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Abstract: Antimicrobial resistance (AMR) is an increasing problem worldwide, with significant asso-
ciated morbidity and mortality. Given the slow production of new antimicrobials, non-antimicrobial
methods for treating infections with significant AMR are required. This review examines the potential
of predatory bacteria to combat infectious diseases, particularly those caused by pathogens with
AMR. Predatory bacteria already have well-known applications beyond medicine, such as in the
food industry, biocontrol, and wastewater treatment. Regarding their potential for use in treating
infections, several in vitro studies have shown their potential in eliminating various pathogens,
including those resistant to multiple antibiotics, and they also suggest minimal immune stimulation
and cytotoxicity by predatory bacteria. In vivo animal studies have demonstrated safety and efficacy
in reducing bacterial burden in various infection models. However, results can be inconsistent, sug-
gesting dependence on factors like the animal model and the infecting bacteria. Until now, no clinical
study in humans exists, but as experience with predatory bacteria grows, future studies including
clinical studies in humans could be designed to evaluate their efficacy and safety in humans, thus
leading to the potential for approval of a novel method for treating infectious diseases by bacteria.
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1. Introduction

The application of hand hygiene and the discovery of antibiotics have revolution-
ized medicine by reducing the likelihood, morbidity, and mortality of infectious diseases.
However, soon after the introduction of antimicrobial treatment in infectious diseases, it
became evident that antimicrobial resistance (AMR) would quickly arise [1,2]. The antimi-
crobial pipeline provided an adequate number of antimicrobials for many decades. Still, in
the last decades, AMR has evolved as a significant problem of public health importance.
Meanwhile, at the same time, the production of novel antimicrobials has been stalled [3].
More specifically, there has been a significant increase in infections by multi-drug-resistant
(MDR), extensively drug-resistant (XDR), and pan-drug-resistant (PDR) pathogens that
often have very limited options for antimicrobial treatment [4-6].

Infections by pathogens with AMR often have a worse prognosis and require pro-
longed intravenous antimicrobial treatment and longer hospital stays [6,7]. Few new
antimicrobials have been introduced in clinical practice in recent years, and most com-
monly, they belong to previously known antimicrobial classes [8-11]. Thus, introducing
novel methods for treating pathogens, especially those with significant AMR, may be valu-
able for reducing morbidity and mortality from infections caused by such microorganisms.
Such examples may include bacteriophages, antimicrobial peptides, and applications of
nanotechnology [12-14].

Using living predatory bacteria that cannot harm humans but can fight pathogens
could also be an alternative for treating infectious diseases in humans. The present study
aimed to critically review the evidence regarding the use of predatory bacteria in the fight
against infectious diseases and beyond.
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2. Biology of Predatory Bacteria

Predatory bacteria are a unique group of bacteria that possess the ability to invade
and consume other bacterial species. They utilize a range of strategies, such as secretion of
lytic enzymes and direct contact feeding, to prey on neighboring bacteria. For example,
members of the Bdellovibrionales can attach to other bacteria, penetrate their membrane, and
reside in their cytoplasm, allowing them to consume cellular parts of their targets, leading
to the production of daughter cells, lysis, and cell death of their bacterial target [15,16].
These microorganisms are abundant in the environment and can be found naturally in
many different settings, such as in soil, rivers, open sea, wastewater treatment plants, and
even in animals [17-26].

Predatory bacteria have different mechanisms of predation and are often categorized
based on their lifestyle [20]. For example, wolf-pack predators are opportunistic predators
capable of axenic growth but can predate on other bacteria in some circumstances. Some
examples include Lysobacter spp. and Myxobacteria, such as Corallococcus spp., Pyxidicoccus
spp., and Myxococcus spp. [27,28]. These bacteria are considered to require the presence of
many predators to allow adequate lysis of their targets, with the lysis being considered to
occur through membrane vesicle secretion, allowing the release of enzymes and metabolites
that act on their bacterial targets [29-31]. However, evidence exists that at least some of
these types of predatory bacteria can cause bacterial target lysis on an individual basis [32].
These predatory bacteria can prey on a wide range of bacterial species given their ability to
cause lysis of their target in a non-specific way through secretion of antibacterial substances
and can also survive in the absence of bacterial targets and form biofilms [28,33,34].

Cytoplasmic predatory bacteria include only Daptobacter. This bacterium is a faculta-
tive predator, can grow in an axenic manner in the absence of prey, and divides by binary
fission [35]. When acting as a predator, it penetrates the bacterial membranes and enters
the cytoplasm of its prey, members of Chromatiaceae [35].

Epibiotic predators include bacteria such as Pseudobdellovibrio exovorus, Vampirovibrio chlorella-
vorus, Vampirococcus (Candidate Phyla Radiation), and Micavibrio aeruginosavorus [20,36-39]. These
are obligate predators, meaning that their survival and growth depend on the presence of prey
bacteria [20]. These predatory bacteria can consume other bacteria by attaching to their sur-
face, forming pores after degrading their membrane at the point of attachment, degrading and
consuming their macromolecules, and septation and binary fission of the predatory bacteria [36].

Finally, intraperiplasmic predators include Bdellovibrio bacteriovorus, Halobacteriovorax spp.,
Peredibacter starrii, Bacteriovorax stolpii, and Pseudobacteriovorax antillogorgiicola [23,40-43]. Among
these, Bdellovibrio bacteriovorus, a Gram-negative bacterium with a single polar flagellum allowing
for its high motility, is the most studied predator [20]. The life cycle of intraperiplasmic predators
is complex. It has several stages that include attachment to the target bacterium, invasion,
formation of a bdelloplast, elongation, septation via segmentation, and, eventually, lysis of
the target bacterium and release of the progeny of the initial predatory bacterium [20,44,45].
Figure 1 shows the life cycle of intraperiplasmic predatory bacteria.

Despite their differences in the mechanistic way of action, a common feature of all
predatory bacteria includes their ability to kill other bacteria and hydrolyze their macro-
molecules [20]. This is accomplished by the activity of several enzymes, such as nucleases
and proteases encoded by their genomes [46—49]. Due to this activity, they have been
evaluated for possible application in many different fields, such as biofilm removal [50,51],
bioplastic recovery [52,53], and treatment of sludge [54,55]. Additionally, many studies
focus on the use of predatory bacteria and, more commonly, of the Bdellovibrio- and—Ilike
organisms (BALOs) as biocontrol agents, such as in the food industry [20,56,57].

Interestingly, prey evasion has been described and could become a theoretical barrier
in the medical use of predatory bacteria. For example, E. coli has been extensively studied
in pairs with M. xanthus due to their unique predator—prey relationship. Various ways
of evading myxococcal invasion have been described, from biofilm formation to adap-
tations acquired in experimental co-evolution models [58,59]. Additionally, myxococcal
predation exerts a genomic shift in experimental coculture models, showing a complex
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relationship [60]. Research by Zhang et al. also showed that mutants with deleted genes
regulating flagella production contributed to anti-myxococcal resistance. Interestingly,
when another gene was removed (dusB) in E. coli-reduced production of myxovirescin A,
an antibiotic produced by M. xanthus was noted [61].
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Figure 1. Shown is the life cycle of intraperiplasmic predatory bacteria. Predatory bacteria attack
their prey, penetrate the periplasm, form the bdelloplast, resemble filaments, and grow intracellularly
and are eventually released by killing their bacterial prey and releasing their progeny in search of
another target bacterial cell. The image was created with Biorender.

3. Non-Medical Applications of Predatory Bacteria
3.1. Food Industry

Microbial contamination can occur at various stages during food processing, such as
production, processing, or distribution. This can cause a significant decline in productivity
and threaten public health due to an increased likelihood of spreading pathogens associated
with food poisoning and gastrointestinal disease [20]. Thus, preventing bacterial contami-
nation and spread requires effective methods with broad activity against pathogens and
activity against biofilms while being safe and compatible with foods. Several techniques
for controlling food contamination are currently used, including heat and ultraviolet light,
even though they all have some drawbacks that may limit their use, such as toxicity. At the
same time, they may not effectively eliminate biofilms or may alter food quality [20,62,63].

The diversity of possible food-associated pathogens requires that treatments used
to reduce the likelihood of bacterial contamination have a broad-spectrum capacity [20].
Moreover, these treatments would preferably have activity against biofilms, since some
food pathogens could form biofilms when contaminating food. For example, Escherichia coli
0157:H7 and Salmonella can cause food poisoning by growing on the surface of the meat and
exposed equipment, forming biofilms, and then further spreading to other foods [64-68]. To
that end, predatory bacteria could be used in the food industry, with B. bacteriovorus being
the most well studied [20]. For example, one predatory strain, B. bacteriovorus 109], was
found to be able to significantly reduce the viability of several bacteria that can contaminate
food, such as Escherichia, Salmonella, Enterobacter, Shigella, Vibrio, Citrobacter, and Yersinia,
among others [69,70]. Similarly, another predatory bacterium, M. aeruginosavorus, also
elicits broad-spectrum activity against several bacterial species and can significantly reduce
the concentrations of Escherichia, Shigella, Enterobacter, Yersinia, and Citrobacter species [70].
However, some commonly studied bacterial predators, such as those mentioned above,
have the disadvantage that they cannot prey on Gram-positive strains such as Enterococcus
and Staphylococcus species [69,71]. Some other predatory bacteria, members of the wolf-
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pack predators, can attach to and consume Gram-positive bacteria, such as Myxococcus sp.
MH1 [72].

Notably, a significant proportion of bacteria lives in biofilms, even in the food in-
dustry, on the surface of food, in workshops, and elsewhere [73,74]. These biofilms may
resist killing with chemicals or antimicrobials, but they could be susceptible to predatory
bacteria [20]. For example, Kadouri et al. have shown that different predatory bacteria
were able to significantly reduce bacterial populations of E. coli, Pseudomonas fluorescens,
K. pneumoniae, and Pseudomonas aeruginosa biofilms using M. aeruginosavorus and B. bac-
teriovorus 109] [75,76]. Ever since, several other groups have also shown that bacterial
predators were able to prey on bacterial biofilms, as is the case with BALOs that were found
to be able to dismantle Salmonella enterica biofilms [77,78]. More examples of the effect
of predatory bacteria on biofilms and the possible applications in the food industry are
reviewed separately [20].

Further on, predatory bacteria were shown to be safe, compatible with food, and with
low immunogenic potential, thus posing a viable option for use in food safety [20]. More
specifically, predatory bacteria are known in different sets of experiments to be unable to
invade eukaryotic cells, and they only caused minimal cellular responses, such as cytokine
production, even when the predatory bacteria were added at very high amounts [79,80].
Despite the above, predatory bacteria are also easy to control to increase safety after their
application in the food industry. For example, simple detergents, such as those containing
at least 0.02% sodium dodecyl sulfate (SDS), can cause complete or almost complete killing
of predatory bacteria almost instantaneously. This implies that simple application of such a
detergent followed by rinse can eliminate almost all the predators before consumption of
foods such as fruits [18,81]. Another approach could include the radiation of food products,
which has been shown to effectively kill predatory bacteria without harming butter lettuce
when low doses of gamma irradiation were used [82,83].

3.2. Biocontrol

Beyond their potential for use in food safety, predatory bacteria could also be used as
a biocontrol in the production of biofuel, as in the case of microalgae-derived biofuel [50].
More specifically, bacterial contamination in open ponds may affect microalgae growth.
To that end, the use of Bdellovibrio may limit the contamination by other bacteria, thus
allowing the growth of microalgae, leading to the production of green biofuel [84].

Additionally, there are reports of the use of predatory bacteria in agriculture [85]. For
example, predatory bacteria have been used against phytopathogens, such as in the case of
soybean blight that is caused by Pseudomonas savastanoi pv. glycinea [86]. More specifically,
B. bacteriovorus was shown to effectively prey on the soybean pathogen and inhibit infection
of the plant [86]. In another example, B. bacteriovorus was shown to protect against block
soft rot disease in potatoes, and this effect was more evident when predatory bacteria were
added before the pathogen [87]. Moreover, a strain of Myxococcus xanthus was effective in
the control of tomato bacterial wilt that is caused by Ralstonia solanacearum [88].

In aquaculture, bacterial contamination is more commonly caused by Vibrio spp. or
Aeromonas spp. and can lead to disease outbreaks [85,89]. Using non-antibiotic methods
to decrease bacterial contamination can be associated with significant benefits, since it
could be associated with decreased exposure of the aquatic ecosystem to antimicrobials,
thus reducing antimicrobial pollution [90]. For example, Halobacteriovorax, a marine group
of BALOs, can prey on pathogenic strains of Vibrio parahaemolyticus, thus being able to
promote the safety of seafood [91]. Furthermore, in vivo studies recently showed that
Halobacteriovorax can also effectively reduce Vibrio species in mussels that can cause life-
threatening infections [92]. In another example, the same predatory bacteria were found
to significantly reduce the bacterial load of Vibrio in the hemolymph of lobsters without
reducing host survival [93]. However, since the concept of the use of predatory bacteria
in aquaculture is novel, further studies are needed to optimize the way they could be
administered and determine their efficacy and safety [85].
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Wastewater treatment plants are essential engineering ecosystems for reducing en-
vironmental pollution and protecting public health [85]. Several microbial processes are
taking place in these plants, leading to the degradation of unwanted organic matter and
the removal of phosphorus and nitrogen [94]. The use of predatory bacteria in wastewater
treatment plants could lead to a reduction in the bacterial load of drug-resistant pathogens
and significant activity on biofilms, leading to bacterial killing by the predatory bacteria
themselves or by increased activity of the chemicals that are present in the plants [95].

Interestingly, predatory bacteria have also been studied as a disinfectant measure for
rainwater treatment. To that end, predatory bacteria were found to efficiently enhance the
removal of Gram-negative bacteria when applied as a pre-treatment to solar disinfection
and photocatalysis [96]. Figure 2 summarizes the non-medical applications of predatory

bacteria.

-
YY)
e
enhanced bacterial

removal

Rainwater
treatment

A

1 ! > -
dlease prevention @ @ Srement. | ressanipamoos S B
'ng:,}f -y @
R &/ ¥

<o Non-medical R $7

-~ safe, compatible wi y v

{%3 phytopathogen control Agriculture uses Of predato ry ci::;{i:ﬁﬂy immung;oet:‘,ilco;:) contil _fO e
‘ bacteria

A
\ ~ ’
reduce bacterial

‘ Q microalgae growth Biocontrol in biofuel & Biofilm removal populations in
promotion production biofilms, common in

food processing

Microbial
contamination control
reduce the viability of food-contaminating bacteria

\ Food industry

Figure 2. Non-medical applications of predatory bacteria. The image was created with Biorender.

4. Medical Applications of Predatory Bacteria

Using predatory bacteria in clinical therapeutics requires adequate knowledge of their
microbial target spectrum, properties, and potential adverse effects on the host organism
regarding immune activation, toxicity, tissue damage, and the possibility of bacterial
persistence [97]. Thus, in vitro and in vivo studies are a prerequisite to reaching the mature
stage of clinical studies.

4.1. In Vitro Studies

Several in vitro studies have been conducted to examine the effect of predatory bacteria
on their target bacteria. Additionally, in vitro studies have been conducted to examine the
effect and safety of predatory bacteria in cell lines in tissue culture conditions [97]. Several
such studies in human cell lines, such as with corneal-limbal epithelial cells, macrophages,
monocytes, liver epithelial cells, kidney epithelial cells, and spleen monocytes, have been
conducted with different numbers of predatory bacteria and for different periods, and
pro- and anti-inflammatory cytokines were measured [79,80,98-100]. According to the
results of these studies, even though the presence of predatory bacteria does induce the
production of cytokines, their levels are very low, implying a negligible immunostimulatory
potential by predatory bacteria per se [98-100]. This may be associated with their unique
lipid A structure and the presence of a sheathed flagellum [97,98,101]. Other examples of
encouraging in vitro studies include cytotoxicity measurements, cell viability imaging, and
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assessment of morphological changes performed with animal and human cell culture lines
exposed to B. bacteriovorus that did not show evidence of toxicity in human cells [79,80,99].
In additional experiments, the uptake, persistence, and clearance of live predatory bacteria
were assessed in human macrophage cell lines (U937) [100]. Raghunathan et al. used
fluorescently labeled B. bacteriovorus to visualize the bacteria under the microscope and
count live intracellular bacteria, and in another set of experiments, predatory bacteria
that had been previously engulfed by the U937 macrophages were recovered and counted
after previous experimental lysis of the macrophages. Even though the assessment of B.
bacteriovorus numbers after their interaction with the macrophage cell lines is demanding,
these experiments showed that a significant number of the predatory bacteria could survive
for up to 24 h inside the macrophage cell lines, thus implying that the predatory bacteria
could prey for a long time after their engulfment from the macrophages in the infected
tissues [97]. Moreover, using specific inhibitors during the interaction of predatory bacteria
with macrophage cell lines, a role for the actin cytoskeleton of the host was shown in the
uptake of B. bacteriovorus, leading to trafficking through the phagolysosomal pathway [100].
Finally, the viability of eukaryotic cells was not affected [100]. In a different set of ex-
periments, B. bacteriovorus was also found to survive phagocytosis and persist in murine
macrophages for many hours in vitro, thus protecting SKH-1 mice from the lethal challenge
of systemic plague [102].

Regarding in vitro experiments and the efficacy of predatory bacteria against clinical
isolates, several studies have shown their potential. For example, Iebba et al. evaluated
the predatory behavior of B. bacteriovorus against P. aeruginosa and S. aureus cystic fibrosis
isolates with broth culture, static biofilms, field emission scanning electron microscope, flow
biofilms, and a zymographic technique [103]. This study suggested that B. bacteriovorus
could act as a living antibiotic in cystic fibrosis through a dual foraging system against Gram-
positive (epibiotic) and Gram-negative (periplasmic) bacteria [103]. In a more recent study,
Kahraman Vatansever et al. evaluated the effect of B. bacteriovorus HD100 on several clinical
pathogens and their biofilms [104]. B. bacteriovorus was effective against Gram-negative
isolates such as Enterobacterales, Salmonella, and Stenotrophomonas. Still, the activity against
P. aeruginosa and A. baumannii was the lowest among Gram-negative bacteria. Interestingly,
B. bacteriovorus Staphylococcus species in this study were also inhibited in co-culture studies,
even though B. bacteriovorus was previously considered not able to prey on Gram-positive
isolates [104]. B. bacteriovorus was also found in other in vitro studies to be able to prey
against oral pathogens and periodontopathogens [70,105]. Importantly, in a relatively
recent vitro study, B. bacteriovorhus and M. aeruginosavorus were found to be able to prey
on colistin-resistant Gram-negative bacteria expressing mcr-1, such as A. baumannii, E. coli,
K. pneumoniae, and P. aeruginosa [106]. Other MDR human clinical isolates have been
evaluated and were found to be susceptible to B. bacteriovorus [99,107-110]. Additionally,
B. bacteriovorus can reduce bacterial load in different settings, such as in laboratory buffer
and human serum, and against target bacteria in biofilms [70,75,108,109].

4.2. In Vivo Studies

In terms of safety for use in animals, several sets of in vivo experiments have evaluated
the viability of Bdellovibrio species in the intestines of vertebrates, either exothermic or
endothermic [97]. For example, B. bacteriovorus was administered in the intestines of leopard
frogs, catfish, rabbits, and mice but showed minimal or no recovery days after inoculation,
and no pathogenicity associated with the predatory bacteria was reported [111]. In another
study, B. bacteriovorus was also non-pathogenic when provided to chicken [112]. Moreover,
B. bacteriovorus was non-immunogenic and non-toxic when deployed on the ocular surface
of the eyes of rabbits [113]. Similarly, further experiments in mice, rats, and zebrafish
larvae, using assessments of morbidity, production of pro- and anti-inflammatory cytokines,
histopathology, bacterial growth, and other adverse events, proved that predatory bacteria
are not harmful when given to these experimental models in vivo [102,114-118].
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In terms of efficacy, B. bacteriovorus HD100 was shown to significantly reduce the
bacterial load of Salmonella in the feces of chickens that had been previously experimentally
infected with Salmonella enteritidis p125109. Furthermore, the cecum of chickens treated
with the predatory bacteria had significantly fewer findings of inflammation compared
to the control chickens that had not been treated with B. bacteriovorus [112]. Notably, B.
bacteriovorus was not isolated from the cecum of treated chickens at the end of the trial,
implying that these predatory bacteria had a short life in the intestines of the treated
animals [112].

In a rat model, B. bacteriovorus 109] was administered intranasally to treat the subjects
for Klebsiella pneumoniae respiratory tract infection and led to a significant reduction in bac-
terial burden in the treated animals compared to the control animals [114]. B. bacteriovorus
109] was also evaluated in a model of experimental bacteremia. More specifically, rats were
treated with K. pneumoniae in their tail veins and were then intravenously treated with
B. bacteriovorus 109] [115]. Treatment with predatory bacteria did not significantly reduce
K. pneumoniage burden in the blood and failed to prevent bacterial dissemination to other
organs. Of note, predatory bacteria were efficiently cleared from the bloodstream of rats
within 20 days after their injection [115].

In another set of experiments using zebrafish, which allow for innovative live mi-
croscopy due to their transparent nature, homology to humans, and well-studied immune
system, predatory bacteria were studied in a localized larval infection model [97,118-122].
In an interesting study, Willis et al. characterized the in vivo predation of a fluorescently
GFP-labeled Shigella flexneri by fluorescently mCherry-labeled B. bacteriovorus over time
after infection of zebrafish larvae using live-cell imaging [118]. In the control larvae that
had been infected by S. flexneri but were not treated with B. bacteriovorus, an increasing
bacterial burden was noted, as shown by the increasing GFP fluorescence. Larvae treated
with B. bacteriovorus showed a significant reduction in GFP fluorescence. Enumeration of
both bacterial species and confocal microscopy that showed more evidence regarding live
bacterial predation inside the larvae further supported the above findings [118].

Moreover, in a relatively recent study, Russo et al. found that B. bacteriovorus 109]
significantly reduced the bacterial load of Yersinia pestis in the lungs of mice infected
experimentally [123]. In another study, SKH-1 mice pre-treated with B. bacteriovorus HD100
via intraperitoneal injection were infected with a lethal dose of Y. pestis CO92 and were then
treated daily with B. bacteriovorus, and the bacterial spread of Y. pestis was observed [102].
Treatment with B. bacteriovorus was associated with significantly lower bacterial numbers
of Y. pestis, as assessed by luciferase signal and splenic bacterial load counts at the end of
the experiment. However, no similar protection was noted for Balb/c mice infected with Y.
pestis and then treated with B. bacteriovorus in another set of experiments, implying that the
protective effect by the predatory bacteria could depend on the immunologic or genetic
background of the animal [102].

On the other hand, when calves that had been experimentally infected with Moraxella
bovis, a microbial cause of infectious bovine keratoconjunctivitis, were treated with B. bacte-
riovorus 109], no significant improvement of corneal ulcer formation was noted compared to
the untreated calves [124]. This is contrary to the previous observation that B. bacteriovorus
could effectively control M. bovis in a tissue culture model in vitro [125].

In a more recent study, Romanowski et al. evaluated the ability of B. bacteriovorus and
M. aeruginosavorus to limit the intraocular growth of S. aureus, P. aeruginosa, and Serratia
marcescens in a New Zealand white rabbit endophthalmitis model [126]. Even though these
predatory bacteria could not significantly inhibit the growth of S. aureus, they could reduce
the growth of P. aeruginosa and, to a smaller extent, of S. marcescens.

Due to the relatively little experience on the topic and the sometimes contradictory
results of the in vivo studies of predatory bacteria, no clinical trial exists until now in
humans. However, the need for alternative treatments for infectious diseases in humans,
especially in the era of AMR, and the presence of mounting evidence for the safety and the
relative efficacy of predatory bacteria treatment in animals, as shown by the abovemen-
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tioned positive findings, gives promise for further testing of predatory bacteria even in
clinical trials in humans [97].

4.3. Predatory Bacteria Metabolites as Antimicrobials

A bioinformatics analysis of the genome of B. bacteriovorus HD100 revealed about
193 potential lytic proteins, including 150 peptidases and proteases, 20 DNases, 9 RNases,
and other enzymes [127]. This has led to the possibility of using these predatory bacteria’s
products in several biotechnological processes [50,127]. In a study by Monnappa et al., the
extracellular enzymes produced by a host-independent B. bacteriovorus strain were assessed
against biofilms of S. aureus and were effective [128]. More specifically, the supernatant
from host-independent B. bacteriovorus was added in the wells of plates containing biofilms
of S. aureus, and fluorescent and scanning electron microscopy confirmed significant disrup-
tion of the biofilms after 24 h of exposure to the supernatant [128]. This was also associated
with a fivefold reduction in the infectivity of the staphylococci. Examination of the content
of the supernatant led to the identification of specific proteases and DNases, and it was
hypothesized that these enzymes reduced the virulence of staphylococci, thus implying
that enzymes derived from predatory bacteria could act as antimicrobials [129]. Moreover,
Archangium lipolyticum sp., recently discovered in a pig farm’s soil, exhibits predation and
efficient destruction via lipolysis of resistant microorganisms, such as E. coli 64 and MRSA
GDMCC 1.771. The bacteriolytic properties of this novel myxobacterium were attributed,
after genomic analysis and enzymatic extraction, to a lipase ArEstA. In in vitro conditions,
it exhibited bacteriolytic activity versus E. coli 64 but not versus the aforementioned MRSA
strain, probably due to enzymatic accessibility issues to lipid substrates [130].

4.4. Combining Treatment with Predatory Bacteria

Due to the increasing problem of AMR, other approaches involving non-antimicrobial
options have been evaluated [12-14]. In some cases, monotherapy with such modalities
may be associated with effective treatment; however, combination treatment could be
associated, at least theoretically, with a higher efficacy [129]. For example, predatory
bacteria and bacteriophages can be considered to have a relatively similar mechanism
of action, since they are self-replicating and self-limiting, being able to multiply only
within specifically susceptible host bacteria. Moreover, they are both considered to have
relatively few adverse effects [97]. Combining predatory bacteria such as Bdellovibrio
species with bacteriophages or antimicrobials or the use of enzymes derived from predatory
bacteria have been considered as alternative treatment modalities [50,57]. For example,
Hobley et al. used a double predation model of a rosette-tailed-like bacteriophage and
B. bacteriovorus HD100 against E. coli [131]. They identified a very high efficacy, almost
completely eradicating the prey bacteria in liquid culture.

In another study by Im et al., the efficacy of combination treatment with B. bacteri-
ovorus HD100 and violacein (an antimicrobial agent specifically targeting Gram-positive
microorganisms) against six different Gram-positive and Gram-negative bacteria (S. aureus,
Bacillus cereus, Staphylococcus epidermis, E. coli, K. pneumoniae, and Acinetobacter baumannii)
was examined [110]. Combination treatment with B. bacteriovorus HD100 and violacein in
polymicrobial cultures led to a significant reduction in bacterial load, thus implying the
presence of synergy among the predatory bacteria and violacein.

Of note, co-administration of predatory bacteria with antimicrobials would necessitate
careful selection of the antimicrobial, since the predatory bacteria that would be used should
be resistant to the antimicrobial [129]. However, antimicrobial susceptibility to predatory
bacteria may be challenging given their dependency on prey bacteria for proliferation,
and no specific breakpoints for antimicrobial resistance exist until now [81]. To that
end, there are attempts to develop assays allowing for the evaluation of antimicrobial
susceptibility of predatory bacteria in liquid-based assays with prey bacteria in a stationary
phase in a nutrient-limited medium with different concentrations of the antimicrobials to
be tested [132]. Among the currently used antimicrobials, trimethoprim shows the lowest
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antimicrobial activity against B. bacteriovorus and could be used in combination with that
predatory bacterium [129].

Lastly, combination treatment with different predatory bacteria could be used in the
future; however, no studies supporting this concept were identified during the preparation
of this manuscript. Figure 3 summarizes the potential medical applications of predatory
bacteria.
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Figure 3. Medical applications of predatory bacteria. The image was created with Biorender.

5. Conclusions and Future Remarks

Given the increasing AMR and the need for novel non-antimicrobial treatments, the
potential for using predatory bacteria in humans would allow for treating bacteria with
limited treatment options. Given their promising results in terms of safety and efficacy
in in vitro and in vivo experiments, future studies in human clinical trials would allow
for appropriately evaluating these bacteria for the treatment of bacterial infections either
alone or in combination with classic antimicrobials or other novel modalities, such as
bacteriophages.
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