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Bacteriophages, more commonly referred to as phages, are a class of viruses discovered for their bactericidal
effects even before the discovery of penicillin and other antibiotics. An increasingly popular alternative to antibiotics
is bacteriophages to control bacterial diseases. Their unique bactericidal properties make them an ideal alternative
to antibiotics, as many countries begin to restrict the usage of antibiotics in agriculture. The recent evidence from
within the past decade on the efficacy of phage therapy on common foodborne pathogens are analyzed, namely,

Escherica coli, Staphylococcus aureus, Salmonella spp., and Campylobacter jejuni.

antimicrobial resistance (AMR) Bacteriophages Agriculture food-borne pathogens

1. Bactericidal Effects of Bacteriophages Demonstrated in
Agriculture

Bacteriophages kill bacteria through their lytic replication cycle, where the release of phage progeny results in lysis
of the bacterial membrane and subsequent death of the bacterium. Phages have been proven extensively in vitro
to exhibit significant bacterial inhibition and bactericidal effects against various disease-causing bacteria within
humans and agricultural animals LEIEBIEIBIGIT |n vitro studies have demonstrated that combining several phages
into cocktails increased bactericidal effectiveness and the range against multiple serotypes of a bacterial species,
resulting in increased effectiveness in clearing bacterial populations. A practical application of a bacteriophage
cocktail was demonstrated in vitro in which they assessed the therapeutic efficacy of a cocktail of three E. coli
phages, vB_EcoM_SYGD1, vB_EcoP_SYGEL and vB_EcoM_SYGMHL1, in treating cow mastitis caused by drug-
resistant E. coli . The phages used in the cocktail were stable at various temperatures, pH values, and chloroform
values, demonstrating possible candidates for phage therapy [&l. The benefits of phage cocktails are a reduction in
the development of phage resistance, improvement in symptoms, antimicrobial activity and similar effects to

antibiotics when applied.

Multiple in vivo studies of phage therapy using animal models have also been conducted in recent years. These
findings highlight not only the specificity of phages to specific bacteria, avoiding unintended target cells but also the
stability of phages within different environments and conditions. It is ideal for oral administration in capsules &2,
This adaptability and survivability of phages in different conditions may also reflect their natural environments from
which most phages are found and isolated; for example, several phage strains were found and isolated from swine-
fecal sewage as well as wastewater from poultry slaughterhouses. Their effectiveness against multiple strains of S.
aureus (18 strains) and E. coli (3 strains) was demonstrated in vivo in mice and broiler chickens, clearing infections

of MRSA S. aureus and E. coli colibacillosis RI19, Another phage strain isolated from the natural environment of
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the Ganges River was found to have a broad host range of 31 different E. coli strains and serotypes. It was able to
demonstrate effective bactericidal effects in reducing E. coli populations within an in vivo mouse model. This phage
strain exhibited 100% bacterial clearance when three doses were given at 6-h intervals 11 (Figure 1). Effective
and specific-targeting phages can be readily isolated from nearby natural environments and cultivated to create
doses of phage treatments, and with advances in molecular and gene editing techniques, phage characteristics

and virulence can be altered and enhanced more easily than the development of new classes of antibiotics.
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Figure 1. Isolation of bacteriophages from the natural environment effective against E. coli.

As mentioned earlier, several countries have approved the use of several phage products in agriculture and food
processing. Recent studies have shown high success in the ability of phages to suppress and control pathogenic
bacterial populations within farms and processing facilities. Several phage cocktails have been made against
several common species of food-borne bacteria, for example, EcoShieldTM against E. coli, Listex P100TM against
Listeria, and SalmoFREETM against Salmonella. These phage cocktails have been studied at various points of the
food supply chain, from Salmonella in commercial poultry farms to processing plants for ready-to-eat foods. All
have demonstrated an effective ability to control bacterial populations in livestock and reduce pathogens in food
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products to legal standards (12131141 The UK and USA have deemed phages “safe for consumption”, and the USA
has even allowed certain phage products against Listeria, Salmonella, and E. coli to be used as food preservatives
and be applied directly to food products 2. However, problems can arise with unregulated use and lack of
veterinary surveillance, similar to antibiotics. While predicted to be capable of reducing and clearing bacterial
concentrations in contaminated foods, as mentioned in a report by the EFSA Panel on Biological Hazards, with
unmonitored usage of phage products and in unspecified doses, the ability of the phage products to reduce
bacterial populations in food products can become more varied and unreliable. Without the proper determination of
bacterial concentrations by professionals and veterinarians, the applied dosage of the phage products may
sometimes be insufficient in clearing bacterial populations and may not be sufficient to prevent recontamination;
thus, it can only be currently used as a processing aid [22l. A major benefit is that the possibility of phage resistance
and persistence in the environments of processing facilities is considerably low and even minimal when paired with
proper disinfection protocols and adequate disposal of unsold treated food products 13126l While current phage
products may possess certain shortcomings, their ability to reduce pathogenic bacteria in the food supply chain is
undisputed. As more data and further research are done to address these issues, phage cocktails can be a

promising aid or replacement for antibiotic use in agriculture and the food supply chain.

Plants are known to suffer infections from pests, fungi, and bacteria. Thus, in addition to pesticides and
antimicrobials, common antibiotics are used to combat bacterial infections. As with livestock bacterial pathogens, a
variety of common antibiotics used in humans are also used to combat plant pathogens, namely, Pseudomonas
spp. and Erwinia spp. Strains from both species were found to possess resistance to high levels of streptomycin
(1000 micrograms/mL) 17 and tomato-infecting strains of Pseudomonas spp. possess additional resistance to
ampicillin and chloramphenicol 28, With a high rate of AMR in Pseudomonas spp. observed in recent years, the
risk for blight outbreaks in fruit crops is ever increasing; thus, the usage of phage therapy can serve to mitigate this
issue and bypass any current resistance mechanisms employed by Pseudomonas spp. In vitro experiments with
infected kiwi and tomato plants have shown rapid decreases in bacterial populations and symptoms, including
damage to leaf tissues 1229, Furthermore, phages have shown additional benefits over antibiotics, as they exhibit
a wide tolerance to environmental conditions 22 and selective targeting, avoiding lysis of beneficial Pseudomonas
strains 29,

Soft rot Enterobacteriaceae (SRE) infections cause blackleg and soft rot diseases, significantly decreasing crop
production and yield. T4-related LIMEstone phages infecting D. solani were isolated and showed reduced disease
incidence and severity, as well as higher yields in laboratory assays and in field experiments (21, Their experiment
showed that LIMEstone phages were very effective at rapidly infecting all D. solani strains 2. A close relative of
LIMEstonel, ®D5, was tested and remained viable in severe environmental conditions previously unsuitable for
phage therapy [22. Phage treatment of tissue culture and compost with ®D5 resulted in high levels of protection
against infection in potato crops. ®D5 was shown to have the potential to be used as a biological control measure

against Dickeya spp. caused soft rot and blackleg 221,

A cocktail of 46 new bacteriophages was created to be used for biocontrol of D. solani, and their efficacy in treating

soft rot in potatoes under simulated storage conditions was observed 23, They showed that phage treatment
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significantly lowered soft rot disease incidence and severity. supporting the use of a phage cocktail in reducing and
controlling D. solani populations and its spread in potato crops [23l. With further in vivo studies and field trials,
phage therapy demonstrates potential in treating bacterial crop diseases. Biochar increases phage adsorption of
antibiotic-resistant E. coli and Pseudomonas aeruginosa bacteria by adsorbing the bacteria in the biochar,
increasing the bacterial density and the bactericidal potential of the polyvalent phages [24. Combined biochar and
polyvalent phage treatment reduced residual levels of K-12 and PAOL1 and significantly reduced accumulative
levels of ARGs in the roots and leaves of lettuce, improving lettuce quality. An added benefit of the combined
treatment is that the addition of biochar was associated with an increase in microbial biodiversity in soil and lettuce

and diversity of beneficial soil bacteria 241,

Bacteria employ a variety of defense mechanisms against antibiotics, including producing biofilms and evasion by
presiding within host cells. Bacteria produce an extracellular matrix that binds multiple bacteria together into a
cooperative community and provides structural stability and a layer of defense that confers resistance to
recognition from the host's immune cells and a multitude of antibiotics. This all resulted in the need for a
combination of antibiotics and increased dosages. While biofilms may provide some resistance against phage
recognition, some phages isolated from natural water sources have coevolved the ability to penetrate biofilms and
infect the underlying bacteria. With optimization in vitro, biofilm production can be inhibited or prevented and even
completely degraded within a bacterial population . Studies have begun to suggest the use of phages that
produce specialized enzymes that degrade biofilms. These phages can be supplemented with minimal doses of
antibiotics to remove the remaining extracellular and intracellular populations of multidrug-resistant bacteria 22!,
Phages were found to have the ability to clear bacteria that reside within infected cells, as demonstrated by phage
vB_SauM_JS25 clearance of intracellular populations of S. aureus from within bovine mammary epithelial cells in
vivo 281 providing treatments for persistent agricultural epidemics, which would otherwise require large amounts of
strong antibiotics to resolve. Furthermore, biofilms may increase susceptibility against phages, as the clustering of
similar clonal bacteria and the dynamics of fluids to carry phages to biofilms may result in increased phage
interaction due to the increased size, creating a more accessible target for the phages than individual bacteria 22,
The ability of biofilms to allow bacterial populations to adhere to surfaces and resist a certain degree of chemical
and mechanical stress is increasingly problematic in food-borne pathogens that can adhere to surfaces within food
processing facilities. Phages can effectively reduce biofilm and bacterial populations that adhere to stainless steel
surfaces [28] making them ideal as an aid for reducing bacterial contamination in addition to proper disinfection

protocols.

Endolysins are bacteriophage-encoded enzymes that hydrolyze the host cell wall through peptidoglycan
degradation and allow for the release of bacteriophage progenies. They are vital for the lytic phage life cycle to
occur and in recent years show promise as an alternative to antibiotics. This enzyme has been a topic of focus in
sectors, such as food, biotechnology, and human medicine with practical applications in biofilm eradication and
antimicrobial function 22, Resistance to endolysins by bacteria may occur through peptidoglycan modifications or
bacterial inhibitor proteins; however, the possibility of this development is rare and has not yet been shown in vitro
(89 Endolysins from phages ASA2 and B30 were found to work synergistically against Streptococci in vitro and in

milk Bl In whole milk, ASA2 endolysins showed stronger Iytic activity than B30 endolysins against all three
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Streptococcus species used in the experiment B, However, ASA2 and B30 endolysins do not have synergistic
abilities in mastitis treatment, whereas, with individual endolysin treatment, bacterial concentrations of all three
Streptococcal species were significantly reduced in the mammary gland B2, Additional research was performed to
engineer a unique enzyme through the removal of the middle amidase domain in LysK, termed LysKAamidase, and
showed strong evidence of antimicrobial activity and biofilm eradication that phage lysin can have applied in vitro
(321 They showed that LysKAamidase had high activity against S. aureus and lytic activity against live MRSA
strains as well as methicillin-susceptible S. aureus. LysKAamidase is also safer to apply to the animal body than
LysK, and it is very effective in eradicating biofilms produced by MRSA [2 Thus, phage therapy has been
demonstrated to be effective against agricultural pathogenic bacteria and, in some cases, exhibits additional

qualities to treat infections that not even traditional antibiotic therapy can.

2. Advantages of Phage Therapy over Conventional
Antibiotics

One main challenge of phage therapy is how readily available the technology is to be used in practical settings.
Phages are a broad classification and often have different optimal functioning conditions and storage condition
requirements, such as pH, temperature, and storage media. Several recently discovered and isolated phages, such
as pSa-3 and a three E. coli phage cocktail comprised of vB_EcoM_SYGD1, vB_EcoP_SYGEl and
vB_EcoM_SYGMH, can survive at high temperatures and pH and stability at various temperatures, pH values and
chloroform values, respectively 8. The broad-spectrum activity of endolysins, such as LysKAamidase and its broad
pH range of 3 to 11 also make it ideal for a variety of applications 22, Phage banks have recently been established
as long-term storage of phages, allowing timely revival for research and application. However, varying tolerances to
freezing temperatures and growth media and long-term storage of phages pose a potential problem to both purities

of the isolates and may decrease the viability by up to 20% under improper glycerol storage conditions (231,

However, phages do exhibit an advantageous characteristic over antibiotics, which is the ability to work
synergistically with other compounds. This was further demonstrated when phage pSa-3 combined with a
surfactant, Tween 20, was tested against S. aureus aggregates in vitro and in vivo. Tween 20 was found to have
prevented S. aureus aggregation and increased the adsorption rate and biofilm degradation ability of phage pSa-3
(341 This suggests that there are accessory compounds that can be administered alongside phage therapy to
increase effectiveness, as opposed to antibiotic therapies that increase effectiveness by including more classes of

antibiotics.

Recent discoveries found phage’s potential for biopreservation to extend shelf life for food at risk of spoilage due to
pathogenic bacteria 2. The conventional method of biopreservation can be faulty, as they are unreliable in
protecting foods from decay caused by bacteria and run the risk of possible pathogens transferring to the
consumer, but phage products can be designed to be stable at various temperatures and control bacterial
population growth. A study looking at the effects of biopreservation in chilled fish discovered that traditional
methods caused higher incidences of alimentary infections and led to the rapid formation of AMR in the fish. When

bacteriophage cocktails were used in biopreservation, bacterial degradation was delayed by up to 3 days longer
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than conventional methods 38, It was also observed that chilled pork exposed to phage treatment had significantly
reduced Salmonella populations while also reducing odor and extending the shelf life of the pork up to 14 days 7.
Through rigorous testing, it can be determined that the shelf life can be extended using FDA-approved phages
versus temperate phages that could change the bacterial genome without killing them, which would run the risk of
further AMR (281139,

Antibiotics used at subtherapeutic levels improve growth rate and efficiency and improve reproductive performance
while also reducing mortality and morbidity 4941l Higher intermediate levels have been key to preventing
diseases, and even higher therapeutic levels can treat diseases in animals, which is why they are so integral for
many feeding programs 494 However, a common theme when talking about antibiotics is antibiotic resistance.
Due to the importance of antibiotics to various industries, the decreased effectiveness of antibiotic treatment would

be disastrous, as the world already shifts to a “post-antibiotic era” 42l[43],

As mentioned previously, bacteriophages are highly selective and will only reduce target bacterial populations, thus
ignoring beneficial commensal bacteria residing in the microbiome of livestock. In addition to different bacterial
families, the host range of phages can be specified to differentiate between pathogenic and nonpathogenic strains
within the same bacterial species 44, Phage therapy can directly affect pathogens without any side effects to the
microbiome, but antibiotics can conversely cause collateral damage as they disrupt the microbiome and
surrounding structures 2243l This selectivity was further demonstrated in mouse models, in which only foodborne
bacteria, such as E. coli, Salmonella, and Listeria were targeted, while the rest of the microbiome was unaffected
3l |n recent decades, many individuals have been found to develop an allergic response to antibiotics, to which
phages can act as an alternative to many who are unable to receive antibiotic therapy 4243l This has further
safety benefits, as phages are unable to target mammalian cells and thus will not have a direct effect 43, Phage
therapy demonstrates much more targeted treatment than antibiotics, which exhibit indiscriminate elimination of

bacteria, including commensal bacteria necessary for the health of many livestock animals.

The increase in new bacteriophage research demonstrates the efficacy of phage cocktails in reducing bacterial
populations in the environment and livestock animals. Phage therapy is a good potential alternative to antibiotics
sub-therapeutically, since the phage targets a host bacterium and is harmless with virtually no adverse effects or
changes to the gut commensal bacteria in animals 19146l47]  Syp therapeutically, phage therapy is capable of
disease prevention, while reversing body weight loss associated with E. coli infection 29 and phage cocktails were
found to have a synergistic effect with probiotics in improving the average daily feed intake and weight gain of pigs,
suggesting a potential for phage therapy to replace antibiotics as growth promoters 84959 Hence, phages can
provide benefits over traditional antibiotics, such as the ability to bypass biofiilms and overcome acquired phage
resistance, making them great candidates for the agricultural sector and even the medical sector to overcome this
crisis of high antibiotic resistance.
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