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Abstract 
Bacteriophages, or phages, are one of the most – if not the most – ubiquitous 
organisms on Earth. Interest in various practical applications of bacteriophages 
has been gaining momentum recently, with perhaps the most attention (and most 
regulatory approvals) focused on their use to improve food safety. This approach, 
termed “phage biocontrol” or “bacteriophage biocontrol,” includes both pre- and 
post-harvest application of phages as well as decontamination of the food contact 
surfaces in food processing facilities. This review focuses on post-harvest 
applications of phage biocontrol, currently the most commonly used type of phage 
mediation. We also briefly describe various commercially available phage 
preparations and discuss the challenges still facing this novel yet promising 
approach. 

Phages are Ancient and Abundant in Nature 
Bacteriophages are the viruses that infect bacteria. They were discovered in 1917 
by Félix d’Hérelle in 1917 (Salmond and Fineran, 2015; Sulakvelidze et al., 2001), 
who also coined the term “bacteriophage,” derived from "bacteria" and the Greek 
φαγεῖν (phagein) meaning “to eat” or "to devour" bacteria. Numerous studies, 
including recent metagenomic surveys, suggest that phages are (i) arguably the 
oldest microorganisms on this planet that likely originated approximately 3 billion 
years ago (Brüssow, 2007), and (ii) likely the most ubiquitous organisms on Earth, 
abundant in all life-supporting environments including all natural untreated foods. 
To give a few examples: (1) There are an estimated 1.5 × 108 phage particles per 
gram of agricultural soil (Ashelford et al., 2003; Williamson et al., 2003); (2) There 
are an estimated 7 to 15 × 106 phages per mL in fresh water lakes (Mohiuddin 
and Schellhorn, 2015) and 106 to 109 particles per mL in sea water (Bergh et al., 
1989); (3) Bacteriophages are likely present in 100% of fresh unprocessed foods 
and have been isolated from various food products such as beef, pork, chicken, 
fresh produce, dairy, and fermented foods (Aw et al., 2016; Park et al., 2011; 
Zhang et al., 2014); (4) Humans are constantly exposed to phages in their daily 
lives as highly diverse and abundant phage populations are present on various 
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human organs such as the skin, vagina, etc. – with an estimated 1015 phages 
present in our gastrointestinal tract (Dalmasso et al., 2014; Hannigan et al., 2015; 
Shkoporov et al., 2019); (5) Similarly, animals carry a diverse and prolific phage 
population (Dalmasso et al., 2014; Delwart, 2012; Hannigan et al., 2015; 
Shkoporov et al., 2019). Altogether, phages are a significant part of the living 
biosphere and humans continuously interact with a multitude of phages, through 
food, water, and the general environment. The phage population is increasingly 
recognized as an active part of the mammalian microbiome and a contributor 
towards the health of their host (Cadwell, 2015). 

Almost immediately after their discovery, the ability of phages to infect and kill 
bacteria led to the exploration of their therapeutic potential against bacterial 
pathogens, in a clinical approach known as “bacteriophage therapy” or “phage 
therapy” – with the first therapeutic use in humans described in 1919, just two 
years after their discovery by d’Herelle (Sulakvelidze and Kutter, 2005; Summers, 
2001). Although the exact number of people treated therapeutically with phages is 
difficult to estimate, in all likelihood tens of thousands of people have been 
administered phages therapeutically since that initial clinical use, with no serious 
phage-related adverse effects ever reported (Kutter and Sulakvelidze, 2004). 
However, the discovery and increased use of antibiotics during the 1940s and 
1950s, coupled with an incomplete understanding of phage biology, as well as 
several other factors, led to a decline in the clinical use of phages in Western 
Europe and North America. In contrast, phage therapy continued to be utilized in 
the former Soviet Union and some Eastern European countries (e.g., Poland) 
where therapeutic phage preparations are still readily available in pharmacies 
today (Sulakvelidze et al., 2001; Sulakvelidze and Kutter, 2005; Summers, 2012). 
The situation has changed recently as phage therapy and other phage-related 
technologies – including phage biocontrol – have been gaining a renewed interest 
in the West. 

Two major developments played a significant role in rekindling the interest in 
phages as antimicrobial agents. First, the emergence and widespread distribution 
of antimicrobial resistant (AMR) bacterial pathogens have limited our therapeutic 
options. The situation is further exacerbated by the limited number of new 
antimicrobial drugs entering the market; also, most new antibiotics approved in 
recent years are modifications of existing drugs and, therefore, are at higher risk 
of being rendered ineffective in a short period (Talbot et al., 2019). Secondly, 
there has been an increased appreciation of the damage broad-spectrum 
antibiotics can inflict upon the microbiome. In fact, antibiotic mediated microbiome 
perturbation is now believed to contribute to several non-communicable and 
chronic diseases (Dietert and Dietert, 2015). Also, due to the rapidly growing field 
of microbiome research, connections are increasingly being made and/or 
hypothesized between microbiome composition and various health-associated 
conditions, ranging from obesity to Alzheimer to certain forms of cancer. If these 
links are substantiated through further research, there would be a need for a 
modality(ies) capable of the targeted elimination of certain bacteria in our 
microbiome which would not deleteriously impact other, beneficial bacterial 
species (i.e., a modality to fine-tuning the microbiome). As a result, there has 
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been an increased interest in targeted antimicrobials, such as phages, which are 
capable of killing disease-causing bacteria in the gastrointestinal tract without 
altering the normal microflora. Lytic phages demonstrate remarkable bactericidal 
activity against specific bacterial strains and can be employed to treat and 
manage AMR as well as non-AMR bacterial infections either alone or in 
conjunction with existing antimicrobials (Hesse and Adhya, 2019). Since lytic 
phages exert their bactericidal activity through very different mechanisms than 
antibiotics, they demonstrate similar efficacy for both AMR and non-AMR bacterial 
pathogens (Hesse and Adhya, 2019; Kortright et al., 2019; Sulakvelidze and 
Morris, 2015). In addition, the mechanisms of bacterial resistance to phages differ 
from those for antibiotics and the strains that develop resistance to antibiotics 
typically remain susceptible and can be killed by bacteriophages (Chen et al., 
2017). Therefore, phages may help to manage various bacterial infections, 
including those caused by pandrug-resistant bacterial strains (Sulakvelidze and 
Morris, 2015). The high specificity towards the target bacterial species provides 
an additional benefit, the preservation of microbial diversity and function (Cieplak 
et al., 2018). Thus, developing phage preparations for human clinical applications 
appears to be a logical fit for lytic bacteriophages. Yet, most commercial phage 
developments in the United States thus far have focused not on human 
therapeutic applications or microbiome modulations (although efforts in those 
areas are underway, including several clinical trials), but on using bacteriophages 
for improving the safety of our food products (Hesse and Adhya, 2019).  

Foodborne Pathogens – A Growing Challenge 
Foodborne illnesses of microbial origin continue to be a serious food safety 
problem worldwide. In addition to being of significant public health importance, the 
economic impact of foodborne bacterial infections is considerable. For example, 
in the US alone, the average incidence of foodborne illness is estimated to cost ~
$1500/person, with the total annual estimated cost of these foodborne diseases 
reaching over $75 billion (Scharff, 2012). In addition, substantive costs to the food 
industry are incurred due to product loss and brand-damaging negative publicity 
that is associated with the recall of products contaminated with pathogenic 
bacteria. Thus, there are both strong public health and economic incentives to 
develop novel approaches for managing contamination of a broad range of foods 
by specific foodborne bacterial pathogens. 

Contamination prevention and the provision of safe food supply is one of the high 
priority areas to control and limit the foodborne pathogen outbreaks under the 
“One Health” approach (USDA, 2016). However, the challenge is not a 
straightforward one to solve rapidly or easily. The epidemiology of foodborne 
pathogens is complex and involves multiple routes of transmission from food 
animals and agricultural produce to consumers. For example, animals are often 
asymptomatic carriers of Shiga-toxin producing Escherichia coli (STEC), 
Salmonella, Campylobacter, and Listeria and they can spread the pathogens to 
other food animals, crops, slaughter facilities, and, in some instances, directly to 
humans. Food processing facilities can also harbour foodborne pathogens as 
biofilms, which can potentially transfer to food products and reach consumers. 
According to estimates published by the Foodborne Disease Burden 
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Epidemiology Reference Group (FERG) of the World Health Organization (WHO), 
pathogenic bacteria were responsible for almost 350 million illnesses and 187,000 
deaths globally in 2010 (Havelaar et al., 2015). Four bacterial pathogens, 
Escherichia coli (including Enterotoxigenic, Enteropathogenic, and Shiga-toxin 
producing E. coli), Campylobacter spp., non-typhoidal Salmonella enterica, and 
Shigella spp. were responsible for 336 million (96%) of the illnesses. While these 
four pathogens cause diarrheal diseases that are generally self-limiting, there are 
still over 159,000 deaths, attributed to them yearly. Children under five years old 
are disproportionally impacted, due to under-developed immune systems, and a 
staggering 45% of those deaths were in children under 5 years of age (Havelaar 
et al., 2015). 

Food processors routinely employ antimicrobial interventions to reduce 
contamination of the foods with foodborne pathogens. Also, in an effort to improve 
the safety of foods, FSIS regulations and the Food Safety and Modernization Act 
have mandated implementation of hazard analysis and critical control point 
systems (HACCP) to manage pathogens by all US establishments processing red 
meats, fresh fruit and vegetables, dairy, and other food products (Food and Drug 
Administration, 2015; Food Safety and Inspection Service, 2012; U. S. 
Department of Agriculture, 2012). Currently, the conventional pathogen 
decontamination protocols in food processing facilities focus primarily on using 
chemicals, physical disruption techniques, and irradiation to reduce the microbial 
burden from those facilities and from the foods produced in them (Gomez-Lopez, 
2012; Hui, 2003; Maukonen et al., 2003). For example, various harsh chemical 
sanitizers, such as chlorine and peracetic acid (PAA), are commonly utilized to 
reduce microbial contaminants of many fresh fruits and vegetables as well as 
Ready-To-Eat (RTE) food products (Beuchat and Ryu, 1997; Sohaib et al., 2016). 
Heat pasteurization is often used to reduce bacterial numbers, generally in liquids 
and dairy items, such as milk. High Pressure Processing (HPP) is also used to 
successfully reduce pathogens in liquid products, as well as pre-cooked, meant to 
be frozen meals (Bajovic et al., 2012; Wolbang et al., 2008). This technique 
exposes foods to high pressure to inactivate microbes. Ionizing radiation (i.e., 
irradiation) has been approved as a means for reducing the burden of pathogenic 
organisms in foods since 1997 (Food and Drug Administration, 1997). However, 
no single approach is 100% effective, and the above-mentioned approaches also 
have some significant drawbacks. For instance, many chemical sanitizers corrode 
and damage food processing equipment (Fatica and Schneider, 2009; Moye et 
al., 2018) and could have toxic chemical residues that may harm the environment 
(i.e., they are not environmentally friendly). Pasteurization and HPP are not 
suitable for fresh produce and meat products as they can adversely affect the 
organoleptic properties and/or the nutritional content of some foods (Bajovic et al., 
2012; Wolbang et al., 2008). Irradiation, which can deleteriously affect the 
appearance of some foods, also has low customer acceptance, which is 
compounded by a labelling requirement for many food items treated with radiation 
(Suklim et al., 2014; Wheeler et al., 1999). As a result, the recent trend has been 
towards identifying alternative non-chemical, environmentally friendly (aka green) 
antimicrobial approaches. One such approach is phage biocontrol. 
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The concept of phage biocontrol is to apply lytic bacteriophages, with strong lytic 
potency against one or more foodborne bacterial pathogens, onto the foods at 
high risk of contamination. The phages can lyse the targeted contaminating 
bacteria and significantly reduce (or eradicate) the foodborne pathogen(s), thus 
making the foods safe for consumption. Phage biocontrol is increasingly being 
accepted as a natural and green technology, effective at specifically targeting 
bacterial pathogens in various foods (Table 1) and the development and 
commercialization of bacteriophage products is now an emerging worldwide 
industry (Sulakvelidze, 2013) (Table 2). Phage biocontrol addresses many of the 
challenges facing the traditional chemical- or irradiation-based approaches  briefly 
described above, as well as many of the concerns voiced by consumers. For 
example, the traditional decontamination methods are broad-spectrum, killing not 
only the pathogen of concern but also the natural microflora of the foods, which 
are often beneficial. In contrast, phage biocontrol, due to the specificity of 
bacteriophages, enables targeted elimination of the foodborne bacteria in the 
foods, while maintaining the natural microbial population and preserving the 
nutritional composition/value of those foods (Moye et al., 2020). 

Table 1. A summary of studies of direct phage application onto a variety of foods†

Bacterium Phages Notes Reference

Bacillus cereus BCP1-1 Bacillus cereus counts were decreased after treatment 
with a single phage in fermented soya bean paste without 
affecting Bacillus subtilis, a critical component of the 
fermentation process.

(Bandara et al., 
2012)

Campylobacter 
jejuni

Φ2 Counts of Campylobacter were reduced by ∼1 log on the 
surface of chicken skin stored at 4°C after the application 
of a single phage.

(Atterbury et al., 
2003)

Campylobacter 
jejuni; 
Salmonella spp.

C. jejuni typing 
phage 12673, 
P22, 29C; 
Salmonella typing 
phage 12

C. jejuni levels were decreased ∼2 logs on 
experimentally-contaminated chicken skin after 
application of phage at an MOI of 100:1 or 1,000:1. 
Salmonella levels were reduced by ∼2 logs on chicken 
skin treated with phage at an MOI of 100:1 or 1,000:1 
and stored for 48 h, and bacterial counts were reduced 
below the limit of detection when lower levels of bacteria 
were used to contaminate the chicken. 

(Goode et al., 
2003)

Campylobacter 
jejuni; 
Salmonella spp.

Cj6; P7 Campylobacter levels were significantly decreased in 
beef after application of the phage Cj6 and decrease in 
bacterial levels were not significant at low levels of 
bacterial contamination (∼100 CFU/cm2). Salmonella 
counts were decreased ∼2-3 logs at 5°C and >5.9 logs at 
24°C in raw and cooked beef after P7 phage application. 
Surviving Salmonella colonies were still sensitive to P7. 
For both phages, the killing of bacteria was higher at an 
MOI of 10,000:1 and ∼10,000 CFU/cm2 of bacteria.

(Bigwood et al., 
2008)

Cronobacter 
sakazakii

ESP 1-3, 
ESP 7321

In infant formula, Cronobacter sakazakii (formerly 
Enterobacter sakazakii) levels were decreased after 
phage addition. The reduction was dependent on the 
phage concentration, and the phages were more 
effective at 24°C than 37°C or 12°C.

(Kim et al., 2007)

Cronobacter 
sakazakii

Five phages Growth of 36 of 40 test strains was inhibited by a phage 
cocktail tested in infant formula experimentally 
contaminated with C. sakazakii. Further, both high and 
low concentrations (106 and 102 CFU/mL) of bacteria 
were eliminated from the liquid culture medium treated 
with the individual phage (108 PFU/mL).

(Zuber et al., 
2008)

Escherichia coli 
O157:H7

e11/2, pp01, 
e4/1c

After incubation at 37°C, a three-phage cocktail used to 
treat the surface of beef that was contaminated 
(103 CFU/g) with E. coli O157:H7 eliminated the 
bacterium from ~78% of the treated specimens.

(O'Flynn et al., 
2004)
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Escherichia coli 
O157:H7

EcoShield™ 
(formerly 
ECP-100)

E. coli 0157:H7 levels were decreased by ∼1-3 logs or 
reduced below the limits of detection, on tomatoes, 
broccoli or spinach after treatment with a phage cocktail 
while E. coli O157:H7 levels were decreased by ∼1 log 
when the phages were applied to ground beef.

(Abuladze et al., 
2008)

Escherichia coli 
O157:H7

EcoShield™ A phage cocktail applied to experimentally contaminated 
lettuce and cut cantaloupe significantly reduced E. coli 
O157:H7 levels by up to 1.9 and 2.5 logs, respectively.

(Sharma et al., 
2009)

Escherichia coli 
O157:H7

Cocktail BEC8 At various temperatures (4, 8, 23 and 37°C), the phage 
cocktail significantly reduced the level of E. coli O157:H7 
on leafy green vegetables by ~2-4 logs. The inclusion of 
essential oil increased this effect.

(Viazis et al., 
2011)

Escherichia coli 
O157:H7

EcoShield™ The levels of E. coli O157:H7 were reduced by ≥ 94% 
and ∼87% on the surface of experimentally contaminated 
beef and lettuce respectively after addition of the phage 
cocktail; however, the single treatment did not protect 
foods after recontamination with the same bacteria (i.e., 
phage biocontrol had no continued technical effect on the 
foods).

(Carter et al., 
2012)

Escherichia coli 
O157:H7

EcoShield™ After a 30 mins phage treatment at both 4 and 10°C, 
levels of E. coli O157:H7 were decreased by >2 logs on 
leafy greens under both ambient and modified 
atmosphere packaging storage.

(Boyacioglu et al., 
2013)

Escherichia coli FAHEc1 Contamination of raw and cooked beef was decreased by 
2-4 logs at 5, 24 and 37°C in a concentration dependent 
manner after phage application. The E. coli displayed 
regrowth at higher temperatures.

(Hudson et al., 
2013b)

Escherichia coli 
O157:H7

EcoShield™ A phage cocktail was applied to lettuce by spraying and 
dipping. A larger initial reduction (~0.8-1.3 logs) in E. coli 
O157:H7 counts was observed after spraying. Dipping 
required submerging the lettuce for as long as 2 mins, 
and the initial reductions were not significant. After 1 day 
of storage at 4°C, dipping in the highest concentration of 
the phage cocktail reduced E. coli by ~0.7 log.

(Ferguson et al., 
2013)

Escherichia coli EC6, EC9, EC11 Two E. coli strains were eradicated from raw and ultra-
high temperature processed (UHT) milk after treatment 
with a three-phage cocktail at 5-9°C and 25°C. For a third 
E. coli strain, phage treatment eliminated the bacteria 
from UHT milk; however, after an initial reduction, 
regrowth occurred in the raw milk after 144 or 9 h at 
5-9°C and 25°C storage, respectively.

(McLean et al., 
2013)

Escherichia coli 
O157:H7

EcoShield PX™ Application, via spraying, of the phage cocktail reduced 
the E. coli O157:H7 levels by as much as 97% on various 
food products. In addition, the phage cocktail reduced the 
occurrence of E. coli O157:H7 on chuck roast beef by 
≥80 %.

(Vikram et al., 
2020)

Escherichia coli, 
Salmonella, 
Shigella

EcoShield™, 
SalmoFresh™, 
ShigActive™

Phage cocktails were as effective or more effective than 
chlorine wash at reducing targeted pathogenic bacteria 
from broccoli, cantaloupe and strawberries in samples 
containing a large amount of organic content. 
Combination of the phage cocktail and a produce wash 
produced a synergistic effect, i.e., higher reductions of 
bacteria.

(Magnone et al., 
2013)

Listeria 
monocytogenes

ListShield™ 
(formerly 
LMP-102)

Listeria counts were decreased ∼2 logs and ∼0.4 logs 
after application of a phage cocktail on melon and apple 
slices respectively; a synergistic effect was observed 
when phage and nisin were used, decreasing levels of 
Listeria on the fruit ∼5.7 logs and ∼2.3 logs, respectively.

(Leverentz et al., 
2003)

Listeria 
monocytogenes

ListShield™ Application of a phage cocktail 1, 0.5, or 0 h before 
honeydew melon tissue were contaminated with the 
bacterium was most effective at reducing Listeria counts. 
This effect was depended on the concentration of phage 
applied. Listeria counts decreased ~5-7 logs after 7 days 
when the phages were applied at the times described 
above.

(Leverentz et al., 
2004)

Listeria 
monocytogenes

PhageGuard 
Listex™ (formerly 
Listex™; P100)

Levels of L. monocytogenes were reduced at least 3.5 
logs after a single phage was administered to the surface 
of ripened red-smear soft cheese. The surviving 
L. monocytogenes colonies isolated from the cheese 
after phage treatment were not resistant to the phage.

(Carlton et al., 
2005)

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 272 Curr. Issues Mol. Biol. Vol. 40



Listeria 
monocytogenes

A511, 
PhageGuard 
Listex™ 

Levels of L. monocytogenes in experimentally 
contaminated chocolate milk and mozzarella cheese 
brine were eradicated after phage treatment at 6°C. 
When the phage cocktail was applied to various solid 
foods, including sliced cabbage, iceberg lettuce leaves, 
smoked salmon, mixed seafood, hot dogs, and sliced 
turkey meat, a reduction of Listeria of up to 5 logs was 
observed.

(Guenther et al., 
2009)

Listeria 
monocytogenes

PhageGuard 
Listex™ 

L. monocytogenes counts were decreased between 
1.8-3.5 logs after application of a single phage at ∼108 
PFU/g to the surface of raw salmon fillets that were 
stored at 4°C or 22°C.

(Soni and 
Nannapaneni, 
2010)

Listeria 
monocytogenes

PhageGuard 
Listex™ 

Levels of L. monocytogenes were decreased 1.4-2.0 logs 
CFU/g at 4°C, 1.7-2.1 logs CFU/g at 10°C, and 1.6-2.3 
logs CFU/g at room temperature (22°C) after application 
a single phage to the surface of raw catfish fillets. 
Regrowth was not observed after ten days of storage at 
either 4°C or 10°C.

(Soni et al., 2010)

Listeria 
monocytogenes

A511 The natural microbial community on soft cheese was 
maintained after the addition of the phage. Levels of 
Listeria on experimentally contaminated cheese were 
decreased 2 logs and additional phage administrations 
did not improve the reduction of Listeria.

(Guenther and 
Loessner, 2011)

Listeria 
monocytogenes

FWLLm1 Listeria levels were decreased 1-2 logs on the surface of 
experimentally contaminated chicken stored in vacuum 
packages at 4°C or 30°C. Subsequent regrowth of 
Listeria was observed at 30°C but not at 4°C.

(Bigot et al., 
2011)

Listeria 
monocytogenes

PhageGuard 
Listex™ 

Counts of Listeria decreased ∼3 logs in experimentally 
contaminated queso fresco cheese after the addition of a 
single phage; however, subsequent growth was 
observed. Regrowth was prevented, and a similar log 
reduction was observed when PL + SD were included 
with the phage. Reduction of Listeria was lower, and 
regrowth occurred when LAE was included with phage.

(Soni et al., 2012)

Listeria 
monocytogenes

PhageGuard 
Listex™ 

Compared to PL or PL + SD, a single phage was most 
effective at decreasing Listeria levels on RTE roast beef 
and turkey after storage at 4°C or 10°C, and subsequent 
bacterial growth was observed at both temperatures. 
Similar log reductions occurred when PL or PL + SD were 
used in conjunction with the phage, and regrowth was 
prevented or diminished at both 4°C and 10°C.

(Chibeu et al., 
2013)

Listeria 
monocytogenes

PhageGuard 
Listex™ 

Counts of Listeria were decreased by ∼1.5 logs on 
experimentally contaminated melon and pear slices but 
not apple slices after two days at 10°C. Additionally, 
treatment with phage did not impact Listeria levels in 
apple juice but decreased bacterial contamination by ∼4 
and ∼2.5 logs in melon and pear juice respectively.

(Oliveira et al., 
2014)

Listeria 
monocytogenes

PhageGuard 
Listex™ 

Listeria levels on soft cheese were decreased ∼2-3 logs 
after 30 mins and ∼0.8-1 log after storage for 7 days at 
10°C.

(Silva et al., 
2014)

Listeria 
monocytogenes

ListShield™ Counts of L. monocytogenes were decreased 0.7 and 1.1 
logs on experimentally contaminated cheese and lettuce 
respectively after a 5 min treatment with phage and 
decreased the bacteria 1.1 logs on the surface of apple 
slices after 24 h when combined with an anti-browning 
solution. The phage cocktail also eliminated 
L. monocytogenes from experimentally contaminated 
frozen entrees that were frozen and thawed after 
treatment. It was also effective in eliminating 
environmental contamination by L. monocytogenes in a 
smoked salmon processing plant.

(Perera et al., 
2015)

Listeria 
monocytogenes

PhageGuard 
Listex™ 

When applied to the surface of experimentally 
contaminated sliced pork ham, the phage reduced 
Listeria counts below the limit of detection after 72 h and 
performed better than nisin, sodium lactate or 
combinations of these antibacterial measures.

(Figueiredo and 
Almeida, 2017)

Mycobacterium 
smegmatis

Six phages M. smegmatis counts were reduced below the limit of 
detection in milk treated with a six-phage cocktail or each 
component phage. Subsequent bacterial growth occurred 
when the component phages were used, but no growth 
was observed after 96 h at 37°C when the cocktail was 
applied.

(Endersen et al., 
2013)
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Salmonella spp. SJ2 Salmonella levels were reduced by 1-2 logs in raw and 
pasteurized cheeses created using milk that was treated 
with phage, while cheese made from milk without phage 
saw Salmonella counts rise ∼ 1 log.

(Modi et al., 
2001)

Salmonella spp. SCPLX-1 (an 
early version of 
SalmoFresh™)

Counts of Salmonella were decreased by ∼3.5 logs at 5 
and 10°C and ∼2.5 logs at 20°C on melon slices after 
application of a four-phage cocktail; treatment of apple 
slices with phage showed no reduction of bacteria.

(Leverentz et al., 
2001)

Salmonella spp. Felix-O1 Salmonella counts were decreased by 1.8-2.1 logs after 
phage application to chicken frankfurters.

(Whichard et al., 
2003)

Salmonella spp. PHL4 The levels of Salmonella recovered from experimentally 
contaminated broiler and naturally contaminated turkey 
carcasses were reduced by as high as 100% or 60% 
respectively after phage administration.

(Higgins et al., 
2005)

Salmonella spp. Levels of Salmonella were decreased ∼3 logs after 
application of a phage cocktail to sprouts; addition of an 
antagonistic bacteria to the phage cocktail increased this 
reduction to ∼6 logs.

(Ye et al., 2010)

Salmonella spp. FO1-E2 ln chocolate milk and mixed seafood, Salmonella levels 
were reduced to undetectable after phage treatment and 
storage for 24 h at 8°C and remained below the limit of 
detection. When foods were treated with phage and 
stored at 15°C, Salmonella counts were reduced to 
undetectable levels within 24-48 h for hot dogs, sliced 
turkey breast, and chocolate milk, but regrowth occurred 
after 5 days. Salmonella levels were initially inhibited 
∼0.5-2 logs and ∼1-3 logs in egg yolk and mixed seafood 
respectively after phage addition; but bacterial recovery 
matched controls in egg yolks after two days, while the 
log reduction was maintained in seafood.

(Guenther et al., 
2012)

Salmonella spp. UAB_Phi 20, 
UAB_Phi78, 
UAB_Phi87

Salmonella counts were decreased by ∼1 log on the 
shells of fresh eggs and 2-4 logs on lettuce 60 mins after 
application of the phage. After an initial reduction of 1-2 
logs when chicken breasts were dipped in a phage 
cocktail, no further decrease in the bacterial counts was 
observed over the next seven days at 4°C. The levels of 
Salmonella were reduced 2-4 logs on pig skin after 
phage application and storage for 6 h at 33°C.

(Spricigo et al., 
2013)

Salmonella spp. wksl3 Salmonella counts were decreased by ∼3 logs on chicken 
skin after application of a single phage, and no further 
decrease in bacterial levels was observed over the next 
seven days at 8°C. Phage cocktail was also administered 
to mice to test for safety. Mice received a single dose of 
phage orally and displayed no adverse effects.

(Kang et al., 
2013)

Salmonella spp. Five phages The levels of Salmonella were decreased by ~1 log on 
chicken skin after application of a five-phage cocktail 
comprised of closely related phages. The reduction was 
comparable to treatment with 200 ppm 
dichloroisocyanurate, 10 ppm peroxyacetic acid, and 2 % 
lactic acid.

(Hungaro et al., 
2013)

Salmonella spp. P22 After the administration of a single temperate phage and 
storage at 4°C, levels of Salmonella decreased by 0.5-2 
logs on chicken samples; below the limits of detection in 
whole and skimmed milk; by ~3 logs in apple juice; by ~2 
logs in liquid egg; and by ~2 logs in an energy drink. 

(Zinno et al., 
2014)

Salmonella 
Enteritidis

Five phages The levels of S. Enteritidis were reduced by as much as 
3.2 logs and 2.8 logs after 10 days storage at 18°C and 
4°C, respectively in raw salmon fillets. The phage 
treatment of smoked salmon fillets resulted in 1.9 logs 
and 1.2 logs reduction in Salmonella after 10 days of 
storage at 18°C and 4°C, respectively.

(Galarce et al., 
2014)

Salmonella spp. SalmoFresh™ The stability of a Salmonella-specific phage preparation 
was determined in various chemical antimicrobials. 
Treatment of chicken breast fillets with a combination of 
phage and chemical antimicrobials did not produce a 
synergistic effect on the reduction of Salmonella; 
however, application of chlorine or PAA followed by 
spraying with phage significantly reduced Salmonella 
from chicken skin by up to 2.5 logs, compared to use of 
chlorine, low levels of PAA, or phage alone (0.5-1.5 logs).

(Sukumaran et 
al., 2015)
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Salmonella spp. SalmoFresh™ Treatment of chicken breast fillets by dipping or surface 
application of a Salmonella-specific bacteriophage 
preparation and storage at 4°C significantly reduced 
Salmonella contamination by up to 0.9 logs; further, 
storing the meat in modified atmospheric packaging after 
surface application produced a higher reduction in 
bacterial counts (up to 1.2 logs).

(Sukumaran et 
al., 2016)

Salmonella spp. SalmoLyse® A phage cocktail was sprayed onto experimentally 
contaminated raw pet food ingredients, including chicken, 
tuna, turkey, cantaloupe, and lettuce, and reduced the 
levels of the targeted bacteria by 0.4-1.1 logs.

(Soffer et al., 
2016)

Salmonella spp. SJ2 Application of the phage SJ2 significantly reduced 
Salmonella in experimentally contaminated ground pork 
and eggs with a larger reduction observed at room 
temperature compared to 4°C. After treatment, 
Salmonella colonies were screened for phage resistance, 
and more phage-resistant Salmonella isolates were 
recovered from eggs compared with ground pork.

(Hong et al., 
2016)

Salmonella spp. PhageGuard S™ 
(formerly 
Salmonelex™)

Boneless chicken thighs and legs were experimentally 
contaminated with Salmonella and treated with phage 
solution. A larger reduction of Salmonella was achieved 
when the bacteriophage preparation was diluted in tap 
water compared to filtered water prior to application, and 
the phage cocktail was more effective against Salmonella 
isolated from other sources compared to those from 
ground chicken.

(Grant et al., 
2017)

Salmonella spp. PhageGuard S™ Treatment with a bacteriophage cocktail or irradiation 
significantly reduced (~1 log) the level of Salmonella on 
experimentally contaminated ground beef trim, and a 
combination of these methods was even more effective 
and decreased bacterial contamination by ~2 logs.

(Yeh et al., 2018)

Salmonella spp. PhageGuard S™ Bacteriophage application reduced the Salmonella levels 
>1 log on skinless and skin-on poultry products.

(Hagens et al., 
2018)

Salmonella spp. BSPM4, BSP101, 
BSP22A

The phage cocktail treatment achieved a reduction of 
4.7-5.8 logs of Salmonella on lettuce and cucumber.

(Bai et al., 2019)

Salmonella spp. LPSTLL, 
LPST94, 
LPST153

Application of phage cocktail reduced 3.0 log Salmonella 
inoculum to below detectable limits on chicken breast 
and in milk. Phage cocktail was effective against 
Salmonella biofilm grown for 72 h on microtiter plates and 
steel chips, resulting in >5.23 log reduction in Salmonella 
viable cells.

(Islam et al., 
2019)

Salmonella spp. SalmoFresh™ Phage biocontrol reduced Salmonella by 2-3 log on 
lettuce and sprouts. The pairing of the phage cocktail 
with chlorinated water resulted in 2.7-3.8 log reduction in 
viable Salmonella counts.

(Zhang et al., 
2019)

Shigella spp. SD-11, SF-A2, 
SS-92

Shigella counts were reduced by ∼1-4 logs in spiced 
chicken after application of a phage cocktail or each of 
the component phages and storage at 4°C.

(Zhang et al., 
2013)

Shigella spp. ShigaShield™ Application of a five phage Shigella-specific cocktail to 
various RTE foods (including lettuce, melon, smoked 
salmon, corned beef, and pre-cooked chicken) reduced 
the levels of Shigella ∼1.0-1.4 logs compared to control.

(Soffer et al., 
2017)

Staphylococcus 
aureus

Φ88, Φ35 S. aureus levels were decreased below the limit of 
detection in experimentally contaminated whole milk after 
treatment with a two-phage cocktail and storage at 37°C. 
After phage treatment, S. aureus was not recovered from 
the acid curd after storage for 4 h at 25°C and was 
eliminated from the renneted curd after 1 h at 30°C.

(Garcia et al., 
2007)

Staphylococcus 
aureus

vB_SauS-phi-
IPLA35, 
vB_SauS-phi-
SauS-IPLA88

Counts of S. aureus were significantly decreased in 
cheese made using milk treated with phage compared to 
milk made without the addition of phage. The microbiota 
of the cheese was not impacted by the addition of the 
phage.

(Bueno et al., 
2012)

† Modified from (Moye et al., 2018)
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Table 2. Phage products approved for food safety applications†

Company Phage Product Target 
Organism(s)

Regulatory Certifications References

FINK TEC 
GmbH

Secure Shield E1 E. coli FDA, GRN 724; 
USDA, FSIS Directive 
7120.1

Intralytix, 
Inc.

Ecolicide® 

(Ecolicide PX™)
E. coli O157:H7 USDA, FSIS Directive 

7120.1
EcoShield PX™ E. coli O157:H7 and 

other STECs 
FDA, GRN 834; USDA 
FSIS Directive 7120.1; 
FCN No. 1018

(Vikram et al., 2020)

EcoShield™ E. coli O157:H7 FDA, FCN 1018; Israel 
Ministry of Health; 
Health Canada

Kosher; Halal (Abuladze et al., 
2008; Boyacioglu et 
al., 2013; Carter et 
al., 2012; Ferguson 
et al., 2013; 
Magnone et al., 
2013; Sharma et 
al., 2009)

ListShield™ L. monocytogenes FDA, 21 CFR 172.785; 
FDA, GRN 528; EPA 
Reg. No. 74234-1; 
National Food Service 
of Israel approved as a 
food processing aid for 
the treatment of ready-
to-eat meat and poultry 
products (Ref: 
70275202); Health 
Canada (iLONO)

Kosher; Halal; 
OMRI

(Leverentz et al., 
2003; Leverentz et 
al., 2004; Perera et 
al., 2015)

SalmoFresh™ Salmonella spp. FDA, GRN 435; 
USDA, FSIS Directive 
7120.1; Israel Ministry 
of Health; Health 
Canada

Kosher; Halal; 
OMRI

(Sukumaran et al., 
2015, 2016)

ShigaShield™ 
(ShigActive™)

Shigella spp. FDA, GRN 672 (Mai et al., 2015; 
Soffer et al., 2017)

Micreos 
Food 
Safety

PhageGuard 
Listex™

L. monocytogenes FDA, GRN 198/218; 
FSANZ; EFSA; Swiss 
BAG; Israel Ministry of 
Health; Health Canada

Kosher; Halal; 
OMRI; SKAL

(Carlton et al., 
2005; Chibeu et al., 
2013; Figueiredo 
and Almeida, 2017; 
Guenther et al., 
2009; Oliveira et al., 
2014; Silva et al., 
2014; Soni et al., 
2012; Soni and 
Nannapaneni, 
2010; Soni et al., 
2010)

PhageGuard S™ Salmonella spp. FDA, GRN 468; 
USDA, FSIS Directive 
7120.1; FSANZ; Swiss 
BAG; Israel Ministry of 
Health; Health Canada

Kosher; Halal; 
OMRI; SKAL

(Grant et al., 2017; 
Yeh et al., 2018)

E. coli O157:H7 FDA, GRN 757 

Passport 
Food 
Safety 
Solutions

Finalyse® E. coli O157:H7 USDA, FSIS Directive 
7120.1

Phagelux SalmoPro® Salmonella spp. FDA, GRN 603; 
USDA, FSIS Directive 
7120.1

Salmonella spp. FDA, GRN 752; 
USDA, FSIS Directive 
7120.1

† Modified from (Moye et al., 2018)
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As bacteriophages are the natural enemy of the pathogenic bacteria, phage 
biocontrol could be considered the most natural, environment-friendly 
antimicrobial intervention available today. The application rates for typical phage 
biocontrol interventions are low and are expected to have little if any, 
environmental impact. For instance, the US meat and poultry industry, the largest 
US agricultural sector, produced 52 billion pounds of meat and 48 billion pounds 
of poultry in 2017 (NAMI, 2020). If phages were applied at the maximum 
approved amount (109 PFU/g for one phage product, all other current approvals 
are for up to 107-108 PFU/g) to all 100 billion pounds of meat and poultry 
produced in one year, then the total phages applied would be ~4.5 x 1022 PFU, 
which is just 0.000005% of the minimum estimate of 1 x 1030 PFU present in the 
world. This calculation is a gross overestimate, as it assumes the maximum 
approved amount of phage is applied, especially considering that most GRAS 
approvals only permit an application of up to 108 PFU/g food (reducing the phage 
estimate by a factor of 10). Moreover, this estimate assumes bacteriophage 
biocontrol is universally used by all relevant food industries in the United States. If 
both assumptions were true, theoretical sales for the phage industry would 
exceed $650 billion per year. Additionally, our estimate envisions a worst-case 
scenario, wherein all the phages applied to the foods eventually end up in the 
environment. Again improbable, as they will likely be inactivated prior to reaching 
the environment, either through cooking, consumption (and subsequent 
inactivation in the GI tract) or due to other environmental factors. In short, the 
number of phages added to the environment as a result of phage biocontrol is 
less than negligible, especially when compared to naturally present phage 
populations. 

There are several other characteristics of commercial phage biocontrol 
preparations that make them consumer friendly. For example, many of them do 
not contain any additives or preservatives, and several are certified Kosher, Halal, 
and “Organic” – that is to say, suitable for use in organic foods (e.g., OMRI-listed 
in the USA; SKAL in EU) (Table 2). Phage biocontrol may also provide some cost 
benefits. For example, the costs for some of the currently implemented non-
phage interventions (e.g., irradiation and HPP) range from 10-30 cents per pound 
of treated food (Viator et al., 2017). In contrast, phage biocontrol costs range 
between 1-4 cents per pound, similar to the cost range of harsher chemical 
sanitizers. Therefore, phage biocontrol provides a ‘green’ and safe alternate 
method to control foodborne pathogens, which may demonstrate superior 
biocontrol compared to other interventions while preserving the environment and 
encouraging sustainability. 

While the biological properties of lytic bacteriophages provide advantages for 
improving food safety, these properties also lead to some of the limitations and 
drawbacks to phage biocontrol. As mentioned previously, bacteriophages are 
highly specific and as such, they are only effective against the pathogen of 
interest. Still, if foods are contaminated with multiple pathogens, a combination of 
phage biocontrol products could be used to target more than one pathogen. Since 
bacteriophages themselves are also microorganisms, commonly used 
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disinfectants or chemicals could inactivate them, so their use needs to be 
carefully coordinated within the processing line. In addition, the currently 
marketed phage preparations require refrigerated storage (typically 28°C). Thus, 
a good understanding of the biological properties of bacteriophages and 
designing optimal application regimens that consider those properties is essential 
for the best possible efficacy of phage biocontrol intervention. The main Pros and 
Cons of phage biocontrol are summarized in Table 3 and are also discussed in 
more detail later in this article. 

For food safety applications, lytic bacteriophages can be used for both pre- and 
post-harvest interventions. When applied to live animals, phages can be 
administered via animal feed or spray-applied to hides or feathers prior to 
slaughter. For post-harvest applications, the phage preparations are generally 
applied directly to food surfaces, either via direct spraying, through the packaging 
materials, or by some other means (Lone et al., 2016; Sulakvelidze, 2013). Phage 
biocontrol could also be utilized as a disinfectant for surfaces within the food 
processing facility (Abuladze et al., 2008; Woolston et al., 2013). Several earlier 
reviews of those approaches are available (Endersen et al., 2014; Greer, 2005; 

Table 3. Pros and Cons of phage biocontrol

Pros Cons

Phages are a natural product Not all phages make a good biocontrol agent, e.g. 
temperate phages. These pros refer to wild-type lytic 
phages.

Specific, only targets problem foodborne 
bacterial pathogens

May not ensure full safety of foods if the foods are 
contaminated by a different foodborne pathogen (e.g. 
one not targeted by the phage biocontrol)

Effective in killing targeted bacteria Narrow host range limits their usage in theory; this 
shortcoming can be overcome by using a “cocktail” or a 
combination of phages

Single dose application Residual activity has not been observed on foods 
despite the ability of lytic phages to infect new hosts; 
possibly due to physical inaccessibility on food surfaces 

Narrow potential for resistance and lack 
of cross resistance with antibiotics

Phage resistant bacterial strains can emerge, but using 
a cocktail is shown to reduce the phage resistance

Rapid discovery and relative ease for 
formulation and application

Low inherent toxicity and no adverse 
environmental impact

Does not impact organoleptic, nutritional, 
and rheological properties of the food
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Sulakvelidze, 2013; Woolston and Sulakvelidze, 2015). Other phage-related 
methods such as the use of phage endolysins or using bacteriophages to manage 
food spoilage have also been discussed in various earlier reviews (Greer, 2005; 
Schmelcher and Loessner, 2016). This review provides an updated overview of 
studies describing phage biocontrol predominantly in post-harvest applications, 
the segment that currently appears to be gaining the most momentum (Table 1). 

Phage Biocontrol of Foodborne Pathogenic Bacteria 
Listeria monocytogenes 
Listeriosis, an infection caused by Listeria monocytogenes, results in a range of 
clinical symptoms including mild febrile gastroenteritis to more severe sepsis, 
meningitis, rhombencephalitis, perinatal infections, and abortions (Allerberger and 
Wagner, 2010). L. monocytogenes is generally transmitted when food is handled 
in environments contaminated with the pathogen and is usually contracted by 
consuming improperly processed or cooked meat and milk. L. monocytogenes 
can proliferate at the lower temperatures generally used to refrigerate (2-8°C) 
foods in households and transportation, making it a serious food safety threat. 
Therefore, the detection and control of L. monocytogenes is critically important for 
ensuring the safety of the food chain, especially in RTE foods. L. monocytogenes 
infections appear to have a very high mortality rate. For instance, Havelaar et. al. 
estimated that of the 14,000 L. monocytogenes global infections, recorded in 
2010, approximately 22% of infections resulted in death (Havelaar et al., 2015). 
According to the CDC, L. monocytogenes infections result in approximately 1,600 
illnesses and 320 mortalities each year in the US alone. 

L. monocytogenes was the first foodborne pathogen for which a commercial phage 
biocontrol preparation was developed. That preparation, called ListShield™ 
(originally LMP-102) (Figure 1), was developed and is currently marketed by 
Intralytix, Inc. (Columbia, MD, USA) as either a Food Additive or GRAS (Generally 
Recognized as Safe) food processing aid (Moye et al., 2018). Several studies have 
reported that the ListShield™ is highly efficacious in significantly reducing or 
eliminating L. monocytogenes contamination in a variety of foods, including RTE 
foods (Table 1) such as fruits and vegetables, cheese, and smoked fish (Perera et 
al., 2015). In addition, ListShield™ has been shown to reduce L. monocytogenes by 
approximately 2.2 logs in prepackaged frozen foods, such as those usually served 
in-flight (Perera et al., 2015). Similar efficacy has been reported for Listex™, 
another commercial monophage preparation. Listex™ reduced L. monocytogenes 
on pork ham by ca. 2.8 logs to undetectable levels; in comparison, nisin (a 
polycyclic antibacterial peptide) and sodium lactate resulted in 2 logs and <0.5 log 
reduction in L. monocytogenes levels, respectively (Figueiredo and Almeida, 2017). 
Only the phage mediated reductions were sustained during storage of the ham for 
72 h at 6-8°C, suggesting phage biocontrol was more effective than antimicrobial 
treatments (Figueiredo and Almeida, 2017). The same monophage preparation was 
also shown to reduce L. monocytogenes on the surface of other deli meats (cooked 
sliced turkey and roast beef) stored at 4°C and 10°C (Chibeu et al., 2013). 
Additionally, Listex™ demonstrated synergistic activity against L. monocytogenes, 
with other antimicrobials such as sodium diacetate or potassium lactate (Chibeu et 
al., 2013). 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 279 Curr. Issues Mol. Biol. Vol. 40



Figure 1. ListShield™, the first phage-based product ever to be cleared by the FDA for food safety 
applications. 

Salmonella spp. 
Non-typhoidal Salmonella enterica was estimated to account for 95.1 million 
cases of enterocolitis and 50,771 fatalities in 2017, worldwide (Stanaway et al., 
2019). Salmonella infections are often self-limiting, with symptoms typically 
including stomach cramps, fever, nausea, and diarrhoea, but life-threatening 
instances can occur in cases of dehydration and when the bacteria invade the 
internal organs. According to the CDC estimates, non-typhoidal Salmonella 
causes about 1.35 million illnesses, 26,500 hospitalizations, and 420 deaths 
yearly in the US (Centers for Disease Control and Prevention, 2019c). While 
Salmonellae are typically associated with poultry products, the past several years 
have seen outbreaks caused by a variety of foods, including fruits and 
vegetables, nuts, and fish. In 2019, the CDC reported three fruit-related 
outbreaks, which sickened over 300 people in at least 11 states (Centers for 
Disease Control and Prevention, 2019b, 2020).  

Phage biocontrol of Salmonella has been evaluated by several investigators 
(Table 1). In the US, two phage preparations are currently available commercially 
(Table 2). In general, both commercial and non-commercial phage-preparations 
have been shown to be an efficacious approach to control Salmonella 
contamination of various foods. For example, a recent study demonstrated an 
average of ca. 5 log reduction on lettuce and 0.8 log reduction on sprouts in 
Salmonella levels following application of the commercial six-phage cocktail 
SalmoFresh™ (Zhang et al., 2019). Another study showed ca. 2 log reduction in 
Salmonella population by the same phage cocktail on whole cucumbers (Sharma 
et al., 2017). The same phage cocktail was also reported to be effective in 
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reducing Salmonella concentration on poultry products, with reductions up to 1.2 
logs and 1.3 logs recorded in chicken breast and turkey breast, respectively 
(Sharma et al., 2015; Sukumaran et al., 2016). Finally, reports from our laboratory 
have shown that SalmoFresh™ can also be effective in reducing Salmonella 
contamination of dry pet food as well as raw pet food-ingredients (Soffer et al., 
2016) and glass and stainless steel surfaces (Woolston et al., 2013). Raw pet 
foods present a high risk to not only the pets but also to the unsuspecting owners 
(Soffer et al., 2016). 

Other Salmonella-specific phages with good efficacy were also reported for 
controlling Salmonella in various food applications. For example, Salmonelex™, a 
cocktail of the two phages Fo1a and S16, reduced a mixture of three Salmonella 
serovars by 0.4 logs and 0.7 logs after 30 min and 8 h treatment in ground 
chicken (Grant et al., 2017). The three serovars, S. Typhimurium, S. Newport, and 
S. Thompson, used in this study were isolated from retail ground chicken products 
and represented the real-life contamination of chicken products. Additionally, the 
same study also demonstrated that Salmonelex™ was effective against a 
combined challenge of Salmonella serovars Heidelberg, Enteritidis, and 
Typhimurium obtained from ATCC (Grant et al., 2017). A monophage preparation, 
consisting of SJ2, was able to significantly reduce Salmonella in both liquid egg 
and ground pork during storage at 4°C and 21°C (Hong et al., 2016). 

Shiga toxin-producing Escherichia coli 
Shiga toxin-producing Escherichia coli (STEC, also known as enterohemorrhagic 
E. coli or EHEC) are important foodborne pathogens that cause more than 2.5 
million illnesses globally each year, resulting in 3,330 haemolytic uremic 
syndrome (HUS) cases and 269 deaths (Kirk et al., 2015). According to the CDC’s 
National STEC Surveillance Program, an estimated 5,441 culture confirmed 
STEC infections were recorded in the US in 2016, which was a 26% increase 
over the previous year (Centers for Disease Control and Preventions, 2018). The 
clinical manifestations of STEC infections range from mild diarrhoea to 
hemorrhagic colitis and potentially fatal HUS (Besser et al., 1999). Beef and fresh 
produce are the two most common sources of STEC infections, implicated in 
about 75% of all STEC-related outbreaks in the US (Centers for Disease Control 
and Preventions, 2019; Interagency Food Safety Analytics Collaboration, 2018). 
Lately, poultry products have also been increasingly linked to STEC outbreaks 
(Chen et al., 2018; Mathusa et al., 2010). Additionally, STEC, in particular, E. coli 
O157:H7 has been identified in amphibian, fish, and invertebrate carriers (Ferens 
and Hovde, 2011; Sanath Kumar et al., 2001). 

Phage biocontrol of STEC, particularly E. coli O157:H7, using commercial and 
noncommercial phage preparations has been reported by several investigators. 
As beef products are inherently at high risk for EHEC contamination, initial studies 
primarily focused on controlling EHEC contamination in beef products (Abuladze 
et al., 2008; Hudson et al., 2013a). For example, a single phage FAHEc1, isolated 
from raw sewage, was shown to reduce the STEC counts on beef slices by 
approximately 2 logs under conditions simulating hot boning and conventional 
carcass cooling (Hudson et al., 2013a). In another study, a commercial three 
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phage preparation was shown to reduce E. coli O157:H7 levels by 1.2 logs in 
ground beef (Abuladze et al., 2008), and a different three phage preparation was 
reported to reduce the occurrence of E. coli O157:H7 on beef by approximately 
77% (O'Flynn et al., 2004). 

In addition to phage biocontrol of STEC on beef, several studies have also 
demonstrated the effectiveness of phage biocontrol in reducing E. coli O157:H7 
contamination of other foods, such as fresh produce. A single bacteriophage, 
OSY-SP, that was isolated from sewage and livestock manure, was shown to 
reduce E. coli O157:H7 by 1-4 logs on cut green peppers and baby spinach 
(Snyder et al., 2016). Storage at 4°C for 72 h showed a sustained activity while at 
25°C some bacterial regrowth was observed after 72 h (Snyder et al., 2016). 
Another study demonstrated the effectiveness of a phage cocktail on reducing 
E. coli O157:H7 on fresh-cut cantaloupes and lettuce (Snyder et al., 2016). The 
phage treatment resulted in ca. 2 logs reduction on lettuce and 2-3 log reduction 
in E. coli O157:H7 levels on cantaloupe, clearly demonstrating the effectiveness 
of phage biocontrol on fresh produce (Snyder et al., 2016).  

Initially, most phage preparations, and therefore studies, were primarily focused 
on targeting E. coli O157:H7. However, with the increased frequency of non-O157 
STEC associated disease, more recent research has focused on phage biocontrol 
that targets STEC in general. For example, the phage cocktail EcoShield PX™ 
was granted GRAS affirmation from the FDA (GRN 834) in the winter of 2019 and 
is effective against a broader range of STEC pathogens (Vikram et al., 2020). In a 
study using non-O157 strains, application of a three phage cocktail completely 
inhibited the E. coli strains ATCC 25922 and O127:H6 in ultra-high temperature 
treated (UHT) milk and raw milk at 4°C and 25°C (McLean et al., 2013). 
Furthermore, no regrowth of the two strains was observed following the phage 
treatment and storage at either 4°C or 25°C. In separate experiments, the authors 
demonstrated that, initially, a two-phage cocktail completely inhibited E. coli O5:H, 
an enterohemorrhagic strain, in UHT milk at 4°C and 25°C, but, in this case, 
regrowth of E. coli O5:H- was observed during storage at both temperatures. 
While multiple factors may contribute to the observed regrowth, two plausible 
causes could be strain-specific differences and use of three vs two phage 
cocktail. It is likely that a three phage cocktail may provide better activity and 
suppress the emergence of resistant mutants, as discussed later (Örmälä and 
Jalasvuori, 2013; Woolston et al., 2013; Yuan et al., 2019).  

Shigella spp.  
Shigella species are major foodborne and waterborne pathogens (Tack et al., 
2019). Shigellosis, the infection caused by the bacteria, usually results in 
diarrheal disease, with symptoms ranging from mild stomach cramps to vomiting 
and bloody diarrhoea. While the infection is self-limiting and generally clears 
within 5-7 days, people with compromised immune systems may suffer from more 
severe and debilitating illnesses. In addition, developing countries have a very 
high incidence of shigellosis and children under the age of 5 are 
disproportionately affected (Havelaar et al., 2015; Kotloff et al., 1999). In the US, 
approximately 13,000 culture confirmed cases of shigellosis were reported in 
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2016 (Enteric Disease Laboratory Branch, 2016), with one species S. sonnei, 
accounting for the largest (80.5%) percentage of infections (Enteric Disease 
Laboratory Branch, 2016). Shigella is not a frequent cause of foodborne 
outbreaks in the US, but two recent outbreaks have been linked to contaminated 
asparagus (2018) and raw oysters (2019) (Flynn, 2019; Food and Drug 
Administration, 2019). Shigella is also an issue for the US military, as travel to 
developing countries puts military members at an elevated risk for shigellosis 
(Magnone et al., 2013).  

While several groups have evaluated phage biocontrol of Shigella, currently there 
is only one commercially available phage preparation, ShigaShield™. This five-
phage cocktail is GRAS-listed (GRN 672; Table 2) and has been shown to reduce 
the levels of Shigella by approximately 1 log in a variety of foods, including 
melons, lettuce, yoghurt, deli corned beef, smoked salmon, and chicken breast 
meat (Soffer et al., 2017). Notably, ShigaShield™ is also one of the few 
commercial phage biocontrol preparations that have been examined for its impact 
on the normal gut microflora in mice. In an article from the University of Florida, 
ShigaShield was reported to be well tolerated when administered to mice and, in 
contrast to an antibiotic (ampicillin), to have significantly less impact on the 
normal gut microflora (Mai et al., 2015). Other studies have also demonstrated 
the effectiveness of phage biocontrol in managing Shigella contamination of 
foods. For example, treatment with a phage, designated vB_SflS-ISF001, resulted 
in nearly a 2 log reduction of S. flexneri counts on raw and cooked chicken breast 
samples (Shahin and Bouzari, 2018). The same group examined vB_SflS-ISF001 
and a second phage, vB_SsoSISF002, against a panel of Shigella that had been 
isolated directly from foods (Shahin et al., 2019). Combining the two phages 
showed increased efficacy in reducing the Shigella than when either phage was 
used alone. Phage biocontrol has also been shown to effectively control Shigella 
in contaminated water (Jun et al., 2016). 

Campylobacter jejuni 
Infections due to Campylobacter spp. are one of the most common causes of 
gastroenteritis worldwide, with an estimated 95 million foodborne illnesses yearly 
(Havelaar et al., 2015). In the US, Campylobacter has had the highest rate of 
yearly incidence since 2013 (Tack et al., 2019), with an estimated 1.5 million 
foodborne Campylobacter infections occurring every year (Centers for Disease 
Control and Prevention, 2019a) and an economic impact of about $1.9 billion (in 
2014 dollars) (Economic Research Service, 2014; Hoffmann et al., 2012; Michael 
et al., 2014). Campylobacter is found in contaminated water and is frequently 
associated with animals, including farm animals such as poultry and cows. 

Several Campylobacter bacteriophages have been isolated, generally from 
poultry sources (e.g., faecal matter, surfaces, and internal tissues such as livers 
and ceca), and some of them have been examined for their ability to reduce 
contamination of various foods by Campylobacter (Firlieyanti et al., 2016; 
Hammerl et al., 2014; Kittler et al., 2013; Zampara et al., 2017). Interestingly, 
isolation of Campylobacter-specific phages has almost exclusively been 
performed utilizing just two C. jejuni isolates as a host strains for phage isolation. 
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Most of those were with C. jejuni NCTC 12662 and the isolated phages generally 
specifically targeted the capsular polysaccharide, termed Group III phages 
(Sorensen et al., 2015). In contrast, a few studies used C. jejuni RM1221 as the 
target strain and these phages, termed Group II phages, typically utilize the 
flagella as a route of entry (Sorensen et al., 2015). Most reports of using phages 
for biocontrol are for pre-harvest interventions and studies examining the ability to 
reduce post-harvest contamination of various foods by Campylobacter are limited. 
In a study on chicken neck skin (Zampara et al., 2017), two Group III phages 
were able to reduce contamination by ca. 0.4 logs each when applied as single 
phages, but their efficacy increased to 0.7 log reduction of Campylobacter when 
used in combination with one another. The application of a Group II phage 
showed no effect on the Campylobacter levels. Another group of investigators 
reported 1-3 logs reduction in Campylobacter levels on artificially contaminated 
cooked and raw beef slices (Bigwood et al., 2008). The effects were more 
pronounced when higher levels of bacteria were present and when the phage was 
applied at a higher MOI. Reductions were maintained for up to 8 days at 5°C 
storage. Currently, there are no commercial phage biocontrol products available in 
the US but, given the importance of Campylobacter from the standpoint of food 
safety, it seems likely that such products would be made commercially available in 
the not too distant future. 

Considerations for Phage Biocontrol 
As interest in bacteriophage biocontrol for food safety purposes increases, 
several considerations need to be taken into account for the optimal 
implementation of this novel approach. Some of these aspects are briefly 
discussed below. 

Regulation of Bacteriophage Preparations 
Despite the more than 100-year history of using phages therapeutically in 
humans, their use for food safety applications is a relatively novel concept 
pioneered by a US-based company Intralytix, Inc., which was the first company in 
the world to obtain FDA-approval for bacteriophage product for the phage 
biocontrol applications (note: the FDA does not endorse or approve any 
interventions; however, the term “approval” is commonly used – including 
throughout this review - to indicate that the agency allows the product to be used 
commercially). That first approval was for the L. monocytogenes specific phage 
cocktail called ListShield™ (formerly LMP-102; Figure 1) and it came in the form 
of an amendment of the FDA’s “food additive regulations” in 2006 (Food and Drug 
Administration, 2006). The same product was also listed by FSIS as a suitable 
antimicrobial intervention for ready-to-eat meat and poultry products (FSIS 
Directive 7120.1). The success of this original petition paved the way for other 
companies in the US and abroad to invent and develop new phage products for 
food safety applications – and other approvals indeed soon followed. For 
example, later that same year, the FDA issued a no objection letter for the 
Listeria-specific preparation Listex™ (currently PhageGuard Listex™) as a 
Generally Recognized as Safe (GRAS) substance. As of the day of this writing 
(December 31, 2019), fourteen phage biocontrol products have been approved 
for food safety applications under various regulatory frameworks in the United 
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States (Table 2). Of these fourteen products, eleven products were approved as 
GRAS by the Center for Food Safety and Applied Nutrition (CFSAN) of the FDA, 
and application for GRAS designation now is the most commonly used route for 
regulating phage biocontrol products for post-harvest food applications. The 
approval process includes engaging the USDA, if necessary, to determine if the 
phage preparation should be included in their guidelines for safe and suitable 
ingredients used in the production of meat, poultry, and egg products. The FSIS 
Directive 7120.1 includes both pre- and post-harvest applications, such as the 
application of phage to the hides of cattle and targeted phage application onto 
poultry or meat. While the FSIS guidelines are developed based upon specific 
phage preparation efficacy data, in general, any phage product that meets the 
description in the directive may be considered to be compliant. The use of phage 
preparations for food safety purposes has also received approval in several other 
countries, such as Israel, Canada, Switzerland, Australia, and New Zealand 
(Table 2); these approvals are frequently issued based upon US regulatory 
approvals. One notable exception is the European Food Safety Authority (EFSA) 
which has been slow in adopting this new intervention and has been delaying the 
introduction of phage biocontrol in the European Union. 

Efficacy 
Phage biocontrol typically reduces the levels of targeted bacteria by 1-3 logs, 
which is lower than the up to 5 logs reduction claimed for some other, harsher 
interventions, e.g., irradiation. However, several of the studies reporting such a 
high log reduction have also used a very high inoculum dose for the challenge. 
For example, Nagel et al. (Nagel et al., 2013) used an 8 log inoculum of 
Salmonella and Campylobacter to achieve a 5.5 log reduction in poultry 
carcasses treated with various antimicrobials (including chlorine and peracetic 
acid) in a post-chill immersion tank; whereas the majority of phage biocontrol 
studies have used much lower challenge inoculum (e.g. Soffer et al. (2017) used 
a 3 log inoculum). Thus, higher reductions may be possible if a very high dose of 
bacterial inoculum is used to experimentally contaminate foods during phage 
efficacy studies; e.g., a reduction of up to 5 logs was reported as a result of phage 
treatment by several authors (Guenther et al., 2009; Leverentz et al., 2004)). 
Notably, when a lower inoculum dose is used in challenge studies, many chemical 
antimicrobials (e.g. PAA) also demonstrate lower reduction (Moore et al., 2017) – 
similar to reductions achieved by phage biocontrol. These potentially lower log 
reductions by phage biocontrol may also be more of a perception problem than a 
real technical issue. For instance, ListShield™ reduced the levels of Listeria 
monocytogenes by approximately 1 log in artificially contaminated smoked 
salmon fillets, but when the same cocktail was applied to naturally contaminated 
salmon fillets in a commercial processing facility, the L. monocytogenes was 
completely eliminated (no detectable L. monocytogenes) (Perera et al., 2015). 
Few, if any, foods are contaminated with 5 logs of foodborne bacteria; 
nevertheless, a 5-log reduction sounds much more effective than a 1-3 log 
reduction and the companies marketing phage preparations for the food industry 
may have to overcome this perception challenge. Thus, future phage biocontrol 
studies may need to (i) utilize comparably high initial bacterial challenge levels to 
demonstrate that phage biocontrol can (or cannot) also result in 4-5 log reduction 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 285 Curr. Issues Mol. Biol. Vol. 40



similar to chemical sanitizers, and/or (ii) provide compelling evidence that lower 
reductions (1-3 log) still provide a strong, real life-pertinent protection of foods 
(e.g., result in a significant reduction in the incidence/occurrence of foodborne 
bacteria in foods contaminated with the levels of foodborne bacteria commonly 
found in real-life settings). In support of the second point, a 2003 risk-assessment 
study included a model predicting how reductions in L. monocytogenes 
contamination of pre-retail deli meat would affect the mortality rate associated 
with that pathogen. The predictions indicated that even when only reduced by 1 or 
2 logs, the mortality rate of elderly people due to L. monocytogenes would 
decrease by ca. 50% - 74% (Food and Drug Administration, 2003), suggesting 
even small reductions in contamination may yield significant improvements in 
food safety and public health. 

Additional Technical Challenges 
Phage biocontrol often significantly reduces the levels of the targeted pathogen 
but does not always eliminate it completely from foods. This issue is not phage 
biocontrol-specific and many other antimicrobial treatments of food products 
exhibit similar shortcomings (Kalchayanand et al., 2016; Penney et al., 2007), but 
the possible explanations for the incomplete inactivation by phages differ from 
standard interventions. Three major causes are discussed below. 

Physical Impedance 
A number of factors related to application methods on food and certain inherent 
properties of bacteriophages may hinder the efficacy of phage biocontrol. One of 
the key factors restricting phage efficacy is the food matrix. Phages are required 
to physically adsorb onto the bacteria to exert their lytic activity. This interaction 
can be impeded by the food matrix. Unlike some bacteria, phages are immobile 
and depend on Brownian motion to reach their target (Kasman and Porter, 2019). 
In an event where phages are not evenly sprayed or mixed with the food to 
ensure direct contact of phages with their targeted bacterial cells, the efficacy of 
phage treatment may be significantly reduced. Efficacy may also be lower in drier 
foods where not enough liquid is available to enable Brownian motion. Even in the 
case of foods with adequate moisture, such as meats and cut fruits and 
vegetables, the phages may get trapped in microscopic surface structures and 
not reach the target bacteria, rendering them ineffective. Thus, ensuring thorough 
coverage of the food surface area with phages is perhaps the most critical 
prerequisite for phage biocontrol efficacy. Therefore, carefully designed 
application of the phages for the particular food processing facility is necessary. 
Various approaches, such as adjusting the phage concentration and/or the spray 
volumes, using fine (mist-like) sprays, thoroughly mixing foods during phage 
application, and otherwise ensuring thorough phage application should enhance 
the effectiveness of phage biocontrol. 

Resistance 
Another important challenge is the potential emergence of phage-resistant 
bacterial isolates. The emergence of phage-resistant isolates has not yet been 
reported to be an efficacy-hindering problem during industrial phage biocontrol 
applications, but it remains a valid, and perhaps guaranteed, an eventuality which 
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has been documented under laboratory conditions (Hong et al., 2016; Sillankorva 
et al., 2012). For example, in a study of Salmonella in raw eggs and ground pork, 
the frequency of phage resistant isolates was higher in the raw eggs treated with 
phage than in the untreated eggs; however, the ground pork did not show a 
similar trend (Hong et al., 2016). The food matrices may have played a role, as 
the liquid nature of the raw egg could have allowed more opportunities for the 
phage and Salmonella to interact, which was likely limited on the more solid 
ground pork. Additionally, this study used a single bacteriophage preparation, as 
opposed to a phage cocktail, which might also have contributed to the higher 
phage resistance rates observed. The use of phage cocktail is reported to reduce 
the frequency of emergence of phage resistant mutants (Örmälä and Jalasvuori, 
2013; Woolston et al., 2013; Yuan et al., 2019), as phages can use a variety of 
bacterial surface structures to adsorb (Lindberg and Holme, 1969; Marti et al., 
2013; Zhang et al., 2016). Thus, the smart design of phage preparations, ones 
that contain lytic bacteriophages capable of targeting multiple strains of the same 
species and/or distinct bacterial receptors, can strengthen the potency and 
effectiveness of phage biocontrol. To this end, a PhageSelector™ program has 
been recently reported to help design an optimally effective phage preparation 
with a broad target range against E. coli (Cieplak et al., 2018). Additionally, 
applying phages as close to the end of food processing as possible could help 
reduce the emergence of phage-resistant mutants by limiting the exposure of the 
bacteria to the phages. 

Even when efficacy-hindering resistance evolves, it should be possible to quickly 
update phage preparations by replacing old phages that are no longer effective 
against their targeted strains with new phages that have lytic potency against 
those strains. The technical feasibility of such a “product update” has been 
demonstrated for a Salmonella phage preparation (Woolston et al., 2013). The 
study examined the ability of a six-phage Salmonella phage cocktail to reduce the 
levels of Salmonella on glass and stainless steel surfaces which are commonly 
used as food contact surfaces in the food processing industry (Woolston et al., 
2013). Initial studies demonstrated that the bacteriophage cocktail significantly 
reduced the population of S. Kentucky and S. Brandenburg by ca. 2-4 logs, on all 
surfaces examined. But the phage preparation was ineffective in reducing S. 
Paratyphi B S661 (which was resistant to this phage preparation) levels on the 
hard surfaces contaminated with that strain. Updating the phage preparation by 
replacing two of its original component phages by two new phages with lytic 
potency against the S. Paratyphi B S661 strain, instantly restored the efficacy of 
the preparation. This new phage preparation reduced the S. Paratyphi levels by 
ca. 2 logs on glass and stainless steel surfaces, while also maintaining efficacy 
against the Kentucky and Brandenburg serotypes (Woolston et al., 2013). The 
study provided compelling evidence that phage cocktails could be easily modified 
when needed, e.g., if and when efficacy-hindering phage-resistant mutants 
emerge against a given commercial phage preparation. Implementation of this 
approach in a real-life setting, however, is still not fully delineated, including 
regulatory approvals. Encouragingly, the FDA and USDA have started to allow 
such updates of some commercial phage preparations without the need to go 
through the entire regulatory approval process with every update; e.g., GRN 834 
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for an E. coli-targeted phage cocktail EcoShield PX™ (Table 2) allows the product 
manufacturer to modify the phage preparation to include three to eight lytic 
phages in order to achieve optimal efficacy, including in the event of bacterial 
resistance emerging against the original preparation. 

Temporal resistance to phages on the food matrix may also contribute to 
incomplete elimination of the target bacteria (Hoskisson and Smith, 2007; Tokman 
et al., 2016). Several studies tested this conjecture by evaluating randomly 
selected isolates recovered following phage treatment, however, a clear answer is 
still elusive. The observance of transient phage resistance in studies using pure 
bacterial culture led to the speculation that temporal resistance may contribute to 
the survival of bacteria on the food matrix (Orquera et al., 2015), but the evidence 
from food application of commercial phages is lacking. For example, two studies 
found that the recovered L. monocytogenes isolates following phage treatment 
were susceptible to the phage preparations suggesting that temporal resistance 
was either a very short-termed and an unstable phenomenon or not a major 
contributor to incomplete eradication of the target bacteria on food (Carlton et al., 
2005; Chibeu et al., 2013). 

Implementation 
Phage biocontrol is envisioned to be a part of a multi-hurdle approach for 
improving food safety. Therefore, it requires planning to achieve optimal efficacy 
when combining bacteriophages with other food safety interventions. As almost all 
commonly used chemical sanitizers are capable of inactivating phages, therefore 
phages must be applied separately to ensure that they remain effective 
(Sukumaran et al., 2015). This was illustrated by the decreased efficacy of a 
simultaneous application of bacteriophages and chemical preservatives when 
compared to either treatment individually (Rodríguez et al., 2004). But, if phage 
preparations are carefully incorporated with other approaches, the efficacy of 
each could be – and often is – improved. For instance, in the presence of high 
organic loads, pretreatment of fruits and vegetables with a bacteriophage 
preparation boosted the efficacy of a produce wash by up to 2 logs (Magnone et 
al., 2013). Similarly, studies suggest an additive effect also occurs when phages 
are applied after chemical treatments, as higher reductions were observed in the 
combined treatments than when the interventions were used alone on apples, 
cantaloupes, lettuce, and chicken breast (Moye et al., 2020; Sukumaran et al., 
2015). Phage biocontrol has also been shown to be effective when combined with 
modified atmospheric conditions, having better reductions in bacterial counts on 
chicken breast compared to their storage under aerobic conditions (Sukumaran et 
al., 2016). As modified atmosphere packaging is widely used by the various food 
industries, this observation has direct implication to improve product safety. In 
summary, proper integration of phage biocontrol in the existing Hazard Analysis 
and Critical Control Points (HACCP) protocols is key to it becoming an integral 
part of an effective multi-hurdle approach for improving food safety. 

Acceptance of phage biocontrol 
Today’s consumer is increasingly looking for “green appeal” in their food products 
(Atchley, 2019). There is a growing trend towards the purchase of food products 
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that are not treated with chemical sanitizers or antibiotics and that are sustainably 
and naturally grown and processed, including not “genetically modified” (Lewis 
and Hill, 2020). Demand for health and wellness foods, including organic and 
locally produced food products, such as available at local farmer’s markets and 
community-supported agriculture, has been on the rise (Reganold and Wachter, 
2016; Woods et al.). While this is a welcome trend from the perspective of 
improving consumer health, one of the major challenges for the food industry is to 
keep this minimally treated food safe from microbial contamination. Phages have 
multiple properties that make them the perfect microbial control tool to improve 
the safety of minimally treated food including (i) organic nature of wild-type lytic 
phages, (ii) specific target pathogen control as opposed to generalized killing by 
antibiotics and chemical sanitizers, (iii) minimal or no residual effect on the natural 
microflora of food products, and (iv) no effect on food sensory or health-promoting 
qualities. However, the use of phages is not without challenges. Among these 
hindrances, besides the technical challenges described above, are (1) consumer 
perception and (2) willingness by food producers to adopt this new green 
technology. Consumer perception is perhaps the biggest challenge, as there is a 
potential risk that the phage technology can be misconstrued as “viruses on my 
food,” where viruses are being inherently identified as “bad” by the general 
populace. Food producers take their cue from consumer trends and may be 
reluctant to use phages for microbial control if phage technology is 
miscomprehended. On the other hand, a recognition of the true benefits of phage 
mediated biocontrol of foodborne pathogens, including reduced chemical sanitizer 
use while controlling the pathogens, should encourage consumers and food 
producers to adopt the phage technology.  

Although the science behind the phage technology is unambiguous, overcoming 
the problem of consumer perception and adoption by industry will require a fair 
amount of education of consumers and food processors on basic facts about 
phages and their use. While a limited amount of research has been conducted 
regarding the perception of phages, current evidence suggests that the phage 
biocontrol technology is viewed favourably (Naanwaab et al., 2014). Generally, 
consumers were supportive and even willing to pay a higher price for phage 
treated fresh produce when they were properly educated on the nature of lytic 
bacteriophages and the phage biocontrol approach (Naanwaab et al., 2014). 
Thus, for the phage technology to be embraced by consumers and food 
producers, the basic essential facts, such as the ubiquitous nature of phages, 
their natural presence in all the foods ingested, and their contribution to human 
health (Dalmasso et al., 2014; Guglielmi, 2017; Hatfull, 2008; Sulakvelidze and 
Barrow, 2005), need to be conveyed clearly.  Ideally, phages will gain the 
recognition that the now well-received bacterial probiotics have earned, that 
phages are already a part of our ecosystem and can be beneficial to our health, 
leading to wider acceptance of phage biocontrol and improving the safety of our 
foods. 

Concluding Remarks 
Despite some lingering challenges, phage biocontrol is increasingly being 
recognized for its effectiveness in controlling foodborne pathogens in the food 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 289 Curr. Issues Mol. Biol. Vol. 40



processing industry. Food producers are adopting phage biocontrol as part of a 
multiple hurdle approach to achieve a greater reduction in target pathogens and 
improve food safety. Moreover, a supportive consumer perception will likely 
further propel the adoption of phage biocontrol. A number of commercial phage 
preparations have been approved or are under consideration by the regulatory 
bodies in the US and other countries. The flexibility of commercial phage 
preparations from an application standpoint is helpful for food producers, as 
phages can be employed at either pre-harvest or post-harvest stages, at a variety 
of processing steps, and through various mechanisms such as spraying, dipping, 
etc. The biggest advantage of using phage biocontrol is that wild type lytic phages 
are natural antimicrobials that allow targeted elimination of problem foodborne 
pathogens in foods without deleteriously impacting the natural microflora of foods 
and other nutritional or organoleptic qualities of foods. 

Acknowledgements / Conflict of Interest Statement 
All the authors are employees of Intralytix, Inc., a Maryland-based corporation 
engaged in the development and commercialization of bacteriophage 
preparations for various applications, including phage biocontrol. AS and JW also 
hold an equity stake in Intralytix, Inc. 

References 
Abuladze, T., Li, M., Menetrez, M.Y., Dean, T., Senecal, A., and Sulakvelidze, A. 

(2008). Bacteriophages reduce experimental contamination of hard surfaces, 
tomato, spinach, broccoli, and ground beef by Escherichia coli O157:H7. Appl 
Environ Microbiol 74, 6230-6238.10.1128/AEM.01465-08 

Allerberger, F., and Wagner, M. (2010). Listeriosis: a resurgent foodborne 
infection. Clin Microbiol Infec 16, 16-23.https://doi.org/10.1111/j.
1469-0691.2009.03109.x 

Ashelford, K.E., Day, M.J., and Fry, J.C. (2003). Elevated abundance of 
bacteriophage infecting bacteria in soil. Appl Environ Microb 69, 
285-289.10.1128/aem.69.1.285-289.2003 

Atchley, C. (2019). Top trends driving the global food industry. 10th Jan 2019. 
https://www.foodbusinessnews.net/articles/13554-top-trends-driving-the-global-
food-industry 

Atterbury, R.J., Connerton, P.L., Dodd, C.E., Rees, C.E., and Connerton, I.F. 
(2003). Application of host-specific bacteriophages to the surface of chicken 
skin leads to a reduction in recovery of Campylobacter jejuni. Appl Environ 
Microbiol 69, 6302-6306.10.1128/aem.69.10.6302-6306.2003 

Aw, T.G., Wengert, S., and Rose, J.B. (2016). Metagenomic analysis of viruses 
associated with field-grown and retail lettuce identifies human and animal 
viruses. Int J Food Microbiol 223, 50-56.https://doi.org/10.1016/j.ijfoodmicro.
2016.02.008 

Bai, J., Jeon, B., and Ryu, S. (2019). Effective inhibition of Salmonella 
Typhimurium in fresh produce by a phage cocktail targeting multiple host 
receptors. Food Microbiol 77, 52-60.https://doi.org/10.1016/j.fm.2018.08.011 

Bajovic, B., Bolumar, T., and Heinz, V. (2012). Quality considerations with high 
pressure processing of fresh and value added meat products. Meat Sci 92, 
280-289.10.1016/j.meatsci.2012.04.024 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 290 Curr. Issues Mol. Biol. Vol. 40



Bandara, N., Jo, J., Ryu, S., and Kim, K.P. (2012). Bacteriophages BCP1-1 and 
BCP8-2 require divalent cations for efficient control of Bacillus cereus in 
fermented foods. Food Microbiol 31, 9-16.10.1016/j.fm.2012.02.003 

Bergh, Ø., BØrsheim, K.Y., Bratbak, G., and Heldal, M. (1989). High abundance 
o f v i r u s e s f o u n d i n a q u a t i c e n v i r o n m e n t s . N a t u r e 3 4 0 , 
467-468.10.1038/340467a0 

Besser, R.E., Griffin, P.M., and Slutsker, L. (1999). Escherichia coli O157:H7 
gastroenteritis and the Hemolytic Uremic Syndrome: An emerging infectious 
disease. Ann Rev Medicine 50, 355-367.10.1146/annurev.med.50.1.355 

Beuchat, L.R., and Ryu, J.H. (1997). Produce handling and processing practices. 
Emerg Infect Dis 3, 459-465.10.3201/eid0304.970407 

Bigot, B., Lee, W.J., McIntyre, L., Wilson, T., Hudson, J.A., Billington, C., and 
Heinemann, J.A. (2011). Control of Listeria monocytogenes growth in a ready-
to-eat poultry product using a bacteriophage. Food Microbiol 28, 
1448-1452.10.1016/j.fm.2011.07.001 

Bigwood, T., Hudson, J.A., Billington, C., Carey-Smith, G.V., and Heinemann, J.A. 
(2008). Phage inactivation of foodborne pathogens on cooked and raw meat. 
Food Microbiol 25, 400-406.10.1016/j.fm.2007.11.003 

Boyacioglu, O., Sharma, M., Sulakvelidze, A., and Goktepe, I. (2013). Biocontrol 
of Escherichia coli O157:H7 on fresh-cut leafy greens. Bacteriophage 3, 
e24620.10.4161/bact.24620 

Brüssow, H. (2007). Bacteria between protists and phages: from antipredation 
strategies to the evolution of pathogenicity. Mol Microbiol 65, 583-589.10.1111/j.
1365-2958.2007.05826.x 

Bueno, E., García, P., Martínez, B., and Rodríguez, A. (2012). Phage inactivation 
of Staphylococcus aureus in fresh and hard-type cheeses. Int J Food Microbiol 
158, 23-27.10.1016/j.ijfoodmicro.2012.06.012 

Cadwell, K. (2015). The Virome in Host Health and Disease. Immunity 42, 
805-813.https://doi.org/10.1016/j.immuni.2015.05.003 

Carlton, R.M., Noordman, W.H., Biswas, B., de Meester, E.D., and Loessner, M.J. 
(2005). Bacteriophage P100 for control of Listeria monocytogenes in foods: 
genome sequence, bioinformatic analyses, oral toxicity study, and application. 
Regul Toxicol Pharmacol 43, 301-312.10.1016/j.yrtph.2005.08.005 

Carter, C.D., Parks, A., Abuladze, T., Li, M., Woolston, J., Magnone, J., Senecal, 
A., Kropinski, A.M., and Sulakvelidze, A. (2012). Bacteriophage cocktail 
significantly reduces Escherichia coli O157:H7 contamination of lettuce and 
beef, but does not protect against recontamination. Bacteriophage 2, 
178-185.10.4161/bact.22825 

Centers for Disease Control and Prevention (2019a). Campylobacter 
(Campylobacteriosis). 9th Jan, 2020. https://www.cdc.gov/campylobacter/
faq.html 

Centers for Disease Control and Prevention (2019b). Outbreak of Salmonella 
infections linked to pre-cut melons. 7th Jan, 2020. https://www.cdc.gov/
salmonella/carrau-04-19/index.html 

Centers for Disease Control and Prevention (2019c). Salmonella. 18th Nov 2019. 
https://www.cdc.gov/salmonella/ 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 291 Curr. Issues Mol. Biol. Vol. 40



Centers for Disease Control and Prevention (2020). Outbreak of Salmonella 
infections linked to cut fruit. 7th Jan, 2020. https://www.cdc.gov/salmonella/
javiana-12-19/index.html 

Centers for Disease Control and Preventions (2018). National Shiga toxin-
producing Escherichia coli (STEC) surveillance annual report, 2016 (Atlanta, 
Georgia: US Department of Health and Human Services, CDC) 

Centers for Disease Control and Preventions (2019). Foodborne outbreaks. 17th 
July 2019. https://www.cdc.gov/foodsafety/outbreaks/multistate-outbreaks/
outbreaks-list.html 

Chen, F.-C., Godwin, S., Green, A., Chowdhury, S., and Stone, R. (2018). 
Prevalence of Salmonella, Campylobacter, and Shiga Toxin–Producing 
Escherichia coli on the surfaces of raw poultry packages. J Food Prot 81, 
1707-1712.10.4315/0362-028x.Jfp-18-149 

Chen, L.-K., Kuo, S.-C., Chang, K.-C., Cheng, C.-C., Yu, P.-Y., Chang, C.-H., 
Chen, T.-Y., and Tseng, C.-C. (2017). Clinical antibiotic-resistant Acinetobacter 
baumannii strains with higher susceptibility to environmental phages than 
antibiotic-sensitive strains. Scientific Rep 7, 6319.10.1038/s41598-017-06688-w 

Chibeu, A., Agius, L., Gao, A., Sabour, P.M., Kropinski, A.M., and Balamurugan, S. 
(2013). Efficacy of bacteriophage LISTEXTM P100 combined with chemical 
antimicrobials in reducing Listeria monocytogenes in cooked turkey and roast 
beef. Int J Food Microbiol 167, 208-214.10.1016/j.ijfoodmicro.2013.08.018 

Cieplak, T., Soffer, N., Sulakvelidze, A., and Nielsen, D.S. (2018). A bacteriophage 
cocktail targeting Escherichia coli reduces E. coli in simulated gut conditions, 
while preserving a non-targeted representative commensal normal microbiota. 
Gut Microbes 9, 391-399.10.1080/19490976.2018.1447291 

Dalmasso, M., Hill, C., and Ross, R.P. (2014). Exploiting gut bacteriophages for 
human health. Trends Microbiol 22, 399-405.10.1016/j.tim.2014.02.010 

Delwart, E. (2012). Animal virus discovery: improving animal health, 
understanding zoonoses, and opportunities for vaccine development. Curr Opin 
Virol 2, 344-352.https://doi.org/10.1016/j.coviro.2012.02.012 

Dietert, R.R., and Dietert, J.M. (2015). The microbiome and sustainable 
healthcare. Healthcare 3, 100-129.10.3390/healthcare3010100 

Economic Research Service (2014). Cost Estimates of Foodborne Illnesses. 
http://ersusdagov/data-products/cost-estimates-of-foodborne-illnessesaspx 

Endersen, L., Coffey, A., Neve, H., McAuliffe, O., Ross, R.P., and O'Mahony, J.M. 
(2013). Isolation and characterisation of six novel mycobacteriophages and 
investigation of their antimicrobial potential in milk. Int Dairy J 28, 8-14.10.1016/
j.idairyj.2012.07.010 

Endersen, L., O'Mahony, J., Hill, C., Ross, R.P., McAuliffe, O., and Coffey, A. 
(2014). Phage therapy in the food industry. Annu Rev Food Sci Technol 5, 
327-349.10.1146/annurev-food-030713-092415 

Enteric Disease Laboratory Branch (2016). National Enteric Disease Surveillance: 
Shigella Annual Report, 2016. 9th Dec 2019. https://www.cdc.gov/shigella/
surveillance.html 

Fatica, M.K., and Schneider, K.R. (2009). The use of chlorination and alternative 
sanitizers in the produce industry. CAB Reviews: Perspectives in Agriculture, 
Veterinary Science, Nutrition and Natural Resources 4, 1-10.10.1079/
PAVSNNR20094052 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 292 Curr. Issues Mol. Biol. Vol. 40



Ferens, W.A., and Hovde, C.J. (2011). Escherichia coli O157:H7: Animal reservoir 
and sources of human infection. Foodborne Pathogens Dis 8, 465-487.10.1089/
fpd.2010.0673 

Ferguson, S., Roberts, C., Handy, E., and Sharma, M. (2013). Lytic 
bacteriophages reduce Escherichia coli O157:H7 on fresh cut lettuce introduced 
through cross-contamination. Bacteriophage 3, e24323.10.4161/bact.24323 

Figueiredo, A.C.L., and Almeida, R.C.C. (2017). Antibacterial efficacy of nisin, 
bacteriophage P100 and sodium lactate against Listeria monocytogenes in 
ready-to-eat sliced pork ham. Braz J Microbiol 48, 724-729.10.1016/j.bjm.
2017.02.010 

Firlieyanti, A.S., Connerton, P.L., and Connerton, I.F. (2016). Campylobacters and 
their bacteriophages from chicken liver: The prospect for phage biocontrol. Int J 
Food Microbiol 237, 121-127.10.1016/j.ijfoodmicro.2016.08.026 

Flynn, D. (2019). Oregon wedding and reception last August was a big Shigella 
event. Food Safety News. https://www.foodsafetynews.com/2019/04/oregon-
wedding-and-reception-last-august-was-a-big-shigella-event/ 

Food and Drug Administration (1997). Irradiation in the Production, Processing 
and Handling of Food. 21 CFR 179, 62 FR 64107 64107-64121  

Food and Drug Administration (2003). Quantitative assessment of relative risk to 
public health from foodborne Listeria monocytogenes among selected 
categories of ready-to-eat foods. March 19. https://www.fda.gov/downloads/
food/scienceresearch/researchareas/riskassessmentsafetyassessment/
ucm197330.pdf 

Food and Drug Administration (2006). Food Additives Permitted for Direct Addition 
to Food for Human Consumption; Bacteriophage Preparation. 21 CFR 172, 71 
FR 47729. 

Food and Drug Administration (2015). Standards for the growing, harvesting, 
packing, and holding of produce for human consumption, Food and Drug 
Administration, ed.  

Food and Drug Administration (2019). FDA investigation of Shigella illnesses 
linked to imported raw oysters. 9th Jan, 2020. https://www.fda.gov/food/alerts-
advisories-safety-information/fda-investigation-shigella-illnesses-linked-
imported-raw-oysters 

Food Safety and Inspection Service (2012). Shiga Toxin-Producing Escherichia 
coli in certain raw beef products, US Department of Agriculture, ed.  

Galarce, N.E., Bravo, J.L., Robeson, J.P., and Borie, C.F. (2014). Bacteriophage 
cocktail reduces Salmonella enterica serovar Enteritidis counts in raw and 
smoked salmon tissues. Revista Argentina de Microbiología 46, 333-337.https://
doi.org/10.1016/S0325-7541(14)70092-6 

Garcia, P., Madera, C., Martinez, B., and Rodriguez, A. (2007). Biocontrol of 
Staphylococcus aureus in curd manufacturing processes using bacteriophages. 
Int Dairy J 17, 1232-1239.10.1016/j.idairyj.2007.03.014 

Gomez-Lopez, V.M. (2012). Decontamination of Fresh and Minimally Processed 
Produce (John Wiley & Sons) 

Goode, D., Allen, V.M., and Barrow, P.A. (2003). Reduction of experimental 
Salmonella and Campylobacter contamination of chicken skin by application of 
lytic bacteriophages. Appl Environ Microbiol 69, 5032-5036.10.1128/Aem.
69.8.5032-5036.2003 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 293 Curr. Issues Mol. Biol. Vol. 40



Grant, A., Parveen, S., Schwarz, J., Hashem, F., and Vimini, B. (2017). Reduction 
of Salmonella in ground chicken using a bacteriophage. Poult Sci 96, 
2845-2852.10.3382/ps/pex062 

Greer, G.G. (2005). Bacteriophage control of foodborne bacteria. J Food Prot 68, 
1102-1111.10.4315/0362-028x-68.5.1102 

Guenther, S., Herzig, O., Fieseler, L., Klumpp, J., and Loessner, M.J. (2012). 
Biocontrol of Salmonella Typhimurium in RTE foods with the virulent 
bacteriophage FO1-E2. Int J Food Microbiol 154, 66-72.10.1016/j.ijfoodmicro.
2011.12.023 

Guenther, S., Huwyler, D., Richard, S., and Loessner, M.J. (2009). Virulent 
bacteriophage for efficient biocontrol of Listeria monocytogenes in ready-to-eat 
foods. Appl Environ Microbiol 75, 93-100.10.1128/AEM.01711-08 

Guenther, S., and Loessner, M.J. (2011). Bacteriophage biocontrol of Listeria 
monocytogenes on soft ripened white mold and red-smear cheeses. 
Bacteriophage 1, 94-100.10.4161/bact.1.2.15662 

Guglielmi, G. (2017). Do bacteriophage guests protect human health? Science 
358, 982-983.10.1126/science.358.6366.982 

Hagens, S., de Vegt, B., and Peterson, R. (2018). Efficacy of a Commercial 
Phage Cocktail in Reducing Salmonella Contamination on Poultry Products- 
Laboratory Data and Industrial Trial Data. Meat Muscle Biol 2, 
156-156.10.221751/rmc2018.136 

Hammerl, J.A., Jäckel, C., Alter, T., Janzcyk, P., Stingl, K., Knüver, M.T., and 
Hertwig, S. (2014). Reduction of Campylobacter jejuni in broiler chicken by 
successive application of group II and group III phages. Plos One 9, e114785. 
https://doi.org/10.1371/journal.pone.0114785 

Hannigan, G.D., Meisel, J.S., Tyldsley, A.S., Zheng, Q., Hodkinson, B.P., 
SanMiguel, A.J., Minot, S., Bushman, F.D., and Grice, E.A. (2015). The human 
skin double-stranded DNA virome: Topographical and temporal diversity, genetic 
enrichment, and dynamic associations with the host microbiome. mBio 6, 
e01578-01515.10.1128/mBio.01578-15 

Hatfull, G.F. (2008). Bacteriophage genomics. Curr Opin Microbiol 11, 
447-453.10.1016/j.mib.2008.09.004 

Havelaar, A.H., Kirk, M.D., Torgerson, P.R., Gibb, H.J., Hald, T., Lake, R.J., Praet, 
N., Bellinger, D.C., de Silva, N.R., Gargouri, N., et al. (2015). World Health 
Organization Global Estimates and Regional Comparisons of the Burden of 
Foodborne Disease in 2010. PLoS Med 12, e1001923.10.1371/journal.pmed.
1001923 

Hesse, S., and Adhya, S. (2019). Phage therapy in the twenty-first century: 
Facing the decline of the antibiotic era; is it finally time for the age of the phage? 
Ann Rev Microbiol 73, 155-174.10.1146/annurev-micro-090817-062535 

Higgins, J.P., Higgins, S.E., Guenther, K.L., Huff, W., Donoghue, A.M., Donoghue, 
D.J., and Hargis, B.M. (2005). Use of a specific bacteriophage treatment to 
reduce Salmonella in poultry products. Poult Sci 84, 1141-1145.10.1093/ps/
84.7.1141 

Hoffmann, S., Batz, M.B., and J. Glenn Morris, J. (2012). Annual cost of illness 
and quality-adjusted life year losses in the United States due to 14 foodborne 
pathogens. J Food Prot 75, 1292-1302.10.4315/0362-028x.Jfp-11-417 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 294 Curr. Issues Mol. Biol. Vol. 40



Hong, Y., Schmidt, K., Marks, D., Hatter, S., Marshall, A., Albino, L., and Ebner, P. 
(2016). Treatment of Salmonella-contaminated eggs and pork with a broad-
spectrum, single bacteriophage: Assessment of efficacy and resistance 
development. Foodborne Pathog Dis 13, 679-688.10.1089/fpd.2016.2172 

Hoskisson, P.A., and Smith, M.C. (2007). Hypervariation and phase variation in 
the bacteriophage 'resistome'. Curr Opin Microbiol 10, 396-400.10.1016/j.mib.
2007.04.003 

Hudson, J.A., Billington, C., Cornelius, A.J., Wilson, T., On, S.L.W., Premaratne, 
A., and King, N.J. (2013a). Use of a bacteriophage to inactivate Escherichia coli 
O157:H7 on beef. Food Microbiol 36, 14-21.https://doi.org/10.1016/j.fm.
2013.03.006 

Hudson, J.A., Billington, C., Wilson, T., and On, S.L. (2013b). Effect of phage and 
host concentration on the inactivation of Escherichia coli O157:H7 on cooked 
and raw beef. Food Sci Technol Int 21, 104-109.10.1177/1082013213513031 

Hui, Y.H. (2003). Food Plant Sanitation (New York, NY: Marcel Dekker, Inc) 
Hungaro, H.M., Mendonça, R.C.S., Gouvêa, D.M., Vanetti, M.C.D., and Pinto, 

C.L.D. (2013). Use of bacteriophages to reduce Salmonella in chicken skin in 
comparison with chemical agents. Food Res Int 52, 75-81.10.1016/j.foodres.
2013.02.032 

Interagency Food Safety Analytics Collaboration (2018). Foodborne illness source 
attribution estimates for 2016 for Salmonella, Escherichia coli O157, Listeria 
monocytogenes, and Campylobacter using multi-year outbreak surveillance 
data, United States, C. US Department of Health and Human Services, ed. 
(Atlanta, GA: https://www.cdc.gov/foodsafety/ifsac/pdf/P19-2016-report-
TriAgency-508.pdf) 

Islam, M.S., Zhou, Y., Liang, L., Nime, I., Liu, K., Yan, T., Wang, X., and Li, J. 
(2019). Application of a phage cocktail for control of Salmonella in foods and 
reducing biofilms. Viruses 11, 841.10.3390/v11090841 

Jun, J.W., Giri, S.S., Kim, H.J., Yun, S.K., Chi, C., Chai, J.Y., Lee, B.C., and Park, 
S.C. (2016). Bacteriophage application to control the contaminated water with 
Shigella. Scientific Rep 6, 22636.10.1038/srep22636 

Kalchayanand, N., Koohmaraie, M., and Wheeler, T.L. (2016). Effect of exposure 
time and organic matter on efficacy of antimicrobial compounds against shiga 
toxin–producing Escherichia coli and Salmonella. J Food Prot 79, 
561-568.10.4315/0362-028x.Jfp-15-204 

Kang, H.W., Kim, J.W., Jung, T.S., and Woo, G.J. (2013). Wksl3, a new biocontrol 
agent for Salmonella enterica serovars enteritidis and typhimurium in foods: 
Characterization, application, sequence analysis, and oral acute toxicity study. 
Appl Environ Microbiol 79, 1956-1968.10.1128/Aem.02793-12 

Kasman, L.M., and Porter, L.D. (2019). Bacteriophages. 10th Dec 2019. https://
www.ncbi.nlm.nih.gov/books/NBK493185 

Kim, K.P., Klumpp, J., and Loessner, M.J. (2007). Enterobacter sakazakii 
bacteriophages can prevent bacterial growth in reconstituted infant formula. Int 
J Food Microbiol 115, 195-203.10.1016/j.ijfoodmicro.2006.10.029 

Kirk, M.D., Pires, S.M., Black, R.E., Caipo, M., Crump, J.A., Devleesschauwer, B., 
Döpfer, D., Fazil, A., Fischer-Walker, C.L., Hald, T., et al. (2015). World Health 
Organization estimates of the global and regional disease burden of 22 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 295 Curr. Issues Mol. Biol. Vol. 40



foodborne bacterial, protozoal, and viral diseases, 2010: A data synthesis. 
PLOS Med 12, e1001921.10.1371/journal.pmed.1001921 

Kittler, S., Fischer, S., Abdulmawjood, A., Glunder, G., and Klein, G. (2013). Effect 
of bacteriophage application on Campylobacter jejuni loads in commercial 
broiler flocks. Appl Environ Microbiol 79, 7525-7533.10.1128/AEM.02703-13 

Kortright, K.E., Chan, B.K., Koff, J.L., and Turner, P.E. (2019). Phage therapy: A 
renewed approach to combat antibiotic-resistant bacteria. Cell Host Microbe 25, 
219-232.https://doi.org/10.1016/j.chom.2019.01.014 

Kotloff, K.L., Winickoff, J.P., Ivanoff, B., Clemens, J.D., Swerdlow, D.L., 
Sansonetti, P.J., Adak, G.K., and Levine, M.M. (1999). Global burden of Shigella 
infections: implications for vaccine development and implementation of control 
strategies. Bull World Health Organ 77, 651-666.https://apps.who.int/iris/handle/
10665/267903 

Kutter, E., and Sulakvelidze, A. (2004). Bacteriophages: biology and applications 
(Boca Raton, FL: CRC Press).https://doi.org/10.1201/9780203491751  

Leverentz, B., Conway, W.S., Alavidze, Z., Janisiewicz, W.J., Fuchs, Y., Camp, 
M.J., Chighladze, E., and Sulakvelidze, A. (2001). Examination of 
bacteriophage as a biocontrol method for Salmonella on fresh-cut fruit: a model 
study. J Food Prot 64, 1116-1121.https://doi.org/10.4315/0362-028X-64.8.1116 

Leverentz, B., Conway, W.S., Camp, M.J., Janisiewicz, W.J., Abuladze, T., Yang, 
M., Saftner, R., and Sulakvelidze, A. (2003). Biocontrol of Listeria 
monocytogenes on fresh-cut produce by treatment with lytic bacteriophages 
and a bacteriocin. Appl Environ Microbiol 69, 4519-4526.10.1128/aem.
69.8.4519-4526.2003 

Leverentz, B., Conway, W.S., Janisiewicz, W., and Camp, M.J. (2004). Optimizing 
concentration and timing of a phage spray application to reduce Listeria 
monocytogenes on honeydew melon t issue. J Food Prot 67 , 
1682-1686.10.4315/0362-028x-67.8.1682 

Lewis, R., and Hill, C. (2020). Overcoming barriers to phage application in food 
and feed. Curr Opin Biotechnol 61, 38-44.https://doi.org/10.1016/j.copbio.
2019.09.018 

Lindberg, A.A., and Holme, T. (1969). Influence of O side chains on the 
attachment of the Felix O-1 bacteriophage to Salmonella bacteria. J Bacteriol 
99, 513-519 

Lone, A., Anany, H., Hakeem, M., Aguis, L., Avdjian, A.C., Bouget, M., Atashi, A., 
Brovko, L., Rochefort, D., and Griffiths, M.W. (2016). Development of prototypes 
of bioactive packaging materials based on immobilized bacteriophages for 
control of growth of bacterial pathogens in foods. Int J Food Microbiol 217, 
49-58.10.1016/j.ijfoodmicro.2015.10.011 

Magnone, J.P., Marek, P.J., Sulakvelidze, A., and Senecal, A.G. (2013). Additive 
approach for inactivation of Escherichia coli O157:H7, Salmonella, and Shigella 
spp. on contaminated fresh fruits and vegetables using bacteriophage cocktail 
and produce wash. J Food Prot 76, 1336-1341.10.4315/0362-028X.JFP-12-517 

Mai, V., Ukhanova, M., Reinhard, M.K., Li, M., and Sulakvelidze, A. (2015). 
Bacteriophage administration significantly reduces Shigella colonization and shedding 
by Shigella-challenged mice without deleterious side effects and distortions in the gut 
microbiota. Bacteriophage 5, e1088124.10.1080/21597081.2015.1088124 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 296 Curr. Issues Mol. Biol. Vol. 40



Marti, R., Zurfluh, K., Hagens, S., Pianezzi, J., Klumpp, J., and Loessner, M.J. 
(2013). Long tail fibres of the novel broad-host-range T-even bacteriophage S16 
specifically recognize Salmonella OmpC. Mol Microbiol 87, 818-834.10.1111/
mmi.12134 

Mathusa, E.C., Chen, Y., Enache, E., and Hontz, L. (2010). Non-O157 Shiga 
Tox in–Produc ing Escher i ch ia co l i i n foods . J Food Pro t 73 , 
1721-1736.10.4315/0362-028x-73.9.1721 

Maukonen, J., Matto, J., Wirtanen, G., Raaska, L., Mattila-Sandholm, T., and 
Saarela, M. (2003). Methodologies for the characterization of microbes in 
industrial environments: a review. J Ind Microbiol Biotechnol 30, 327 - 
356.10.1007/s10295-003-0056-y 

McLean, S.K., Dunn, L.A., and Palombo, E.A. (2013). Phage inhibition of 
Escherichia coli in ultrahigh-temperature-treated and raw milk. Foodborne 
Pathog Dis 10, 956-962.10.1089/fpd.2012.1473 

Michael, B., Sandra, H., and Jr., M.J.G. (2014). Disease-outcome trees, eq-5d 
scores, and estimated annual losses of quality-adjusted life years (qalys) for 14 
foodborne pathogens in the united states. Foodborne Pathogens Dis 11, 
395-402.10.1089/fpd.2013.1658 

Modi, R., Hirvi, Y., Hill, A., and Griffiths, M.W. (2001). Effect of phage on survival of 
Salmonella Enteritidis during manufacture and storage of cheddar cheese made from 
raw and pasteurized milk. J Food Prot 64, 927-933.10.4315/0362-028x-64.7.927 

Mohiuddin, M., and Schellhorn, H. (2015). Spatial and temporal dynamics of virus 
occurrence in two freshwater lakes captured through metagenomic analysis. 
Front Microbiol 6, 960.https://doi.org/10.3389/fmicb.2015.00960 

Moore, A., Nannapaneni, R., Kiess, A., and Sharma, C.S. (2017). Evaluation of 
USDA approved antimicrobials on the reduction of Salmonella and 
Campylobacter in ground chicken frames and their effect on meat quality. 
Poultry Sci 96, 2385-2392.https://doi.org/10.3382/ps/pew497 

Moye, Z., Rajanna, C., Tokman, J., Fanelli, B., Hasan, N., Marek, P., Senecal, A., 
and Sulakvelidze, A. (2020). Treatment of fresh produce with a Salmonella-
targeted bacteriophage cocktail is compatible with chlorine or peracetic acid and 
more consistently preserves the microbial community on produce. J Food 
Safety In Press.10.1111/jfs.12763 

Moye, Z.D., Woolston, J., and Sulakvelidze, A. (2018). Bacteriophage applications 
for food production and processing. Viruses 10.10.3390/v10040205 

Naanwaab, C., Yeboah, O.A., Ofori Kyei, F., Sulakvelidze, A., and Goktepe, I. (2014). 
Evaluation of consumers' perception and willingness to pay for bacteriophage 
treated fresh produce. Bacteriophage 4, e979662.10.4161/21597081.2014.979662 

Nagel, G.M., Bauermeister, L.J., Bratcher, C.L., Singh, M., and McKee, S.R. 
(2013). Salmonella and Campylobacter reduction and quality characteristics of 
poultry carcasses treated with various antimicrobials in a post-chill immersion 
tank. Int J Food Microbiol 165, 281-286.https://doi.org/10.1016/j.ijfoodmicro.
2013.05.016 

NAMI (2020). The United States Meat Industry at a Glance. 01/10/2020. https://
www.meatinstitute.org/index.php?ht=d/sp/i/47465/pid/47465 

O'Flynn, G., Ross, R.P., Fitzgerald, G.F., and Coffey, A. (2004). Evaluation of a 
cocktail of three bacteriophages for biocontrol of Escherichia coli O157:H7. Appl 
Environ Microbiol 70, 3417-3424.10.1128/AEM.70.6.3417-3424.2004 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 297 Curr. Issues Mol. Biol. Vol. 40



Oliveira, M., Viñas, I., Colàs, P., Anguera, M., Usall, J., and Abadias, M. (2014). 
Effectiveness of a bacteriophage in reducing Listeria monocytogenes on fresh-
cut fruits and fruit juices. Food Microbiol 38, 137-142.10.1016/j.fm.2013.08.018 

Örmälä, A.-M., and Jalasvuori, M. (2013). Phage therapy. Bacteriophage 3, 
e24219.10.4161/bact.24219 

Orquera, S., Hertwig, S., Alter, T., Hammerl, J.A., Jirova, A., and Golz, G. (2015). 
Development of transient phage resistance in Campylobacter coli against the 
group II phage CP84. Berl Munch Tierarztl Wochenschr 128, 141-147 

Park, E.-J., Kim, K.-H., Abell, G.C.J., Kim, M.-S., Roh, S.W., and Bae, J.-W. 
(2011). Metagenomic Analysis of the Viral Communities in Fermented Foods. 
Appl Environ Microbiol 77, 1284-1291.10.1128/aem.01859-10 

Penney, N., Bigwood, T., Barea, H., Pulford, D., Leroux, G., Cook, R., Jarvis, G., 
and Brightwell, G. (2007). Efficacy of a peroxyacetic acid formulation as an 
antimicrobial intervention to reduce levels of inoculated Escherichia coli 
O157:H7 on external carcass surfaces of hot-boned beef and veal. J Food Prot 
70, 200-203.10.4315/0362-028x-70.1.200 

Perera, M.N., Abuladze, T., Li, M., Woolston, J., and Sulakvelidze, A. (2015). 
Bacteriophage cocktail significantly reduces or eliminates Listeria 
monocytogenes contamination on lettuce, apples, cheese, smoked salmon and 
frozen foods. Food Microbiol 52, 42-48.10.1016/j.fm.2015.06.006 

Reganold, J.P., and Wachter, J.M. (2016). Organic agriculture in the twenty-first 
century. Nat Plants 2, 15221.10.1038/nplants.2015.221 

Rodríguez, E., Seguer, J., Rocabayera, X., and Manresa, A. (2004). Cellular 
effects of monohydrochloride of L-arginine, Nα-lauroyl ethylester (LAE) on 
exposure to Salmonella typhimurium and Staphylococcus aureus. J Appl 
Microbiol 96, 903-912.10.1111/j.1365-2672.2004.02207.x 

Salmond, G.P.C., and Fineran, P.C. (2015). A century of the phage: past, present 
and future. Nature Rev Microbiol 13, 777.10.1038/nrmicro3564 

Sanath Kumar, H., Otta, S.K., Karunasagar, I., and Karunasagar, I. (2001). 
Detection of Shiga-toxigenic Escherichia coli (STEC) in fresh seafood and meat 
marketed in Mangalore, India by PCR. Lett Applied Microbiol 33, 
334-338.10.1046/j.1472-765X.2001.01007.x 

Scharff, R.L. (2012). Economic burden from health losses due to foodborne illness 
in the United States. J Food Prot 75, 123-131.10.4315/0362-028X.JFP-11-058 

Schmelcher, M., and Loessner, M.J. (2016). Bacteriophage endolysins: 
applications for food safety. Curr Opin Biotechnol 37, 76-87.10.1016/j.copbio.
2015.10.005 

Shahin, K., and Bouzari, M. (2018). Bacteriophage application for biocontrolling 
Shigella flexneri in contaminated foods. J Food Sci Technol 55, 
550-559.10.1007/s13197-017-2964-2 

Shahin, K., Bouzari, M., Wang, R., and Yazdi, M. (2019). Prevalence and 
molecular characterization of multidrug-resistant Shigella species of food origins 
and their inactivation by specific lytic bacteriophages. Int J Food Microbiol 305, 
108252.https://doi.org/10.1016/j.ijfoodmicro.2019.108252 

Sharma, C.S., Dhakal, J., and Nannapaneni, R. (2015). Efficacy of lytic bacteriophage 
preparation in reducing Salmonella in vitro, on turkey breast cutlets, and on ground 
turkey. J Food Prot 78, 1357-1362.10.4315/0362-028x.Jfp-14-585 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 298 Curr. Issues Mol. Biol. Vol. 40



Sharma, M., Dashiell, G., Handy, E.T., East, C., Reynnells, R., White, C., Nyarko, 
E., Micallef, S., Hashem, F., and Millner, P.D. (2017). Survival of Salmonella 
Newport on whole and fresh-cut cucumbers treated with lytic bacteriophages. J 
Food Prot 80, 668-673.10.4315/0362-028x.Jfp-16-449 

Sharma, M., Patel, J.R., Conway, W.S., Ferguson, S., and Sulakvelidze, A. 
(2009). Effectiveness of bacteriophages in reducing Escherichia coli O157:H7 
o n f r e s h - c u t c a n t a l o u p e s a n d l e t t u c e . J F o o d P r o t 7 2 , 
1481-1485.10.4315/0362-028x-72.7.1481 

Shkoporov, A.N., Clooney, A.G., Sutton, T.D.S., Ryan, F.J., Daly, K.M., Nolan, 
J.A., McDonnell, S.A., Khokhlova, E.V., Draper, L.A., Forde, A., et al. (2019). 
The human gut virome is highly diverse, stable and individual-specific. bioRxiv, 
657528.10.1101/657528 

Sillankorva, S.M., Oliveira, H., and Azeredo, J. (2012). Bacteriophages and their 
role in food safety. Int J Microbiol 2012, 13.10.1155/2012/863945 

Silva, E.N., Figueiredo, A.C., Miranda, F.A., and de Castro Almeida, R.C. (2014). 
Control of Listeria monocytogenes growth in soft cheeses by bacteriophage 
P100. Braz J Microbiol 45, 11-16.10.1590/s1517-83822014000100003 

Snyder, A.B., Perry, J.J., and Yousef, A.E. (2016). Developing and optimizing 
bacteriophage treatment to control enterohemorrhagic Escherichia coli on fresh 
produce. Int J Food Microbiol 236, 90-97.10.1016/j.ijfoodmicro.2016.07.023 

Soffer, N., Abuladze, T., Woolston, J., Li, M., Hanna, L.F., Heyse, S., 
Charbonneau, D., and Sulakvelidze, A. (2016). Bacteriophages safely reduce 
Salmonella contamination in pet food and raw pet food ingredients. 
Bacteriophage 6, e1220347.10.1080/21597081.2016.1220347 

Soffer, N., Woolston, J., Li, M., Das, C., and Sulakvelidze, A. (2017). 
Bacteriophage preparation lytic for Shigella significantly reduces Shigella sonnei 
contamination in various foods. PLoS One 12, e0175256.10.1371/journal.pone.
0175256 

Sohaib, M., Anjum, F.M., Arshad, M.S., and Rahman, U.U. (2016). Postharvest 
intervention technologies for safety enhancement of meat and meat based 
products; a critical review. J Food Sci Technol 53, 19-30.10.1007/
s13197-015-1985-y 

Soni, K.A., Desai, M., Oladunjoye, A., Skrobot, F., and Nannapaneni, R. (2012). 
Reduction of Listeria monocytogenes in queso fresco cheese by a combination 
of listericidal and listeriostatic GRAS antimicrobials. Int J Food Microbiol 155, 
82-88.10.1016/j.ijfoodmicro.2012.01.010 

Soni, K.A., and Nannapaneni, R. (2010). Bacteriophage significantly reduces 
Listeria monocytogenes on raw salmon fillet tissue. J Food Prot 73, 
32-38.10.4315/0362-028x-73.1.32 

Soni, K.A., Nannapaneni, R., and Hagens, S. (2010). Reduction of Listeria 
monocytogenes on the surface of fresh channel catfish fillets by bacteriophage 
Listex P100. Foodborne Pathog Dis 7, 427-434.10.1089/fpd.2009.0432 

Sorensen, M.C., Gencay, Y.E., Birk, T., Baldvinsson, S.B., Jackel, C., Hammerl, 
J.A., Vegge, C.S., Neve, H., and Brondsted, L. (2015). Primary isolation strain 
determines both phage type and receptors recognised by Campylobacter jejuni 
bacteriophages. PLoS One 10, e0116287.10.1371/journal.pone.0116287 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 299 Curr. Issues Mol. Biol. Vol. 40



Spricigo, D.A., Bardina, C., Cortes, P., and Llagostera, M. (2013). Use of a 
bacteriophage cocktail to control Salmonella in food and the food industry. Int J 
Food Microbiol 165, 169-174.10.1016/j.ijfoodmicro.2013.05.009 

Stanaway, J.D., Parisi, A., Sarkar, K., Blacker, B.F., Reiner, R.C., Hay, S.I., Nixon, 
M.R., Dolecek, C., James, S.L., Mokdad, A.H., et al. (2019). The global burden 
of non-typhoidal salmonella invasive disease: a systematic analysis for the 
Global Burden of Disease Study 2017. Lancet Infec Dis 19, 1312-1324.10.1016/
S1473-3099(19)30418-9 

Suklim, K., Flick, G.J., and Vichitphan, K. (2014). Effects of gamma irradiation on 
the physical and sensory quality and inactivation of Listeria monocytogenes in 
blue swimming crab meat (Portunas pelagicus). Radiat Phys Chem 103, 
22-26.10.1016/j.radphyschem.2014.05.009 

Sukumaran, A.T., Nannapaneni, R., Kiess, A., and Sharma, C.S. (2015). 
Reduction of Salmonella on chicken meat and chicken skin by combined or 
sequential application of lytic bacteriophage with chemical antimicrobials. Int J 
Food Microbiol 207, 8-15.10.1016/j.ijfoodmicro.2015.04.025 

Sukumaran, A.T., Nannapaneni, R., Kiess, A., and Sharma, C.S. (2016). 
Reduction of Salmonella on chicken breast fillets stored under aerobic or 
modified atmosphere packaging by the application of lytic bacteriophage 
preparation SalmoFreshTM. Poult Sci 95, 668-675.10.3382/ps/pev332 

Sulakvelidze, A. (2013). Using lytic bacteriophages to eliminate or significantly 
reduce contamination of food by foodborne bacterial pathogens. J Sci Food 
Agric 93, 3137-3146.10.1002/jsfa.6222 

Sulakvelidze, A., Alavidze, Z., and Morris, J.G., Jr. (2001). Bacteriophage therapy. 
Antimicrob Agents Chemother 45, 649-659.10.1128/AAC.45.3.649-659.2001 

Sulakvelidze, A., and Barrow, P.A. (2005). Phage Therapy in Animals and 
Agribusiness. In Bacteriophages: Biology and Applications, E. Kutter, and A. 
Sulakvelidze, eds. (Boca Raton, FL: CRC Press), pp. 335-380 

Sulakvelidze, A., and Kutter, E. (2005). Bacteriophage therapy in humans. In 
Bacteriophages: Biology and Application, E. Kutter, and A. Sulakvelidze, eds. 
( B o c a R a t o n , F L : C R C P r e s s ) , p p . 3 8 1 - 4 3 6 . h t t p s : / / d o i . o r g /
10.1201/9780203491751  

Sulakvelidze, A., and Morris, J.G. (2015). Bacteriophage therapy: a promising 
approach for managing antibiotic resistant infections. APUA Newsletter 33, 5-10 

Summers, W.C. (2001). Bacteriophage therapy. Annu Rev Microbiol 55, 437-451 
Summers, W.C. (2012). The strange history of phage therapy. Bacteriophage 2, 

130-133.10.4161/bact.20757 
Tack, D.M., Marder, E.P., Griffin, P.M., Cieslak, P.R., Dunn, J., Hurd, S., Scallan, 

E., Lathrop, S., Alison Muse, M., Ryan, P., et al. (2019). Preliminary incidence 
and trends of infections with pathogens transmitted commonly through food — 
Foodborne Diseases Active Aurveillance Network, 10 U.S. sites, 2015–2018. 
MMWR Morb Mortal Wkly Rep 68, 369-372. http://dx.doi.org/10.15585/
mmwr.mm6816a2 

Talbot, G.H., Jezek, A., Murray, B.E., Jones, R.N., Ebright, R.H., Nau, G.J., 
Rodvold, K.A., Newland, J.G., Boucher, H.W., and America, T.I.D.S.o. (2019). 
The Infectious Diseases Society of America’s 10 × ’20 Initiative (10 New 
Systemic Antibacterial Agents US Food and Drug Administration Approved by 
2020): Is 20 × ’20 a Possibility? Clin Infec Dis 69, 1-11.10.1093/cid/ciz089 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 300 Curr. Issues Mol. Biol. Vol. 40



Tokman, J.I., Kent, D.J., Wiedmann, M., and Denes, T. (2016). Temperature 
significantly affects the plaguing and adsorption efficiencies of Listeria phages. 
Front Microbiol 7, 631.10.3389/fmicb.2016.00631 

U. S. Department of Agriculture (2012). USDA targeting six additional strains of E. 
coli in raw beef trim. USDA News Release 2012; Release No. 0171.12  

Viator, C.L., Muth, M.K., Brophy, J.E., and Noyes, G. (2017). Costs of food safety 
investments in the meat and poultry slaughter industries. J Food Sci 82, 
260-269.10.1111/1750-3841.13597 

Viazis, S., Akhtar, M., Feirtag, J., and Diez-Gonzalez, F. (2011). Reduction of 
Escherichia coli O157:H7 viability on leafy green vegetables by treatment with a 
bacteriophage mixture and trans-cinnamaldehyde. Food Microbiol 28, 
149-157.10.1016/j.fm.2010.09.009 

Vikram, A., Tokman, J., Woolston, J., and Sulakvelidze, A. (2020). Phage 
biocontrol improves food safety by significantly reducing both the concentration 
and occurrence of Escherichia coli O157:H7 in various foods. J Food Prot In 
Press 

Wheeler, T.L., Shackelford, S.D., and Koohmaraie, M. (1999). Trained sensory 
panel and consumer evaluation of the effects of gamma irradiation on 
palatability of vacuum-packaged frozen ground beef patties. J Animal Sci 77, 
3219-3224.10.2527/1999.77123219x 

Whichard, J.M., Sriranganathan, N., and Pierson, F.W. (2003). Suppression of 
Salmonella growth by wild-type and large-plaque variants of bacteriophage 
Felix O1 in liquid culture and on chicken frankfurters. J Food Prot 66, 
220-225.10.4315/0362-028x-66.2.220 

Williamson, K.E., Wommack, K.E., and Radosevich, M. (2003). Sampling natural 
viral communities from soil for culture-independent analyses. Appl Environ 
Microbiol 69, 6628-6633.10.1128/aem.69.11.6628-6633.2003 

Wolbang, C.M., Fitos, J.L., and Treeby, M.T. (2008). The effect of high pressure 
processing on nutritional value and quality attributes of Cucumis melo L. Innov 
Food Sci Emerg 9, 196-200.https://doi.org/10.1016/j.ifset.2007.08.001 

Woods, T., Ernst, M., and Tropp, D. (2017). Community Supported Agriculture – 
New Models for Changing Markets.  10th Jan, 2020. https://www.ams.usda.gov/
publications/content/community-supported-agriculture-new-models-changing-
markets 

Woolston, J., Parks, A.R., Abuladze, T., Anderson, B., Li, M., Carter, C., Hanna, 
L.F., Heyse, S., Charbonneau, D., and Sulakvelidze, A. (2013). Bacteriophages 
lytic for Salmonella rapidly reduce Salmonella contamination on glass and 
stainless steel surfaces. Bacteriophage 3, e25697.10.4161/bact.25697 

Woolston, J., and Sulakvelidze, A. (2015). Bacteriophages and Food Safety. In eLS, 
John Wiley & Sons Ltd, ed. https://doi.org/10.1002/9780470015902.a0025962 

Ye, J., Kostrzynska, M., Dunfield, K., and Warriner, K. (2010). Control of 
Salmonella on sprouting mung bean and alfalfa seeds by using a biocontrol 
preparation based on antagonistic bacteria and lytic bacteriophages. J Food 
Prot 73, 9-17.10.4315/0362-028x-73.1.9 

Yeh, Y., de Moura, F.H., Van Den Broek, K., and de Mello, A.S. (2018). Effect of 
ultraviolet light, organic acids, and bacteriophage on Salmonella populations in 
ground beef. Meat Sci 139, 44-48.10.1016/j.meatsci.2018.01.007 

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 301 Curr. Issues Mol. Biol. Vol. 40



Yuan, Y., Wang, L., Li, X., Tan, D., Cong, C., and Xu, Y. (2019). Efficacy of a 
phage cocktail in controlling phage resistance development in multidrug 
resistant Acinetobacter baumannii. Virus Res 272, 197734.https://doi.org/
10.1016/j.virusres.2019.197734 

Zampara, A., Sørensen, M.C.H., Elsser-Gravesen, A., and Brøndsted, L. (2017). 
Significance of phage-host interactions for biocontrol of Campylobacter jejuni in 
food. Food Control 73, 1169-1175.10.1016/j.foodcont.2016.10.033 

Zhang, H., Li, L., Zhao, Z., Peng, D., and Zhou, X. (2016). Polar flagella rotation 
in Vibrio parahaemolyticus confers resistance to bacteriophage infection. Sci 
Rep 6, 26147.10.1038/srep26147 

Zhang, H., Wang, R., and Bao, H.D. (2013). Phage inactivation of foodborne 
Shigella on ready-to-eat spiced chicken. Poultry Sci 92, 211-217.10.3382/ps.
2011-02037 

Zhang, W., Li, L., Deng, X., Kapusinszky, B., and Delwart, E. (2014). What is for 
dinner? Viral metagenomics of US store bought beef, pork, and chicken. 
Virology 468-470, 303-310.https://doi.org/10.1016/j.virol.2014.08.025 

Zhang, X., Niu, Y.D., Nan, Y., Stanford, K., Holley, R., McAllister, T., and Narváez-
Bravo, C. (2019). SalmoFresh™ effectiveness in controlling Salmonella on 
romaine lettuce, mung bean sprouts and seeds. Int J Food Microbiol 305, 
108250.https://doi.org/10.1016/j.ijfoodmicro.2019.108250 

Zinno, P., Devirgiliis, C., Ercolini, D., Ongeng, D., and Mauriello, G. (2014). 
Bacteriophage P22 to challenge Salmonella in foods. Int J Food Microbiol 191, 
69-74.10.1016/j.ijfoodmicro.2014.08.037 

Zuber, S., Boissin-Delaporte, C., Michot, L., Iversen, C., Diep, B., Brussow, H., 
and Breeuwer, P. (2008). Decreasing Enterobacter sakazakii (Cronobacter spp.) 
food contamination level with bacteriophages: prospects and problems. Microb 
Biotechnol 1, 532-543.10.1111/j.1751-7915.2008.00058.x

Phage Biocontrol Applications Vikram et al.

caister.com/cimb 302 Curr. Issues Mol. Biol. Vol. 40


