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Abstract – The ecological role of predation is well established in the animal world. Not so in the bacterial realm where the number of known
bacterial predators is small and their phylogenetic affiliations largely unknown. The best-characterized bacterial predators belong to the
Bdellovibrio-Bacteriovorax group (Bdellovibrio and like organisms, the BLOs). As predation at this trophic level may be of ecological
significance, there is a need to better understand the diversity and the phylogeny of bacterial predators as well as the kinetics of their interactions
with their prey. Such studies could also help to develop new approaches for the control of plant and animal Gram negative pathogenic bacteria.
Here, we present a short review on the ecology, diversity and the taxonomy of predatory bacteria, with an emphasis on BLOs as well as on the
dynamics of the interaction between a selected strain of Bdellovibrio bacteriovorus and its Erwinia carotovora subsp. carotovora prey under
high and low predator:prey ratios. 

Bdellovibrio / bacteria / predation / BLO 

Résumé – Quand le petit mange le grand : écologie et diversité de Bdellovibrio et organismes apparentés, et leurs dynamiques dans les
interactions prédateur-proie. Le rôle écologique de la prédation est bien établi dans le monde animal. Ce n’est pas le cas des bactéries où le
nombre de prédateurs bactériens connus est faible et leurs affiliations phylogénétiques largement inconnues. Les prédateurs bactériens les mieux
caractérisés appartiennent au groupe des Bdellovibrio-Bacteriovorax (Bdellovibrio et organismes apparentés, les BLOs). Comme la prédation
à ce niveau trophique peut avoir une incidence écologique, nous avons besoin de mieux comprendre la diversité et la phylogénie des prédateurs
bactériens tout comme les cinétiques de leurs interactions avec leur proie. De telles études pourraient aussi aider à développer de nouvelles
approches pour le contrôle des bactéries Gram négatif pathogènes pour les plantes et les animaux. Ici, nous présentons une brève synthèse sur
l’écologie, la diversité et la taxonomie des bactéries prédatrices, avec une attention particulière portée aux BLOs tout comme sur la dynamique
de l’interaction entre une souche sélectionnée de Bdellovibrio bacteriovorus et sa proie Erwinia carotovora subsp. carotovora avec des rapports
prédateur/proie élevé et faible.

Bdellovibrio / bactérie / prédation / BLO

1. THE WONDERS OF BACTERIAL PREDATION

Predation is of utmost importance for ecological balance,
nutrient acquisition and energy flow, as it is present at every
trophic level. It is well studied in the animal kingdom but
much less researched at the microbial level, with most of the
research on bacterial predation having been performed with
phages, protozoan and metazoan bacterial predators. Bacterial
predation of bacteria is even much less understood although it
may play an important role in bacterial ecology.

Bdellovibrio and like organisms (BLO) as they are now
denominated, are Gram negative cells, possessing one

sheathed polar flagellum, enabling very rapid swimming at up
to one hundred body-length·s–1 [32]. This motility confers
these organisms the title of the fastest motile bacteria [44].
However, the most striking characteristic of most BLOs is
their unique predatory behavior: BLOs are obligate predators
of Gram negative cells. Most only grow and replicate within
the periplasmic compartment of their hosts. Attachment and
penetration of the substrate cell by a BLO, free-swimming
attack cell is quickly followed by the inactivation of the
substrate cell’s metabolism and by a loss of prey viability and
the formation of a bdelloplast, as the BLO-invaded cell-BLO
is called. The bdelloplast offers BLO protection against
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photooxidation damage [8], phage attack [39] and increased
resistance to pollutants [22, 37]. Filamentous growth and
DNA replication of the invading BLO occurs within the
bdelloplast. Exhaustion of the cytoplasmic content of the prey
leads the long, intraperiplasmic BLO cell to division by
multiple fission into progeny attack cells which grow a
flagellum, lyse the ghost remnant, and burst outside [26, 33]. 

The overall volume of research on these fascinating organ-
isms is rather small and has little expanded since the 1990s.
The reasons for that may essentially be technical: Isolation of
BLOs is not always successful, and demands a dedicated iso-
lation procedure, including differential centrifugation, filtra-
tions and a double layered growth medium in Petri dishes.
This is often an addition too cumbersome and heavy to the
design of experiments not necessarily focused on bacterial
predation and results in the fact that BLOs are seldom looked
for. Moreover, as these are not dominant populations, they are
almost never detected in rDNA clone libraries obtained from
the environment (about 25 environmental clones clustering
with BLOs can be found in the Gene Bank). Therefore,
because they do not form colonies on standard growth media,
and because they are not represented in clone libraries, they
have been neglected by microbiologists.

1.1. Survival of bacterial predators

The two-membered BLO-substrate cell system can be
described in terms of a parasite-host as well as in terms of a
predator-prey relationship, as it exhibits features relevant to
both definitions: the substrate cell is invaded, a prerequisite for
replication, (parasite) but its cell machinery is not used by the
BLO while its contents constitutes its food base and the sub-
strate is killed in the process (predation). Moreover, this model,
as well as other microbial models, has been used for modeling
predator-prey interactions, as it is convenient and accurate to
measure. The BLO-prey interaction has been described as an
oscillating system with inconsistent periodicity [1, 36].
Although the Lotke-Volterra model has been applied to
describe the oscillations of the system and its maintenance
[38], in the natural world a “decoy” effect can be expected to
occur as most of the cells surrounding the predator may not be
potential prey, leading to ineffective predator-prey encounters.
Such a decoy effect would damp the oscillations and would
likely reduce the probability of prey extinction [42]. 

Under laboratory conditions, a high density of prey is nec-
essary for BLO survival. Various authors have reported that
minimal prey concentrations of 105 to 106 CFU·g–1 soil or mL–1

are required [18, 40]. Using the Lotka-Volterra model, Varon
and Zeigler [38] calculated that in order to give BLOs a 50%
chance of survival, at least 3 � 106 prey cells were needed.
Therefore, it was generally concluded that BLOs only survive
in special ecological niches. However, these calculations were
performed based on two-membered cultures serving as mod-
els. Since BLOs are usually not stringently specific in their
host range, the concentration of substrate cells in natural set-
tings may well be high enough to sustain predatory popula-
tions. It is now accepted that only a fraction (ranging from less
than 1 to a few percent) of the bacterial cells contained in envi-
ronmental samples is amenable to cultivation [2]. Rice et al.
[25], who quantified the number of BLO-susceptible bacteria

in an estuarine environment found that 70 to 85% of the recov-
ered bacteria were preyed upon by BLOs isolated from the
same sampling sites. Assuming 10% cultivability for the bac-
teria retrieved in the samples, it was calculated that the level
of susceptible populations was sufficient to ensure survival of
the predators. 

As explained below, biofilms can potentially provide a hab-
itat fit for predation by BLOs in low microbial density biotas,
the predator expending beyond that realm during bacterial
population surges.

The cell composition of BLOs is rapidly altered and viabil-
ity quickly reduced in starved BLO bacterial suspensions kept
without a prey [13, 21]. However, BLOs were shown to sur-
vive long periods in nutrient-poor environments [4, 9], and
have been retrieved from long-term stored dry soils [10]. It
was suggested that population heterogeneity [37], higher resil-
ience of bdelloplasts [27] and the formation of bdellocysts
[37], although the number of strains able to develop this mor-
phology seems to be rather limited, could explain survival. No
knowledge on molecular responses to starvation is available.

1.2. Environmental niches

BLOs are quite ubiquitous in natural and manmade habi-
tats. They are commonly retrieved from soil, are associated
with the rhizosphere of plant roots, are found in water of vari-
ous qualities – in rivers, in the brackish environment of estu-
aries, in the open sea, at the various stages of treatment in
water treatment plants – and associated with biotic and abiotic
surfaces [16]. BLOs have been retrieved from the gills of crabs
[17], from oyster shells [16], and more recently from hen and
mammals feces [30]. The number of BLOs detected in envi-
ronmental samples using the double-layer isolation procedure –
as for the isolation of phages, a suspension of potential prey
cells is poured as a soft agar layer on top of bottom agar, to
form a layer of cells in which plaques will develop – is usually
low, ranging from tens to tens of thousands of plaque forming
units per gram or milliliter of sample. Also, BLO strains
exhibit different prey ranges. Although most are able to use a
number of prey, BLOs have been isolated that can only utilize
one type of substrate cell (see below). In other words, BLOs
do not represent dominant populations, a fact that is not unex-
pected, as predators generally do not numerically dominate
ecosystems. 

Although BLOs are aerobic, and oxic conditions appear to
best sustain their multiplication, it was shown that halotolerant
strains are able to grown under microaerobic conditions, and
that – at least – marine BLOs are also able to survive anoxic
periods as attack phase cells or as bdelloplasts [29]. Spells of
low oxygen tension occur in soils and in water and the BLOs
seem to be adapted to these conditions. Morever, BLOs have
been isolated from the feces of humans, horses and hens [30].
Stable colonization or transient passage through the gut
implies that at the very least, these BLOs are able to cope with
anaerobic conditions. The range of possible niches that can
support growth and survival of BLOs may therefore be larger
than solely permanent aerobic biotas.

BLOs are also found associated with surfaces and biofilms.
In the continuous space between the solid phases of biofilms,
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dissolved chemicals, suspended particles and cells move
freely [41]. Biofilms may provide a sustainable habitat for
BLO multiplication and survival: whereas planktonic BLO
cells were not systematically recovered from tested seawater
samples, biofilms-associated BLOs were detected at a much
higher rate [16, 43]. Biofilms may offer BLOs improved con-
ditions for growth and survival, especially in oligotrophic hab-
itats as the gel-matrix can sustain a higher concentration of
potential prey along with physical protection: surface-associ-
ated BLOs were shown to survive various environmental
insults whereas free-living cells died rapidly [22]. It is hypoth-
esized that the small size of BLOs, their high motility and their
mode of multiplication can play a role in shaping the structure
of biofilms, which are naturally composed of consortia of
microorganisms. Framatico and Cooke, [7] reported that a
BLO isolate effectively reduced the level of biofilm E. coli
cells on stainless steel. 

1.3. BLO diversity

BLOs are part of the class delta-Proteobacteria. Only
recently, have the natural diversity of BLOs been addressed
systematically and their phylogeny revisited. Phylogeny based
on the analysis of the 16S rRNA gene lead to the definition of
two genera, Bdellovibrio and Bacteriovorax [3]. To date,
Bdellovibrio comprises only one species, B. bacteriovorus,
while the Bacteriovorax genus is composed of two species,
B. starrii and B. stolpii. Marine BLOs exhibit a different GC
content than the terrestrial strains [34] and require sodium,
potassium and calcium for growth. They recently were shown
to form a separate cluster in Bacteriovorax [31]. Other studies
reveal that new species of both Bdellovibrio and Bacteriovorax
should be defined (unpublished data). A study using a com-
bined analysis of the 16S rRNA gene and prey range of soil and
rhizosphere isolates showed that BLOs belonging to both these
genera include various heterogeneous sub-groups that can be
found co-existing in the same environment [15]. Moreover,
prey range and phylogenetic affiliation appear not to be linked.
Culture-independent analysis of BLOs can now be envisaged,
as BLO-targeted oligonucleotides have been designed [14]. 

A variation on the theme of “classical” intracellular preda-
tion has been reported by Koval and Hynes [19], with the iso-
lation of a BLO that has no periplasmic stage in its life cycle.
This predator was isolated from raw sewage on lawns of Cau-
lobacter crescentus cells that do not form an S-layer. This
strain (named JSS) did not enter the periplasmic space of the
prey cell, but it remained attached at its surface and utilized the
cytoplasmic contents of the prey. No bdelloplast was formed,
and the empty prey cell retained its original shape. Growth
was by binary fission at the prey cell surface. Interestingly, of
the potential prey cells tested, C. crescentus was the only prey
organism suitable for predation by this strain (unpublished
data). Recently, more BLOs were isolated on lawns of C. cres-
centus from garden soil, compost and again from raw sewage.
These BLOs resembled strain JSS in that they remained extra-
cellular during predation on caulobacters, and could not use E.
coli as a prey cell (Fig. 1e). Thus, other predatory bacteria
resembling JSS may be found in other ecological niches.

Also, a number of other bacteria have been described as
“micropredators”. Most are extracellular (Ensifer, Vampirovi-

brio, Vampirococcus [6]). Interestingly, a Gram negative bac-
terium invading and dividing within the cytoplasm of its prey –
Daptobacter – has been described [12]. Moreover, gliding
bacteria such as Myxobacteria, Cytophaga or Herpetsiphon
are endowed with the capacity to lyse and utilize living bacte-
rial cells as food substrate. The different strategies exhibited
by these predators were recently summarized by Martin [23]:
wolfpack, or group predation, describes predation by a number
of predatory cells excreting hydrolytic enzymes, e.g. predation
by Myxococcus; Epiobiotic, fits predation by Vampirococcus
and by Bdellovibrio strains JSS and KL8 (Fig. 1e), when a
predatory cell attaches to the prey, degrades and assimilates
prey components; direct invasion, occurs when a predator
invades the prey’s cytoplasm, (Daptobacter), and; Periplas-
mic describes predation for almost all BLOs. Only BLOs
appear to be obligate predators, the other bacteria being able to
grow heterotrophically and multiply in the absence of prey.
The phylogenetic affiliations of most of these bacteria – and
therefore their evolutionary relationships – are unknown.

Electron micrographs of various predatory bacteria are
shown in Figure 1. A phylogenetic tree based on 16S rDNA
analysis of the BLOs is presented in Figure 2 [from 31].

2.DANCING WITH THE WOLVES: DYNAMICS 
OF PREY-PREDATOR INTERACTIONS

2.1. BLOs as biocontrol agents of phytopathogens

As seen above, the dynamics of predation by BLOs has
been the subject of a number of studies [1, 36, 38, 42]. Few of
the studies performed have compared the dynamic behavior of
different BLO strains. Also, there is a lack of knowledge on
the kinetics of the various changes occurring in a developing
lysate, i.e. release of attack cells, bdelloplast formation and
prey reduction. 

A limited number of studies have been published on the
potential of BLOs as biocontrol agents. The most comprehensive

Figure 1. (a) Bdellovibrio bacteriovorus strain SNE. (b) Vampirovi-
brio. (c) Daptobacter. (d) A Bdellovibrio strain JSS cell (JSS) atta-
ched to a  Caulobacter cresentus prey (Cl). To the right of the attac-
ked cell an emptied Cl cell. (e) Isolate KL8 (K), isolated from
compost and preying on C. crescentus. Similarly to strain JSS, the
predator does not penetrate the substrate cell (Cl) (a, b) Electron
microscopy (b , c,  drawings, [12]).
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work on using BLOs to control phytopathogenic bacteria was
performed by Uematsu [40] who showed that BLOs efficiently
reduced Xanthomonas oryzae populations from rice paddy
field water but obtained mixed results against E. carotovora
subsp. carotovora in soil. Soybean rhizophere BLO isolates
were used to control bacterial blight caused by Pseudomonas
glycinea [28], and a significant reduction in disease severity
and in systemic symptoms were observed. The possibility of a
deleterious impact of BLOs on plant growth-promoting rhizo-
bacteria was brought forward by Germida [10], who isolated

BLOs parasitic to Azospirillum brasilense from soils. Another
study showed an increase in rhizosphere BLOs preying upon
fluorescent pseudomonads in Chinese cabbage inoculated
with a beneficial strain of Pseudomonas fluorescens [5].

Erwinia carotovora subsp. carotovora (Ecc) is the cause of
soft rot diseases in many crops, including vegetables, flowers
and tubers, resulting in large scale losses. BLOs are potential
biocontrol agents to control these diseases, but knowledge on
predator-prey interactions is needed for a judicious application
of such systems. 

Figure 2. Neighbour-joining tree of BLO isolates. A neighbour-joining tree was constructed for the 17 salt-water and nine freshwater isolates
by aligning these sequences with other selected members from the prokaryotic domain. Listed beside each organism or strain name is the
GenBank accession number (in parentheses). Numbers at branch-points represent confidence values obtained after bootstrap analysis of the
neighbour-joining tree using 1000 replicates [31, by permission].
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2.2. Preying behavior at high and low predator prey 
ratios

A number of BLO strains able to prey on Ecc were isolated
from soil and water and their ability to utilize various preys
was analyzed on double agar plates (Tab. I). Although most
isolates behaved similarly, preying on all proposed prey, the
efficiency of plaque formation differed. For example, strain
CHI – isolated from a river in Spain – and strain SJE, originat-
ing from a soil in Israel, preyed most efficiently on E. coli,
while strain FCE, isolated from the rhizosphere of strawberry,
could only use E. coli and Ecc. As expected, none of the iso-
lates could prey upon Bacillus megaterium, a Gram positive
bacterium. The kinetics of plaque formation and growth also
differed between the strains, using Ecc as a prey. Plaques
became visible after two (strains SNE, CHI) or three (strains
PRE, DPE, FCE and SJE) days. The final sizes of the plaques
varied by up to 130%, with strain SNE forming very large (> 7
mm in diameter) plaques while plaques of strains FCE and
DPE only reached two to three mm in diameter (Fig. 3). It was
also observed that after 8 days, plaques from certain strains

were still expanding (strains SNE, SJE) while others seemed
to have reached their maximal size (the remaining strains).
This shows that remarkable differences occur between BLO
isolates in their abilities to use similar prey. Efficiency of
plaque formation may be linked to the ability of the predator
to irreversibly attach to prey cells, as this capacity appears to
be the first step for successful predation [11].

Strain SNE, which exhibited a more rapid and sustained
growth as plaques than the other isolates, was identified as B.
bacteriovorus, based on amplified ribosomal DNA restriction
analysis and 16S rDNA sequencing (not shown). This strain
was grown in liquid culture and formed lysates with Ecc. As
BLOs grow in liquid culture with concomitant exploitation of
the prey population, the cell suspension clears. Therefore, the
development of a lysate in liquid culture can be tracked by
simple spectrophotometric readings. However, this type of
measurement, as well as the plating of prey cells and BLOs in
double agar standard growth media can only yield the concen-
trations of the remaining prey population and of the plaque-
forming attack cells, respectively, while bdelloplast formation
and the dynamics of progeny cell release remain undetected.
Round bdelloplasts, larger prey cells and small predatory
attack cells can be differentiated after DAPI staining and
counted under epifluorescence microscopy (Fig. 4a), enabling
the tracking of each of these populations. This was used to fol-
low the dynamics of two-membered cultures in suspensions
containing predator and prey at different ratios. At a 10:1 pred-
ator to prey ratio, the viable prey population decreased by
three to four orders of magnitude within less than one hour,
followed by a much slower decline. At a 1:1 ratio, no change
in prey concentration could be detected during the first two
hours, which was followed by a second phase of rapid decline
(Fig. 4b). 

In the former case, the rapid loss in prey viability was prob-
ably due to rapid infection of the substrate cells by attack cells,
while in the latter case, infection was not as efficient. This is
clearly seen in Figure 4c, which depicts the kinetics of bdello-
plast formation while also tracking the attack cells’ population.
At a 10:1 predator:prey ratio, the almost entire prey population
was transformed into bdelloplasts in a quasi-synchronous
manner [24] with progeny bursting from these bdelloplasts
after about two and a half hours. Under these conditions, mul-
tiple infections occur (as seen by video microscopy, not
shown), with more than one predator penetrating the substrate
cell, resulting in an undetectable increase in total attack cell

Table I. Efficiency of plaque formation of soil and river water BLOs on different prey cells. Efficiency relates to the relative number of plaque
formed in comparison to the number of plaques formed on Erwinia carotovora subsp. carotovora. X = no plaque growth. 

Strains B. megaterium A. brasilense       A. tumefaciens P. syringae E. coli E. carotovora Origin Original prey

SNE X 1 1 1 1 1 Soil, Israel E. carotovora

CHI X 1 1 1 10 1 River, Spain E. coli 

FCE X X X X 1 1 River, Spain E. coli 

SRE 11 X 1 1 1 1 1 Soil, Israel E. carotovora

SRE13 X 1 1 1 1 1 Soil, Israel E. carotovora

DPE X 1 1 1 1 1 Soil, Israel E. carotovora

PRE X 1 1 1 1 1 Soil, Israel E. carotovora

SJE X 1 1 1 10 1 Soil, Israel E. carotovora

Figure 3. Kinetics of plaque formation of BLO isolates growing on
Erwinia carotovora subsp. carotovora. A single plaque of the tested
predator was suspended in diluted nutrient broth with about
108 cfu·ml–1 Ecc prey. A lysate was obtained (usually overnight)
yielding 2 to 5 � 108 cells·ml–1 of predators. Lysates were filtered
(0.45 �m) to remove remaining prey cells, mixed with the tested prey
in soft agar, and then poured on a diluted nutrient agar Petri dish.
Plaque growth was examined daily for eight days. Bars represent
standard error when larger than the signs.
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population after progeny release (about five progeny cells are
made per infected prey). At the start of the experiment with the
lower ratio, the concentration of attack cells decreased by
about 50% within 30 minutes, while a similar corresponding

level of bdelloplasts was formed. The remaining prey cells
kept dividing, with few of these prey showing attack cells
attached onto them. Progeny were released gradually, starting
two and a half hours after mixing the prey and the predator,
leading to an increase in the concentration of attack-phase
predators. Under these conditions, the level of bdelloplasts
remained constant for a longer period than at the high preda-
tor: prey ratio, due to continuous bdelloplast formation, and
the release of new, attack phase cells was more gradual than at
the high predator:prey ratio. 

At a 10:1 predator:prey ratio, attack cells are always more
numerous than at a 1:1 ratio. However, and after one round of
cell replication (in the present case about 150 min), bdello-
plasts and “freshly released” attack cells are more numerous at
a 1:1 ratio. It appears that predation is more efficient at the 1:1
ratio, requiring 200 min to bring prey population to a level that
took 350 min to reach at a 10:1 ratio. 

Although no such regulation can be seen in this type of
experiments, some kind of bdelloplast population density con-
trol mechanism may be at play, as was reported with a strain
of marine BLO that exhibited growth arrest upon rapid dilu-
tion of bdelloplasts [35]. Growth was rescued by the addition
of polyamines, which have been shown to increase growth in
prey-independent BLOs [11]. Another factor that may influ-
ence the dynamics of predator:prey interactions is the recent
finding that the mutation of methyl-accepting chemoreceptors
in B. bacteriovorus leads to a reduction of predation, suggest-
ing that chemotaxis is involved in finding the prey [20]. 

Newly formed BLOs appear to be more active than older
cells [13] and these experiments show that slow release of
attack cells may be a better strategy for the control of target
populations than massive input of predators during a short
period. But, if one is to apply BLOs in the real world, we think
that the cause of the non-eradication of prey cells in lysate cul-
tures should be studied. Also, the influence of predator:prey
ratio on the survival of the a targeted prey (such as a pathogen)
should be studied in more natural settings in which other prey
and non-prey species are present. 
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