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REVIEW ARTICLE

Bdellovibrio bacteriovorus: a potential ‘living antibiotic’ to control
bacterial pathogens

Francis M. Cavallo , Lorea Jordana, Alexander W. Friedrich , Corinna Glasner and
Jan Maarten van Dijl

Department of Medical Microbiology and Infection Prevention, University Medical Center Groningen, University of Groningen,
Groningen, The Netherlands

ABSTRACT
Bdellovibrio bacteriovorus is a small Deltaproteobacterium which, since its discovery, has distin-
guished itself for the unique ability to prey on other Gram-negative bacteria. The studies on this
particular “predatory bacterium”, have gained momentum in response to the rising problem of
antibiotic resistance, because it could be applied as a potential probiotic and antibiotic agent.
Hereby, we present recent advances in the study of B. bacteriovorus, comprehending fundamen-
tal aspects of its biology, obligatory intracellular life cycle, predation resistance, and potential
applications. Furthermore, we discuss studies that pave the road towards the use of B. bacterio-
vorus as a “living antibiotic” in human therapy, focussing on its interaction with biofilms, the
host immune response, predation susceptibility and in vivo application models. The available
data imply that it will be possible to upgrade this predator bacterium from a predominantly aca-
demic interest to an instrument that could confront antibiotic resistant infections.
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Introduction

Bdellovibrio bacteriovorus was discovered in 1963 by
Stolp and Starr (Stolp and Starr 1963). While attempting
to isolate bacteriophages from a soil sample, they
observed unusual lytic plaques (Stolp and Starr 1963).
Further investigations, uncovered that the growing pla-
ques on the bacterial lawn were not caused by a bac-
teriophage but by a bacterium itself. The bacterium
presented a phage-like life cycle, and its growth was
contingent to the presence of a prey. After the discov-
ery of B. bacteriovorus, different research groups have
successfully isolated this predatory bacterium from dif-
ferent aquatic and terrestrial sample sites (Chu and Zhu
2010; Oyedara et al. 2016; Herencias et al. 2017). This
diversity of sample sites indicates that B. bacteriovorus
possesses remarkable ubiquitous capabilities. The
predator isolation from different samples was made
possible by the double plaque layer method as
employed by Stolp and Starr half a century ago (Stolp
and Starr 1963).

After its discovery, the fundamental characteristics of
B. bacteriovorus were investigated and progressively

unveiled. B. bacteriovorus takes its name from the Latin
word “bdella”, meaning leach-like, and the word “vibrio”
that means curved, due to the particular comma shape
of this bacterium. This small Deltaproteobacterium is a
monotrichous bacterium, with cell dimensions of about
0.3–0.5 mm by 0.5–1.4 mm (Strauch et al. 2007). B. bacter-
iovorus possesses a single sheathed flagellum localised
at one of its poles; it also presents a Gram-negative bac-
terial morphology, with an inner membrane, a peptido-
glycan layer and an outer membrane, with the
noticeable presence of sphingophospolipids (Burnham
et al. 1970; Steiner et al. 1973). A visualisation of the
morphological characteristics of B. bacteriovorus during
its lifecycle is presented in Figures 1 and 2. B. bacterio-
vorus is characterised by an obligatory intracellular life-
style. In order to survive and multiply, it must invade
the periplasm of other Gram-negative bacteria (Varon
and Shilo 1969). Upon entry in the prey cell, the preda-
tor can then consume the prey’s nutrients, after which
point the predator undergoes a septation phase
culminating in the lysis of the prey. This reproductive
mechanism used by B. bacteriovorus is also termed as
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Host-Dependent (HD), where the propagation of the
predator is contingent on the presence of a suitable
prey. Nevertheless, in case of shortage of prey, B. bac-
teriovorus may also revert to a saprophytic non-virulent
state called Host-Independent (HI) (Lambert et al. 2010).
From a clinical perspective, the HD form of B. bacterio-
vorus is certainly the most relevant since it has the cap-
ability to prey upon a vast range of Gram-negative
pathogens (Dashiff et al. 2011). Due to the steady
increase of antimicrobial resistance (AMR) that has been
afflicting human health in the last few decades, particu-
larly in Gram-negative bacteria, interest has risen
regarding the investigation of similar predatory bac-
teria, also known as Bdellovibrio-and-like-organisms
(BALO’s) (Snyder et al. 2002). For a more extensive
understanding of the species belonging to the BALO’s,
P�erez et al. provided an excellent overview of the field
(P�erez et al. 2016). Furthermore, Table 1 provides an
essential overview of the other bacterial species that
are known to present a predatory behaviour.

Research has revealed the remarkable potential of
B. bacteriovorus to kill Gram-negative bacteria belong-
ing to the so-called ESKAPE pathogens, a group cur-
rently including some of the most life-threatening

human pathogens, such as the Enterobacter genus,
Klebsiella pneumoniae, Staphylococcus aureus,
Acinetobacter baumannii, Pseudomonas aeruginosa and
Escherichia coli (Rice 2008; Boucher et al. 2009; Bassetti
et al. 2013). The World Health Organisation has offi-
cially drawn the attention of the scientific community
towards the current antibiotic crisis, raising awareness
of the increased detection frequency of multi-drug
resistant (MDR) pathogens throughout the world (Kern
2015). The so-called “Golden antibiotic era”, which
humanity enjoyed in the second half of the previous
century, was characterised by the discovery of nearly
all currently known classes of antibiotics in a relatively
short period of time (Lyddiard et al. 2016). Worth of
notice is that among all of the different antibiotics
developed and released to the public, none has
avoided the insurgence of resistance (Ventola 2015;
Aslam et al. 2018). A variety of factors has contributed
to the steady raise of antibiotic resistance through the
world, among the most prominent factors: overuse,
indiscriminate prescription, extensive use in agricul-
ture, lack of new antibiotics and the ever-growing
regulatory criteria for drug development (Ventola
2015). Worrisome predictions have been made for the

Figure 1. Schematic representation of the life cycle of B. bacteriovorus. Starting clockwise from top left of the image, the preda-
tor approaches and binds to the outer surface of its prey. The flagellum is lost and a pore is created. The predator penetrates
and settles in the periplasmic space of its host. Subsequently, the pore is sealed and the predator starts consuming the intracel-
lular components of its prey. A septation step follows, culminating in lysis of the host cell and the release of fresh B. bacteriovo-
rus progeny. The new-born predators then start a new predation cycle either through the Host-Dependent cycle or can revert in
the Host-Independent state until a suitable prey is encountered.
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coming decades, suggesting mortality caused by MDR
infections could increase from the present levels of
�700,000 deaths per year to 10 million per year by
2050 (Neill 2014).

The reduced efficacy of available antibiotics and the
long developing times for novel antibiotics have cre-
ated a situation in which there is an urgent need for
alternative antimicrobial therapies (Mobarki et al. 2019).

Figure 2. TEM images of various stages of predation. The prey in the images is an Enterobacter roggenkampii isolate. Images I, II
and III show B. bacteriovorus HD100 (indicated with arrows) attached to the outer surface of a prey cell or in its immediate sur-
roundings. Image IV shows a late stage of predation where the new-born predators are in the bdelloplast, prior to its disruption
(our unpublished data).

Table 1. Overview of bacteria known to display predatory lifestyles.
Nomenclature genus/species Predation strategy Prey disruption mechanism Reference

Bdellovibrio bacterivorous Endobiotic Lytic enzyme (Stolp and Starr 1963)
Vampirococcus Epibiotic Lytic enzymes (Guerrero et al. 1986)
Ensifer adhaerens Epibiotic Lytic enzymes (Casida 1982)
Micavibrio aeruginosavorus Epibiotic Lytic enzymes (Lambina et al. 1983)
Bdellovibrio exovorus Epibiotic Lytic enzymes (Koval et al. 2013)
Bradymonabacteria Epibiotic Antimicrobials

Contact-dependent
(Mu et al. 2020)

Cytophaga Epibiotic Lytic enzymes (Imai et al. 1993)
Flavobacterium Epibiotic Lytic enzymes (Bernardet et al. 1996)
Fibrella aestuarina Epibiotic Lytic enzymes (Filippini, Svercel, et al. 2011)
Fibrisoma limi Epibiotic Lytic enzymes (Filippini, Kaech, et al. 2011)
Agromyces ramosus Epibiotic Lytic enzymes (Gledhill and Casida 1969)
Lysobacter Epibiotic Lytic enzymes (Christensen and Cook 1978)
Cupriavidus necator Epibiotic Far-reaching secondary metabolites (Makkar and Casida 1987)
Stenotrophomonas maltophilia Epibiotic Far-reaching secondary metabolites (Hugh and Leifson 1963)
Saprospira Group attack Secretion of substances that capture and lyse the prey

Gliding motility
(Ashton and Robarts 1987)

Streptomyces Group attack Secondary metabolites
Antimicrobials

(Kumbhar et al. 2014)

Myxobacteria Group attack Cooperative predation
Secondary metabolites
Gliding motility

(Hart and Zahler 1966)

Herpetosiphon Group attack Cooperative predation (Quinn and Skerman 1980)

General overview of bacteria with known predatory lifestyles. The term epibiotic refers to a predation performed by the predator while remaining
attached to the outer surface of its prey. With endobiotic predation, the predator physically enters into the prey cell. Group attack also referred to as
wolf pack predation, involves a certain quorum of predators working in synergy to perform the predation.
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This has led to the revival of old technologies like
phage therapy for example, which was firstly developed
in Eastern Europe, but was since then overshadowed by
the success of Western medicine (Myelnikov 2018).
Advocates of phage therapy propose that phages could
overcome traditional disadvantages of antibiotics,
namely specificity, biofilm penetration and toxicity (Lin
et al. 2017; Kakasis and Panitsa 2019). Some of the
advantages that phage therapy has traditionally had
compared to antibiotics have been: high specificity to
their target pathogen, attractive pharmacokinetic prop-
erties (i.e. phage propagation as long as the target
pathogen is present), low cost of production, and the
possibility to be combined in synergy with other treat-
ments. Whilst the critics to the use of phages in therapy
have stressed the ineffectiveness against intracellular
pathogens, the scarce acceptance among the public,
the possibility of transduction of AMR genes and the
technology’s reliance on previous identification of the
pathogen (Stanczak-Mrozek et al. 2017; Melo et al.
2020). The use of B. bacteriovorus would serve as an
alternative to overcome some limitations of phages. For
instance, the predator’s principal advantages on phage
therapy could be summarised as: a broad spectre of
activity, AMR genes that confer resistance to predation
haven’t been reported, high penetration in biofilms,
and the apparent absence of specific resistance towards
B. bacteriovorus. However, it must also be noted that
applications of this predator will have limitations as
well. For instance, the inability to eradicate completely
the prey population, the inhibitory effect of serum on
predation (Im, Son, et al. 2017), the inability to attenu-
ate systemic blood infections (Shatzkes et al. 2017), the
scepticism associated to treating infections with a live
bacteria, potential transmission of AMR genes, and non-
specific predation that could affect non-pathogenic
human commensal bacteria.

Another alternative to conventional antibiotic treat-
ment, would be the use of so-called “amphibiotics” that
can act both as antibiotic and probiotic (Dwidar et al.
2012). Applications to overcome AMR based on B. bac-
teriovorus would fall into this alternative category.
However, compared to phage therapy, research into
possible applications of B. bacteriovorus as antibiotic,
probiotic or amphibiotic has received relatively little
attention to date. To amend this paucity, the present
manuscript highlights the progress achieved in this
research field, exhibiting aspects ranging from the biol-
ogy of this bacterium to the milestones that must be
met in order for this fascinating predator to be used in
human therapy (Jurkevitch and Jacquet 2017; Kowalska

and Włodarczyk 2017; Negus et al. 2017; Popkov et al.
2017; Bratanis et al. 2020; Laloux 2019).

Bdellovibrio characteristics

The optimal growth conditions of B. bacteriovorus have
been characterised extensively during the early stages
of its discovery. From a culturomic point of view, B. bac-
teriovorus is an oligotrophic organism that shows a pre-
dilection for minimal media. Although regarded as a
strictly aerobic bacterium in planktonic conditions, it
has been observed that once in intra-periplasmic condi-
tions, the predator was able to survive longer in condi-
tions of oxygen deprivation (Schoeffield et al. 1996).
Regarding the growth conditions, a pH range of
7.5� 8.1 and a temperature of 30 �C was found to be
optimal for its growth (Seidler and Starr 1969).

Similar to other BALO’s, B. bacteriovorus possesses an
arsenal of genes through which the bacterium can
unfold its predatory nature. The sequenced B. bacterio-
vorus HD100 strain has a genome of 3.7Mb (Rendulic
et al. 2004). Based on bioinformatics analyses of this
complete genome sequence, Pasternak et al. defined a
core set of genes as the B. bacteriovorus “predatome”
(Pasternak et al. 2013). In particular, it was inferred that
the B. bacteriovorus HD100 genome encodes for 293
lytic proteins, 10 glycanases, 9 RNases, 20 DNases and
15 lipases (Rendulic et al. 2004). In addition, this bacter-
ium can employ the mevalonate pathway, a common
feature in predatory bacteria, which would allegedly be
fuelled by plundering the prey’s (aceto)acetyl-CoA pool.
Furthermore, an underrepresented capability to biosyn-
thesize some amino acids also contradistinguishes B.
bacteriovorus, which is compensated by an extended
capability of synthesising lytic enzymes and transport-
ers. Finally, B. bacteriovorus shows deficits in some
metabolic pathways for the synthesis of certain vita-
mins that need be supplied by the prey and, remark-
ably, it lacks the known quorum sensing mechanisms
(Pasternak et al. 2013).

Life cycle

The life cycle of B. bacteriovorus, in its HD state, can be
divided into four main phases (Seidler and Starr 1969).
The predator must first approach and recognise a suit-
able prey (attack phase) (Stolp and Starr 1963), then
breach the outer membrane and colonise the prey’s
periplasm (invasion phase) (Seidler and Starr 1969).
Once the breaching has occurred, prey and predator
form a characteristic round-shaped structure called
bdelloplast (Starr and Baigent 1966), which marks the
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start of the growth phase. Within the bdelloplast the
predator grows at the expense of the prey’s constitu-
ents. Lastly, upon nutrient depletion, the predator
undergoes septation to create new progeny, and finally
it bursts the remnants of the host cell to restart its life
cycle (septation and lysis phase) (Starr and Baigent
1966; Seidler and Starr 1969; Fenton et al. 2010).
Figure 1 shows a schematic representation of the HD
life cycle, whilst Figure 2 presents some transmission
electron microscopy (TEM) images capturing different
stages of predation.

Attack phase

During the initial minutes of the attack phase, the
predator reversibly attaches itself to the external mem-
brane of its prey (Stolp and Starr 1963; Starr and
Baigent 1966). Propelled by its flagellum, B. bacteriovo-
rus could reach a velocity of 160 lms-1, which in rela-
tive terms constitutes more than 100 times the
predator’s own cell length (Lambert et al. 2006). Once a
collision with a prey has occurred, the predator can
either attach to the outer membrane of the prey by
means of a rotary movement, or it can detach if it
deems the host unsuitable (Starr and Baigent 1966;
Burnham et al. 1968). It has been observed that in cases
where the prey on which B. bateriovorus has anchored
is somehow unsuitable, the predator detaches from the
outer membrane, causing a discontinuity in the cell
envelope of the prey (Abram et al. 1974). This phenom-
enon was initially observed by Stolp and Starr and sub-
sequently confirmed by others (Starr and Baigent 1966;
Evans et al. 2007; Mahmoud and Koval 2010). The cur-
rent consent on the mechanisms that B. bacteriovorus
uses to attach to its prey is by the mediation of type IV
pili, which are small retractile proteinaceous filaments
located on the pole opposite to the flagellum (Rendulic
et al. 2004). The pili appear to be deployed only during
the attack phase, specifically during the attachment to
the prey, while otherwise residing with the cytoplasmic
membrane of the predator (Evans et al. 2007). The
assembly of type IV pili depends on various factors,
such as Tfp, PilF, and PilG, as shown in dedicated stud-
ies performed in Neisseria meningitidis, where a role in
attachment to human cells mediated by type IV pili was
demonstrated (Carbonnelle et al. 2005). The role of B.
bacteriovorus pili in successful predation has been
investigated and many essential components have
been identified (Evans et al. 2007). It was proven that
the presence of the PilA protein is essential for preda-
tion to occur, by targeting the protein with an antibody
to prove its role in the prey recognition (Evans et al.

2007). Additionally, it has been noticed that PilA is
strongly expressed, both in the attack phase and in the
growth phase, suggesting its involvement in the initial
predation processes (Mahmoud and Koval 2010). Some
authors also advocate the potential role that type IV pili
would have in the entry of the predator into the prey,
linking the high retraction capability of the pili to the
ability to overcome the prey’s cell wall turgor pressure
and allowing the predator to squeeze itself through the
pore created (Rendulic et al. 2004; Evans et al. 2007;
Borgnia et al. 2008; Mahmoud and Koval 2010).
Nonetheless, in a study conducted by Chanyi et al. two
proteins PilT1 and PilT2, which are involved in the
retraction of the pilus by hydrolysing ATP, were shown
to be neither essential for predation in liquid co-
cultures nor for the invasion phase of the prey.
Nonetheless PilT2, appears to have a role in successful
predation of biofilms (Chanyi and Koval 2014).

Invasion phase

The formation of the pore has been considered as a
central step to allow the entrance of the predator into
the prey. This process is catalysed by a number of
enzymatic reactions, as initially proposed by Stolp and
Starr (Starr and Baigent 1966). Thomashow and
Rittenberg, described a model to explain how B. bacter-
iovorus enters the prey based on glycanases, which
would play a major role in the hydrolysis of the prey’s
peptidoglycan layer (Thomashow and Rittenberg 1978).
The investigators advocated a central role of either gly-
canase or peptidase activities in the formation of the
characteristic round shape of the bdelloplast. However,
a subsequent study by Tudor et al. affirmed that pepti-
dases were responsible for the peptidoglycan hydrolysis
rather than glycanases (Tudor et al. 1990). More
recently, Lerner et al. discovered that the predator pos-
sesses two 4-like penicillin-binding-proteins (PBP)
expressed early on in the predation cycle, with DD-
carboxy and DD-endopeptidase activities (Lerner et al.
2012). These enzymes may contribute also to the round
shaping of the bdelloplast, to reduce multiple invasion
events by different predators and to catalyse the entry
of the whole predator body through the outer mem-
brane of the prey. Nonetheless, the same study also
observed that these enzymes are not essential to inva-
sion of the prey. After sequencing the B. bacteriovorus
genome, genomic and proteomic studies have further
clarified the process of entry and pore formation
(Rendulic et al. 2004; Dori-Bachash et al. 2008). Lambert
et al. identified several enzymes involved in the prey
entry phase, among which, proteases, glycanases and
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deacetylases. The study demonstrated a particular role
to the deacetylases regarding the weakening of the
prey’s peptidoglycan layer, showing that two enzymes
deacetylate GlcNAc (Lambert et al. 2016). This finding
contradicts the earlier studies which asserted that
deacetylation of the peptidoglycan would be a
mechanism to prevent premature lysis of the bdello-
plast by lytic glycanase activity (Lambert et al. 2016).
Furthermore, the authors suggest that the deacetyla-
tion may actually facilitate the initial pore formation
catalysed by glycosidase activity rather than hinder it.

Growth, septation and lysis

Immediately after entry into the prey cell, the pore in
the prey’s outer membrane is promptly sealed, and the
prey cell starts a morphological transition leading to
the characteristic round shape of the bdelloplast
(Lerner et al. 2012). The peptidoglycan layer of the prey
is modified by the predator’s transpeptidases in order
to make the bdelloplast more resilient to the intracellu-
lar osmotic pressure (Kuru et al. 2017). Once the entry is
completed the predator starts to relentlessly consume
all the available nutrients within the bdelloplast in
order to replicate itself. A recent study by Bukowska-
Faniband et al. demonstrated the involvement of two
nucleases Bd0934 and Bd3507, produced by B. bacterio-
vorus within the bdelloplast especially between 1–4 h,
which explains the breakdown of the prey’s nucleic
acid within the bdelloplast (Bukowska-Faniband et al.
2020). The growth occurs in a filamentous manner from
both sides of the poles of the predator (Thomashow
and Cotter 1992). At this stage of the predator’s growth
also its chromosomes are duplicated. It was observed
by Makowski et al. that HD B. bacteriovorus replicates its
genetic material solely within the bdelloplast
(Makowski et al. 2019). Apparently, in B. bacteriovorus,
chromosome replication is not immediately followed by
a division, leading to a transient filamentous structure
similar to the one encountered in the replication mech-
anism of Streptomyces occurs (Ruban-O�smiałowska et al.
2006; Wolanski et al. 2011; Makowski et al. 2019).

Fenton et al. studied the final stages of B. bacteriovo-
rus growth and reproduction within the prey cell
(Fenton et al. 2010). The authors observed that a syn-
chronous elongation occurs from both poles of the
predator cell and that, once the maximum length is
achieved, septation is completed with the spawning of
newborn predators (Fenton et al. 2010). The septation
process is started once the prey’s nutrients are
depleted. Both the precise mechanisms behind the
chromosome replication and segregation that lead to

an odd number of newborn predators remain
unknown. The newborn predators then need to lyse
the remnants of the depleted prey cell in order to exit
the bdelloplast. It has been observed that the time of
exit is inversely proportional to the number of progeny
present (Fenton et al. 2010). Finally, the progeny bursts
from the pores, created in the remnants of the prey’s
cell and complete their elongation process for a short
time outside the host, until they are ready to start a
new attack phase (Fenton et al. 2010).

Survival in search of prey

The ability of B. bacteriovorus to prey upon other bac-
teria does not make it invulnerable to environmental
threats, nor is it able to indiscriminately prey on all
Gram-negative bacteria. Prior to the localisation of a
suitable prey, B. bacteriovorus is usually forced to sur-
vive in a perilous nutrient-limited environment with
potential exposure to chemical and physical insults. A
first challenge that B. bacteriovorus needs to overcome
in the extracellular environment during the searching
phase for a proper prey is to overcome the detrimental
effects of secondary metabolites secreted by other
organisms. Such secondary metabolites have important
ecological and regulatory roles that are crucial in the
interaction of B. bacteriovorus with other bacteria (Tyc
et al. 2017). To date, no specific molecules have been
described to specifically target B. bacteriovorus. Yet,
some molecules were shown to have inhibiting or toxic
effects on the predator’s survival. This is exemplified by
cyanides, which were shown to inhibit predation, pro-
viding a protective effect for the bacteria that secreted
such molecules (Mun et al. 2017). Furthermore, certain
carbohydrates and pH play a role in predation inhib-
ition, as exemplified by the protective effect of environ-
mental acidification (Dashiff et al. 2011).

Predation resistance

Once B. bacteriovorus has successfully survived in its
extracellular environment, the subsequent challenge for
the predator is posed by the composition of the prey’s
capsule and outer membrane layers. Although it has
been observed that a wide variety of Gram-negative
bacterial species is potentially eligible as prey, yet
within the same bacterial species, different levels of sus-
ceptibility to predation have been observed (Dashiff
et al. 2011). Many Gram-negative bacterial species pro-
duce a capsule layer, which represents a complex envir-
onment populated by different macromolecules that
pose a potential challenge for the predator to
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overcome (Silhavy et al. 2010). Further, according to
Koval and Hynes, the presence and composition of
Gram-negative bacterial S-layers of paracrystalline pro-
teins on the outer membrane would confer a level of
protection against predation (Koval and Hynes 1991).
On the contrary, in a subsequent study it was shown
that the capsule of E. coli did not confer protection
against B. bacteriovorus predation (Koval and Bayer
1997). Furthermore, the presence of a lipo-polysacchar-
ide layer constitutes a barrier to reach the outer mem-
brane and finally the periplasm of a prey. More recently
also the O-antigen was investigated as another capsule
component that would hinder predation. This was
reported based on the higher susceptibility to
predation that Vibrio cholerae isolates deficient in the
O-antigen presented as compared to their respective
wild-type counterparts (Seed et al. 2012). Interestingly,
from the prey’s perspective, the fitness advantage
gained by the increased resistance to B. bacteriovorus
predation, comes at an increased susceptibility to bac-
teriophage attacks caused by the presence of phage
receptors in the cell envelope (Seed et al. 2012).
Altogether, these observations show that the prey of B.
bacteriovorus has certain generic tools and strategies to
avoid predation, which to date are not yet fully under-
stood. Nevertheless, additional clarity on the essential
mechanisms that B. bacteriovorus uses to predate was
provided by Duncan et al. by identifying 104 genes
involved in predation and additionally proposing a clas-
sification system based on the predation deficiency
(Duncan et al. 2019). A consistently observed feature of
predation is the inability to extirpate completely a sus-
ceptible prey population, since the surviving fraction
manages to mount a momentary protective response,
in the form of a transient phenotypic change, termed
“plastic response” (Shemesh and Jurkevitch 2004). This
is a commonly observed ecological mechanism of
defense that prey organisms actuate to face threats
from protozoa, bacteriophages and predatory bacteria
(Hahn and H€ofle 1999; Bohannan and Lenski 2000).

Biofilms

Many clinically relevant bacteria have the ability to pro-
duce extracellular polymeric substances (EPS) that cre-
ate complex association networks, which are generally
known as biofilms. The process of biofilm formation is
also defined as biofouling which, when compared to
planktonic growth, creates a niche microenvironment.
The biofilm offers favourable conditions for the resident
bacteria (Hall-Stoodley et al. 2004; Flemming et al.
2016). Major benefits that biofouling confers to the

bacteria include shielding against antibiotics, protection
against mechanical stress, luring of nutrients due to
enhanced sorption, ease of quorum sensing, and colon-
isation of surfaces (Hall and Mah 2017). B. bacteriovorus
in its HI state, possesses the ability to form its own bio-
films, which would confer to the predator the advan-
tage of being able to survive in environments where
suitable prey is lacking (Medina and Kadouri 2009).

B. bacteriovorus possesses two characteristics that
allow to contrast biofilm formation, namely the ability
to effectively penetrate the biofilm’s EPS layer and the
potential to kill the biofilm-forming bacteria (Kadouri
and O’Toole 2005; N�u~nez et al. 2005; Mukherjee et al.
2015). The capability of the predator to counter biofilms
has been investigated, particularly towards the ESKAPE
group. Using the respective pathogens as a possible
prey for B. bacteriovorus, Sun et al. showed that the
predator does not only abate the prey in its planktonic
state, but also reduces established biofilms and even
prevents de novo biofilm formation (Sun et al. 2017).

Interestingly, Dharani et al. demonstrated the effect-
iveness of B. bacteriovorus towards colistin resistant
mcr-1 mutants of Gram-negative bacteria of the ESKAPE
group, some of which were capable of biofilm forma-
tion (Dharani et al. 2018). Mcr-1 is an enzyme capable
of modifying lipid A through the addition of phosphoe-
thanolamine moieties. This results in a change of the
overall charge of LPS and, consequently, colistin resist-
ance (Liu et al. 2017). Yet, the altered LPS did not pre-
clude predation by B. bacteriovorus, even in a biofilm
condition. A noteworthy difference between planktonic
and biofilm predation is constituted by the different
oxygen requirements of B. bacteriovorus. Oxygen is
essential for planktonic predation as demonstrated by
Dashiff et al. while the requirement of oxygen appears
to be less stringent in cases of biofilm predation
(Dashiff and Kadouri 2011; Kadouri and Tran 2013).

Remarkably, some studies have even shown the abil-
ity of B. bacteriovorus to interfere with biofilms formed
by Gram-positive bacteria, like Staphylococcus aureus.
This challenges the classical “dogma” that B. bacteriovo-
rus predation would be confined only to Gram-negative
bacteria (Iebba et al. 2014; Im, Dwidar, et al. 2018). It
has been hypothesised by Pantanella et al. that through
this “epibiotic-like” predation on Gram-positive bacterial
biofilms, B. bacteriovorus could survive in conditions
where Gram-negative bacterial prey is scarce
(Pantanella et al. 2018). Since a proven effect, both in
terms of biofilm reduction and nutrient capture by the
predator, at the detriment of S. aureus has been
observed, it seems plausible that B. bacteriovorus uses
the nutrients from the Gram-positive biofilm to support
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its own metabolism. This phenomenon would then be
enhanced by the production and secretion of proteases
that degrade the prey’s proteins for extra provision of
peptides and amino acids (Im et al. 2018). Furthermore,
B. bacteriovorus can sense the presence of Gram-posi-
tive bacteria without attacking them, as evidenced by
different gene expression profiles of the predator upon
exposure to Gram-positive or Gram-negative bacteria
(Im et al. 2018).

Overall, it can be concluded that B. bacteriovorus has
the ability to reduce biofilm formation not only by
Gram-negative bacteria, but also by Gram-positive bac-
teria, in particular S. aureus (Iebba et al. 2014; Im et al.
2018; Pantanella et al. 2018). Nonetheless, the reports
that this predator can also interact with Gram-positive
bacterial biofilms underscore its potential to contain
major pathogens belonging to both bacterial types.
This unlocks unique interventional possibilities confer-
ring an edge over other therapeutic options, such as
conventional antibiotics or immunisation, by the use of
B. bacteriovorus as a “living antibiotic”.

Challenges for Bdellovibrio survival

Competition among living organisms is an unavoidable
paradigm in any environment with limited resources. B.
bacteriovorus makes no exemption to this archetype of
nature. The first recorded image of a tailless icosahedral
ssDNA bacteriophage infecting B. bacteriovorus was
published in 1970 (Hashimoto et al. 1970). Thus
opening a new field of research where, progressively,
so-called “bdellophages” were discovered and charac-
terised for both the HD and HI variants of B. bacteriovo-
rus (Althauser et al. 1972; Varon and Levisohn 1972;
Roberts et al. 1987). Bdellophages were shown to
develop in the polar region of the predator’s cytosol,
which was captured by electron microscopy images
during the infection of an E. coli prey infected by B. bac-
teriovorus (Kessel and Varon 1973). In return the same
authors showed that the prey was also infected by
bdellophages, forming a so called “three-membered
system” (Kessel and Varon 1973). Although early studies
mention evidence of bdellophages existence, it was
only in more recent times that the genomes of bdello-
phages belonging to the families of Microviridae were
sequenced and characterised for the first time
(Brentlinger et al. 2002; Ackermann et al. 2011). The
perils for B. bacteriovorus do not only derive from the
bacteriophages world, but also from phagotrophic pro-
tists that play a relevant role in the composition of bac-
terial communities. Furthermore, it was shown that

ciliated protists are able to feed on both alive and dead
B. bacteriovorus (Johnke et al. 2017).

Next to biological agents, also environmental and
chemical factors can hinder predation by B. bacteriovo-
rus, as reviewed by Mitchell et al. (Mitchell et al. 2020).
These include the soil percentage in an aqueous solu-
tion, the osmolality of the medium used and its viscos-
ity. Additionally, chemical molecules have been
identified that are toxic for the predator. For instance,
B. bacteriovorus is very sensitive to detergents, such as
sodium dodecyl sulphate (SDS) and Triton X-100, which
effectively kill the predator while leaving the prey pop-
ulations unaffected. Thus, SDS kills B. bacteriovorus
already at a concentration of 0.02%, demonstrating the
effectiveness of such detergents as control agents for B.
bacteriovorus (Cho et al. 2019). It was also observed that
secondary metabolites, such as violacein and cyanide
produced by Chromobacterium piscinae, may inhibit the
predation process in a Ca/HEPES buffer, though not in
diluted nutrient broth (Mun et al. 2017). Likewise, com-
ponents, such as indole in the human gut, have the
ability to hinder predation (Dwidar et al. 2015). Such
physical and chemical factors, along with the afore-
mentioned bdellophages and protists may set natural
limits to the application of B. bacteriovorus as a bio-
logical control agent or antibiotic.

Paving the way towards a “living antibiotic”

Following an initial period of scrutiny characterised by
the identification of fundamental aspects regarding the
biology of B. bacteriovorus, contemporary investigators
have drifted towards applied studies for therapeutic
applications of the predator. Based on the in vitro evi-
dence proving the effectiveness of B. bacteriovorus
towards human pathogens, a variety of in vivo models
has been used to elucidate relevant fundamental
aspects and possible concerns. These include the host
immune response, toxicity of the predator, effects on
the gut microbiota and overall efficacy in vivo. A show-
case of some of the principal studies conducted in dif-
ferent animal models regarding B. bacteriovorus and its
uses towards in vivo infection models is provided in
Table 2.

In vivo models and in vitro toxicity studies

The rodent model has been extensively used to charac-
terise the interaction of B. bacteriovorus with a living
host. Findlay et al. reported the first successful study
proving the capability of B. bacteriovorus to confer pro-
tection against a lethal systemic infection caused by
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Yersinia pestis in SKH-1 mice (Findlay et al. 2019). As an
additional novelty revealed by this study, it was demon-
strated that host adipose tissue acts as a reservoir in
which the predator accumulates throughout the
duration of the infection. Shatzkes et al. proved the
effectiveness of topic intranasal inoculation of B. bacter-
iovorus, which resulted in a decrease of up to 3.4 log10
CFU/ml of an infection by Enterobacteriaceae in rat
lungs (Shatzkes et al. 2016). In a subsequent study from
the same authors, a systemic injection of B. bacteriovo-
rus was attempted to control a K. pneumoniae infection
in a rat model (Shatzkes et al. 2017). The host immune
response confirmed a low toxicity of the predator, with
no rat morbidity or adverse histopathology of different
organs due to the administration of the predatory bac-
teria. An increase in pro-inflammatory cytokines (TNF-a
and KC/GRO) was shown, but they returned to baseline
levels within 18 h. Efficient clearance of B. bacteriovorus
was observed within 20 days. However, the study con-
cluded that the injected B. bacteriovorus was unable to
contain the systemic infection, and therefore may not
be effective for treatment of acute blood stream infec-
tions. The non-toxicity of B. bacteriovorus may be
explained by the peculiarly neutral charge of its LPS
layer compared to the more negatively-charged LPS
present in other Gram-negative bacteria (Schwudke
et al. 2003). In contrast with the positive reduction of
prey bacteria observed with a peripheral administration
of the predator, upon injection of B. bacteriovorus dir-
ectly into the blood stream the predator appears to
lose its ability to reduce the infection caused by the
prey. A possible explanation for the struggles of B. bac-
teriovorus predation in blood stream infection has been
proposed by Baker et al. who reported that the com-
plex composition of serum has inhibiting capabilities
upon B. bacteriovorus, particularly in the early predation
stages (Baker et al. 2017). The presence of serum indu-
ces the predator to undergo a transient morphological
modification involving the rounding of its body and
induction of an adaptation period that B. bacteriovorus
must overcome before regaining its ability to prey.
Nonetheless, further investigations are required to elu-
cidate the exact nature of such inhibition.

The toxicity of the predator in vitro has been charac-
terised using epithelial cells and professional phago-
cytes. Cell lines exposed to the predator presented a
lower inflammatory and endo-toxic response, when
compared to the response triggered by the E. coli con-
trol bacteria (Gupta et al. 2016; Monnappa et al. 2016).
The in vitro observations on the predator’s toxicity
response constituted a starting point for further investi-
gations of the interaction of B. bacteriovorus with the

host immune system. Through the use of a zebra fish
larval model, it was shown that the predator could
work alongside the host immune system to clear lethal
infections in vivo. Here B. bacteriovorus displayed both a
sufficiently durable persistence in order for predation to
occur, and was ultimately cleared by the host phago-
cytes. In this study, the best effects in terms of infection
survival were observed when the synergistic interaction
of predator and host was investigated (Willis et al.
2016). Upon phagocytosis, a viable persistence of the
predator was observed within the phagocytes for 24 h,
although in a non-replicative state (Raghunathan et al.
2019). Additional in vivo studies were performed to fur-
ther confirm the low toxicity status of B. bacteriovorus
in regard to the gastrointestinal tract and the ocular
surface. For instance, a study conducted by Atterbury
et al. investigated the effect of ingestion of B. bacterio-
vorus in a poultry model. This revealed a mild effect of
the predator passage on the native gut flora and at the
same time the ability to reduce the infection burden
caused by an enteric pathogen (Atterbury et al. 2011).
Concerning B. bacteriovorus’ ability to transit and pas-
sage the gastro-intestinal tract, to date there are still
contradictory evidences with respect to the predator’s
survival, as recently reviewed by Bonfiglio et al.
(Bonfiglio et al. 2020). Topical administration of B. bac-
teriovorus on the ocular surface has also been a field
investigated by some scientists, considering scenarios
of ocular tract infections caused by Gram-negative
bacteria (Shanks and Kadouri 2014). The precursor
study that investigated the potential of B. bacteriovorus
as a potential tool to contrast eye infections in vivo,
was performed by Nakamura (Nakamura 1972).
Keratoconjunctivitis (IBK) was prevented through co-
infection of Shigella flexneri and the predator. Although
the study presented some validity issues, due to the
poor behaviour of the controls used, the results
obtained managed to highlight the low toxicity of B.
bacteriovorus towards the host. Following the original
idea of Nakamura, more recently Boileau et al. investi-
gated in an IBK infection the effectiveness of B.
bacteriovorus to prey upon the bovine pathogen
Mycobacterium bovis (Boileau et al. 2011). The authors
initially activated the predator towards M. bovis through
a series of culture passages spanning a 10-day period,
after which it was shown that the predator successfully
managed to prevent, within 12 h, the attachment of M.
bovis on an epithelial surface. Definite evidence regard-
ing the low toxicity that B. bacteriovorus poses to the
cornea epithelium, has been presented recently by
Romanowski et al. where both human keratocyte cyto-
toxicity and in vivo ocular toxicity were assessed for the
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predator (Romanowski et al. 2016). This evidenced a
transient production of pro-inflammatory cytokine IL-8,
but not of IL-1b. As for the rabbit model used, a lack of
toxicity for the ocular epithelial cells was observed with
the additional feature of not hindering eventual healing
processes of the corneal epithelium.

Combination therapies and potential probiotic
application

In natural conditions B. bacteriovorus is part of a com-
plex ecological system characterised by the presence of
different species and organisms competing for the
same space and resources. This makes the predator
subject to certain prey-predator dynamics. The Lotka-
Volterra equation defines the equilibrium between
prey-predator populations, determining the fluctuation
of both groups in regard to each other. According to
the model, neither of the two populations could eradi-
cate the other completely (Lotka 1920; Volterra 1926).
The most relevant consequence for B. bacteriovorus to
comply with such dynamics is the inability to fully extir-
pate a prey population (Dwidar et al. 2012). One strat-
egy to contrast this natural deficiency of the predator is
to couple it with another agent to achieve a more com-
plete annihilation of the targeted pathogen. In order to
combine an antibiotic with the predator, a crucial infor-
mation is the predator’s antibiotic sensitivity. Marine
et al. evaluated the antibiotic profile of B. bacteriovorus
by developing a liquid co-culture assay composed of
the predator and E. coli. The outcomes of the study
revealed the antibiogram of B. bacteriovorus towards a
range of antibiotics, highlighting the predator’s resist-
ance particularly towards trimethoprim. This is probably
due to natural resistance, attributable to the lack of
affinity of the predator’s dihydrofolate reductase
(Marine et al. 2020). One investigation that elucidated
the synergistic effect of B. bacteriovorus with an anti-
biotic was performed by Dur�an et al. where the inability
of the predator to affect Gram-positive bacteria was
compensated by the presence of violacein, which is a
bisindole antibiotic active towards this class of bacteria
(Dur�an et al. 2007). Violacein has been used in
combination with B. bacteriovorus HD100 to counter A.
baumannii, Bacillus cereus, K. pneumoniae and S. aureus
co-cultures. An outstanding antimicrobial activity of up
to 98.98% was observed, underlying the potential bene-
fits of combining an alive antibiotic to a conventional
drug (Im et al. 2017). This combination therapy would
potentially have the advantage to minimise the risk of
horizontal transfer of antibiotic resistance genes, which
may occur upon therapy with conventional chemical

antibiotics. Since the predator not only kills the patho-
gen, but also degrades the DNA present within the
prey, it will limit the dispersion of resistance genes
(Monnappa et al. 2013). Another example of combin-
ation treatment and probiotic or amphibiotic applica-
tion was explored by Bonfiglio et al. who investigated
the protective effects of B. bacteriovorus on the gut
mucosa in cases of inflammatory bowel disease
(Bonfiglio et al. 2019). The authors observed the cap-
ability of the predator to attenuate adherent-invasive E.
coli strains (AIEC) both in planktonic and biofilm condi-
tions. Aside from the killing capability of the B. bacterio-
vorus, the authors also reported that the presence of
the predator would prevent the attachment of the
pathogen to Caco-2 cell lines and an additional protect-
ive action was observed in larvae of the wax moth
Galleria mellonella when B. bacteriovorus was used as a
prophylactic or probiotic (Bonfiglio et al. 2019). Finally,
the combined effect of bacteriophages and B. bacterio-
vorus has been investigated. In a study conducted by
Hobley et al. it was reported that the synergy between
predator and prey-specific bacteriophages is effective
in countering E. coli (Hobley et al. 2020). In this syner-
gistic scenario, the combination of phages with the
predator overcomes the inability of the predator to
eradicate the complete prey population and, at the
same time, the rapid development of phage resistance,
resulting in elimination of the preyed pathogen.

Other applications of bdellovibrio

In addition to the afore-mentioned applications, other
potential uses of B. bacterivorous as an unorthodox bio-
control agent have been investigated, including envir-
onmental, food industry and oral health applications.
The implications of B. bacterivorous could, thus, be
more far-reaching than just healthcare-related.
Regarding the food industry sector, the characteristics
of the predator could be implemented to counter the
degradation of aliments. For instance, B. bacteriovorus
has been investigated as an agent to reduce the pres-
ence of bacteria belonging to the Pectobacterium and
Dickeya species. These are plant pathogens that dam-
age potato roots, which are responsible for losses in
agricultural production (Youdkes et al. 2020). B. bacter-
ivorous showed a concentration-dependent activity as
well as underlining the protective effect that glucose
has in regards to predation. B. bacteriovorus was also
used as a biocontrol agent by Cao et al. who investi-
gated the potential applications in regards to the fish-
ing industry, specifically as a bio-disinfectant in
countering shrimp pathogens (Cao et al. 2015). The
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same authors also implemented the first successful
encapsulation of the predator, achieving to extend the
bacterial viability and its stability at room temperature
for up to 120 days (Cao et al. 2019). Another more
environmental application of the predator was
attempted in response to the need of pre-treating
waters in order to reduce the concentration of patho-
genic bacteria in rainwater prior to solar disinfection
techniques based on UV light (Waso et al. 2020). Finally,
another potential target for B. bacteriovorus has been
identified in periodontal pathogens. Although the oral
microbiota consists of a diverse community of bacteria,
a recent study from Patini et al. documented the cap-
ability of B. bacteriovorus to effectively prey upon some
oral pathogens (Patini et al. 2019). Evidence was pre-
sented that the predator was capable of killing aerobic
species that colonise the oral cavity. Unfortunately,
anaerobic conditions in which microorganisms, such as
Porphyromonas gingivalis or F. nucleatum thrive, remain
an insurmountable obstacle for the predator. The use of
B. bacteriovorus in the contest of periodontitis-related
infection was further investigated by inducing experi-
mental periodontitis in rats. In such conditions, it was
observed that the predator promoted a protective
effect against bone loss (Silva et al. 2019).

Conclusion and outlook

The early stages in the B. bacteriovorus research history
were marked by investigations focussed on fundamen-
tal aspects regarding the phenotypic characterisation of
the predator. This included the identification of growth
conditions, the life cycle and definition of the predatory
capability. After these initial investigations, relatively
few studies were documented essentially up to the
beginning of the new millennium, until advances in
genomic techniques allowed the complete sequencing
of the bacterium. With the genome unveiled, a new
frontier for studies on B. bacteriovorus opened and
investigations on genotypic, proteomic, toxicologic and
in vivo studies thrived. In parallel with progressing
understanding of the predator, it became evident that
the remarkable predatory capability on human patho-
genic bacteria represents a characteristic that could be
exploited to potentially use B. bacteriovorus as a “living
antibiotic”. Likewise, the same traits could allow usage
of B. bacteriovorus as a probiotic to prevent dangerous
Gram-negative bacterial infections. Yet, the application
of the predator as a probiotic should be considered
with great care, as uncontrolled administration might
damage the microbiome and rapidly elicit preda-
tion resistance.

Despite all recent advances, there are still many
areas that require further investigations. These include
a more detailed characterisation of the predator’s
proteome and its functions. Regarding the predator’s
application in vivo, further investigations should focus
on the bacterium’s impact on the ecology of the micro-
biota of humans and livestock, the resistance strategies
that prey uses to escape predation, the distinction of
susceptible and resistant bacteria, or the possibilities
for administration of the predator in the fight against
systemic infections. Altogether, many challenges lie on
the path of B. bacteriovorus, in order for this fascinating
predator to be a useful tool in therapy. One of the main
bottlenecks that B. bacteriovorus poses is its difficulty to
be genetically modified. To address this issue,
Flannagan et al. succeeded in proving the relevance for
the flagellar motor complex operon MotAB and to
insert a plasmid encoding the green fluorescent protein
GFP in the predator (Flannagan et al. 2004). Another
useful imaging tool was developed by Mukherjee et al.
where a tdTomato fluorescent protein was engineered
into the B. bacteriovorus strains 109 J HD and HI. This
immensely facilitates the detection of the predator and
eases the traditional reliance on culturomic techniques
(Mukherjee et al. 2015). Further advances have been
achieved in the field of synthetic biology by Dwidar
and Yokobayashi, who developed a synthetic riboswitch
for B. bacteriovorus, in order to be able to induce chem-
ically the expression of genes (Dwidar and Yokobayashi
2017). From a pharmacodynamic perspective, Cao et al.
achieved encapsulation of the predator allowing to
considerably extend the predator’s usability and shelf
life (Cao et al. 2019).

In conclusion, the coming decades are likely to be
burdened by a progressive ineffectiveness of conven-
tional antibiotics, which calls for alternative therapeutic
options. As highlighted in the present review, B. bacter-
iovorus can potentially help us to meet this challenge
as an attractive future control agent in the fight against
antibiotic resistant pathogens.
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