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H I G H L I G H T S  

• Bacteriophages as the new alternatives to existing antimicrobial agents. 
• High dependency on antibiotics in the food production sector. 
• Phages are promising biocontrol agents for organic farming.  
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A B S T R A C T   

Bacteriophages (phages) are the natural predators of bacteria. They have been widely studied in recent decades 
in the hope of finding new alternatives to combat bacterial infections and to solve healthcare issues arising from 
antibiotic-resistant bacteria. High dependency on antibiotics in food production has led to widespread resistance 
in bacteria across the human food chain while at the same time reducing the effectiveness of existing antibac
terial agents. The application of phages as biocontrol agents in the food production sector is one of the fastest- 
growing fields of research, with promising results indicating the suitability of phage biocontrol. In this review, 
the application of phages against various foodborne pathogens of concern to the food industry, from production 
to consumption (‘farm-to-fork’), will be described. Furthermore, with the increase in certified organic agricul
tural land and the rising consumer demand for organic foods, phage biocontrol could be a new approach to 
manage bacterial diseases that occur under organic agricultural settings where the use of chemical pesticides and 
antibiotics is prohibited. Thus, this review also assesses where phage biocontrol can be applied as an adjunct to 
current disease control methods used in organic farming practices.   

1. Introduction and history of bacteriophages 

Bacteriophages, also known as phages, are viruses that infect bac
teria and are ubiquitous in the environment. According to various esti
mates, a total of 1030 to 1032 phages are found on earth (Kazi and 
Annapure, 2016; Leverentz et al., 2001; Sulakvelidze and Kutter, 2004). 
As the Greek word ‘phage’ signifies to eat or devour, phages play an 
important role in maintaining the constant balance among bacterial 
species in the natural environment (Boyacioglu et al., 2013; Sulakve
lidze and Kutter, 2004). 

Phage activity was first observed by Ernest Hankin in 1896 when he 
noticed antiseptic activity in the waters collected from the Jumna and 
Ganges Rivers in India (Garcia et al., 2008; Summers, 2005). Later, in 

1915, Frederick Twort, an English bacteriologist, reported the obser
vation of “glassy” or watery colonies while trying to grow the Vaccinia 
virus on agar media. However, only in 1917 was Twort’s work recog
nized as dealing with phages after the French-Canadian microbiologist, 
Félix d’Herelle, discovered the potential of these invisible “microbes”. 
d’Herelle found that filtered dysentery samples from infected patients 
contained agents that possessed “antagonistic” effects towards bacteria 
leading to bacterial lysis and the formation of clear spots on agar slants 
covered with bacterial culture. Nevertheless, the fact that phages were 
bacterial viruses was not broadly accepted at first; it was only after the 
invention of electron microscope in 1940 that the nature and mor
phologies of phages were observed and accepted (Nikolich and Filippov, 
2020; Summers, 2005). Nonetheless, continuous research carried out by 
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d’Herelle on phages enabled him to realize the potential of phages as 
natural agents for combatting infectious diseases which resulted in the 
development of phage therapy before the antibiotics era. Further 
research in phage treatment was held back due to World War II and the 
subsequent discovery of antibiotics which eventually displaced phage 
production in the Western world. Nevertheless, Eastern Europe and 
countries from the former Soviet Union continue to utilise phage therapy 
(Garcia et al., 2008; Nikolich and Filippov, 2020; Summers, 2005). 

Currently, studies related to phage application can be observed from 
a wide variety of practices, ranging from phage typing to phage therapy 
and phage biocontrol. This review focuses on the application of phage as 
biocontrol agents in the food industry, covering mainly the raw meat 
and fresh produce sectors. In addition, the potential of phages as 
augmented biological control agents in the organic farming industry will 
be briefly discussed, considering the gradual growth in the industry and 
the increase in consumer demand for healthier and ‘greener’ food 
products (Röös et al., 2018). 

2. High dependency on antibiotics in the food production sector 

Food products are vulnerable to bacterial contamination along the 
food supply chain which can lead to foodborne diseases. According to 
CDC (2020) and WHO (2015), a total of 48 million foodborne associated 
illnesses occur in the United States every year while approximately 600 
million cases per year were reported worldwide. Factors contributing to 
this burden of foodborne illness include largescale production and in
ternational import and export of food products, as such activities in
crease the exposure of foods to various foodborne pathogens, resulting 
in contamination and spoilage of food products. Based on a report pre
sented by FAO, around 32% of food produced in 2009 was wasted due to 
food spoilage (Mahajan et al., 2014). These losses not only affect the 
growers but have a continuum effect across the supply chain (Mahajan 
et al., 2014). 

With the continuous increase in the world population, growth in food 
production is necessary to ensure global food demands are met. Anti
biotics are often used in intensive food production systems to boost the 
health of livestock and productivity of fresh produce. Antibiotics are 
administered to livestock and plants either to treat diseases or to pro
mote and improve their growth. According to Chang et al. (2015), 
around 13 million kilograms of antibiotics were used yearly on farm 
animals in the United States which accounts for over 80% of all anti
biotics available. Gelband et al. (2015) also anticipated a 67% increase 
in the usage of antibiotics by 2030 if the food production sector con
tinues to rely heavily on antibiotics. The overuse of antibiotics eventu
ally leads to the development of resistant pathogenic bacteria which is of 
major health and economic concern as most of the antibiotics used to 
treat animals are similar to those used to treat human diseases. Thus, 
animals might serve as a reservoir for antibiotic-resistant bacteria which 
could lead to the spread of resistance genes to the human bacterial 
population as the animals enter into the human food chain. Over time, 
antibiotics lose their effectiveness to treat human bacterial infections 
which indirectly increases the cost of treatment and rate of mortality 
(Chang et al., 2015; Smith et al., 2002; Sulakvelidze and Barrow, 2005). 
According to O’neill (2015), every year millions of individuals are 
infected by antibiotic-resistant bacteria, resulting in approximately 
700,000 deaths across the globe. If the situation continues, it is expected 
that the number of deaths will increase to 10 million before 2050. 

Furthermore, antibiotic residues that remain in the environment 
could also disturb the diversity of naturally present bacteria, as antibi
otics are not host-specific and tend to attack both advantageous and 
pathogenic bacteria equally (Svircev et al., 2018). Nevertheless, a 
complete ban of antibiotics in the food production industry is not 
possible and impractical at the moment as this would bring negative 
impacts to both humans and animals. Such action would prevent ill 
livestock from receiving treatment, hence, causing global food safety to 
be compromised (Chang et al., 2015; Smith et al., 2002; Sulakvelidze 

and Barrow, 2004). In this regard, phage biocontrol has been widely 
studied in the hope of finding new alternatives to combat bacterial in
fections and to solve health care issues arising due to antibiotic-resistant 
bacteria. 

3. Application of phage in the food production sector 

Phage biocontrol is capable of controlling microbial-associated 
foodborne outbreaks as it can be applied to all stages of the food pro
duction, starting from production to consumption (‘Farm to fork’ 
approach). 

Fig. 1 provides a general overview of the potential application points 
of phages in the food production industry. In the pre-harvest production 
sector, phages can be applied to farm animals to reduce the transfer of 
pathogens from animals to food upon slaughter. This approach has been 
used in various agricultural settings since 1935 to tackle bacterial- 
associated plant diseases (Sulakvelidze and Barrow, 2004). Further
more, the production of phage enzymes (depolymerase and endolysins) 
also enables the application of phages as bio-sanitation agents as they 
help to degrade bacterial structural polysaccharides and biofilm extra
cellular polymeric substance (EPS) formed on food processing tools and 
equipment surfaces (Połaska and Sokołowska, 2019). Application of 
phages as biocontrol agents in the post-harvest production sector also 
helps to reduce the bacterial load on food products before consumption, 
which could also contribute indirectly to lowering the incidence of 
foodborne illnesses. Finally, phages can be used as bio-preservation 
agents as they possess the ability to lyse target foodborne pathogens 
and spoilage bacteria, thus prolonging the shelf life of food products. 

3.1. Phage application in the raw meat production sector 

3.1.1. Pre-harvest phage biocontrol application 
The application of phage as a veterinary medicine is sometimes 

known as pre-harvest/pre-slaughter treatment. Slaughtering of farm 
animals enables gut bacteria to contaminate the raw carcasses and, 
hence, increases the chances of bacteria being ingested by consumers 
(Sulakvelidze and Barrow, 2004). Using phage to control and reduce the 
colonization of pathogenic bacteria on farm animals prior to slaughter 
helps to lower the bacteria load before meat processing (Jassim and 
Limoges, 2017). According to Rosenquist et al. (2003), the risk of con
sumers ingesting contaminated food can be reduced by up to 30 times if 
the number of pathogens in the faeces of slaughtered animals can be 
lowered by 2 log units. In this regard, various studies have been con
ducted to evaluate the potential of phage treatment in reducing bacterial 
infections associated with large farm animals and poultry. 

Campylobacteriosis is a major health problem worldwide often 
linked to consumption of undercooked chicken or cross-contamination 
of foods during preparation (El-Shibiny et al., 2009; El-Shibiny et al., 
2017; Zhang and Hu, 2013). Igwaran and Okoh (2019) reported that 
around 400–500 million cases of Campylobacter infection happen 
annually around the world. Past studies have shown promising results in 
using phage therapy to treat diseases associated with Campylobacter in 
farm animals. In a study conducted by Carvalho et al. (2010), a phage 
cocktail consisting of three phages that target Campylobacter coli and 
Campylobacter jejuni were administered via oral gavage and fed to 
chicks. The phage cocktail was able to reduce C. coli and C. jejuni in the 
faeces of experimentally colonised chicks by around 2 log CFU/g. 
Moreover, the pathogen numbers were also maintained at a lower level 
throughout the experimental period indicating prolonged protection 
against the disease. In a more recent study which involved international 
collaboration of researchers from Australia, New Zealand and the United 
Kingdom, the efficacy of Campylobacter-specific phage isolated from 
Queensland (Australia) poultry farms was investigated. A significant 
reduction (2 log CFU/g; p < 0.05) was observed in the population of 
Campylobacter found in the caeca of phage-treated broiler chickens. 
Bacteria recovered from the treated chickens remained sensitive to the 
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phage administered. However, this trial only involved a small sample 
size, hence, more details and comprehensive approaches are needed to 
ensure that the on-farm application of Campylobacter phages is practical 
(Chinivasagam et al., 2020). 

Phage therapy is also used to reduce the Escherichia coli population in 
animals, particularly cattle and sheep, as they serve as the main reser
voir for E. coli bacteria. Sheng et al. (2006) carried out an experiment 
which involved the injection of E. coli O157:H7 into cattle via the rectal 
route 7 days before the application of E. coli-specific phages. During the 
experimental period, phages were administered continuously to the 
cattle through drinking water. While a reduction in the E. coli population 
in the phage-treated group was observed, complete elimination of bac
teria was not achieved. In another study reported by Bach et al. (2003), 
phage DC22 that targets E. coli O157:H7 failed to lower the bacterial 
population when tested in vivo against experimentally infected sheep, 
although promising results were observed when tested in the artificial 
rumen system (Rusitec). The results of this study were supported by 
comparable research conducted by Callaway et al. (2008). 

Salmonella spp., which are readily found in the intestines of animals 
can cause salmonellosis in humans upon consumption. In Australia, 
Salmonella spp. are identified as a major source of foodborne diseases 
and are claimed to be increasing continuously over the past 20 years 
(Ford et al., 2016; Australia and New Zealand Ministerial Forum on Food 
Regulation, 2017). Berchieri et al. (1991) used phages to treat newly 
hatched chicks after inoculation with S. Typhimurium. Both the rate of 
mortality as well as the level of S. Typhimurium in the small intestine 
and caecum of the experimentally infected chicks were significantly 
reduced. In addition to their application in avian species, phages have 
also been administered experimentally onto pigs. According to Wall 
et al. (2010), a S. Typhimurium-specific phage cocktail was able to 
reduce the Salmonella population by up to 99.9% in the tonsils, ileum 
and caecum of pigs. Promising results were also observed in a 
production-like setting as the Salmonella concentrations in the caecum 
and ileum of phage-treated pigs were significantly reduced by 95% and 
90%, respectively. 

3.1.2. Post-harvest phage biocontrol application 
Use of phages to control foodborne pathogens on food products post- 

harvest/slaughter is one of the many applications of phage biocontrol. 
This application is less likely to cause the emergence of resistant bacteria 
against applied phages as the chances of them re-entering the farm 
environment to infect other bacterial hosts are low (Goode et al., 2003; 
McLean et al., 2013; Sulakvelidze and Barrow, 2005). Table 1 summa
rises studies conducted using phages as post-harvest biocontrol agents in 
the raw meat production sector. 

3.1.2.1. Escherichia coli. E. coli is an enteric bacterium normally found 
in the gastrointestinal tract of warm-blooded animals and humans. 
While normally harmless, several pathogenic strains such as E. coli 
O157:H7 are capable of causing abdominal cramps and bloody diar
rhoea in infected individuals (El-Shibiny et al., 2017; WHO, 2018). 
E. coli is responsible for 63,000 foodborne cases and around 61 deaths in 
the United States every year (Carter et al., 2012). According to O’flynn 
et al. (2004), phage treatment involving a combination of phage e11/2, 
e4/1c and pp01 caused a 5 log reduction in the population of E. coli 
within 1 h when tested in-vitro. When the treatment was administered 
onto raw meat products, the phage cocktail also proved effective as it 
resulted in complete elimination of E. coli on 7 out of the 9 meat samples 
tested (O’flynn et al., 2004). In another study where EcoShield™ (a 
cocktail which targets E. coli O157:H7) was used to treat artificially 
contaminated raw beef, 94% reduction in the population of E. coli was 
observed 5 min after the administration of phage. However, no 
continued protection against the bacteria was reported when the beef 
was re-contaminated with E. coli O157:H7 despite the fact that phages 
were recovered from the sample stored at 4 ◦C after a week (Carter et al., 
2012). Another study conducted by El-Shibiny et al. (2017) investigated 
the efficiency of a E. coli-specific phage and showed that the phage, 
ZCEC1, was able to reduce the population of E. coli ATC 8739 by 6.45 log 
CFU/mL within 1-hour post-treatment in-vitro. In addition, when phage 
was directly administered onto minced meat inoculated with E. coli ATC 
8739, the number of bacteria were no longer detectable in the samples 
after 24 h, suggesting the suitability of phage in controlling the 

Fig. 1. Potential application points of phage in the food production sector.  
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population of this foodborne pathogen (El-Shibiny et al., 2017). 

3.1.2.2. Campylobacter. Campylobacter is commonly found in the 
gastrointestinal tract of bird species and is a major cause of gastroen
teritis worldwide (El-Shibiny et al., 2017). According to the Australia 
and New Zealand Ministerial Forum on Food Regulation (2017), 
Campylobacter spp. caused around 234,000 cases of gastroenteritis in 
Australia, resulting in 3 deaths and 3200 people being hospitalised in 
2010. The ability of phage to reduce or eliminate the number of 
Campylobacter on raw food products was demonstrated in several 
studies. Goode et al. (2003) used C. jejuni-specific phage to treat 
experimentally contaminated chicken skin and showed that when phage 
with a multiplicity of infection (MOI) of 1 was applied onto contami
nated chicken skin, reduction of less than 1 log unit of the bacterial 
population was reported. When the MOI was increased, up to 95% of 
C. jejuni were eliminated from the samples tested, indicating the greater 
ability of high titre phage in reducing the host population. In similar 
research where chicken skins infected with Campylobacter NCTC 12662 
were treated with C. jejuni-specific phage, 1 log CFU reduction in the 
number of bacteria was observed when the samples were stored at 4 ◦C. 
When the samples were stored at − 20 ◦C, the bacterial population was 
lowered by approximately 2 log CFU compared to the controls (Atter
bury et al., 2003). Despite the fact that most of the reported studies 

showed promising results, a study carried out by Orquera et al. (2012) 
showed limited potential of Campylobacter phage (CP81 and NCTC 
12684) in controlling C. jejuni and C. coli on raw meat stored at 4 ◦C. 
More research is needed to fully understand the relationship between 
Campylobacter-specific phage and its bacterial hosts before phage 
treatment can be applied commercially on a large scale. 

3.1.2.3. Salmonella. According to Majowicz et al. (2010), around 80.3 
million (86%) cases of gastroenteritis occurred annually due to food 
contaminated with Salmonella worldwide. In European countries, Sal
monella spp. are reported to cause approximately 91,662 salmonellosis 
cases annually (ESFA and ECDC 2018). Whichard et al. (2003) reported 
a study which aimed to assess the potential of Salmonella Typhimurium 
DT104-specific phage (Felix O1) in treating contaminated chicken 
frankfurters. Results showed a 1.8–2.1 log unit reduction in the tested 
bacterial population. In another study, the efficacy of Salmonella-specific 
phage in reducing the number of S. Enteritidis was compared with 
several chemical reagents. Five novel phages isolated from chicken 
faeces were applied at an MOI of 10 onto experimentally contaminated 
chicken skins and approximately 1 log CFU/cm2 reduction was reported. 
Similar results were observed when chemical reagents (sodium 
dichloroisocyanurate, peracetic acid and lactic acid) were applied onto 
the chicken skin samples, suggesting the comparable potential of phage 

Table 1 
Summary of phage application on raw meat production sector (post-harvest).  

Target pathogen(s) Type of food Phage (s) Results and observation References 

Escherichia coli 
E. coli Raw meats Phage e11/2, e4/1c and 

pp01 
Complete elimination of E. coli on 7 out of the 9 meat samples tested O’flynn et al. (2004) 

E. coli O157:H7 Raw beef EcoShield™ Bacterial population was reduced by 94%, 5 min after the phage treatment, but 
no continued protection was reported. 

Carter et al. (2012) 

E. coli ATC 8739 Minced meat Phage ZCEC1 Complete elimination of E. coli ATC 8739 on minced meat after 24 h El-Shibiny et al. 
(2017) 

E. coli O157:H7 Raw and 
cooked beef 

FAHEc1 Bacterial population was reduced by more than 4 log CFU/cm2 on phage-treated 
(108 PFU/cm2) samples stored at 5 ◦C and 24 ◦C. Regrowth of surviving cells 
were observed at 24 ◦C 

Hudson et al. (2015)  

Campylobacter spp. 
Campylobacter jejuni Chicken skin Phage 12673, P22 and 

29C 
Reduced up to 95% of C. jejuni population on contaminated chicken skin Goode, Allen and 

Barrow (2003) 
Campylobacter NCTC 

12662 
Chicken skin Phage ∅ 2  Reduced the number of bacteria by 1 log CFU when the samples were stored at 

4 ◦C; 2 log CFU reduction in bacterial population was observed when samples 
were kept at − 20 ◦C 

Atterbury et al. 
(2003) 

Campylobacter jejuni; C. 
coli 

Raw meat Phage CP81 and NCTC 
12684 

Bacterial loads were not significantly reduced at 4 ◦C Orquera et al. 
(2012) 

Campylobacter jejuni Raw and 
cooked beef 

Phage Cj6 Significant reduction in bacteria population on food samples treated at 5 ◦C and 
24 ◦C at high MOI with high initial host density 

Bigwood et al. 
(2008)  

Salmonella spp. 
Salmonella 

Typhimurium DT104 
Chicken 
frankfurters 

Phage Felix O1 Bacterial population reduced by 1.8–2.1 log on phage-treated chicken 
frankfurters 

Whichard et al. 
(2003) 

Salmonella Enteritidis Chicken skin Phage cocktail consists of 
5 novel phages 

Reduced bacterial load by approximately 1 log CFU/cm2. Similar results were 
reported when chemical reagents (sodium dichloroisocyanurate, peracetic acid 
and lactic acid) were applied onto contaminated samples 

Hungaro et al. 
(2013) 

Salmonella spp. Chicken breast 
fillets 

SalmoFresh™ Salmonella population was reduced by 0.5–1.3 log CFU/g when phage was 
applied in combination with chemical antimicrobials. While sequential 
application of chlorine and PAA followed by phage resulted in a reduction of 
1.6–1.7 log CFU/cm2 and 2.2–2.5 log CFU/cm2 in bacterial population, 
respectively. 

Sukumaran et al. 
(2015) 

Salmonella spp. Ground beef 
trim 

PhageGuardS™ (S16 and 
FO1a) 

Reduced Salmonella population by 1 log CFU/g when phages and ultraviolet 
light were applied individually. When both treatments were applied 
simultaneously, a 2 log CFU/g reduction was observed 

Yeh et al. (2018)  

Listeria monocytogenes 
Listeria monocytogenes Red-smear soft 

cheese 
Phage P100 Bacterial population was reduced by 3.5 log on phage-treated food sample Carlton et al. (2005) 

Listeria monocytogenes Pork ham slices Phage P100 Complete elimination of bacterial population on food samples treated with nisin 
(0 h) and phages (72 h). When food was stored under refrigerated temperature, 
phage P100 possessed the highest ability to eliminate bacteria compared to nisin 
and sodium lactate 

Figueiredo and 
Almeida (2017) 

Listeria monocytogenes 
serotype ½a and 4b 

Raw salmon 
fillet 

Listex P100 Bacterial level was lowered by 1.8–2.5 log CFU/g when samples were treated 
with phage at a concentration of 108 PFU/g at 4 ◦C and 22 ◦C 

Soni and 
Nannapaneni (2010) 

Adapted and modified from Moye, Woolston and Sulakvelidze (2018) and Połaska and Sokołowska (2019). 
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and chemical reagents as biocontrol agents (Hungaro et al., 2013). A 
more recent study conducted by Yeh et al. (2018) used PhageGuardS™ 
(S16 and FO1a) to treat ground beef trim infected with Salmonella spp. 
and reported a 1 log CFU/g reduction in Salmonella population when 
phages and ultraviolet light were applied individually. A greater 
reduction (2 log CFU/g) in the Salmonella population was observed 
when phage and ultraviolet light were applied at the same time. 

3.1.2.4. Listeria monocytogenes. Listeria monocytogenes is a cold-tolerant 
bacterium (psychrotroph) that can survive under low temperature 
which enhances its ability to grow in refrigerated foods (Leverentz et al., 
2003). According to Carlton et al. (2005) and Vázquez-Boland et al. 
(2001), listeriosis is considered one of the most severe foodborne ill
nesses and is reported to have a high mortality rate. Infected individuals 
may exhibit various symptoms ranging from diarrhoea to brain and 
central nervous system infections. Various studies have demonstrated 
the effectiveness of Listeria monocytogenes-specific phage in eliminating 
the bacteria found on different types of food. One of the most widely 
used L. monocytogenes-specific phages is Phage P100. In 2006, Listex 
P100, currently marketed as PhageGuard Listex™, was approved by the 
relevant regulators (Food and Drug Administration and Food Standards 
Australia New Zealand) with Generally Recognised As Safe (GRAS) 
status to be used commercially on various food products in the United 
States, Australia and New Zealand. Carlton et al. (2005) were among the 
first researchers to study the potential of phage P100 in combating 
L. monocytogenes on food products. They observed a minimum of 3.5 log 
reduction in the bacterial population on the surface of red-smear soft 
cheese contaminated with L. monocytogenes and treated with phage. 
Encouragingly, the bacteria recovered from the cheese surface remained 
sensitive to the phage, indicating phage resistance did not develop. A 
more recent study aimed at comparing the efficacy of phage P100 and 
other chemical agents (nisin and sodium lactate), showed that phage 
P100 possessed the highest ability to eliminate bacteria inoculated on 
the surfaces of pork ham slices. It was reported that the number of 
L. monocytogenes decreased to an undetectable level after 72 h. Although 
nisin effectively reduced the bacterial population directly following 
treatment, a significant difference was observed in the bacterial pop
ulations recovered from ham treated with nisin and ham treated with 
phage after storage under refrigerated conditions. This observation 
suggested that phage P100 has a higher tolerance to low temperature 
compared to nisin (Figueiredo and Almeida, 2017). 

According to Perera et al. (2015), the United States Department of 
Agriculture (USDA) predicted that approximately 50% of the annual 
deaths resulting from the consumption of L. monocytogenes contami
nated foods could be avoided if a 1 log reduction in bacteria population 
was achieved in pre-retail products. This desirable level of reduction in 
L. monocytogenes population was achieved by most of the above- 
mentioned laboratory studies, indicating that the use of lytic phage as 
a biocontrol agent in reducing foodborne pathogens is very promising. 

3.2. Application of phage in the fresh produce sector 

3.2.1. Application of phage in the pre-harvest agricultural sector 
Phage biocontrol has been used in various agricultural settings since 

1935 to treat plant diseases caused by bacteria. Erwinia amylovora is one 
of the most widely studied plant pathogens. This pathogen causes fire 
blight which mainly affect plants in the Rosaceae (rose) family as well as 
fruit trees such as apples and pears. Based on the work of Norelli et al. 
(2003), loss in fruit production costs approximately $100 million in the 
United States every year. The ability of E. amylovora to form biofilm 
limits the use of existing copper-based pesticides, thus emphasizing the 
importance of developing alternative strategies to tackle this situation. 
In a study conducted by Schnabel et al. (1998), a phage cocktail con
sisting of three phages isolated from apple orchards in Michigan 
managed to reduce the bacterial population by 99% in vitro compared 

with the untreated sample. When in-field research was carried out, apple 
blossoms inoculated with E. amylovora and phage cocktail showed less 
incidence of fire blight. Additionally, E. amylovora-specific phages Ea 
1337-26 and Ea 2345 successfully lowered the number of bacteria in 
detached pear tree blossoms by 84% and 96%, respectively (Boulé et al., 
2011); a 54% reduction in the bacteria population was reported when 
potted apple tree blossoms were treated with phage Ea 1337-26 alone. 

Pectobacterium sp. is often associated with potato diseases and pro
duces enzymes that degrade plant cell walls and eventually leads to 
maceration of plant tissue (Pérombelon, 2002). This has caused severe 
economic loss in various countries. It was reported that approximately 
EUR30 million were lost annually in the potato sector in the Netherlands 
due to diseases caused by Dickeya and Pectobacterium (Buttimer et al., 
2017). Czajkowski et al. (2015) observed an 80% and 95% reduction in 
the occurrence of soft rot in potato slices and potato tubers, respectively, 
when phages PD10.3 and PD 23.1 were applied to samples inoculated 
with Pectobacterium. Potatoes can also be infected by Streptomyces scabies 
which results in lesions on the potato surface. McKenna et al. (2001) 
used phage AS1 to experimentally treat infected potato tubers. Potato 
offspring in the phage treated group had fewer surface lesions (1.2%) 
compared with the untreated group (23%). 

Additionally, phage treatment has also been used to treat diseases 
linked to tomato plants such as bacterial wilt and bacterial spot caused 
by Ralstonia solanacearum and Xanthomonas sp., respectively. These 
bacteria are phytopathogens with wide host ranges, infecting up to 400 
plants species including crops that are economically important (Ryan 
et al., 2011; Sanchez Perez et al., 2008). Fujiwara et al. (2011) showed 
that no bacterial wilt symptoms were observed on tomato plants inoc
ulated with R. solanacearum-specific phage (RSL1) throughout the 
experimental period. As for the control group, symptoms of bacterial 
wilt appeared 18 days after infection. In addition to R. solanacearum, 
phage treatments against Xanthomonas species were demonstrated as 
well. Obradovic et al. (2004) compared the efficacy of phage with 
standard copper-based pesticides in treating plant diseases. Results 
showed that phage which specifically targets X. campestris pv. vesicatoria 
possessed a greater ability to control bacterial spot disease compared to 
copper-based pesticide and no treatment (control). Furthermore, when 
phages were applied onto tomato plants together with systemic acquired 
resistance (SAR) inducers produced by plant natural defence mecha
nisms, the occurrence of bacterial spot on the tomato plants was 
significantly reduced compared to when they were administered 
without SAR inducers (Obradovic et al., 2004). 

Although many previous studies showed promising results and the 
suitability of phage as a biocontrol agent against plant diseases, there are 
several environmental factors such as pH of soils, temperature, UV 
exposure and humidity of the surrounding area that need to be taken 
into consideration as they might contribute to the inactivation of phages 
in open field settings (Buttimer et al., 2017; Połaska and Sokołowska, 
2019). 

3.2.2. Application of phage on fresh produce and ready-to-eat products 
(post-harvest) 

Fresh produce and ready-to-eat (RTE) food products are often 
consumed without further processing, and hence have a higher risk of 
transmitting foodborne pathogens to humans (Moye et al., 2018; Murray 
et al., 2017). Unlike meat or seafood products, fresh produces are 
considered perishable living products that are metabolically active and 
constantly undergoing ripening processes. It is therefore crucial for all 
stakeholders involved in the food supply chain to work together in order 
to reduce food waste and ensure that the quality of fresh produce sup
plied to consumers meets food safety standards (Mahajan et al., 2014). 
Despite the fact that raw poultry, dairy and seafood products are the 
main reservoirs for foodborne pathogens, fresh produce are claimed to 
be the primary cause of foodborne outbreaks by the Centers for Disease 
Control and Prevention (Murray et al., 2017). Phage treatment is 
considered a form of ‘green technology’ and is currently being widely 
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studied since the application of phages onto fresh produce does not 
introduce additional flavour, aroma or nutritional value. In this regard, 
various studies have been conducted to identify the effectiveness of 
phage application in reducing the bacterial load on fresh produce 
(Table 2). 

According to López-Cuevas et al. (2019), there has been a steady 
increase in foodborne outbreaks caused by Salmonella spp. due to con
sumption of fresh produce. The potential of Salmonella-specific phage in 
reducing the target bacteria population in fresh produce was first 
investigated by Leverentz et al. (2001). The authors tested the ability of 
Salmonella enteritidis lytic phage (SCPLX-1) to reduce the population of 
bacteria on artificially contaminated honeydew and apple slices under 
different storage temperatures. Promising results were reported as the 
number of bacteria on fresh honeydew slices stored at 5 ◦C and 10 ◦C 
were lowered by 3.5 log while a reduction of 2.5 log was observed when 
the samples were stored at 20 ◦C. On the other hand, when phage was 
administered onto contaminated apple slices, the phage titre signifi
cantly reduced to undetectable levels within 48 h and minimum changes 
in the Salmonella population were observed. The authors suggested that 
the lower pH of apple slices might have contributed to the inactivation 
of applied phages. In another study conducted by Magnone et al. (2013), 
the efficacy of phage cocktails, levulinic acid produce wash and 200 ppm 
chlorine wash against experimentally infected broccoli, cantaloupe and 
strawberries was demonstrated. The authors observed the greatest 
reduction in the bacterial population on all three samples when a phage 
cocktail (SalmoFresh™) was administered together with a produce wash 
exposure time of 5 min. The populations of Salmonella on strawberries, 
cantaloupe and broccoli were reduced to < 1.70 log CFU/g, 2.01 log 

CFU/g and 1.94 log CFU/g, respectively, from an original population of 
5.9–6.4 log CFU/g. This result indicates the potential of combination 
treatment containing phage and commercial antimicrobial products in 
removing foodborne pathogens on fresh food surfaces. A more recent 
study conducted by Huang et al. (2018) also reported the suitability of 
Salmonella lytic phage in reducing its target bacterial population. LPSE1 
lytic phage was selected due to its broad host range and high tolerance 
towards a wide range of pH and temperature. Promising results were 
reported in the study as the number of Salmonella on the artificially 
contaminated lettuce were reduced by 2.02 log CFU/mL, 1.71 log CFU/ 
mL and 1.45 log CFU/mL, respectively, when phage at MOI of 1, 10 and 
100 were applied. 

Moreover, the use of phage treatment to eliminate E. coli O157:H7 on 
fresh food products has also been widely investigated. In a study con
ducted by Abuladze et al. (2008), the ability of a phage cocktail (ECP- 
100) in reducing the level of E. coli O157:H7 artificially inoculated onto 
tomato, spinach and broccoli was tested. The phage treatment was 
carried out at 10 ◦C and resulted in 99.5%, 99% and 100% decline, 
respectively, in bacteria 24 h post-treatment. In addition, no regrowth of 
bacteria was observed as its level on the surface of fresh produces tested 
remained relatively low after 168 h. In another study, the potential of 
E. coli-specific phage in protecting food samples against cross- 
contamination was tested (Ferguson et al., 2013). The authors applied 
a phage cocktail (EcoShield™) onto fresh cut lettuce before inoculating 
the samples with E. coli O157:H7. A significant reduction in the number 
of bacteria was reported in samples immersed with a high concentration 
(9.8 log PFU/mL) of phage for an immersion period of 2 min compared 
to control samples. Additionally, when EcoShield™ was applied onto 

Table 2 
Summary of phage application on fresh produce and ready-to-eat products (post-harvest).  

Target pathogens Type of fresh produce Phage (s) Results and observation References  

Salmonella spp.    
Salmonella 

Enteritidis 
Honeydew; apple 
slices 

Phage SCPLX-1 Bacterial population on honeydew was lowered by 3.5 log and 2.5 log when the 
samples were stored at 10 ◦C and 20 ◦C, respectively; No significant reduction in 
bacterial load was observed for phage-treated apple slices 

Leverentz et al. 
(2001) 

Salmonella spp. Mung beans Phage cocktails Complete elimination of bacteria on experimentally contaminated mung beans when 
phage cocktail was applied together with antagonistic bacteria (Enterobacter asburiae 
JX1) 

Ye et al. (2010) 

Salmonella spp. Lettuce Phage LPSE1 Bacterial population on lettuce treated with phage at a multiplicity of infection (MOI) 
of 1, 10 and 100 reduced by 2.02, 1.71 and 1.45 log CFU/mL, respectively 

Huang et al. 
(2018) 

Salmonella enterica Lettuce leaf; 
Cantaloupe 

Phage 3, 6, Felix 01, 
HER20, SE13 

Population of S. enterica Enteritidis strain S3, S. Javiana S203 and S. Javiana S200 was 
reduced by > 3 log CFU/g on both lettuce and cantaloupe. A 1 log CFU/g reduction in 
S. Newport S2 population was also reported at all sampling times on both samples. 
While no significant reductions were observed on cantaloupe tissue contaminated with 
S. Newport S195 

Wong et al. 
(2020)  

Escherichia coli     
E. coli O157:H7 Tomato; spinach; 

broccoli 
Phage cocktail (ECP- 
100) 

Reduced 99.5%, 99% and 100% of E. coli population on tomato, spinach and broccoli 
stored at 4 ◦C, respectively 

Abuladze et al. 
(2008) 

E. coli O157:H7 Lettuce EcoShield™ A reduction of 1.88 log CFU/cm2 was observed when artificially contaminated lettuce 
was treated with sodium hypochlorite and phage cocktails 

Ferguson et al. 
(2013) 

E. coli Lettuce; spinach Phage BEC8 Complete elimination of bacteria on food samples treated with phage and essential oil 
trans-cinnamaldehyde (TC) after 10 min at 4, 8, 23 and 37 ◦C 

Viazis et al. 
(2011) 

E. coli O157:H7 Spinach; lettuce EcoShield™ Bacterial population was reduced by > 2 log CFU/cm2 on spinach and green lettuce, 
30 min after phage treatment at a storage temperature of 4 ◦C and 10 ◦C. Greater 
reduction was achieved when sample was stored under modified atmosphere 
packaging 

Boyacioglu et al. 
(2013)  

Listeria 
monocytogenes     

Listeria 
monocytogenes 

Honeydew; apple 
slices 

ListShield™ Bacterial population was reduced by 2.0–4.6 and 5.7 log units on honeydew slices 
treated with phage and a combination of phage and nisin, respectively. No reduction in 
bacterial load was observed on apple slices applied with only phages while a 2.3 log 
units reduction was reported when phage was applied together with nisin 

Leverentz et al. 
(2003) 

Listeria 
monocytogenes 

Melon; pear; apple 
(slices and juices) 

Listex™ P100 L. monocytogenes level on melon and pear slices treated with phage reduced by 1.50 
and 1.00 log CFU/plug, respectively. A 8.00 log CFU/mL and 2.10 log CFU/mL 
reduction was observed in melon and pear juices at a storage temperature of 10 ◦C. No 
reduction in bacterial load was observed on apple slices and juices 

Oliveira et al. 
(2014) 

Listeria 
monocytogenes 

Lettuce and apple ListShield™ Levels of L. monocytogenes decreased by 91% (1.1 log) and 89% (1.0 log) on 
experimentally contaminated lettuce and apple slices within 24 h at 4 ◦C 

Perera et al. 
(2015) 

Adapted and modified from Moye, Woolston and Sulakvelidze (2018) and Połaska and Sokołowska (2019). 
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samples via spray treatment, a more rapid decline in the bacterial 
population was observed compared to the immersion method. A syn
ergic effect was also observed when experimentally contaminated let
tuce samples were treated with a combination of sodium hypochlorite 
(NaOCl) and phage cocktails. A reduction of 1.88 log CFU/cm2 in the 
bacterial population was reported when NaOCl was administered 
together with EcoShield™ while the bacterial population reduced by 
only 1.1 log CFU/cm2 and 0.82 log CFU/cm2, respectively, when NaOCl 
and EcoShield™ were applied individually. 

Listeria monocytogenes has also been associated with outbreaks 
related to fresh produce as these bacteria can survive under refrigeration 
temperatures (4–8 ◦C) in which fresh produce is normally stored 
(Francis et al., 1999; Leverentz et al., 2003). Following the success of 
using Salmonella phages in controlling bacterial population in fresh-cut 
fruits, Leverentz et al. (2003) conducted another study using 
L. monocytogenes-specific phage to control pathogens on artificially 
contaminated fresh fruit samples. A 2.0–4.6 log unit reduction was 
observed on honeydew slices treated with phage while the bacterial 
population on apple slices remained unchanged as the applied phage 
declined to an undetectable level. This result was similar to the findings 
reported in the Salmonella study described earlier with the authors again 
suggesting that the lower pH of apple slices was the contributing factor. 
However, when phage was administered with nisin (bacteriocin), the 
level of bacteria on the surface of honeydew (5.7 log units) and apple 
slices (2.3 log units) significantly reduced compared to when the phage 
and nisin were applied individually. The authors stated that the ability 
of nisin to form pores in the membrane of bacteria might provide a better 
chance for the phage to target the weakened host bacterium and thus 
increase the effectiveness of phage in removing pathogenic bacteria 
when applied together. In a study conducted by Oliveira et al. (2014), 
the efficacy of Listex™ P100 in reducing the population 
L. monocytogenes on fresh fruit slices and juices was demonstrated. Phage 
treatment on melon slices was reported to be the most effective followed 
by pear slices as reductions of 1.50 log CFU/plug and 1.00 log CFU/plug 
were observed, respectively. As for phage treatment in fruit juices, 8.00 
log CFU/mL reduction was achieved in melon juice while the bacterial 
population in pear juice samples were reduced by 2.10 log CFU/mL at a 
storage temperature of 10 ◦C. Conversely, the level of tested bacteria 
remained unchanged in apple juice as the applied phage gradually 
decreased to an undetectable level. This observation again supports re
sults reported by Leverentz et al. (2003). ListShield™ was used by Perera 
et al. (2015) as a biocontrol agent against L. monocytogenes on lettuce 
and apples. The study reported a significant reduction of 1.1 log (91%) 
in the population of bacteria on artificially contaminated lettuce. 
Interestingly, when ListShield™ were applied onto apple slices, the level 
of bacteria on the surface was reduced by 89% (1.0 log) within 24 h at a 
storage temperature of 4 ◦C, despite the fact that pH of the apple (pH 
3.3–4.0) used was similar to that reported by Leverentz et al. (2003) and 
Oliveira et al. (2014). The authors suggested that the reason behind this 
distinct observation could be due to the acid tolerance of some of the 
phages used. 

According to Mahajan et al. (2014), most of the current post-harvest 
treatments will either alter the organoleptic properties of fresh produce 
or indirectly introduce chemical residues to food products. Hence, the 
promising results reported from the studies described above show the 
potential of phage biocontrol as a new ‘green technology’ capable of 
replacing existing treatments. In addition, the increase in consumer 
preference for “chemical-free” and organic food in today’s society has 
urged the world to revisit more ecological approaches, such as organic 
agriculture, in order to ensure food safety and quality while at the same 
time safeguard our environment (Meemken and Qaim, 2018; Reganold 
and Wachter, 2016). 

4. Growth of organic agricultural industry 

The organic agriculture movement, a way of agricultural practice 

which depends on the mutual relationships in an ecosystem and pro
motes the use of biological fertilisers, started in German and English- 
speaking countries at the beginning of the twentieth century (Gill and 
Lockertz, 2008; Rawat et al., 2021). This movement remained localised 
until the 1970s when consumers started to realise the negative impacts 
of conventional agriculture on human health and the environment. The 
organic agricultural industry has undergone a great leap in recent years 
after a decade of stalled growth from 2003 to 2014 (Paull, 2019). In 
today’s society, the demand for organic food has increased significantly 
due to the many benefits linked with this agricultural practice, such as 
safer and higher quality food products, as the use of chemical pesticides 
and bactericides are prohibited. Several studies demonstrated that foods 
produced organically have higher Vitamin C, antioxidants and omega-3 
fatty acids levels compared to food produced conventionally (Reganold 
and Wachter, 2016). Furthermore, fewer antibiotic-resistant bacteria 
were reported on farm harvests produced organically. Alali et al. (2010) 
and Cui et al. (2005) reported a lower level of antibiotic-resistant Sal
monella spp. in chickens grown on organic farms compared to conven
tionally grown chickens. Additionally, organic farming provides a more 
sustainable food production system because of its ability to lower the 
emissions of greenhouse gases, maintain greater biodiversity and reduce 
the leaching of soil nutrients (Reganold and Wachter, 2016). 

The increase in customer demands eventually led to the growth of 
the organic agricultural industry. According to Kirchmann (2019), 
approximately 368,800 ha of arable land in Sweden were converted to 
organic farming in 2016, which accounts for about 14% of the total 
arable land. Based on the latest global statistics of organics, Australia is 
claimed to hold more than half of the total hectares (51%) of certified 
organic land globally, which puts Australia in the leading position 
(Paull, 2019). In conjunction with the increase in certified organic land, 
sales of organic products also rose by approximately fivefold from 1999 
to 2013 to about US $72 billion (Willer and Lernoud, 2014). 

Despite the continuous growth in the organic agriculture industry, 
the main criticism is its low productivity when expressed in the amount 
of crop harvested per unit area of the field. According to statistical data 
collected in Sweden, an additional 50% of arable land will be needed to 
fill the 35% yield gap between organic and conventional farming 
(Kirchmann, 2019). This limitation of organic farming makes it a less 
ideal agricultural practice with rising global populations. Apart from 
that, the ban of synthetic and chemical pesticides and bactericides in the 
organic farming industry also further increases the yield gaps of organic- 
conventional agriculture sectors due to the lack of suitable control 
methods to tackle pests and plant diseases (Eriksson et al., 2010; 
Meemken and Qaim, 2018; Reganold and Wachter, 2016). Fertilisers 
approved for use in the organic industry include livestock manure, 
compost or organic wastes. Application of such fertilisers is crucial in the 
organic agriculture industry as it helps to maintain soil fertility which 
indirectly contributes to the overall productivity and yield of future 
crops. According to Fließbach et al. (2007) and Ingram (2007), soil in
tegrated with organic amendments such as animal manures were re
ported to give a greater yield, wider soil microbe community and greater 
biological activity. 

Nevertheless, soil treated with these organic manures is often 
claimed to be a potential source of bacterial contamination as they serve 
as a good reservoir for enteric bacteria, thus increasing the chance of 
bacterial contamination on organically grown produce (Iwu and Okoh, 
2019). Hence, their application in the organic farming sector is often 
regulated and carefully managed (van Bruggen et al., 2016). In this re
gard, new biological methods that can effectively reduce or manage 
bacterial diseases in organic agriculture settings are urgently needed to 
lower production loss due to plant diseases which would further widen 
the yield gaps between organic and conventional agricultural practices. 
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5. Current disease control methods used in the organic farming 
industry 

Most of the pest and disease control measures in place for the organic 
farming industry rely on the mutual dependency in the agroecosystem 
(Rawat et al., 2021; van Bruggen et al., 2016). The measures available 
can be further divided into the following subsections: 

5.1. Pre-plant treatment 

Several pre-plant treatments such as flooding, soil solarisation, and 
anaerobic and aerobic soil disinfestation (bio-fumigation) are commonly 
used to treat planting soil to reduce the number of pathogens and pests. 
Soil solarization is commonly used in Israel and Florida and makes use of 
solar heat to inactivate soil-borne pathogens and pests which indirectly 
increases the availability of mineral nutrients needed for plant growth 
(Gamliel, 2012; Katan and Gamliel, 2012). 

Biological anaerobic disinfestation of soil involves the use of anaer
obic organisms to convert carbon sources found in the applied fresh 
organic material under low oxygen conditions into volatile organic 
compounds. This method is claimed to be as effective as chemical 
disinfestation and can remain effective for several years. However, the 
release of toxic by-products such as alcohols, aldehydes, organic acids or 
other volatile compounds might indirectly affect the survival and di
versity of soil microbes as the pH of soil is reduced (Rawat et al., 2021; 
van Bruggen et al., 2016). On the other hand, aerobic soil disinfestation 
(bio-fumigation), which involves the incorporation of organic amend
ments into planting soils, enables the production of volatiles that are 
toxic to certain phytopathogens and pests. Most of the organic amend
ments used in bio-fumigation consist of glucosinolates, which is a 
common starting material of toxic compounds (van Bruggen et al., 2016; 
Warton et al., 2001). Hydrolysis of this compound leads to the release of 
various toxic volatiles that helps with disease control and is widely 
utilised in Australia (Matthiessen and Kirkegaard, 2006; van Bruggen 
et al., 2016). 

5.2. Physical separation of plant and plant pathogens (Crop rotation) 

In organic farming practices, prevention is often a better way to 
control the growth of plant pathogens and pests than curative man
agement (Litterick et al., 2002). Crop rotation, a common approach 
applied in the organic farming industry, uses temporal isolation con
cepts to reduce the build-up of pathogens and decrease the interaction 
between pathogens and their respective host over time. These cropping 
practices help to lower the occurrence of soil erosion and incidence of 
soilborne diseases while simultaneously improving the water holding 
capacity of soils (Rawat et al., 2021). In some agriculture settings, cover 
crops are able to promote nitrogen fixation as well (Matthiessen and 
Kirkegaard, 2006; van Bruggen et al., 2016). Nevertheless, the selection 
of suitable crops plays an important role in ensuring the success of crop 
rotation. Crop rotation also has limited effects on pathogens with a 
wider host range as well as those that persist in the environment (Rawat 
et al., 2021). Pathogens introduced by wind from the surrounding 
environment are also a major concern in organic farming if temporal 
isolation is used as the only control measure (van Bruggen et al., 2016). 
Apart from that, spatial isolation such as deep ploughing can also be 
used to separate the plant pathogens from their susceptible host. 
Although deep ploughing managed to reduce the population of Scle
rotinia sclerotiorum in the planting soil, the distribution of this pathogen 
in the soil was subsequently altered which increased the occurrence of 
disease in lettuce plants (Subbarao et al., 1996). 

5.3. Selection of disease resistant varieties and application of crop 
mixtures 

Organic farmers have a preference for resistant cultivars as they 

provide protection against diseases and pests. Cultivars that are resistant 
to diseases often have modified genetic composition that leads to dif
ferences in the toughness of leaves and stems, maturity time, growth 
habit, plant architecture and nutrient content (Rawat et al., 2021). Some 
resistance mechanisms will only be activated upon induction such as 
SAR and induced systemic resistance (ISR), yet chemical products 
generated from both defence mechanisms have not been approved in the 
organic farming industry (Finckh and Wolfe, 2015; Kloeppe et al., 
1999). Moreover, some disease-resistant varieties tend to address only 
one or two diseases at the same time, thus limiting their effectiveness in 
controlling pest and plant pathogens that occur simultaneously. Besides, 
resistant cultivars for severe plant diseases such as white rot (Sclerotium 
cepivorum) and late blight have not been identified (van Bruggen et al., 
2016). Hence, in-depth screening for resistant cultivars is necessary if 
this control method is to be used extensively in the organic farming 
industry. 

Furthermore, loss of the ideal host crop through crop mixtures by 
increasing crop diversity in a certain farming area could be used to slow 
down the spread of plant diseases. Non-host crops which act as barriers 
or obstacles towards the pathogens could also induce plant defence re
actions under incompatible host and pathogen interaction (Finckh and 
Wolfe, 2015). Nonetheless, crop mixtures are not widely used currently 
in the organic industry due to several technical problems linked with 
harvesting and cultivation (van Bruggen et al., 2016). 

5.4. Application of pesticides and plant extracts as curative controls 

Copper-based fungicides and bactericides are some of the most 
effective disease controlling agents used to tackle plant diseases like 
downy mildews, late blight and tomato anthracnose (Rawat et al., 2021; 
van Bruggen et al., 2016). However, the persistent nature of these 
chemicals in the environment leads to the accumulation of copper in the 
soil and associated food web, and subsequent toxicity to soil microor
ganisms and humans upon consumption. The presence of this heavy 
metal was reported in the top 15 cm of planting soil repeatedly treated 
with copper-based antimicrobials (Lamichhane et al., 2018). Therefore, 
application of copper-based agents is carefully monitored to ensure 
moderate use in order to prevent possible accumulation in the farming 
environment (Rawat et al., 2021). 

Bicarbonate salts were reported to be effective against various plant 
diseases with sodium bicarbonate approved as a disease-controlling 
agent by several regulatory agencies (Caldwell, 2005; van Bruggen 
et al., 2016). In addition, extracts of natural products that can produce 
toxic volatile compounds and promote induced resistance, such as 
yucca, citrus, chives, garlic, brown algae and kelp extracts, have been 
tested against various plant diseases. Nevertheless, restrictive regulation 
limits the number of products approved for use in organic farming 
practice (van Bruggen et al., 2016). The potential of these extracts as an 
alternative to synthetic fungicides and bactericides is promising, hence, 
more comprehensive research is encouraged to better understand the 
underlying mechanisms of antimicrobial action. 

5.5. Application of biological control agents 

Unlike chemical pesticides, biocontrol agents are mostly host- 
specific living entities obtained from the natural environment and are 
generally harmless to humans and other non-target organisms (Rawat 
et al., 2021; Srinivas and Ramakrishnan, 2005; van Bruggen et al., 
2016). They target pathogens using a different mode of action such as 
species competition, antagonism, parasitism and predation (Rawat 
et al., 2021; van Bruggen et al., 2016). Common biocontrol agents used 
to treat plant diseases such as early blight, grey mould and fire blight are 
Trichoderma spp., Streptomyces spp. and Bacillus spp. Despite the prom
ising results that have been reported for the application of biocontrol 
agents and their compatibility in managing different crops grown under 
various type of agricultural practices, the list of products approved for 
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use in the organic agricultural system is still limited. This could be due to 
inconsistent results being reported in field studies and their lower effi
ciency in controlling plant diseases when compared to chemical pesti
cides and bactericides. 

6. Potential role of phage as biocontrol agent in the organic 
farming system 

As mentioned in Section 3.2.1, the application of phage as a 
biocontrol agent in agricultural settings started in 1935. However, most 
of the studies reported to date focus on the application of phage 
biocontrol in conventional agricultural settings; none of the studies 
conducted were carried out under organic farming practices. According 
to van Bruggen et al. (2016), organic farming practices were claimed to 
have better soil quality, higher water holding capacity as well as wider 
soil microbial diversity compared to conventional agricultural practices. 
The intrinsic differences between these two farming practices might 
cause applied phages to behave differently under such distinct condi
tions (van Bruggen et al., 2016). For instance, the application of Pseu
domonas fluorescens strain 32 tagged with green fluorescent protein 
genes was better able to reduce the disease severity caused by Gaeu
mannomyces graminis, also known as the take-all fungus, in roots of 
barley plant growing under organically managed soils, when compared 
to conventionally managed soils (Hiddink et al., 2005). Therefore, this 
indicates that results obtained from studies carried out in conventional 
farming environments might not directly reflect the situation in organic 
agriculture. 

The recent approval of commercialised phage products (List
ShieldTM, SalmoFresh™, PhageGuard Listex™ and PhageGuard S™) by 
the Organic Materials Review Institute (OMRI) as approved processing 
sanitisers and cleaner to remove dirt, foreign matter and control the 
presence of microorganisms on organically certified food products or 
food contact surfaces without additional removal action, further in
dicates the increasing acceptance of phage treatment in today’s society 
(OMRI, 2021). Moreover, a recent study on the prevalence and diversity 
of lytic phage on an organic farm also reported an absence of host 
bacteria in the presence of infecting phages, suggesting the potential of 
phage in controlling and eliminating their host bacteria under organic 
agricultural settings (Liao et al., 2020). The many encouraging results 
discussed in Sections 3.2.1 and 3.2.2 also further demonstrate the suit
ability and potential of phage as biocontrol agents in agricultural set
tings. Therefore, further research on the potential of phage in controlling 
bacteria diseases under organic agricultural settings is encouraged to 
better control plant diseases and reduce the yield gap between con
ventional and organic farming practices. 

7. Conclusions 

The increased emergence of antibiotic-resistant bacteria and rising 
consumer demands for organic and naturally produced food products 
has led to the re-evaluation of the potential of phage application in the 
food production sector. With few exceptions, promising results from 
studies carried out to determine the effectiveness of phage in controlling 
bacterial contamination under different food production scenarios pro
vide strong support that phages may play a central role as antimicrobial 
agents in the post-antibiotics era. 

Furthermore, environmentally-friendly organic agriculture practices 
which provide the world’s populations with safer and higher quality 
food have increased steadily in the last two decades, yet several barriers 
remain in place which prevent the total conversion of conventional 
agriculture land to organic agriculture practices. Hence, studying the 
suitability of phage as biocontrol agents on organically grown farm 
products should be encouraged. Currently, only 1% of the world’s 
agricultural land is certified for organic production; total conversion to 
organic farming practices is impractical without the discovery of new 
methods to better control pests and bacteria diseases. With continual 

advancement in technology and growth in scientific knowledge, it will 
only be a matter of time before the limitations of phage application can 
be overcome. Researchers and related industries should work closely 
together to resolve associated issues in order to develop more effective 
ways to tackle plant diseases and pests in organic agricultural settings. 
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