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1 Bdellovibrio bacteriovorus-and-Like Organisms,
Collectively: Bacterial Predators with Much Potential

Bdellovibrio bacteriovorus-and-like organisms, collectively referred to as BALOs,
are bacterial predators that attack and consume other Gram-negative bacterial spe-
cies. BALOs have been isolated from habitats all over the world in various abun-
dances and with different adaptations, most notably their differing tolerance to salt
concentrations (Amat and Torrella 1989; Chauhan et al. 2009; Fry and Staples 1976;
Jurkevitch et al. 2000; Schoeffield and Williams 1990) (Fig. 1). Isolates from
samples taken thousands of kilometres away from each other maybe similar enough
to potentially be the same BALO species, whereas BALO isolates within a single
sample may differ tremendously from one another (Snyder et al. 2002), with some
strains possessing a much broader predation spectrum than others. For instance, the
type strain is B. bacteriovorus HD100, an intraperiplasmic predator that is capable of
attacking over 100 different human pathogens, including strains of Acinetobacter,
Klebsiella and Salmonella (Dashiff et al. 2011a; Im et al. 2017b; Sun et al. 2017).
Similarly, the epibiotic predator Micavibrio aeruginosavorus has broad spectrum
activity, albeit much more restricted than B. bacteriovorus, against a number of
pathogenic strains (Dashiff et al. 2011a). However, the prey range for Peredibacter
starrii, another intraperiplasmic predatory strain, is restricted to only Pseudomonads
(Stolp and Starr 1963).

Although differences exist between these strains and their activities, some char-
acteristics are true for all three. Most prominently and long known is their depen-
dency on magnesium and calcium. The presence of these ions has been linked to
diverse functions necessary for predation to occur successfully. In their absence, for
instance, predator-prey attachment rates are much lower (Starr and Seidler 1971) and
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(Jurkevitch et al., 2000)
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(Schoeffield & Williams, 1990)
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(Amat & Torrella, 1989)

BALOs

Fig. 1 Examples of the different environmental habitats occupied by BALO species and their
measured populations within each. It should be noted that these values were based on plaque-
forming units using top agar plates, which is inherently biased as the prey was pre-selected and does
not represent the complete predatory complement. Quantitative PCR analyses imply these values
may be orders of magnitude higher. (Van Essche et al. 2009; Zheng et al. 2008)
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the bdelloplasts appear to be significantly less stable (Seidler and Starr 1969).
Moreover, the activity of their extracellular lytic enzymes is greatly reduced if
these ions are not provided (Huang and Starr 1973). These requirements are not as
stringent for all strains as B. bacterivorous 109 J seems to be able to recycle Ca2+

from prey cells (Huang and Starr 1973). Moreover, marine BALOs additionally
require potassium for high motility and attachment rates (Marbach and Shilo 1978).

Given their propensity to attack Gram-negative pathogens, several groups have
considered applying BALOs as a therapeutic to reduce or remove these harmful
bacteria, as reviewed in several articles (Choi et al. 2017; Dwidar et al. 2012b).
BALOs also mitigate plant (Barel et al. 2005; McNeely et al. 2017) and animal
pathogens (Cao et al. 2014, 2018; Li et al. 2014), with all of these studies hinting at
the potential application of predators as biocontrol agents within the agricultural and
aquacultural sectors to reduce spoilage and loss in productivity.

However, recent research has found BALOs face many hurdles, impediments that
may be biotic or abiotic in nature. From the presence of sugars or salts within the
media to the production of secondary metabolites by prey strains, researchers are
currently defining the limitations of predation while also seeking ways to overcome
these hurdles or, as in the case of Vampirovibrio chlorellavorus, to employ them a
means of controlling undesired predatory activities (Bagwell et al. 2016; Ganuza
et al. 2016).

2 Abiotic Factors Impacting the Predatory Activities
of Bdellovibrio bacteriovorus and Other BALOs

2.1 Oxygen

As strict aerobes, it comes as no surprise that BALOs and their predatory activities
strongly correlate with the availability of oxygen (Kadouri and Tran 2013;
Schoeffield et al. 1996; Varon and Shilo 1968). In one of the first studies on this
topic, Varon and Shilo (1968) measured the predator-prey attachment rate when
either agitated or stationary. In the agitated cultures, the attachment rates at 20 min
were greater than 70% but hovered only near 20% in the stationary tubes. This was
evaluated further by Kadouri and Tran (2013) where the activities of three BALO
strains, i.e., B. bacteriovorus HD100, B. bacteriovorus 109 J and
M. aeruginosavorus, were measured under different oxygen concentrations (0 to
100%). Similar with Varon and Shilo (1968), the BALO strains did not effectively
attack planktonic bacteria under microaerobic or anaerobic conditions, but prey
biofilms were reduced by as much as 60% in the former environment. These results
suggest predation of surface attached prey is still possible when oxygen levels are
low, but not when the environment is anaerobic.

One predatory strain, B. bacteriovorus W, however, can attack planktonic prey
even when the oxygen partial pressure is very low (3–5 mm Hg) (Burger et al. 1968),
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a level where many anaerobes are also capable of growing. As several obligate
(aerotolerant) anaerobes, including Prevotella intermedia and some strains of
Fusobacterium nucleatum, may be used as prey by BALOs (Dashiff and Kadouri
2011; Van Essche et al. 2011), B. bacteriovorus W represents a class of predators
that may be better adapted for survival within low-oxygen environments and bio-
control of these anaerobic pathogens.

Aside from controlling predation, oxygen also impacts the long-term survival of
predatory strains, as illustrated in the study by Schoeffield et al. (1996) where the
viabilities of several different BALO species, representing both halotolerant and
non-halotolerant species, were measured over several days when under either aero-
bic or anaerobic conditions. Their study found anaerobic conditions led to signifi-
cantly faster losses with both classes of predators. However, these results conflict
with those of Williams and Falkler (1984), where predatory bacteria were isolated
from the anaerobic region (13 m depth) within the Miles River. In fact, they found
the oxygen concentration had no impact on the predatory numbers, with similar
numbers of isolates at each of the depths tested (i.e., 0.5–13 m). Whether these
differences are due to the bacterial strain, their overall concentration (which was
several log higher in the lab) or some unidentified environmental factors that
contribute to stabilizing the predator under anaerobic conditions remains to be
elucidated.

2.2 Temperature

Predatory strains that have been studied to date generally have mesophilic prefer-
ences with optimal temperatures between 28 �C and 35 �C, although limited
predatory activities have been seen in the range of 10–45 �C (Atterbury et al.
2011; Fratamico and Whiting 1995; Varon and Shilo 1968). As with oxygen,
Varon and Shilo (1968) studied predator-prey attachment at different temperatures,
spanning from 4 �C to 45 �C. As the temperature rose from 4 �C to 25 �C, the
percentage of B. bacteriovorus 109 cells that were attached to prey increased in a
fairly linear manner from 1% to 64%, and remained somewhat steady thereafter until
35 �C, which was the maximum permissible temperature. Increasing the temperature
further reduced the number of attachment events significantly, with only 7% of
predators attached to prey at 45 �C. These results were corroborated by Fratamico
and Whiting (1995), who measured prey viabilities at set times over 24 h at
temperatures between 4 �C and 37 �C. In both studies, predation and attachment
was optimal at or near 37 �C and decreased as the temperature was lowered, with
4 �C showing no predation (Fratamico and Whiting 1995) and only 1% of predators
attached to prey cells (Varon and Shilo 1968).

Although the majority of BALO studies use mesophilic predatory strains, this
does not preclude their presence in hotter or colder environs. As potential proof that
thermophilic BALOs exist, predatory strains were reportedly found in significant
numbers (~ 1% of total counts) in two hot spring microbial mats where the surface
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temperatures were 57 � 2 �C and 91 � 3 �C (Sangwan et al. 2015). A draft genome
of this BALO strain was constructed and homologues for Bd0108 and Bd0105, two
genes required for intraperiplasmic stages of predation, were not found, hinting this
strain has a highly specialized genome to cope with the atypical conditions within
this environment. Although the authors were unsuccessful in culturing the predators,
they did manage to capture images of them attacking E. coli and found an unusual
predation mechanism; the predator was epibiotic but was attached side-on with the
prey cell, as opposed to the polar attachment seen with M. aeruginosavorus. Along
with other culture-independent studies that revealed a significantly higher BALO-
diversity in soil (Davidov et al. 2006), fresh water (Li et al. 2015) and saltwater
habitats (Li et al. 2015; Pineiro et al. 2007b) than originally expected, the above
study highlights a potentially untapped diversity of BALOs that grow at extreme
temperatures, and should encourage BALO researchers to consider other environ-
ments, such as glacial pools or the deep ocean, when seeking novel predatory strains.

2.3 pH

Attachment of the predator to its prey is most effective when the pH is between 6 and
9.3 based on Varon and Shilo (1968), with a maximum at the slightly basic pH of
8. At lower pH levels, attachment rates and predator motility were heavily impaired
(Fratamico and Whiting 1995; Varon and Shilo 1968) but was still possible at a pH
of 5.6. Dashiff et al. (2011b) evaluated this further by measuring the predatory
viabilities at different pH values. They reported that incubating either
B. bacteriovorus 109 J or M. aeruginosavorus at a pH of 4 or lower for 24 h
completely kills (<1 PFU/ml) both predators while, for M. aeruginosavorus, no
loss was seen when incubated in DNB media at a pH of 5. Host-independent
(HI) variants of B. bacteriovorus 109 J, which grow axenically, were much more
sensitive than the wild-type (host-dependent) strain; 1 h at pH 4 completely eradi-
cated the HI population (> 7-log loss) while the wild-type population dropped by
only 3-log.

The sensitivity of predatory strains to acidic pHs was used by one group to control
Vampirovibrio chlorellavorus, a predatory non-photosynthetic cyanobacterium, and
its predation of Chlorella HS26, an algae used to produce lipids for biodiesel
(Ganuza et al. 2016). Shifting the pH to 3.5 for only 15 min with the small addition
of acetate (0.5 g/L) reduced the V. chlorellavorus viability by 2-log without signif-
icantly affecting that of Chlorella HS26. Using this cost-effective protocol, they
were able to protect open ponds of Chlorella HS26 from predation, extending their
longevity and overall productivity.
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2.4 Salinity and Osmolality

Given their pervasive presence throughout nature, it is not surprising researchers
have found some BALO strains prefer low levels of salt while others are more suited
for growth in seawater, where the osmolality is around 1000 mOsm/kg. For instance,
the best studied strain, B. bacteriovorus HD100, was isolated from soil (Stolp and
Starr 1963), prefers freshwater and is generally unable to predate when the osmo-
lality is greater than 250 mOsm/kg, or approximately 0.82% NaCl (Im et al. 2017b).
If the salinity was reduced slightly to 0.65% (200 mOsm/kg), predation was as
effective as in HEPES buffer as based on the 24-h prey viabilities. The loss of
activity seen with osmolalities of between 250 and 350 mOsm/kg was not due a
reduced B. bacteriovorus HD100 viability; the 24-h values were not significantly
different from those within HEPES, where the osmolality was typically around
40 mOsm/kg.

On the opposite side of the BALO spectrum one finds Halobacteriovorax spp.,
including B. litoralis and B. marinus, which are ubiquitous in saltwater environ-
ments and require NaCl concentrations of 0.5% or greater for optimal predation rates
(Koval et al. 2015). Predatory bacteria have also been isolated from estuaries, where
midline salinities are found (Pineiro et al. 2007a, 2013; Williams and Falkler 1984)
and, in fact, certain clades of Bacteriovorax are only found in less saline waters and
disappear as the river mixes with and enters ocean waters (Pineiro et al. 2013).

In a separate but related study, Kandel et al. (2014) identified predatory strains
within fresh and saltwater zero discharge systems (ZDS) over a seven-month period.
These ZDS mesocosms, where the water is continuously recycled, were developed
to rear fish and use microbial activities to remove nitrogen, sulphate and organic
materials. An analysis of both freshwater and saltwater ZDS found relatively equal
numbers of Bacteriovorax/Bacteriolyticum within each (between 104 and 105) and a
similar concentration of Bdellovibrio spp. within the freshwater ZDS. Interestingly,
within the saltwater ZDS, where the salt concentration was 20 ppt (approximately
600 mOsm/kg), Bdellovibrio were still found at an average concentration of around
103 PFU/ml. Phylogenetic analysis identified a relatively large number of sequences
that were somewhat related to B. bacteriovorus HD100 but, since the maximum
likelihood tree had low bootstrap values, reliable annotation is difficult and further
analysis needs to be done to confirm the heritage of these strains. However, their
results strongly imply halo-tolerant Bdellovibrio species do exist within nature and,
as of yet, remain an uncharacterized group of BALOs.

2.5 Environmental Factors and Niche Partitioning

In a recent study, the distribution and abundance of three BALO families
(Peredibacteraceae, Bdellovibrionaceae and Bacteriovoracaceae) was investigated
in perialpine lakes (Paix et al. 2019). The spatially separated, seasonally changing
coexistence of these families suggests that each have different strategies for their
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respective environmental niches, with depth and temperature reportedly as the main
factors. Similar observations could be made for soil and rhizosphere isolates, which
display a locally separated coexistence of various BALO strains, each with a
different prey spectra, in relatively close proximity to one another (Jurkevitch
et al. 2000). Both studies show a clear adaptation or selection of BALOs that is
driven by environmental factors, leading to niche partitioning of the different
predatory species and strains within a local environment. However, the causes are
still under investigation. For instance, it cannot be ruled out that a predator may
“follow” a prey organism into a given niche that is beneficial to the prey and slowly
adapt to that environment over time.

2.6 Susceptibility of BALOs to Some Environmental Factors
May Be Mitigated When in a Bdelloplast

When present intraperiplasmically, i.e., within the periplasm of a prey, predators
may be protected from some environmental conditions and survive significantly
longer than free attack-phase BALOs. This was proven to be true for anoxic
conditions and/or at elevated temperatures (Schoeffield et al. 1996). Similarly,
during winter, when the overall temperatures drop, some BALOs “hibernate” in
estuarine sediments within bdelloplasts, and these sediments later on serve as a
reservoir to recolonize the above waters during the warmer seasons (Williams 1988).
Prey biofilms also offer protection against environmental stresses, as illustrated by
different studies showing Bacteriovorax spp. survival rates under naturally occur-
ring, unfavourable habitat conditions (temperature/salinity) improved significantly
when associated with biofilms (Kelley et al. 1997; Williams et al. 1995, 2009). In
each case, Bacteriovorax was less susceptible when associated with a biofilm rather
than as attack-phase planktonic cells. All of these studies illustrate a potential
survival mechanism used by BALOs to reduce the impacts of salinity and temper-
ature. As discussed in the following sections, however, being within a prey does not
provide blanket protection against all conditions, though.

3 Biotic Factors that Impact the Predatory Activities
of Bdellovibrio bacteriovorus and Other BALOs

In addition to the abiotic factors listed above, research over the past decade has
identified a range of biotic elements from bacteria and eukaryotes that impact
predation. The former is showing us that predation may not be as straight-forward
as previously thought, with prey secreting factors that inhibit predation and non-prey
bacteria offering some benefits, while the latter (eukaryotic factors) is important if
application of BALOs as living antibiotic is to be realized.
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3.1 Bacterial Factors

Prey Metabolic Activities The prey metabolic activities may also influence the local
environment in a way that is less suitable for the predator, such as through acidifi-
cation of the medium. As discussed above, the pH can have a tremendous impact on
predation. Within their study, Dashiff et al. (2011b) found the addition of either
glycerol or glucose to co-cultures of E. coli and B. bacteriovorus 109 J blocked
predation. They initially evaluated if these carbohydrates alone killed the predator
and found this was not the case. Intriguingly, neither was able to block predation
when the prey cells were heat killed, suggesting the metabolic activity of E. coli was
responsible for the inhibitions seen. Further evaluation found the cause was the
media pH, which dropped from pH 6.5 to less than pH 4 within the first 5 h as the
carbohydrates were consumed by the prey. As was reported by Varon and Shilo
(1968), this pH was both inhibitory and lethal, leading to a significant and rapid
killing of B. bacteriovorus 109 J (Dashiff et al. 2011b). Importantly, the same
experiments performed in buffered media did not give the same results. This
suggests there may be microenvironments within nature that inhibit bacterial preda-
tion due to the activities of the prey cells within them.

Another example of prey activity that actively hinders predation was recently
reported by Duncan et al. (2018) in their article discussing B. bacteriovorus
HD100’s ability to predate on Vibrio cholera. V. cholerae is highly motile which
puts stress (literally) on the predator when it is attempting to attack it; the predator is
dragged along while attached to the prey as V. cholerae continues to swim. Although
predation was still relatively successful (99.4% killing with a wild-type, motile V.
cholerae over 14 h with an initial MOI of 0.1), the non-motile V. cholerae ΔmotY
mutant was more susceptible to predation by B. bacteriovorus 109J.

Prey Secondary Metabolites Substances produced by potential prey bacteria can
also significantly impact BALO activities. Indole is a secondary metabolite produced
by various bacteria and reported to be involved in quorum sensing (Lee and Lee
2010). This molecule, which was not toxic towards B. bacteriovorusHD100, slowed
predation when present at a concentration of 0.25–1 mM and completely blocked it
when added to a final concentration of 2 mM (Dwidar et al. 2015). Through activity
assays and transcriptomics, the authors found that indole represses expression of
many flagellar genes, compromising the predator’s motility during the attack-phase,
i.e., they stop swimming. Moreover, indole interfered with the growth of
B. bacteriovorus HD100 within bdelloplast, bringing it to a halt and preventing
further development. As such, the bdelloplast offers no apparent protection against
indole.

Another secondary metabolite that impacts predation is cyanide. Strains of
Pseudomonas and Chromobacterium are cyanogenic and produce significant quan-
tities of cyanide when amino acids are available (Askeland and Morrison 1983;
Freeman et al. 1975; Gallagher and Manoil 2001; Michaels et al. 1965; Mun et al.
2017). When this occurs and the cyanide concentration was below 100 μM,
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predation with B. bacteriovorus HD100 slowed down but it’s viability was stable
(Mun et al. 2017), much like what is seen with indole. Increasing the cyanide
concentration to 200 μM or higher completely blocked predation and led to a slight
but statistical drop (~50%) in the B. bacteriovorus HD100 viabilities. This concen-
tration (202 μM) was achieved with C. piscinae when incubated in dilute nutrient
broth (1:10 diluted NB) while much higher concentrations (600–800 μM) were
obtained when NB was used, illustrating the small amount of amino acids needed
to achieve resistance in this strain. Another similarity between cyanide and indole is
the bdelloplast-associated predatory strains were also susceptible, i.e., being within
the prey did not protect the intraperiplasmic predator. As with indole, they were just
as sensitive to cyanide as attack-phase cells (Dwidar et al. 2015; Mun et al. 2017).

Antibiotics Strains of Streptomyces are known for their ability to produce a wide-
range of antibiotics (Procopio et al. 2012) but, as Gram-positive bacteria, they are not
prey for known BALOs. In the study by Varon and Shilo (1968), it was reported
three protein synthesis inhibitors, i.e., streptomycin, chloramphenicol and puromy-
cin, produced by strains of Streptomyces all blocked predation with B. bacteriovorus
109. A deeper analysis found the predator still attached to the prey when exposed to
these antibiotics but invasion did not occur, suggesting de novo protein synthesis is
needed after attachment to the prey. In contrast, attachment and invasion both
occurred when ampicillin, a β-lactam antibiotic that inhibits cell wall synthesis,
was tested. A subsequent study reported treatment of B. bacteriovorus with penicil-
lin, a different β-lactam antibiotic, leads to the stable formation of spheroplasts
(Thomashow and Rittenberg 1978). Both lysozyme and D-cycloserine, another
antibiotic produced by Streptomyces that inhibits cell wall synthesis (Kuehl et al.
1955), had similar effects on this predator (Thomashow and Rittenberg 1978),
implying B. bacteriovorus is tolerant to cell wall-targeting antibiotics. Another
important finding was penicillin did not have the same effect when used in combi-
nation with chloramphenicol, i.e., there was no spheroplast formation. As with the
protein inhibitors mentioned above, this illustrates de novo protein and peptidogly-
can synthesis both occur during the attack-phase.

A more recent study evaluated the use of B. bacteriovorus HD100 in the presence
of violacein (Im et al. 2017a). Violacein, a bisindole compound formed through a
condensation reaction involving two tryptophan molecules (Hoshino et al. 1987), is
produced by a wide-range of Gram-negative bacteria (Choi et al. 2015a, b). As an
antibiotic, the spectrum of violacein primarily encompasses Gram-positive strains
where it appears to attack the cellular membrane, causing loss in integrity and
leakage of the cellular components (ATP, protein, etc.) (Aruldass et al. 2018). As
BALOs are Gram-negative bacteria, the limited spectrum of violacein these two
antibacterials were combined and used together (Im et al. 2017a). They demon-
strated the specificity of both, i.e., violacein against only Gram-positive and
B. bacteriovorus HD100 against only Gram-negative, and that they did not interfere
with the activity of the other. Moreover, when used together, their combined
activities reduced the viability of mixed cultures (i.e., four different pathogens) by
4-log, and was much more effective than the combined use of gentamycin and
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chloramphenicol. Consequently, that study showed predatory bacteria can success-
fully be used alongside antibiotics that specifically target Gram-positive bacterial
strains.

Bacterial Proteins In contrast with the above inhibitors, Serratia marcescens
employs a different class of biological defence to protect it from the epibiotic
predator,M. aeruginosavorus. Garcia et al. (2018) reported S. marcescens expresses
and secretes PrtS, a serralysin family metalloprotease, which protects it from preda-
tion. Not only did PrtS reduce predation of S. marcescens by more than 95%, it
similarly protected E. coli, reducing M. aeruginosavorus predation by as much as
98%. However, experiments with the intraperiplasmic B. bacteriovorus 109 J found
this protease affords no protection, implying its inhibitory activity may be specific
for epibiotic predators. Another important characteristic of PtrS is, rather than
working against the predator like many of the factors discussed here, this enzyme
hydrolyzes some yet unidentified surface protein(s) in the outer membrane of the
prey (E. coli and S. marcescens) but does not impact their ability to grow. This study
also suggests the recognition mechanisms used by B. bacteriovorus and
M. aeruginosavorus are likely distinct, with the latter recognizing a specific outer
membrane protein within its prey that is susceptible to proteolytic hydrolysis.

On the other hand, extracellular proteins may also be beneficial to
B. bacteriovorus, particularly its own, as shown recently in work done with
S. aureus biofilms (Im et al. 2018). As a Gram-positive bacterium, S. aureus is not
a prey for B. bacteriovorus (Im et al. 2017a; Monnappa et al. 2014), although Iebba
et al. (2014), using unconventional methods, allegedly claims otherwise. Monnappa
et al. (2014) found proteases secreted by a host-independent variant of
B. bacteriovorus (HIB) extensively hydrolysed the surface proteins of planktonic
S. aureus cells. In two subsequent studies, Dwidar et al. (2017) and Im et al. (2018)
demonstrated wild-type attack-phase B. bacteriovorus HD100 also respond to extra-
cellular amino acids and secrete the same proteases in response. In the first study,
B. bacteriovorus HD100 was found to secrete proteases in both a time- and dose-
dependent manner when incubated alone in different nutrient media preparations
(HEPES, 0.2x NB, 1x NB and 5x NB). Moreover, the B. bacteriovorus HD100 gene
expression patterns in 1x NB mimicked those seen during intraperiplasmic phase, as
reported by Karunker et al. (2013). In Im et al. (2018), this was expanded to studies
with S. aureus biofilms. Although this bacterium is not a prey for B. bacteriovorus
HD100, results which were confirmed once more in that study, the authors found the
predator benefitted from interacting with S. aureus biofilms, specifically by
hydrolysing proteins present within the extracellular polymeric substances (EPS).
The extracellular proteases responsible were produced de novo by attack-phase
B. bacteriovorus HD100 when they encountered the S. aureus biofilms, while the
supply of amino acids translated into significantly higher ATP pools within the
predators and improved killing rates. Together, these three studies (Dwidar et al.
2017; Im et al. 2018; Monnappa et al. 2014) prove predatory bacteria gain a clear
benefit from extracellular amino acids, even if they are from non-prey biofilms and
their EPS layers.
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3.2 Eukaryotic Factors

Predators Are not Harmful Towards Eukaryotes In 1996, Lederberg coined the
term ‘living antibiotic’ in an article where he mentioned bacteriophage and BALOs
may be developed as new therapeutic agents (Lederberg 1996). Since that time, work
by different groups reports BALOs actively predate a large number of human
pathogens, including drug-resistant strains (Dashiff et al. 2011a; Im et al. 2017a;
Sun et al. 2017), and their biofilms (Dwidar et al. 2012a, 2013; Kadouri et al. 2007).
Later work also demonstrated BALOs are not harmful towards human cells
(Monnappa et al. 2016), neither inducing strong cytokine responses nor leading to
any observed increase in cell death. One reason for their mild nature is their unique
lipid A, which contains α-D-mannopyranose residues instead of phosphate, making
it the first example of a lipid A that lacks negatively charged groups (Schwudke et al.
2003). Due to this change in structure, the B. bacteriovorus HD100 lipid A did not
induce strong immunogenic responses, i.e., cytokines, from human macrophage
cells.

More than not being harmful towards eukaryotic cells, several studies demonstrated
BALOs actually protected animal cells from pathogens. Boileau et al. (2011)
reported B. bacteriovorus 109 J lowered Moraxella bovis attachment to Madin-
Darby bovine kidney cells by sixfold. Similarly, the study by Dwidar et al. (2013)
showed B. bacterivorous HD100 protected mammalian cells from a strain of Pseu-
domonas. In that study, when the predator was not present, a biofilm of Pseudomo-
nas sp. DSM 50906 killed human cells located beneath it, leading to an “footprint”
zone of clearing. With the addition of B. bacterivorous HD100, though, the human
cells within this zone were healthy. Regarding non-prey pathogens, as mentioned
above, BALO proteases hydrolysed S. aureus surface proteins, which reduced the
ability of this pathogen to invade human epithelial cells by 80% (Monnappa et al.
2014).

Although the above studies illustrate the gentle, and potentially helpful, nature of
BALOs towards host cells, the same cannot be said for the host impact on BALOs
and their activities. This is discussed further in the following section.

Serum Albumin, a Proteinaceous Inhibitor Within in Blood Sera As noted in
Sect. 2.4, predation is inhibited by the osmolality. As the value for blood sera in most
higher organisms hovers around 300 mOsm/kg (Hall et al. 2012), this would limit
the activity of BALOs. However, this is not the only inhibiting factor associated with
blood sera. As reported by Im et al. (2017b), human serum albumin also coats
B. bacteriovorus HD100 and prevents it from attacking its prey. Blood sera contains
several different proteins but albumin is the most common one, present at a concen-
tration of approximately 35–53 mg/ml (Choi et al. 2004). Using both an immuno-
assay, i.e., dot blot analyses with antibodies specific for albumin, and FITC-labelled
bovine serum albumin, they unequivocally demonstrated that albumin is binding to
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and coating the predator, not the prey, and that a subsequent treatment with protein-
ase K restored their ability to attack. All of these suggest mammalian serum albumin
proteins bind a component present on the surface of B. bacteriovorus HD100 and
block its ability to bind and/or recognize its prey. Although albumin also binds other
bacterial strains, all previously reported strains were Gram-positive (de Chateau
et al. 1996, Johansson et al. 2002; Willcox et al. 1993), making B. bacteriovorus
HD100 the first clear example of a Gram-negative bacterium to be bound by this
class of proteins.

Their study also showed the impact of albumin varied somewhat based on the
prey. Whereas predation of both E. coli and Salmonella enterica were inhibited by
human serum albumin, a clinical isolate of K. pneumoniae was still attacked slightly,
but significantly (4.5-fold reduction), even when albumin was present (Im et al.
2017b). Similarly, in the study by Baker et al. (2017), long-term experiments using a
different strain of K. pneumoniae saw a temporary, approximately 4-log reduction
32–78 h after initiating predation. The results with K. pneumoniae in both studies
indicate that predation, though heavily impaired, may still occur with some select
pathogenic strains.

4 Conclusions – A Move Towards Using Native BALOs?

Predatory microorganisms are a remarkable group of bacteria that possess a very
distinctive lifestyle. The unique properties possessed by BALOs make them a
potential alternative to chemical antibiotics against diverse human and animal
pathogens, including multi-drug resistant strains. It should come as no surprise,
therefore, that as research into their activities has progressed, there continues to be a
clear move towards their use as living antibiotics within higher organisms, such as
cows, rabbits, rats and zebrafish (Atterbury et al. 2011; Boileau et al. 2016; Shatzkes
et al. 2017; Willis et al. 2016). However, discrepancies exist between the observed
in vitro and in vivo predatory activities with most of the in vivo results being
underwhelming, i.e., only mild reductions in the pathogen viability or only a slight
benefit. The only in vivo applications so far where BALOs have consistently been
effective are within aquaculture (Cao et al. 2014, 2015; Guo et al. 2017).

As presented in this chapter, BALOs and their activities are negatively impacted
by different environmental and biotic factors, many of which may contribute to the
less than ideal results seen in the in vivo studies. As such, effort should be given
(1) to identify the limitations of and hurdles to be overcome for these bacteria, as
they pertain to their use within animal hosts, and (2) to seek out other predatory
strains that are inherently resistant to the offending factors currently holding back
breakthroughs in in vivo experiments.
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Much effort has been given to the first, as shown by the many studies referenced
here, but the second is an area that has not been extensively tapped, yet holds much
promise. A case in point is the natural preference of Halobacteriovorax spp. for
higher osmolalities, which may make them a better choice for use within the blood
sera if one with the proper prey spectrum can be isolated. As these strains have
structurally different lipid A molecules than B. bacteriovorus (Beck et al. 2010;
Jayasimhulu et al. 2007), though, host cell responses would need to be evaluated to
determine if they, like B. bacteriovorus HD100 and other isolates (Monnappa et al.
2016), do not elicit strong cytokine responses. In addition, as discussed briefly in the
beginning of this chapter, BALOs are fairly ubiquitous throughout nature, yet most
studies have limited their characterization to three main strains, B. bacteriovorus
HD100, B. bacteriovorus 109 J andM. aeruginosavorus. With a plethora of different
predators in nature, and possibly extreme environments, an untapped resource still
exists and should be explored, particularly within an environmental setting that befits
their application. As illustrated in Fig. 2, the predator and prey are not the only
condition that governs their respective activities; the environmental setting needs to
be considered as well. Consequently, finding an active predator within a certain
locale dictates that the predator is likely adapted to the conditions within that
location. This is exemplified in the successful aquaculture studies mentioned
above – the predators were not the three powerhouse strains but, rather, were isolated
from the environments in question, an aspect of those studies that helped to ensure

Fig. 2 Simplified relationship showing the three-way connection between predator and prey
populations and their environment
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their success. Extending this perspective to other concerns, for example, gut
dysbiosis within humans, rather than using soil organisms, i.e., B. bacteriovorus
HD100 and B. bacteriovorus 109 J, researchers should perhaps identify and char-
acterize BALOs found within the guts of mammals (Schwudke et al. 2001).
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