparing dilutions of a sample of predators in HM
buffer and combining 100 pl of these dilutions with 200 pl of a prey cell sus-
pension (~ 10" cells mI™!) in 4 ml of 0.6% DNB agar at 42 °C. This mixture
is poured onto the surface of a DNB (1.5% agar) plate. Plates are incubated
at 30°C for 3 to 4 d. As a guide, an overnight prey cell culture (50 ml) can
be centrifuged and resuspended in 5 ml of DNB medium. This usually pro-
vides a sufficient cell density for lawns. It is essential that the agar plates be
prepared just before use, as dry agar does not promote the growth of plaques,
which remain tiny and therefore difficult to find and count.
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Another method for enumerating predators is to do direct microscopic
counts using a fluorescence dye. With this method, attack-phase cells, bdel-
loplasts, and uninfected prey can be discriminated by staining with DAPI
(2 uM) and cells counted by epifluorescence microscopy using a grid ocular
(Shemesh et al. 2003; Shemesh and Jurkevitch 2004).

5
Culture-Independent Methods

The development of culture-independent methods for the identification of
prokaryotes in natural habitats is a much needed addition to other methods
currently available for BALOs. As Schwudke et al. (2001) and Shemesh et al.
(2003) point out, the study of environmental BALOs is difficult because of
the necessity of a dedicated isolation procedure, which is often not success-
ful for the uninitiated researcher. Most microbial ecologists are unfamiliar
with predatory prokaryotes, and their experimental design would not include
the more laborious double-layer agar growth medium and prey cells. Thus
BALOs are seldom included in microbial community compositions or ana-
lyses. Moreover, BALO isolates differ in prey range. As most prey may not
be amenable to cultivation (and the number of prey one can use in the lab-
oratory is anyways restricted) quantification using plaque counts certainly
always yields underestimates of the actual numbers of BALOs in the environ-
ment. Two methods utilizing 16S rRNA sequence information for microbial
ecology studies and their applicability to studies on BALOs are described.

5.1
Fluorescence In Situ Hybridization (FISH)

The use of fluorescencely labeled oligonucleotide probes specific for rRNA
sequences of certain groups of bacteria is referred to as fluorescence in situ hy-
bridization, or FISH. FISH can be thought of as a phylogenetic stain as it allows
the phylogenetic identification of microorganisms in environmental settings.
The fluorescence signal is detected by epifluorescence microscopy or confo-
cal scanning laser microscopy. Probes can be designed to specifically target
narrow to broad phylogenetic groups (from species to domain). Probe de-
sign involves identifying short regions (usually 15 to 25 nucleotides in length)
in a sequence alignment unique to the group of interest. The specificity of
the probe can be examined by comparative analysis of aligned 16S rDNA se-
quences available in online public database search programs such as Basic
local alignment search tool (http://www.ncbi.nlm.nih.gov/BLAST/), ARB soft-
ware package (http://www.arb-home.de), and the Ribosomal Database Project
(RDP II; http://rdp.cme.msu.edu). Mismatches to nontarget organisms must
be taken into consideration. In general, the nontarget organisms usually have
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three or more mismatches that make the probe specific for the intended tar-
get organisms (Lathe 1985). However, oligonucleotide probes can distinguish
between complementary and nearly complementary sequences on the basis of
single mismatches if high stringency hybridization conditions are established
in the FISH protocol (Amann et al. 1990). The sequence of the selected probe
may also need to be modified to meet probe design criteria such as minimal
melting temperature. The design and evaluation of 16S rRNA targeted probes
are thoroughly discussed by Hugenholtz et al. (2002).

We have recently designed an oligonucleotide probe, designated as BDE
525, specific for the genus Bdellovibrio and labeled at the 5'-end with the in-
docarbocyanine dye CY3 (K. Mahmoud et al., unpubl. data). The specificity
of the probe was first examined with newly deposited 16S rDNA sequences

Fig.6 Fluorescence in situ hybridization with probe BDE 525 of cells in a co-culture
of Bdellovibrio bacteriovorus 6-5-S with Aquaspirillum serpens VHL. The large size of
the prey cell makes this a good model system with which to demonstrate the life cycle.
a phase contrast micrograph. b epifluorescence micrograph of the same field. The fluo-
rescence signal was detected in attack phase cells and cells within the bdelloplast. A long
spiral (arrows) can be seen inside some bdelloplasts, which is the growing, asepate fila-
ment. ¢ merged images. Only the Bdellovibrio cells showed the fluorescence signal, not the
uninfected prey cells. The fluorescence signal was more intense in cells in the bdelloplasts
than the signal from released attack phase cells
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from GenBank and from RDP II (Cole et al. 2005) against target and nontarget
organisms. From 42 Bdellovibrio sequences in the databases, the sequence of
the probe perfectly matched 40 Bdellovibrio sequences. We tested the probe
in a FISH procedure with B. bacteriovorus strains 109] and 6-5-S, as well as
the prey-independent strain 109JA. Interestingly, the fluorescence signal de-
tected from these cells growing in bdelloplasts was more intense than the
signal from released attack-phase cells (Fig. 6). This may be due to the deple-
tion of cellular rRNA content in the attack-phase cells, which are cells that do
not undergo cell division. The growth phase of bdellovibrios in the periplasm
is equivalent to the exponential phase of growth of other bacteria. The se-
quence of the facultative predator Bacteriovorax stolpii UKi2, a closely related
species used as a negative control in this study, had 4 base mismatches with
the sequence of the probe, and thus cells did not hybridize with the BDE 525
probe. No fluorescence signal was detected under the hybridization condi-
tions used in the FISH procedure. The probe did not hybridize with the prey
cells used (E. coli and Aquaspirillum serpens). These results indicate that the
FISH technique can be used to specifically detect Bdellovibrio cells, both in
the bdelloplast and as free-swimming attack-phase cells. The next step will
be to use this procedure to study the abundance and interactions of BALOs
within their habitats in the environment and thus evaluate their role in reduc-
ing or modulating bacterial populations.

5.2
PCR of Community DNA (Environmental Clones)

Ribosomal DNA (rDNA) clone libraries can be made from environmental
habitats and clones screened by dot blot hybridization with group-specific
oligonucleonucleotide probes. This culture-independent method has been
used to study many ecosystems (especially open ocean and coastal planktonic
communities) to assess microbial diversity. In one study of permanently cold
marine sediments in the Arctic Ocean, Ravenschlag et al. (1999) identified
rDNA sequences affiliated with Bdellovibrio species. Many more environmen-
tal BALO sequences are now found in the databases (Davidov and Jurkevitch
2004). The culture-independent method of identification allows the distribu-
tion of predators to be considered in the context of the phylogenetic affiliation
and diversity of the accompanying prokaryotic community in a particular
ecosystem. BALOs have been isolated repeatedly from marine sediments and
estuarine waters (see chapter by Williams), most often using Vibrio parahe-
molyticus as the prey cell for isolation and enumeration.

The increasing number of BALO 16S rDNA sequences available in the
databases (Sect. 3.3) has enabled the design of taxon-specific PCR primers
that target each of the hitherto described BALO groups (Jurkevitch and Ra-
mati 2000; Herschkovitz et al. 2005; Y. Davidov and E. Jurkevitch, unpubl.
data). These sets of primers can be used to directly classify isolates at the
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genera level and also enable direct detection and characterization in envi-
ronmental samples, through the construction of 16S rDNA libraries, analyses
by denaturing gradient gel electrophoresis followed by band sequencing. It
will be of great interest to use these primers in a quantitative PCR approach.
This could yield the first culture-independent quantitative estimates of the
occurrence of BALOs in the environment.

6
Conclusions and Perspectives

Critical studies on the life cycle and physiology of BALOs will benefit by care-
ful attention to growth conditions for cocultures and monitoring of these
cultures by the appropriate choice of microscopy technique(s). Ecological
studies will benefit immensely from the application of culture-independent
approaches such as the modification and optimization of in situ hybridization
techniques and of PCR-based technologies for non-culture-based identifica-
tion of these predatory prokaryotes in environmental samples, and direct
estimation of diversity and sequence distribution. Such studies will certainly
greatly contribute to the understanding of the roles BALOs play in nature,
such as quantifying BALO predation in natural communities and therefore its
impact on ecosystem functioning.
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Abstract This work explores what is known about the ecology of the Bdellovibrio and
like-organisms (BALO). Recent studies of these incredibly unique predatory bacteria have
revealed new information on some of their genomic features, distribution in the environ-
ment, environmental determinants that may select for the predators and their interactions
with other bacteria. However, little remains known about the ecology of BALOs and their
role in nature. Lack of advances in applications of newer molecular methodologies to
study the predators remains a key barrier to their investigation. Nevertheless, a brighter
future awaits as molecular techniques aimed at improving their detection and enumera-
tion are being applied. On the basis of culture methods the predators are known to be
ubiquitous exhibiting both geographical and seasonal distribution patterns.
Geographically, in some cases different strains of BALOs occur in different habitats.
One strain has been observed only in some estuarine systems. Apparent factors that de-
termine the distribution of the predators include salinity, food source, temperature and
oxygen. The tolerance to salt has defined two groups, the marine or halophilic strains that
require salt and the freshwater/terrestrial (F/T) group that is inhibited by salt and is found
in freshwater and in soil. A major food source for BALOs is biofilm, a surface-associated
bacterial community where large numbers of bacteria susceptible to the predators may
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be found. Although results of previous studies failed to show any meaningful chemo-
tactic attraction by BALOs, recent studies have revealed that some strains of BALOs do
show preference for certain bacterial strains when a mixture of different bacteria are
available.

The role of BALOs in nature has remained elusive. Although direct evidence is still
lacking, the results of several studies have provided collateral information that makes it
difficult to discount BALOs having a role in bacterial mortality. Supporting evidence in-
cludes their obligate requirement for prey bacteria and predatory lifestyle that leads to
the killing of its bacterial prey, their ubiquity in the environment, and the susceptibility
of many environmental Gram-negative bacterial species. Where BALOs have been applied
to control bacterial populations to prevent disease in plants and animals and reduce bac-
terial contamination on environmental surfaces, the predators have shown some degree of
effectiveness. BALOs continue to be one of the most fascinating yet mysterious organisms
in the microbial world. Greater efforts are needed to unravel their ecology and potential
as biological control agents.

1
Introduction

Bdellovibrio was the name originally assigned to the predatory, intraperiplas-
mic bacteria. However, as the organisms were further studied it became
apparent that the diversity among isolates demanded a separation of some
groups into different species and genera. Several genera have now been de-
scribed and more are quite likely in the future. Since these recent develop-
ments may not be widely recognized, to minimize confusion we have elected
to refer collectively to the original genus and others that have been reported
as the Bdellovibrio and Like Organisms (BALOs). It is not intended that this
designation will remain permanent as it will be important to refer to specific
genera once the revised taxonomy is widely known and accepted.

The first report describing the predatory Bdellovibrio in 1962 (Stolp and
Petzold 1962) sparked intrigue and fascination about the possible impact and
role of this predator on microbial communities in the environment. There
was speculation that this unique bacterium that preyed upon many Gram-
negative bacteria could control populations of susceptible organisms. How-
ever, this hypothesis generated only a few investigations on the interactions
of bdellovibrios with prey bacteria in nature. In the decade following their
discovery, much of the research on the predators focused on unraveling the
Bdellovibrio’s life cycle and the mechanisms of predator-prey interactions in
laboratory studies (Starr and Baigent 1966; Varon and Shilo 1968; Seidler and
Starr 1969). The first reports of the predatory bacteria described them as ec-
toparasites that attached to the outer membrane of the prey and ultimately
caused its lysis without entering the cell (Stolp and Starr 1963). However,
thin section electron microscopy studies conducted later revealed that the
Bdellovibrio actually penetrated the cell wall and assumed residence in the
periplasmic space of its prey (Shilo and Bruff 1965). There it disrupts the
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permeability of the cytoplasmic membrane, grows into a long filamentous
cell at the expense of prey molecules that leach into the periplasm, multi-
plies by segmentation and fragmentation of the long filament and lyzes the
remaining ghost of its prey releasing progeny into the environment to repeat
the cycle.

BALOs are not the only predatory bacteria that have been described (see
Jurkevitch and Davidov, 2006, in this volume). However, the BALOs are the
only known bacterial predator that invades the periplasmic space of its prey
and has a life cycle consisting of an extracellular and intraperiplasmic phase.

In the first decade, and ensuing years, of the discovery of Bdellovibrio, re-
ports of isolation of the organism appeared occasionally in the literature. It
soon became apparent that there were two major types of the predatory bac-
teria, one requiring salt that was restricted to marine or salt water ecosystems
(Shilo 1966; Mitchell and Yankofsky 1967) and another that had low tolerance
for salt and was found in freshwater and soil (Varon 1968). It also became ob-
vious that the BALOs are ubiquitous in distribution having been recovered
from sites around the world. The freshwater bdellovibrios have been recov-
ered from water, soil, sewage, rhizosphere, water distribution systems and
the intestinal track of animals and humans (Klein and Casida 1967; Germida
1987; Fry and Staples 1974, 1976; Keya and Alexander 1975; Richardson 1990;
Edao, 2000). The saltwater predators have been isolated from oceans, seas, salt
lakes, estuaries, gills of blue crabs and in one case from the intestinal track of
a rabbit (Taylor et al. 1974; Marbach et al. 1976; Williams et al. 1980; Sdnchez-
Amat and Torrella 1989; Kelley and Williams 1992; Pineiro et al. 2004). One
habitat where BALOs have been found in relatively large numbers is surface
biofilm (Williams et al. 1995).

This work will review what is currently known about the ecology of the
BALOs. The distribution and abundance of the organisms in nature will
first be reviewed, followed by other topics including diversity and taxonomic
changes and how these alter the perspective of the ecology of BALOs, prey
range, the role of the bacterial community in selecting for BALOs and their
role in nature.

Being about 1/5th the size of a typical bacterium, the BALOs have been
called “the world’s smallest hunters”. The physical aspects of the BALOs life
cycle have been well documented (Starr and Baigent 1966; Varon 1968) and
are described elsewhere in this volume. Several reports have documented
the biochemical and physiological properties of the predators’ growth cycle
within the prey and the source of nutrients supplied by the prey (Varon et al.
1969; Starr and Baigent 1966; Rittenberg and Langley 1975; Diedrich 1988).
However, many gaps in knowledge remain, especially in regard to the genetic
controls at play in the various stages of the life cycle. Such investigations are
now being addressed, facilitated by the first description of a whole genome se-
quence of a BALO, Bdellovibrio bacteriovorus 100 (Rendulic et al. 2004). Work
on sequencing other strains is currently underway in several laboratories.
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Much of the work on the Bdellovibrio life cycle was done on just a few
strains at a time when BALOs were treated as a homogenous population,
a single genus and specie, with little known diversity. Recently, several re-
ports have documented that the BALOs are not a homogenous group but
rather are very diverse potentially consisting of several genera and multiple
species (Baer et al. 2000, 2004; Davidov and Jurkevitch 2004; Williams et al.
2004). Therefore, it can not be assumed, that all BALOs have identical fea-
tures as the few strains described in early studies. For example, differences in
specific stages in the life cycle may occur among diverse groups. One recent
finding revealed that in at least one strain the long held belief that the flag-
ella of Bdellovibrio was shed during its penetration into the prey cell appears
not to be the case (Lambert et al. 2006). Whether this is universal for all BA-
LOs or is strain specific will require further investigation. This applies also to
other features of the BALO life cycle, prey interactions, metabolic properties,
ecology, etc.

Up to now it has been assumed that the BALOs are obligate predators.
Clearly all evidence to date suggests that they require prey to complete their
life cycle and propagate. This perception drives much of our perspectives of
the BALOs, especially their dependence on other bacteria as the sole source
of nutrients, and their ecology. However, considering that there has been little
effort to determine if prey-independent BALOs exist in nature, this possibil-
ity should not be dismissed outright and studies should be encouraged to
address the issue.

2
Methods for Ecological Studies of BALOs

Few advances in ecological methods to study the BALOs have been made
in the past several decades and only now is there beginning to be applica-
tion of recently developed molecular techniques. Unraveling the ecology of
the BALOs requires suitable methods, especially with their unique growth
requirement for prey, which has negated their cultivation in pure culture
directly from environmental samples. Although this is one of the greatest
barriers for investigators, there has not been sufficient study aimed at devel-
oping media and methodologies for recovery of BALOs independent of a prey
bacterium. Since traditional methods for characterizing bacteria require uti-
lization of pure cultures. They are not suitable for the study of the BALOs.
Characterization and diversity assays of BALO isolates have typically been
limited to a few phenotypic properties as prey-susceptibility patterns and
salinity and temperature tolerances. Since traditional cultural methods are
limited, molecular genetic methods may be better for characterizing BALOs.

Until the early 1990s, few studies characterized genetic properties of
BALOs and these were typically limited to %G+C ratios and DNA/DNA hy-
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bridization (Seidler et al. 1972). The subsequent use of the 16S rRNA gene
sequence by Donze et al. (1991) and later by Jurkevitch and Ramati (2000) and
Snyder et al. (2002) have revealed much greater diversity among the BALOs
than was previously known (see Jurkevitch and Davidov, 2006, in this vol-
ume; Snyder 2002; Davidov and Jurkevitch 2004). The use of molecular-based
non-cultural methods for detecting the predators has been slow in developing
and only in the last several years have there appeared reports of 16S rRNA-
derived oligonucleotides for in situ and dot-blot hybridization (Jurkevitch
and Ramati 2000; see Koval, 2006, in this volume) and primers for PCR-
based analysis of environmental samples for Bdellovibrio and Bacteriovorax,
Peridibacter and Micavibrio (Snyder et al. 2002; Jurkevitch and Ramati 2000;
Pineiro et al. 2004; Herschkovitz et al. 2005; Davidov et al. 2006). At least two
laboratories have used specific primers to detect or confirm BALO isolates
(see Jurkevitch, 2006, in this volume; Mahamoud et al. 2005).

Utilization of quantitative methods such as fluorescence in situ hybridiza-
tion (FISH), flow cytometry or real time PCR to enumerate BALOs is just
being reported or considered. This lag in the use of molecular and micro-
scopic techniques to study the BALOs can be attributed in large part to the
fact that so few investigators have consistently undertaken the challenges to
investigate these organisms in the past 20 years due largely to the lack of suit-
able methods. This has contributed to the meager knowledge that exists on
the ecology of these predatory bacteria. As genome sequences continue to be
described as discussed elsewhere in this volume (Tudor and McCann), further
study and development of molecular tools can be expected. As of now how-
ever, there remains a dearth of investigations devoted to ecological studies of
the BALOs.

The methods that have been and continue to be used routinely for the
growth and isolation of BALOs have substantial limitations. As with other
bacteria, the culture method for BALOs is limited by the medium used. The
double agar overlay method used to study bacteriophages has been adapted to
isolate and propagate the BALOs since their discovery. In fact, the BALOs were
discovered while attempting to isolate bacteriophage from soil (Stolp and Pet-
zold 1962). Upon examination of the double agar plates for phage plaques,
the investigators observed late-developing plaques (colonies) that increased
in size with continued incubation, which is atypical for phage. Microscopic
examination of these plaques revealed small comma shaped, highly motile,
predatory bacteria later named the Bdellovibrio (more details described in
the introductory part of this volume). Another method also used to recover
viruses, the broth enrichment culture technique, has been applied for the re-
covery of BALOs as well (technical details can be found in Koval, 2006, in
this volume). Ideally in culture methods, the formulation of the media should
foster the growth of the great majority of cells in a population. However, it
has been well documented that only a small percent of the bacteria present
in environmental samples can be recovered on culture media (Daley 1979).
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Nevertheless, at this time there remain practical reasons for using the culture
method including to obtain livecells that can be tested to characterize and
differentiate new isolates.

A key component of media to grow BALOs is the prey. Although many
BALO isolates prey on a number of bacterial species, some prey only on
a few (Taylor et al. 1974; Schoeffield and Williams 1990; Pineiro et al. 2004)
(Table 1). In cases where BALOs prey on multiple bacterial strains, the effi-
ciency of predation and predator growth may vary between the prey strains.
Thus, the choice of prey becomes an important decision for investigators
attempting the recovery of BALOs from environmental samples. A primary
concern is whether the prey is capable of supporting the growth of all
subpopulations of BALOs or even the specific strains of interest to the
investigator.

Several studies have evaluated different bacterial species for recovery and
enumeration of BALOs in saltwater environments. In one of the first compre-
hensive studies of susceptibility of various bacteria to the predators, Taylor
et al. (1974) investigated the predation pattern of 13 marine BALO isolates
recovered from waters off the coast of Oahu, Hawaii against a battery of 42
bacterial strains including marine and terrestrial species. Two different media
were used, basal medium agar and yeast extract agar prepared with half-
strength artificial seawater. Incubations were at 25 °C. Many bacterial species
were susceptible to predation by all of the BALO isolates tested. However,
Vibrio species were among the most susceptible. In contrast, Pseudomonas
species were resistant to attack by the BALO isolates. Marine BALOs typic-
ally showed greater predation efficiency on marine than non-marine bacteria,
although there were exceptions.

Likewise, it has been reported by others that Vibrio sp., including V. para-
haemolyticus, were typically most susceptible to saltwater BALOs and most
efficient at recovering the predators (Taylor et al. 1974; Schoeffield and
Williams 1990; Sutton and Besant 1994; Rice et al. 1998). Sanchez-Amat and
Torrella (1989) reported that when enrichment cultures established by adding
yeast extract to seawater samples were plated on a strain of Pseudomonas,
V. alginolyticus and V. parahaemolyticus, in every case of four experiments
the greatest number of BALO PFUs were recovered on V. parahaemolyticus.

In another comprehensive study, the author and co-workers compared
44 bacterial species for efficiencies at recovering BALOs from two different
environments, a tidal pond at the University of Maryland Horn Point En-
vironmental Laboratory and a tank at the National Aquarium in Baltimore,
both in Maryland, USA (Schoeffield and Williams 1990) (Fig. 1). Vibrio para-
haemolyticus strain P-5 yielded significantly more BALO plaques than the
other test prey bacteria. Further, when the material from plaques formed on
each of the test bacteria were subcultured onto top agar lawns of V. para-
haemolyticus, plaques were produced 97% of the time. This suggests that
the plaques appearing on the test bacteria were enumerated also on V. para-
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Fig.1 Quantitation efficiencies of various bacterial prey compared with that of V. para-
haemolyticus P-5 (Horn Point trials 1 to 9). (From Schoeffield et al. 1990 by permission)

haemolyticus. The results also revealed that as a group, the Vibrio species
were two to three times more efficient at recovering BALOs than non-Vibrio
species (Fig. 2).

Sutton and Besant (1994) tested 36 BALO isolates, 12 from each of three
habitats, a sandy beach, mangrove and fringing coral reef, in the Great
Barrier Reef for predation against 39 bacteria including marine and some
non-marine strains. A different test medium (basal medium) and incubation
conditions (27 °C) than used in other studies were applied. The results of
the prey susceptibility studies concluded, as did the previous study by Taylor
et al. (1974), that Vibrio species were among the most susceptible bacteria to
BALOs.

Rice et al. (1998) tested the ability of BALOs from Chesapeake Bay waters,
sediment and biofilm to prey upon autochthonous bacterial isolates. Again,
Vibrio species were typically among the most susceptible and efficient at re-
covering BALOs.

Although there may not be a universal prey that can be used for the recov-
ery of all BALOs, the data supports the use of V. parahaemolyticus to recover
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Fig.2 Comparison of the mean quantitation efficiencies of Vibrio species, non-vibrio
species, TCBS isolates, and EA isolates recovered from pond (HP) and aquarium (AQ) wa-
ter samples. V. parahaemolyticus P-5 was used as the standard reference organism. (From
Schoeffield et al. 1990 by permission)

saltwater BALOs by the culture technique. Nevertheless, continued testing of
other bacteria is encouraged.

Quantitative studies comparing the efficiency of different bacteria in re-
covering the freshwater-terrestrial (F/T) BALOs have also been reported.
Among the most commonly used prey are strains of E. coli (Dias and Bhat
1965; Klein and Casida 1967; Staples and Fry 1973). However, variations in
the bacterial species most efficient at recovering the predators have been ob-
served, depending sometimes on the source of the samples. From sewage
and activated sludge samples, Dias and Bhat (1965) observed E. coli to yield
more plaques than eight other species. Among the bacteria yielding the lowest
number of plaques and, hence least efficient at recovery of BALOs, were Pseu-
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domonas aeruginosa, P. chlororaphis (previously P. aureofaciens) and Serratia
marcescens. Klein and Casida (1967) reported that P. aeruginosa, P. fluorescens
and P. putida were lyzed by BALO strain 167-1 but not OX9-1, both of which
lyzed E. coli.

Staples and Fry (1973) tested 10 bacterial strains for the recovery of BA-
LOs from river water and sewage. Achromobacter sp. yielded more plaques
in more samples than the other bacteria tested on NB 500 medium. E. coli
yielded more samples positive for BALOs than P. aeruginosa, but the dif-
ference was not significant. E. coli strains have been used in other studies
either as the single prey or in combination with Achromobacter sp. (Fry
and Staples 1976). Studies have also used E. coli, Pectobacterium carotovo-
rum (previously Erwinia carotovora), Alcaligenes faecalis and Pseudomonas
fluorescens as reported by Afinogenova et al. 1981. This group also re-
ported that of 10 laboratory stock cultures of BALOs and 12 freshly iso-
lated strains from Russia out of the river Oka and sewage from the City of
Puschino, none preyed upon Pseudomonsas aeruginosa, Stenotrophomonas
(previously Pseudomonas) maltophila and Brevundimonas (previously Pseu-
domonas) vesicularis.

Jurkevitch et al. (2000) reported testing five soil BALO isolates for preda-
tion on 22 bacteria, most associated with plants either as pathogens or having
growth-enhancing activity. None of the test prey bacteria were lyzed by all
five of the BALO isolates tested. The most susceptible prey organisms were
lyzed by four of the five BALO isolates. Pseudomonas syringae pv tomato and
P. corrugata were lyzed by the same four predator isolates yielding an identi-
cal lysis pattern. Enterobactor agglomerans and Chromobacterium violaceum
each were lyzed by four BALO isolates, but some were different from those
that preyed on the two Pseudomonas sp. thus yielding a different lysis pattern.
S. maltophila, P. putida, Serratia marcescens, P. carotovorum subspecies caro-
tovorum 2 and Vibrio fluvialis were only preyed upon by one or two of the
predator isolates tested. When soil and rhizosphere samples were cultured for
the recovery of the predators using various bacteria as prey, the most efficient
at recovering BALOs from soil samples was P. carotovorum subsp. carotovo-
rum 24 and P. corrugata PC.

From the results of the several studies referenced above on the efficiency
of recovery of F/T BALOs, no one genus or specie emerged in prominence as
was the case with Vibrio sp. for the saltwater BALOs. Perhaps habitats such as
soil, rhizosphere, water and sewage, may have different bacterial communities
that may select for different strains of the predators that prey more efficiently
on the autochthonous bacteria. Likewise, the predators may require specific
prey unique to the community for maximum recovery. Nonetheless, E. coli
and Achromobacter are likely good choices for isolating the predators from
sewage and river water. Soils and rhizosphere may require the use of mul-
tiple preys including indigenous species. Perhaps it is prudent to use more
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than a single bacterium species when attempting to isolate F/T BALO from
any source.

In many of the reports cited above and others describing testing of bac-
teria for susceptibility to BALOs, there has been a lack of uniformity in how
the tests have been conducted. In most cases there was variation in culture
media and battery of test bacteria and used incubation times (Afinogenova
et al. 1981; Sdnchez-Amat and Torrella 1989; Schoeffield and Williams 1990;
Sutton and Besant 1994; Taylor et al. 1974). Methods to achieve uniformity
in medium thickness, freshness of the medium and other important controls
in the conduct of the test are frequently not described and are assumed to
not have been taken into consideration. This variation in test methods has
made it impossible to compare and apply broadly the results from different
reports. This is a serious flaw in the study of BALOs and one which should
be corrected in future studies to maximize the utility and value of the test
and advance understanding of the interactions of the predators with vari-
ous bacteria. However, in spite of the deficiencies, when the data from the
different studies are analyzed a few general trends are evident. The prey or-
ganisms that have been identified as the most efficient for recovery of F/T
BALOs differ from those most efficient for recovering the salt water BALOs,
although there may be some overlap. For example, E. coli is preyed upon
by both saltwater and F/T. Vibrio sp. is the clear choice for saltwater BALOs
whereas Achromobacter sp. P. corrugata and E. coli appear best for the F/T
predators.

In addition to the bacterium selected to incorporate into a medium for
recovery of BALOs, the chemical formulation of the culture medium may
also influence the efficiency of recovery of the predators. Williams (1979)
tested media having various chemical formulations and found differences
in plaquing efficiency for the BALOs (Fig. 3). Even different dilutions of the
same medium can yield varying results (Fig. 3). Typically, BALOs can be bet-
ter detected when grown in a dilute medium as opposed to an undiluted
enriched medium. For example, significantly higher numbers of F/T BALO
plaques were recovered on nutrient agar (top agar concentration 0.7%) di-
luted 500 times than on the medium diluted 10 times (Staples and Fry 1973).
The plaques also developed more rapidly and were larger in diameter. Similar
observations have been made for the saltwater BALOs (Williams 1979). In the
case of the saltwater strains, polypeptone 20 medium (Pp20 agar) (Williams
1979; Williams et al. 1980) was found to be as, or more, efficient than the other
media tested. It must be considered always that the saltwater BALO strains
require sodium chloride at a minimum concentration of 0.5% for sustained
growth (Taylor et al. 1974; Marbach et al. 1976). Other salts are also required
for increased growth efficiency (Marbach and Shilo 1978). To the contrary, the
freshwater BALOs do not tolerate sodium chloride at concentrations above
0.5%, but recovery is increased with other salt ions such as magnesium and
calcium (Varon and Shilo 1968).
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Bdellovibrio plaque sizes after two and five days of incubation
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Fig.3 Mean diameter of plaques produced by Bacteriovorax OCl1, a marine strain, when
grown on V. parahaemolyticus on various media after two (empty columns) and five
(stripes) days incubation. (From Williams 1979, by permission)

Other important factors in the efficiency of the recovery of BALOs is in-
cubation temperature and time. The optimum conditions may vary according
to species. For saltwater BALOs, plaque formation on plates is optimal at in-
cubation temperatures between 22 and 25 °C. Temperatures above 30 °C sig-
nificantly decreased plaque formation (Marbach et al. 1976; Williams 1979).
To the contrary, approximately 30 °C is optimal for growth of the F/T BALOs
(Uematsu et al. 1971). Under optimal incubation conditions, plaques typically
appear between 48 and 96 h for both the saltwater and F/T BALOs. In some
cases the authors have observed more rapid or delayed plaque formation for
some isolates.

Although the culture method for detection of bacteria is considered by
some as being antiquated, BALOs represent an example where, to date, cul-
ture remains the only method that can be applied to the quantitative detection
of these predatory bacteria. Fortunately, this situation is expected to change
in the near future with several laboratories examining molecular-based tech-
niques. This should lead to more accurate estimates of the number of the
predators in nature. Culture will remain an important tool for determining
prey-susceptibility assays, growth conditions and interactions of BALOs with
other bacteria.
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3
The Distribution of the BALOs

BALOs have been recovered from widely dispersed geographical areas and
many different types of ecosystems (Dias and Bhat 1965; Fry and Staples 1976;
Jurkevitch et al., 2000; Klein and Casida 1967; Marbach et al. 1976; Pineiro et al.
2004; Richardson 1990; Sanchez-Amat and Torrella 1989; Sutton and Besant
1994; Taylor et al.1974; Williams et al.1980). The evidence is quite convincing
that these predatory bacteria are ubiquitous in distribution. This is also evi-
dent as more and more BALO clones are detected in environmental samples in
molecular surveys (see Jurkevitch and Davidov, 2006, in this volume).

However, not all strains of the bacteria are found in every type of ecosys-
tem. The nature of the physical, chemical and biological properties of some
ecosystems may exclude certain types of BALOs. The F/T group found in soils
and freshwater has a low tolerance for salt and is limited to ecosystems with
low salt concentrations. In the Gunpowder River in Maryland, samples col-
lected by my laboratory group from a site where the water salinity fluctuates
between fresh (< 0.3%) and brackish (> 0.5%) were cultured for both F/T
and saltwater BALOs. The former were recovered when the salinity was be-
low 0.5% and the latter when the salinity was greater. We were not able to
recover both types in the same sample at any time. Sutton and Besant (1994)
also reported unsuccessful attempts to recovered freshwater BALOs at sites in
marine habitats that were near freshwater inputs.

3.1
Distribution in Saltwater ECO Systems

The marine or halophilic BALOs are ubiquitous in saltwater systems. Most of
the early studies of BALOs in saltwater environments were of samples taken
from oceans and seas (Taylor et al. 1974; Marbach et al. 1976; Torrella et al.
1978). In many cases, the samples were from a single or limited number of
sites in the same body of water. One of the first and most comprehensive stud-
ies of BALOs in the marine environment was in the Pacific Ocean (Taylor et al.
1974). The numbers of BALOs recovered were low (< 1 plaque-forming unit
(PFU)/ml of water sample). Quantitative studies reported by Shilo (1966) in-
dicated a higher number of these bacterial predators in the Mediterranean
Sea (40-50 PFU/ml). In both these studies the water samples were treated by
filtration to reduce microbial contaminants prior to culturing. Such methods
typically have the undesirable feature of also reducing the number of BALOs
in the sample (Shilo 1966; Staples and Fry 1973) ( Table 2).

Results of studies in our laboratory, in which water samples were cultured
without methods that reduce the number of BALOSs, revealed that typically
the predators are more prevalent in estuaries than in ocean coastal waters
(Williams 1979) (Figs. 4 and 5).
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Table 2 Effect of filtering river water samples on the numbers of Bdellovibrios recovered
using NB-10 medium and 2 different hosts. (From Staples and Fry 1973, by permission)

Filter N° cells/ml on

(pm) Escherichia coli B Aerobacter aerogenes
None 44 40

0.8 10* 10

0.6 34* 3*

0.45 8* 0*

* significantly different at P = 0.05
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Fig.4 Quantitation of marine bdellovibrios from ocean water collected from the beach at
Ocean City, Maryland over an annual cycle. (Adapted from Williams 1979, by permission)

Hence, detection and ecological monitoring studies of these organisms
may be facilitated in an estuarine environment and yield more information
than the open ocean where their numbers are much lower. On the basis of this
premise, in the late 1970s, the author initiated studies on the distribution of
BALOs in the Chesapeake Bay, one of the world’s largest and most productive
estuarine systems. This was the first extensive geographic distribution study
of saltwater BALOs and involved both spatial and temporal distributions in
the estuary (Fig. 5) (Williams et al. 1980, 1982; Williams and Falkler 1984;
Williams 1988). The results revealed greater numbers of BALOs accured in the
mid-region of the estuary where the salinity was in the moderate range.

Variations in the abundance of BALOs in the water column have been
described. Williams (1987) reported that the air-water surface microlayer
yielded the greatest concentration of BALOs in the water column, up to
10° plaque-forming units per ml. Below the surface microlayer, the BALOs
appeared to be rather evenly distributed in the bulk water column. An assess-
ment of the vertical distribution of BALOs over a 24 h cycle at a site in the
Miles River, a tributary of the Chesapeake Bay, found no significant difference
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Fig.5 Distribution of salt water bdellovibrios in the Chesapeake Bay in two consecutive
years, 1978 and 1979. (Adapted from Williams et al. 1980, by permission)

in the numbers recovered at several depths in the water column (Williams and
Falkler 1984). Conflicting results were reported by Sutton and Besant (1994)
who did observe differences in the vertical distribution of BALOs in 1 m of
water at three environmentally distinct tropical marine habitats in the Great
Barrier Reef in Australia. In the summer, greater numbers were recovered in
subsurface waters collected at 40 cm than in bottom water, but the reverse was
reported for the winter months. Midwater samples were reported to have the
least number of predators. Perhaps the differences in the vertical distribution
of BALOs between the Miles River and the Australia coastal samples is due
to differences in the properties of the BALOs at the two sites and/or in the
environmental properties at the two sites.

The three habitats investigated in the Australian waters were a mainland
sandy beach, a mangrove area and a fringing coral reef. The number of BALOs
recovered from the sites varied with the greatest and most consistent num-
ber being from the mangrove area. BALOs were recovered from all mangrove
samples, but not from all reef or beach samples. The lowest numbers were re-
ported in the reef area. This investigation represented the first study on the
distribution of specific strains of BALOs in the environment. Strain specificity
was based primarily on differences in the predation pattern of the BALO iso-
lates on a battery of selected bacterial species (prey susceptibility pattern).
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The results revealed variations in the predator strains recovered from the
different habitats. The BALOs recovered from the mangrove site yielded a dif-
ferent predation pattern than those from the beach or coral reef areas.

Prior to 2000, most distribution studies reported make no distinction be-
tween the different species or strains recovered, as there were no practical,
reliable, genetic or biochemical methods to distinguish specific types. Among
the saltwater BALOs there had not been recognition of specific genotypes or
strains. The prey-susceptibility pattern phenotype used by Besant and Sut-
ton (1990) and others has been utilized inconsistently and, consequently, is
not reliable to compare results from different studies. Therefore, little or no
information existed on the distribution of specific strains of BALOs in the
environment.

Efforts to better define specific strains and their distribution were initi-
ated several years ago by Snyder et al. (2002), Baer et al. (2004) and recently
by Pineiro et al. (2004). These investigators analyzed the 16S rRNA gene
sequence to assess the diversity and phylogenetic relationships among saltwa-
ter BALO isolates. It became apparent that the saltwater BALOs were highly
diverse, consisting of a number of genotypes and/or strains and species. Dif-
ferences in the sequences of the small subunit ribosomal gene among the
BALOs made it possible for the first time to monitor the distribution of differ-
ent BALO genotypes in the environment. The value of this tool is illustrated
by the author’s studies in the Chesapeake Bay. Prior to the 1990s, it was as-
sumed that the isolates recovered in the estuary were typical marine BALOs,
the same as those in the Atlantic Ocean as this is the source of saltwater into
the bay. Subsequently, the author and his colleagues have analyzed and com-
pared numerous isolates from the Chesapeake Bay and various oceans and
seas and a salt lake (Pineiro et al. 2004). Several genotypes were identified in
the Chesapeake Bay, including a distinct type not found thus far in ocean wa-
ters. It has subsequently been recovered from the Pamlico Sound/Neuse River
estuarine system in North Carolina raising the possibility that this genotype
may be restricted to estuarine environments and may represent a new specie
or genus. Since estuaries vary in form and structure, freshwater input, salinity
gradient, etc., further study involving different types of estuaries are needed
to show if the estuarine type BALOs occurs universally in these bodies. A few
other isolates recovered only from a single habitat were also found at other
sites including the Great Salt Lake.

BALOs have been recovered from two extreme saltwater environments,
saltern ponds and the Great Salt Lake, USA. Sdnchez-Amat and Torrella
(1989) studied BALOs recovered from high salinity (4.2 to 20.0%) solar evap-
oration pond waters and adjacent coastal seawater from the southeastern
Spanish Mediterranean coast. Samples were collected and processed to re-
cover BALOs by both the enrichment and direct plating methods. BALOs
were recovered from all seawater and salt pond samples except for one from
the sea. The isolates were characterized by prey range, salinity growth range
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and cytochrome spectra. No definitive differences between the seawater and
salt pond isolates could be detected by prey range or cytochrome spectra.
All isolates except one seawater strain grew at 15% total salts in liquid cul-
ture. Differences were observed between the salt pond and seawater isolates
in growth at lower salinities. None of the salt pond isolates grew at 1% salinity
whereas all except one of the seawater strains were observed to grow.

BALOs were isolated from several samples taken from the Great Salt Lake
in winter and spring. Most of the samples yielded isolates of the predators.
Isolates were purified and the 16S rRNA gene sequence analyzed and com-
pared to others in GenBank. The results revealed several different genotypes.
Most isolates had the same genotype as strains recovered from oceans and
seas. One isolate was of a genotype not found in any of the other 30 saltwa-
ter locations sampled and may represent a distinct Great Salt Lake or extreme
halophilic strain. Other characterizations such as salinity growth range of the
various genotypes have not been done. Pineiro et al. (2004) reported that in
testing bacteria susceptibility to BALO isolates from the Great Salt Lake the
predators preferentially preyed upon the lake bacteria when compared to bac-
teria from the Atlantic Ocean and other bodies of water.

3.2
Distribution in Freshwater, Sewage and Soil

Freshwater/terrestrial BALOs (Bdellovibrio, F/T Bacteriovorax, Peridibacter)
are defined by their intolerance to salt concentrations above about 0.5%,
%G+C ratios above 40 and presence in freshwater, soil and sewage systems,
but not in saltwater. The distribution of F/T BALOs in freshwater has been ad-
dressed in several studies conducted in South Wales in the River Ely. The river
is considered polluted with sewage effluents from a large sewage works facil-
ity and several small sewage facilities (Staples and Fry 1973; Fry and Staples
1974, 1976). In the 1973 study, the average number of BALO plaque-forming
units (PFU) per ml reported was 112 on Achromobacter sp., the bacterium
yielding the highest counts of several different bacteria tested (Staples and
Fry 1973). A year later it was reported that average numbers of BALOs ranged
from 10 to 100 PFU per ml over an 18-month period. The mean water tem-
perature during this period was below 20 °C. In a survey involving 19 rivers
in South Wales and elsewhere, the average numbers of BALOs ranged up to
51 PFU per ml from 91 samples. The numbers of BALOs were reported to be
influenced by river water quality. BALO counts in unpolluted waters ranged
from 0 to 3 PFU per ml whereas in grossly polluted rivers the numbers ranged
from 18 to 51 PFU per ml. The major source of pollution in the rivers studied
was sewage effluent. BALO numbers were observed to increase significantly at
the point of entry of the sewage effluent. It was suggested that the increase was
due to BALOs in the effluents and not from their multiplication in the river
water.
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Not many studies of freshwater systems have reported the distribution of
BALOs in river sediments. Fry and Staples (1976) reported a range of BALO
counts from 5.5 x 10! to 2.9 x 10* PFU from sediments from seven South
Wales rivers using Achromobacter sp. as prey. As reported for river water,
unpolluted river sediments had fewer of the predators than polluted sedi-
ments. BALOs were recovered in the upper aerobic regions of sediment in the
top 5cm. Their potential prey, heterotrophic Gram-negative bacteria, were
found down to 12 cm suggesting that a lack of prey was not the reason for
the absence of the BALOs in the deeper sediments. The aerobic nature of the
predators likely accounted for their restriction to the upper sediments.

Most, if not all, of the reports of BALOs in soils have been of the F/T preda-
tors. As is the case with aquatic systems, F/T BALOs are ubiquitous in soils.
Recovery of the predators has been reported from soils in Brazil and Canada
(Germida 1987), Uganda (Keya and Alexander 1975), Australia (Parker and
Grove 1970) and several states in the Unites States (Klein and Casida 1967).
A range of bacteria have been successfully used as prey to recover BALOs
from soils including E. coli strains (Klein and Casida 1967), Azospirillum
brasilense (Germida 1987) and Rhizobium (Keya and Alexander 1975).

Klein and Casida (1967) reported recovering BALOs from all of 23 soil sam-
ples collected from sites located in the eastern and central United States. Two
samples were taken from agricultural fields being sprayed with effluent wa-
ters from a municipal sewage treatment plant and one was obtained from the
bank of a stream receiving sewage treatment effluent waters. The counts from
these sites ranged between 5 to 7 x 10* PFU per g soil. A non-treated control
sample yielded 1 x 10* PFU per g. The numbers of BALOs recovered from the
other sites ranged from < 1 x 10° PFU per g in soils from a lake edge grass and
pine area, respectively, to 9 x 10* per g from turf. Two soil BALO isolates were
tested for predation range against a battery of bacteria including 25 E. coli
serogroups and bacteria derived from soil and other sources. The isolates were
observed to prey upon and lyze all 25 E. coli tested. For the other bacteria, the
two BALO isolates yielded the same predation pattern except that one strain
preyed upon three Pseudomonas species tested and the other did not.

Germida (1987) reported that of several bacteria tested for susceptibility
to a BALO isolate recovered from soil using A. brasilense, this organism was
the preferred prey (Germida 1987). P. fluorescens and E. adhaerens were re-
sistant. Using an enrichment technique, BALOs were recovered from Laptosol
and Podzolic soil samples from Brazil after being stored and air dried for two
years. As is the case with studies reported in the aquatic environment, most
reports on isolations of the predators from soil reported bulk numbers of the
predators, treating all plaque-forming units the same without any character
or taxonomic distinctions.

Jurkevitch et al. (2000) reported that several BALO isolates recovered from
soil and rhizosphere samples using different prey bacteria produced identi-
cal restriction patterns but yielded quite different prey susceptibility patterns.
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The number of PFUs recovered from the same soil sample varied depending
upon the bacteria strain used as prey, but ranged from 0.3 + 0.09 x 10° to 5.2
+ 0.85 x 10° per gram of soil on A. tumefaciens and P. carotovorum subsp.
carotovorum, respectively. The number reported from the rhizosphere was
23 + 1 x 10° PFU per gram using P. corrugata as prey. Using molecular- and
culture-based methods, the investigators reported three distinct populations
of BALOs among isolates from soil. This represents the first comprehensive
report of diversity among soil BALOs.

The presence of salt-water BALOs in soils has not been addressed. Recently,
the isolation of a Bacteriovorax strain from a salt-laden soil that clusters with
marine BALOs was reported (Davidov et al. 2006).

3.3
BALO in Man-Made Water and Sewer Systems

It is not surprising that BALOs, like many other ubiquitous microorgan-
isms would find their way into man-made systems. In sewage, F/T BALOs
are reported to be abundant, reaching 900 cells/ml (Staples and Fry 1973).
BALOs have also been recovered from man-made water distribution sys-
tems by Richardson (1990). One hundred and thirty-five water samples were
collected from 81 sources including shower units, cooling towers, domestic
and industrial water systems, condenser/compressors, hospital calorifiers and
other systems. BALOs were recovered from 57.8% of the samples. The recov-
ery rate would likely have been higher had the samples been cultured shortly
after collection rather than stored for five months before culturing. Also Le-
gionella pneumophila was the only prey used and there is no evidence as to
how this organism compares to other bacteria used to recover BALOs.

The calorifiers from which BALOs were isolated in this study were de-
signed to maintain water temperature at greater than 70 °C. Sample tempera-
tures at the time of collection were approximately 55 °C. This was surprising
as it far exceeds the upper growth range of 30 to 35°C reported for the
F/T BALOs, although BALO clones have been found in thermophilic environ-
ments (Fouke et al. 2003). The authors acknowledge that distal points on the
calorifiers may not have reached the higher temperature.

Singh et al. (2003) reported detecting DNA clones matching those of
BALOs in the water distribution system of dental units. Most likely the direct
source of BALOs in these systems was either the water reservoir which sup-
plies the incoming water or biofilm adhering to the inner walls of the tubing.

BALOs have also been found to persist in aquarium tanks. Williams et al.
(1987) reported the recovery of BALOs from three different tanks at the Na-
tional Aquarium in Baltimore. The salinity of two of the tanks was similar to
that of ocean waters. In tank 13A, with American cold water lobsters and oc-
topus from northern parts of the US, the salinity ranged from 30 to 33 ppt
with a mean temperature of 15.5 °C. The salinity in the coral reef tank with
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Caribbean fish and sharks was 30 to 31 ppt and the mean temperature was
24.9 °C. The mean number of BALOs from tank 13A and the coral reef tank
was 3.1 + 5.2 PFU and 1.3 + 1.8 PFU per ml, respectively. In tank 20 the
average mean number of BALOs recovered was 3.7 + 7.1 PFU per ml. This
tank also had the lowest mean salinity, 17.6 ppt, which has greater similar-
ity to brackish waters in some estuarine systems than ocean or sea waters
(the mean temperature was 20.3 °C). All of the aquarium tanks were supplied
with artificial sea water which would probably not contain BALOs. The likely
source of the BALO is probably the marine life introduced into the tanks.

Dias and Bhat (1965) examined BALO populations in raw sewage, activated
sludge and sludge effluent. BALOs lytic against a range of bacterial species
including Pseudomonas, Salmonella, Serratia, Proteus and Aerobacter were
recovered from each of the sources. One likely origin of BALOs in sewage is
the human or animal fecal material entering the system. The predators may
also be introduced into the sewer system pipes and tanks from surrounding
waters and soil and are able to rapidly multiply on the rich abundance of
diverse bacterial strains present in sewage.

34
Biofilm—An Econiche for BALOs

Most recovery and distribution studies of BALOs in aquatic systems have tar-
geted the water column. However, more than three decades ago, Shilo (1969)
suggested that the optimal ecosystem for the activity and proliferation of BA-
LOs may be in aquatic habitats other than the water column. The author’s
laboratory has devoted considerable efforts to testing this hypothesis and
biofilm is one of several habitats examined. The recovery of BALOs from
biofilms was first reported by Kelley et al. (1997). Using V. parahaemolyti-
cus as prey, the predators were recovered by direct plating of suspensions
of biofilm prepared from well-developed epifauna on the surfaces of oyster
shells retrieved from a basket suspended in the Patuxent River (Maryland,
USA). The numbers of predator PFUs recovered were three-fold greater than
that found in equivalent volumes of samples from the water column and sedi-
ments (Table 3) (unpublished data).

Later, biofilm adherent to the soft outer surface of sea squirts was exam-
ined and found to also harbor large numbers of BALOs. In a subsequent study
(Kelley et al. 1997), BALOs were detected on previously sterilized shell and
glass surfaces within 30 minutes following their submersion in natural river
water. These data suggest that BALOs like many bacteria in aquatic systems
prefer to be associated with surfaces than be free-floating. The results of many
studies have revealed that samples of biofilms on surfaces of aquatic animals
and submerged objects (Table 4) and the surface water microlayer yield the
highest numbers of BALOs found in aquatic systems (Williams 1987; Kelley
and Williams 1992).
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Table3 The number (log,,) of Bdellovibrio and like organisms (BALOs) PFU recovered
from the supernatant fluid of oyster shell epifaunae and the water column are shown

BALO PFU
Sample Month of Oyster epifaunae/5 ml Water column/5 ml
number collection supernant fluid sample
1 9-Jun 2.50 x 10* 2
2 15-Jun 2.50 x 10° 6
3 July 2.50 x 10* 6
4 21-Sep 3.00 x 104 1.70 x 10"
5 21-Sep 1.00 x 10° 1.70 x 10!
6 Nov 6.30 x 107 1.50 x 10!
7 Jan 1.30 x 103 <1
8 Feb 2.20 x 10? <1
9 Mar 4.50 x 107 <1
10 Apr 2.60 x 10° 0

Biofilms are one of the richest sources of bacteria and food for the BA-
LOs and may offer other benefits for the predators such as enhancement
of their survival under harsh environmental conditions. A report by Kelley
et al. (1997) described the recovery of BALOs from biofilm during the coldest
period in the winter months when the organisms were rarely detected in the
water column. The lead author of this review has made similar observations
(Table 3) (Unpublished data).

Kadouri and O’Toole (2005) investigated Bdellovibrio bacteriovorus in sin-
gle specie biofilms generated in wells of microtiter plates. B. bacteriovorus was
observed to immediately become established and persisted quite well when
introduced into respective E. coli and Pseudomonas biofilms. Similar results
were reported by Nunez et al. (2003). Using atomic force microscopy, the in-
vestigators were able to observe predation by Bdellovibrio in live preparations
of bacterial biofilms without prior fixation and staining that may cause arti-
facts in specimens.

3.5
BALO in Animals

An early study by Westergaard and Kramer (1977) described a failed attempt
to establish colonization of BALOs in the intestinal tract of frogs. This result
cast some doubt as to the presence of BALOs in animals. Kelley and Williams
(1992) were able to recover only small numbers of BALOs from the intesti-
nal tract of Maryland blue crabs, Callinectus sapidus. However, large numbers
of the predatory bacteria were recovered from the gills of the animals. An
electron micrograph of the crab gills revealed a dense biofilm of bacteria that
apparently was favorable for the proliferation of BALOs. The predators were
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found not only in fresh crabs (14.8£24.2 PFU per g of wet tissue) collected
from the environment, but also from those purchased from seafood markets
(19.2413.1 PFU per g of wet tissue). More recently Schwudke et al. (2001)
reported the characterization of BALO isolates recovered from the gut of ani-
mals. Further study is needed on BALOs in humans and other animals.

3.6
Seasonal Distribution

In addition to geographical distribution, BALOs exhibit seasonal distribution
patterns. The first report of a seasonal distribution was from studies con-
ducted in the Patuxent River, a subestuary of the Chesapeake Bay (Williams
et al. 1982). The greatest recovery of BALOs was observed in the warmer
months. Both the frequency of recovery and number of predators recovered
were significantly higher in late summer and early fall months, in both wa-
ter and sediment samples. In the colder months, the numbers decreased and
frequently BALOs could not be recovered. In all seasons, the numbers re-
covered and the frequency of recovery were higher in sediment than in the
water column. Low, but persistent numbers of the predators recovered from
the benthos in the colder seasons led the study authors to suggest that “seeds”
of BALOs may survive the winter in sediment. As the water temperature in-
creases in the spring and summer months, conditions become favorable for
the proliferation of the organisms and they repopulate the water column.
This hypothesis was supported in a subsequent study that showed that as
the water warmed in the spring and early summer months, the number of
BALOs was observed to first increase in the sediment and later in the water
column (Williams 1988). Also other studies in the author’s laboratory have
supported the observation that BALOs do not grow or survive well below
10 °C. An indirect effect that temperature may have is on the prey of BALOs.
V. parahaemolyticus and other Vibrio species, a favored prey for BALOs (Rice
et al. 1998), also have been shown to exhibit a seasonal distribution in the
Chesapeake Bay (Colwell et al. 1977). This could mean fewer prey available to
BALOs at colder temperatures.

Seasonal influence on BALO populations was also reported in warmer
tropical waters off Australia by Sutton and Besant (1994). The approximate
mean water temperature at the study sites ranged from a low of 23 °C in the
winter to a high of 29 °C in summer. This is substantially higher than the tem-
perature range in the Patuxent River and Chesapeake Bay which is typically
from < 2°C to 30 °C. BALO numbers in the Chesapeake Bay were observed
to increase between 15 to 23 °C (Fig. 6) (Williams et al. 1982), whereas in
the tropical waters the numbers were significantly decreased at 23 °C (Fig. 7)
(Sutton and Besant 1994). Another difference between the isolates from the
tropical waters and those from the Chesapeake Bay is the temperature growth
range. All tropical isolates grew at 35°C whereas those in our laboratory
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Fig.7 Season distribution of BALOs at a beach, mangrove and coral reef sites in the trop-
ical coastal waters of Australia. (Adapted Sutton DC and Besant PJ 1994, by permission)

recovered from temperate climates typically did not grow at 35°C. These
data suggest that the tropical isolates may have developed an adaptation for
warmer temperatures in contrast to the isolates from temperate climates.
These differences may be manifested as well in the genome of the isolates
from the two regions.

3.7
Selective Determinants of BALO Distribution

Although BALOs are widely dispersed in the environment, not all ecosystems,
habitats or environmental niches equally support the predators as there are



Ecology of the Predatory Bdellovibrio and Like Organisms 237

wide variations in the numbers and strains recovered from various sites. One
of the most striking examples of this is the distinct population of BALOs we
first recovered in the Chesapeake Bay and thus far has only been found in
estuarine ecosystems (Williams et al. 2005). This observation suggests that
factors in estuarine ecosystems, that may be absent in ocean and sea en-
vironments, select for, or favor, the unique predator strain. Or perhaps the
estuarine genotype can not survive the ocean environment or compete with
the genotypes found in the oceans, seas and salt lake. The factors that may
influence the number and distribution of BALOs are likely multiple and com-
plex. At best, we can only consider those that are most obvious until more
environmental data is collected and correlated with the number of BALOs.
Among the most likely determinants of BALO occurrence and distribution are
food source and temperature and salinity ranges. These are considered in the
following paragraphs.

As with all biota, one of the most apparent and important factors influenc-
ing the distribution of BALOs is availability of a food source. Typically, the
predators can be expected to be most abundant where its food supply is great-
est. Varon and Zeigler (1978) observed that the probability of a Bdellovibrio
meeting the prey becomes smaller as prey density decreases. It then follows
that greater numbers of BALOs will be found in areas with high prey popu-
lations. As far as is known, the sole food source of wild-type BALOs is prey
bacteria. Since most BALO strains studied have a wide prey range and are ca-
pable of preying upon many different species of Gram-negative bacteria their
food sources are likely available in most econiches. However, the abundance
of the food supply will vary in different ecosystems. For example, the num-
bers of bacteria in smaller estuaries, rivers and lakes with more coastal land
mass is typically several orders of magnitude greater than in open ocean wa-
ters. In some cases, up to a 1000-fold higher number of BALOs were reported
from Chesapeake Bay waters than in ocean waters (Figs. 4 and 5). Presumably,
the Chesapeake Bay and other more eutrophic environments support more
abundant bacterial growth which results in higher numbers of bacteria and
prey for the BALOs.

Sutton and Besant (1994) reported correlations of numbers of BALOs with
numbers of total colony-forming units (CFU) from three distinct sites and
correlation with total numbers of bacteria (as determined by direct micro-
scopic counts) at two of the sites. In the Chesapeake Bay, Williams et al.
(1980) found no correlation between numbers of BALOs and total CFU. The
contrasting results in the two studies may reflect differences in the bacterial
populations in the Chesapeake Bay and the tropical waters around Australia,
especially the proportion that are susceptible to the BALOs. Correlations may
not be found in every case study for various reasons including the presence of
high populations of non-prey bacteria that do not support growth of BALOs.
Further study is needed to better define correlations between numbers of total
bacteria and BALOs.
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As discussed above, biofilm represents another high density bacterial com-
munity to which large numbers of BALOs have been associated. Another
source that yields high numbers of BALOs is raw sewage which also has high
bacteria abundance (Table 5) (Fry and Staples 1976). Klein and Casida (1967)
reported that soils sprayed by effluent water from sewage treatment plants
had greater numbers of BALOs than regular soils.

Although the association of high abundances of bacteria with high numbers
of BALOs can be observed in many different types of habitats, there are excep-
tions such as the intestinal tract of some animals. Westergaard and Kramer
(1977) failed to recover BALOs from the intestinal tracts of frogs. Kelley and
Williams (1992) recovered low numbers of BALOs from the intestinal track of
C. sapidus (blue crabs), but high numbers in the gills of the animals. Appar-
ently, there were present in the animal intestine tracts some inhibitory factors
not favorable for BALO growth that negated the high numbers of bacteria.
Such factors may include temperature, inhibitory chemicals or toxins, etc.

Although the influence that large communities of bacteria may have in se-
lecting for high numbers of BALOs is apparent, another important factor is
the composition of the bacterial communities. Since not all bacteria are sus-
ceptible to all strains of BALOs, and the predators may show preference in its
predation even among susceptible bacteria, the composition of organisms in
bacterial communities influences both the qualitative and quantitative prop-
erties of the BALO population.

Preferential predation by BALO strains has been documented in both labo-
ratory and field studies. Rogosky et al. (2006) reported preferential predation
when BALO strains were presented with several different prey bacteria sim-
ultaneously in a laboratory mesocosm. The basis for this selection is not
known, however, such preferential behavior may select for certain strains of
the predators. The dynamics of such systems is treated in Wilkinson, 2006, in
this volume. Preferential predation has also been observed in environmental

Table 5 Relative abundance of Bdellovibrio and like organisms (BALOs) in Miskin sewage
works, estimated using NB-500 medium with Achromobacter sp. (Fry and Staples 1973, by
permission)

Site sewage works No. of samples Mean no. of Bdellovibrio
per ml per g (dry wt)

Raw inflow 7 222

Filter inflow 7 135

Filter effluent 7 226

Filter film 9 2.7 x 10*

Final settlement sludge 12 ND*

2 ND, Not detectable
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isolates. Pineiro et al. (2004) reported that the BALOs in the Great Salt Lake
preferentially preyed upon bacteria isolated from the lake rather than bacte-
rial isolates from ocean waters. Evidence of preferential predation was also
reported in soil and adjacent rhizosphere, which have different bacterial com-
munity structures. Using both molecular and culture methods, Jurkevitch
et al. (2000) found that the BALO populations also differed in the two habitats.
Restriction analysis revealed that the soil BALOs belonged to two ribotypes
representative of the B. bacteriovorus group and B. stolpii UKi2, respectively,
whereas the predators recovered from the rhizosphere were identical to the
ribotype of B. bacteriovorus W.

The BALOs from the soil, rhizosphere and total root extract also showed
marked differences in their prey susceptibility patterns against the same bat-
tery of bacteria with a single exception. In this case the total root extract
isolate (BEP2) and the rhizosphere isolate (BRP4) yielded identical prey sus-
ceptibility patterns. These two isolates were also identical by 16S rRNA gene
sequence and restriction patterns. One BALO isolate, TRA2, from total root
extract, was the only isolate among five tested that preyed upon several Rhizo-
bium and Sinorhizobium species and the bacterium on which it was isolated,
Agrobacterium tumefaciens C58. This isolate was recovered only from root
extract and not from soil. Differences in the bacterial populations in soil, rhi-
zosphere and root extract may be responsible for selecting the distinct BALO
populations observed in the respective sites. Recent studies (Herschkovitz
et al. 2005) showed that the dominant rhizobacterial populations change with
plant growth and that Bdellovibrio spp. rhizosphere populations change as
well. The results of these studies clearly point to a role for the structure of bac-
terial communities in selecting for populations of BALOs in defined niches in
an ecosystem and may be a factor in selecting for separate sets of genes and
separate phenotypes for the predators. This appears to be the case in soil and
rhizosphere (Jurkevitch et al. 2000) as well as in marine habitats (Sutton and
Besant 1994).

As described above salinity is a major determinant governing the distribu-
tion of freshwater and saltwater BALOs. A recent discovery in our laboratory
noted in a previous section of this review revealed subpopulations among the
saltwater BALOs based on apparent adaptation to low and moderate salini-
ties or extreme salinities. The distribution of the subpopulations also appears
to be governed by salinity as suggested by studies in the Chesapeake Bay. Al-
though BALOs have been recovered from all regions of the Chesapeake Bay
(Fig. 5), the distinct estuarine BALO genotype appears to be restricted to the
mid and northern upper regions of the estuary where the salinity ranges from
< 5 ppt to 15 ppt. They have not been recovered from the southern lower bay
and mouth region where the salinity is highest (20 to 30 ppt) and the ocean
water influence is greatest. In this region were found the BALO genotypes typ-
ically found in oceans and seas. We have observed that many of the BALOs
isolated from Chesapeake Bay waters were able to tolerate and grow at lower
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salinities than ocean isolates. Previously, Sanchez-Amat and Torrella (1989)
observed that BALO strains recovered from high salinity saltern ponds could
not tolerate growth at lower salinities as did isolates recovered from nearby
ocean waters. These observations confirm the important role of salinity in the
distribution of subpopulations of saltwater BALO.

Although salinity may be the important factor in selecting for the distinct
Chesapeake Bay genotype, the influence of the composition of the bacterial
community in the bay (Bouvier and del Giorgio 2003) and other estuaries
which differs in species and abundance from that of ocean environments can
not be discounted.

The distribution of BALOs is also likely subject to the availability of oxy-
gen. Schoeffield et al. (1996) reported that BALOs would not grow when
inoculated with prey cells under anaerobic conditions. Fry and Staples (1976)
reported recovering BALOs only in the top 5 cm of river sediment. The inves-
tigators attributed the restriction of BALOs to the upper regions of sediment
to their requirement for oxygen rather than to insufficient prey since co-
liforms and other Gram negative heterotrophic bacteria were recovered at
depths down to 12 cm with little decrease in numbers below 2 cm. Williams
(1988) reported similar distribution in sediment samples obtained from the
Patuxent River in Maryland. There, BALOs were recovered only in the top
7.5 cm of sediment.

4
Interactions of BALOs with Other Bacteria

As predatory bacteria, BALOs interact with other bacteria in a manner that
is uniquely different from that of any other known prokaryote. The physical
interaction of a BALO with its prey is initiated by an attack that almost im-
mediately paralyzes the metabolic machinery of the prey and rapidly leads to
its death. Although BALOs were first described as ectoparasites, and some re-
ports have described strains of predators lyzing prey without penetrating the
cell wall (Yair et al. 2003), most BALOs appear to be of the intraperiplasmic
nature (Starr and Baigent 1966; Nunez et al. 2003; Rendulic et al. 2004). Preda-
tion is a vital part of the life cycle and multiplication of BALOs, as it is the only
known mechanism for the predators to derive food for energy and anabolism.
Gram negative bacteria are the only known food source for these predators.
Some BALO strains interact with a broad spectrum of Gram-negative bacteria
while other strains appear to prey only on a few select organisms. However,
not all Gram negative organisms are susceptible to BALO predation as de-
scribed in previous sections above. Thus far, attempts to grow BALOs in the
laboratory on non-cellular, artificial media or cell types other than Gram
negative organisms, including eukaryotic cells, have not met with success
(Lenz and Hespell 1978).
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It has been established that Gram positive bacteria are not subject to
predation by BALOs (Afinogenova et al. 1981). What makes a bacterium sus-
ceptible to BALOs or what enables the predators to attack some bacteria but
not others remains a mystery.

Apparently, bacteria that are susceptible to the predators have some spe-
cific, requisite cellular features that allow the attackers access through the cell
wall and into the periplasmic space, although no such features have been de-
scribed. To distinguish prey from non-prey cells, it would appear that the
BALOs possess some specific prey recognition mechanism, but none has been
elucidated.

4.1
BALO Interactions in Mixed Bacterial Populations

One of the interesting aspects of BALO interactions with other bacteria is
the response of the predators when there are available many prey strains and
species as occurs in nature. Some reports have concluded that the collision
and interaction between BALOs and other bacteria occur randomly, suggest-
ing that the predators do not show any preferences when in the presence of
mixed populations of prey cells (Straley and Conti 1977). These authors de-
scribed a chemotaxis assay system to measure directed movement of BALOs
toward several bacterial species. The data suggested that the Bdellovibrio did
not use chemotaxis to locate prey cells. Varon (1981) suggested that mixed
bacterial populations affected the predator-prey interaction in different ways:
some bacteria competed with the original prey for the predator, others en-
hanced the activity of the predator and others inhibited it. A recent report
by Lambert et al. (2003) suggested that chemotaxis may play at least a minor
role in attracting the predators to their prey. Rogosky et al. (2006) reported
that when cells of BALOs were inoculated into a suspension of washed cells of
E. coli and Pantoea agglomerans (previously Erwinia herbicola) in equal num-
bers, the predator preferentially preyed upon the Pantoea. When the mixed
suspension of cells included E. coli and Serratia marcescens and E. coli and
Enterobacter respectively, the BALOs preferentially lyzed the Serratia and En-
terobacter. The attachment of the predators to mixed bacterial species was
also studied: it was observed that attachment to the different prey varied
widely with the predator attaching most rapidly to Pantoea agglomerans with
91% of the predator cells attached after 4 min. Salmonella enterica exhib-
ited the lowest attachment efficiency with only 12% of the predators attached
after 20 min. The data revealed that the attachment efficiency was consis-
tent with the predation efficiency with more rapid attachment occurring with
the more preferred prey. The results of these studies clearly suggest that
the interaction of BALOs with prey is not initiated by a random collision
event, but rather by a non-random mechanism, and that the predators have
some means of prey-recognition. This represents one of the most interest-
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ing areas of study of the interactions between BALO and prey and should be
vigorously pursued.

5
The Role of BALOs in Nature

Since the discovery of the unique bacterial predators more than four decades
ago, the role of BALOs in nature has been a matter of interest and controversy.
Following the first report of these predatory bacteria, there was speculation
that the organisms could play a role in the control of susceptible bacterial
populations in nature and could perhaps be exploited as an agent of biological
control of undesirable bacteria. Although viruses have since captured much
of the attention regarding factors responsible for bacterial mortality, they are
not responsible for all microbial lysis. BALOs are also likely important con-
tributors. The results from many studies conducted over the last four decades
have revealed that in the environment BALOs are active, dynamic members
of the microbial community (Sutton and Besant 1994; Rice et al. 1998; Pineiro
et al. 2004).

BALOs’ ubiquitous distribution can only be explained by their attack and
multiplication which kills their prey bacteria providing potential for the
predators to exert some control on the bacterial population in nature. BA-
LOs predatory behavior, requirement for prey bacteria and the susceptibility
of many environmental microbes to the predators support a role for these
unique bacteria in bacterial mortality. Results from studies conducted in the
Chesapeake Bay revealed that nearly 70% of bacteria isolated were suscepti-
ble to the autochthonous BALO population (Rice et al. 1998). Vibrio species
are a preferred prey for the halophilic BALOs and therefore may be the genus
most controlled by their predation in nature (Schoeffield and Williams 1990;
Rice et al. 1998; Sutton and Besant 1994).

The significance of BALOs’ contribution to bacterial mortality will depend
upon many factors, a most critical of which is their abundance. This is anal-
ogous to the uncovering of the role of viruses in aquatic systems, which was
realized only following the discovery of their great abundances in the oceans
(Fuhrman 1999). Another important indicator of the role of BALOs in bacte-
rial mortality is the proportion and type of susceptible bacteria in any habitat.

In exploring BALOs’ role in bacterial mortality, food web dynamics and the
shaping of community structure within particular environments, the diver-
sity in the predator population, as manifested by different strains or species
must be taken into account. This is illustrated by the example of a specific
genotype that has been associated with a specific habitat, the Chesapeake Bay
and some other estuaries (Williams et al. 2005). This is the first observation of
a phylogenetically distinctive BALO strain associated with a specific aquatic
ecosystem.
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The role of BALOs in nature has eluded investigators due in part to a lack
of properly designed studies, which is also related to a lack of investigative
tools to accurately detect, monitor, quantitate and characterize these preda-
tory bacteria in environmental samples. Methodologies to accomplish such
tasks would advance greatly the study of BALOs in the environment and aid
the pursuit of many important unanswered questions such as: how much of
bacterial mortality is attributed to BALOs? Which functional groups do they
most affect? What is their impact on environmental processes associated with
bacteria including the cycling of nutrients and the energetics of ecosystems
and ecosystem function? There is now sufficient data upon which to base
some reasonable assumptions helpful in generating hypotheses on the activi-
ties of BALOs in the environment.

6
BALO as Bacterial Control Agents in Biological and Environmental Systems

Since attack by BALOs is a lethal event for its prey, the predators have at-
tracted interest as biological control agents (Nakamura 1972; Fratamico and
Cooke 1996). In animals, the most dramatic example to date of the effec-
tiveness of BALOs in reducing infections was reported by Nakamura in 1972.
Inoculations of B. bacteriovorus suspensions in the eyes of rabbits experi-
mentally infected with Shigella flexneri eliminated or substantially reduced
infection. The infection rate was reduced to 0 of 4 eyes when followed at 12 h
with an inoculum of B. bacteriovorus and 2 of 10 when Shigella and the preda-
tor were inoculated simultaneously. The B. bacteriovorus also reduced the
pathogenic symptomatology of Shigella-related fluid accumulation in the in-
testinal tract in experiments using ligated rabbit ileal loops (Nakamura 1972).

Recently, Edao (2000) reported the recovery of BALOs in fecal samples
from the gastrointestinal tracts of animals and humans. A correlation was
found between the presence of the predators and the state of health of several
domestic animals. The detection rate of BALOs was significantly lower in an-
imal populations with enteritic and pneumonic diseases. This suggested that
the presence or absence of the predators might influence the manifestation of
eubiotic conditions in the intestinal tract because of their ability to control
pathogenic enterobacteria, e.g. Pseudomonas, Pasteurella and Campylobacter
(Schwudke et al. 2001). However, this is apparently not the case in all ani-
mal systems. BALOs did not become an integral component of the intestinal
microflora of fish and frogs after being force-fed into the animals via an in-
tragastric tube (Westergaard and Kramer 1977). The authors concluded that it
was not feasible to lyse pathogenic, Gram negative bacteria in the alimentary
tract with BALO.

BALOs have also been used to reduce numbers of bacteria in the environ-
ment. Practical examples include food preparation machinery and in agricul-
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ture (Fratamico and Whiting 1995; Fratamico and Cooke 1996). Lambina et al.
(1981) reported that the predators dramatically decreased the number of vi-
able Gram-negative bacteria in polluted wastewater of a communal sewage
plant. The implications and significance of BALO’s potential in addressing en-
vironmental and water quality concerns in confined bodies of water such as
polluted ponds, fish farms, and aquaria is worthy of consideration.

The few animal, plant and environmental studies on the use of BALOs to
control bacterial populations are encouraging, but many more properly de-
signed studies and data are needed including the influence of environmental
factors such as temperature, salt concentrations and oxygen, among others.
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Thermophilic environment, 231
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Transporter, 45, 64, 163, 165
Tunicates, 61, 72

Universal prey, 220
Uptake, 12, 40, 67, 70, 71, 72, 104, 109,
160

Viability, 156, 175, 198

Vampirococcus, 34, 35, 67, 109, 112, 154
Vampirovibrio, 26

Virulence, 148, 163, 182

Wastewater, 118, 147, 243

Water column, 61, 72, 226, 232, 233, 235

Wolfpack, 19, 22, 24, 31, 38, 67, 109, 112,
114, 125

Yield factor, 100
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