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Summary
Bacteriophages are a promising tool to combat pathogenic bacteria along the 
food chain. In this review we give a comprehensive overview about studies that 
have been carried out to appraise the potential of phages to reduce the number 
of foodborne pathogens and spoilage bacteria in food products. The published 
data demonstrate that phages are generally suited for such applications, albeit 
high numbers of phages had to be applied in most experiments. The level of 
attainable reduction largely depended on the food matrix and the physiochemi-
cal conditions. However, microbial reductions of more than two orders of magni-
tude have been achieved in many studies.
This review summarizes a vast quantity of papers describing the reduction of 
pathogens on food products by phages and demonstrates where phage applica-
tions are more or less promising. Based on these data we discuss the merits and 
drawbacks of post-harvest applications of phages.
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Zusammenfassung Bakteriophagen besitzen ein vielversprechendes Potenzial, um pathogene 
Mikroorganismen entlang der Lebensmittelkette zu bekämpfen. In diesem Beitrag 
geben wir einen umfassenden Überblick über veröffentlichte Studien, die das 
Potenzial von Phagen zur Bekämpfung von lebensmittelassoziierten Krankheits-
erregern und Verderbniserregern im Lebensmittel betrachtet haben. Die bisher 
publizierten Daten zeigen, dass Phagen für solche Anwendungen geeignet sind, 
wenn auch in den meisten Untersuchungen hohe Zahlen von Phagen eingesetzt 
werden mussten. Die Höhe der erreichbaren Reduktion ist weitgehend von der 
Lebensmittelmatrix und den physikalisch-chemischen Bedingungen abhängig. 
Nichtsdestotrotz wurden häufig in diesen Studien Reduktionsraten von über 2 
log-Stufen erreicht. 
Dieser Übersichtsartikel fasst eine große Zahl von Veröffentlichungen zusammen, 
die die Reduktion von pathogenen Mikroorganismen in Lebensmitteln durch 
Phageneinsatz untersuchten und veranschaulicht, wo der Phageneinsatz erfolg-
versprechend ist. Basierend auf diesen Daten werden die Vor- und Nachteile der 
post-harvest Anwendung von Phagen diskutiert.

Schlüsselwörter: Bakteriophagen, Applikation von Phagen, post-harvest
Anwendung, Lebensmittel
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Introduction

Bacteriophages (phages) are the most abundant bio-
logical entities on earth with an estimated number of 
1031 particles (Bergh et al., 1989; Whitman et al., 1998). 
While some prominent virulence factors (e.  g. cholera 
toxin, diphteria toxin, shigatoxin) are encoded by tem-
perate phages which may integrate into the bacterial 
chromosome, virulent phages are strictly lytic and usu-
ally do not carry such genes. It has been calculated that 
every 48 h roughly one-half of the bacterial population 
worldwide is lysed by phages (Deresinski, 2009). Lysis 
can either occur from within in the course of lytic repli-
cation or from without by cell wall destruction initiated 
by multiple phage adsorption to individual bacteria. 
Thus, phages are of great importance for the ecology 
of microbes and the biosphere. They are detectable in 
nearly all habitats and also on food products. Therefore, 
humans and animals constantly ingest lots of phage 
particles with their food or feed, respectively. Phages are 
found in high numbers in the gut where they play an 
important role for the intestinal microbiota (Lepage et 
al., 2013). In contrast, eukaryotic cells are not infected by 
phages. Moreover, phages are not known to be toxic or 
allergenic (Burrowes et al., 2011). The facts that phages 
are natural food contaminants, that they generally pos-
sess a high specificity for certain bacterial species (or 
even some strains of a species) and that they are both 
self-replicating and self-limiting, make them an attrac-
tive alternative to antibiotics.

Besides therapies, in which phages are exploited to 
cure humans, there has recently been a growing inter-
est in phages for pre- and post-harvest applications to 
reduce the burden of foodborne pathogens in animals 
and food. An increasing number of studies demonstrate 
the potential of phages to control pathogenic bacteria 
along the food chain, where phages can be applied at 
different stages of production (Fig.  1). Besides applica-
tions in livestock, phages may also be exploited in the 

course of food handling, processing and packaging. 
Some phage preparations have already received regula-
tory approval (largely by FDA and USDA) and are com-
mercially available.

Nonetheless, obstacles remain before bacteriophage 
products will be applied on a broader base. Up to now, 
EFSA published two scientific opinions on the applica-
tion of phages in food production (EFSA, 2009; EFSA, 
2012). In these publications, EFSA has highlighted sci-
entific and regulatory questions regarding bacteriophage 
application that have to be answered. One major issue 
pertains to the fate of phages in food products (how 
many particles remain in the final product?) and the 
question whether a phage can prevent recontamination 
of the food by its pathogenic host. In addition, EFSA 
demands detailed data on the decontaminating efficacy 
of phages, on the potential development of resistance 
and on the survival of the phages in the environment.

While some reviews already targeted the pre-harvest 
approach to control zoonotic bacteria by phage applica-
tion in animals (Johnson et al., 2008; Connerton et al., 
2011; Völkel and Czerny, 2011; Doyle and Erickson, 2012) 
only single review articles describe the use of phages in 
the post-harvest area (Coffey et al., 2010; Hudson et al., 
2010).

This review summarizes and discusses studies that 
have been undertaken to evaluate the potential of 
phages for the reduction of pathogens and spoilage 
bacteria in food products of animal and plant origin. As 
Salmonella spp., Campylobacter spp., Escherichia (E.) coli 
(especially serotype O157:H7), Listeria (L.) monocytogenes 
and Staphylococcus (S.) aureus are predominant bacte-
rial foodborne pathogens, most studies have been per-
formed with these agents. The published data indicate 
that under appropriate conditions, significant reductions 
on various products are attainable. For a detailed over-
view all data on the reduction of the respective species 
are compiled in tables (Tab. 1–4).

FIGURE 1: Phage applica-
tion at different stages of food 
production.
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TABLE 1: Use of bacteriophages to control Salmonella spp. in food
Salmonella spp./strain Phage(s) Matrix, details Condition

(°C)
Bacterial load Multiplicity of 

infection (MOI)
CFU reduction 

observed
(log10 units)

Reference

S. Enteritidis Single phage Chicken, skin 4 102 CFU/cm2 105–107 Complete
eradication

(Goode et al., 
2003)

S. Enteritidis Single phage Chicken, skin 4 103 CFU/cm2 1 ≤ 1 (Goode et al., 
2003)

S. Enteritidis Single phage Chicken, skin 4 103 CFU/cm2 102–103 ~2 (Goode et al., 
2003)

S. Typhimurium U288 Cocktail (4 phages) Pig, skin 4 103 CFU/4 cm2 101–104 ≤ 2 (Hooton et al., 
2011)

S. Typhimurium U288 Cocktail (4 phages) Pig, skin 4 104 CFU/4 cm2 1–103 ≤ 1.3 (Hooton et al., 
2011)

S. Typhimurium U288 Cocktail (4 phages) Pig, skin 4 106 CFU/4 cm2 0.01–101 ≤ 1.3 (Hooton et al., 
2011)

S. Typhimurium DT104 Single phage 
(Felix 01)

Chicken 
Frankfurter

22 300 CFU/10 g 2 x 104 ~1.8 (Whichard et al., 
2003)

S. Typhimurium DT104 Single phage
(Felix 01 mutant)

Chicken 
Frankfurter

22 300 CFU/10 g 2 x 104 ~2.1 (Whichard et al., 
2003)

S. Enteritidis PT13A, 
S. Enteritidis field strains

Single phage (PHL4), 
cocktail (72 phages)

Chicken carcass 37 1–103 CFU/ml 
(rinse water)

1–1010 ≤ 2 (Higgins et al., 
2005)

S. Enteritidis PT13A, 
S. Typhimurium

Single phage (WHR) Chicken carcass 37 3–110 CFU/carcass 107–108 ≤ 2 (Bielke et al.,
2007)

S. Typhimurium PT160 Single phage (P7) Beef, cooked and 
raw

5 102 CFU/4 cm2 104 1.2 (Bigwood et al., 
2008)

S. Typhimurium PT160 Single phage (P7) Beef, cooked and 
raw

24 102 CFU/4 cm2 104 ≤ 4.7 (Bigwood et al., 
2008)

S. Typhimurium PT160 Single phage (P7) Beef, cooked and 
raw

24 104 CFU/4 cm2  101 ≤ 2.8 (Bigwood et al., 
2008)

S. Typhimurium PT160 Single phage (P7) Beef, cooked and 
raw

5 104 CFU/4 cm2 104 ≤ 2.3 (Bigwood et al., 
2008)

S. Typhimurium PT160 Single phage (P7) Beef, cooked and 
raw

24 104 CFU/4 cm2 104 ≤ 5.9 (Bigwood et al., 
2008)

S. Enteritidis Cocktail (4 phages) Melon, slices 5 2.5 x 104  CFU/
wound

2 x 102 ~3.5 (Leverentz et al., 
2001)

S. Enteritidis Cocktail (4 phages) Melon, slices 10 2.5 x 104  CFU/
wound

2 x 102 ~3.5 (Leverentz et al., 
2001)

S. Enteritidis Cocktail (4 phages) Melon, slices 20 2.5 x 104  CFU/
wound

2 x 102 ~2.5 (Leverentz et al., 
2001)

S. Enteritidis Cocktail (4 phages) Apple, slices 5 2.5 x 104  CFU/
wound

2 x 102 No reduction (Leverentz et al., 
2001)

S. Enteritidis Cocktail (4 phages) Apple, slices 10 2.5 x 104  CFU/
wound

2 x 102 No reduction (Leverentz et al., 
2001)

S. Enteritidis Cocktail (4 phages) Apple, slices 20 2.5 x 104  CFU/
wound

2 x 102 No reduction (Leverentz et al., 
2001)

S. Javiana 5913 Cocktail (5 phages) Tomato 15 106 CFU/ml
suspension

0.001 No reduction (Ye et al., 2009)

S. Javiana 5913 Cocktail (5 phages) Tomato 15 106 CFU/ml
suspension

1 No reduction (Ye et al., 2009)

Salmonella cocktail Cocktail (6 phages) Spout seeds, 
Mung bean/ 
Alfalfa

20 106 CFU/ml
suspension

1 ~3.4 (Ye et al., 2010)

Salmonella cocktail Cocktail (6 phages) Spout seeds, 
Mung bean/ 
Alfalfa

25 106 CFU/ml 
suspension

1 ~3.4 (Ye et al., 2010)

Salmonella cocktail Cocktail (6 phages) Spout seeds, Mung 
bean/Alfalfa

30 106 CFU/ml 
suspension

1 ~3.4 (Ye et al., 2010)

S. Oranienburg Cocktail (SSP5 & 6) Spout seeds, 
Alfalfa

25 107 CFU/ml
suspension

70 ~1 (Kocharunchitt
et al., 2009)

S. Enteritidis,
S. Typhimurium,
S. Montevideo

Cocktail
 (Phage-A & B)

Spout seeds, 
Mustard

25 102–103 CFU/g 104 ≤ 1.4 (Pao et al., 2004)

S. Enteritidis,
S. Typhimurium,
S. Montevideo

Cocktail 
(Phage-A & B)

Spout seeds, 
Broccoli

25 102–103 CFU/g 104 ≤ 1.5 (Pao et al., 2004)

S. Enteritidis lux Single phage (SJ2) Cheddar cheese 
(whey)

various 104 CFU/ml (milk) 104 ≤ 3 (Modi et al., 2001)

S. Enteritidis lux Single phage (SJ2) Cheddar cheese 
(curd)

various 104 CFU/ml (milk) 104 ≤ 4.4 (Modi et al., 2001)

S. Enteritidis lux Single phage (SJ2) Cheddar cheese 
(cheese)

various 104 CFU/ml (milk) 104 ≤ 3 (Modi et al., 2001)
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Application of Salmonella phages

Nontyphoidal Salmonella strains are important food-
borne pathogens worldwide which cause Salmonellosis, 
a form of gastroenteritis. In most cases the bacteria are 
acquired from poultry, meat, or eggs. However, there is an 
increasing number of reports describing fruits (e. g. mel-
ons, mango), vegetables (e. g. tomatoes) and sprouts as 
important reservoirs for Salmonella (Asplund and Nurmi, 
1991; Beuchat, 1996; Cook et al., 1998; Proctor et al., 
2001). Some outbreaks were also caused by contaminated 
Cheddar cheese (Marth, 1969; Leopardi et al., 1976).

Besides studies that have been carried out to reduce the 
number of Salmonella by phages in living animals (Lee 
and Harris, 2001; Wall et al., 2010), a number of post-har-
vest experiments (Tab. 1) have been performed as well.

Poultry products and meat
Goode et al. (2003) investigated the reduction of Salmo-
nella (S.) enterica serovar Enteritidis on experimentally 
contaminated chicken skin at 4°C for 48 h. Initial studies 
were conducted by infecting 103 CFU/cm2 with typing 
phage 12 at a multiplicity of infection (MOI) of 1 leading 
to a reduction of the pathogen by less than 1 log10 unit. 
Using a virulent P22 mutant and phage 29C at higher 
MOIs (102–103), 2  log10 unit reductions were achieved. 
Further experiments were carried out with bacterial 
counts (102 CFU/cm2) which more closely match natural 
contaminations (Bryan and Doyle, 2012). At a MOI of 105, 
the strain was reduced below the detection limit whereas 
a MOI of 107 was required to eliminate even Salmonella 
strains which were not affected at low MOIs. From the 
data it can be concluded that killing of the bacteria at low 
MOIs occurred most likely by lysis from within whereas 
the inundation of the cells with phages resulted in the 
eradication of strains by lysis from without.

A recent report describes the reduction of multidrug-
resistant S. Typhimurium U288 on pig skin (4°C, 96 h) 
by application of a cocktail (PC1) comprising Felix  01 
and three phages isolated from sewage (Hooton et al., 
2011). Similar to the data presented above, the strongest 
reductions (< 2 logs) of Salmonella were accomplished by 
use of high phage (104 to 107 PFU) and low cell numbers 
(initial inoculum 103 CFU).

Studies have also been undertaken with chicken prod-
ucts and meat. On chicken frankfurters inoculated with
3 x 102 CFU of S. Typhimurium DT104, an approx. 2 log10 
reduction was achieved after 24 h at 22°C by adding a Felix 
01 derivative at a MOI of 2 x 104 (Whichard et al., 2003). 
Higgins et al. (2005) analysed rinse water samples taken 
from naturally or experimentally contaminated poultry 
carcasses. After adding phage PHL4, samples were held 
on wet ice for 3 or 24 h to simulate shipping. Low (20 
and 31 CFU) or higher (102 and 103 CFU) numbers of a 
S. Enteritidis poultry isolate were significantly reduced by 
application of the phage at very high MOIs (>  105) but 
not at MOIs < 103. The authors also tested a cocktail of 
72 uncharacterized wild-type phages (total PFU of > 107) 
which eliminated Salmonella on naturally contaminated 
turkey carcasses. A similarly designed experiment was 
conducted with a S.  Enteritidis and a S.  Typhimurium 
strain incubated with high titres (total PFU >  109) of a 
wide host range phage (WHR) that had been propagated 
on the non-pathogenic species Klebsiella oxytoca (Bielke et 
al., 2007). Recovery of the strains was significantly reduced 
by the phage at MOIs of approx. 107.

Unlike the aforementioned experiments with chicken 
products, Bigwood et al. (2008) studied the inactivation 
of S. Typhimurium PT160 on raw and cooked beef. The 
meat samples were inoculated with 102 or 104 CFU/cm2 
followed by addition of phage P7 at a low (101) or high 
(104) MOI. Thereafter, the samples were incubated at 5°C 
and 24°C up to eight days to simulate refrigerated and 
room temperature storage. Reduction of Salmonella after 
incubation at 5°C (24 h) was significant (> 2 log10) when 
the host density and MOI were high. Eight days of incu-
bation yielded reductions in all preparations, especially 
in raw meat, but the reductions were not as great as in 
the 24 h samples. At 24°C and 24 h of incubation, reduc-
tions of up to 5.9 log10 units were observed in cooked 
meat of which the greatest again occurred at high host 
density and high MOI. Analogous experiments with raw 
meat showed no reduction but only an inhibition in the 
growth of Salmonella.

In a recent report, Guenther et al. (2012) evaluated the 
potential of the broad host range Felix 01 mutant F01-E2 
for the reduction of S.  Typhimurium in different ready-
to-eat foods (hot dogs, cooked and sliced turkey breast, 
mixed seafood, chocolate milk and egg yolk). All samples 
were spiked with 1 x 103 Salmonella cells (CFU) per g or 
ml. After adding the phage (3 x 108 PFU/g or ml) the sam-
ples were incubated at 8°C and 15°C for up to six days. 
Salmonella counts were strongly reduced (2 to 5 log10 
units) at either temperature. Notably, at 8°C the num-
bers of cells (lying below the detection limit) remained 
constant during the whole time while at 15°C regrowth 
of Salmonella occurred after two days of incubation. The 
authors ascertained that the phages were still active after 
six days but they were obviously immobilized on the food 
surface and matrix. In addition, some phage-insensitive 
bacteria were detected at the end of the experiment.

Fruits, vegetables and sprouts
There have been several studies published on the use of 
phages as biocontrol for Salmonella on fruits, vegetables 
and sprouts. Leverentz et al. (2001) demonstrated that a 
mixture of four phages (SCPLX-1) applied at a MOI of 
102 reduced the number of S. Enteritidis on honeydew 
melon slices up to 3.5 log10 units at 5°C and 10°C and 
up to 2.5 log10 units at 20°C throughout seven days of 
incubation. Though, a reduction on apple slices was not 
observed, probably due to the more acidic pH (pH 4.2) 
of this fruit. A cocktail of five virulent phages (amongst 
others F01, total MOI 1) in combination with Entero-
bacter asburiae which has an antagonistic activity against 
Salmonella was used to study the control of S. Javiana on 
tomatoes (Ye et al., 2009). The prevalence of Salmonella 
could be reduced but the contribution of the phages 
was negligible. The authors speculate that the phages 
replicated only poorly at the storage temperature of 
15°C and that they were rapidly inactivated by UV light. 
In a later publication the authors tested Enterobacter 
asburiae in combination with the cocktail (supplemented 
with a sixth phage, total MOI 1) on mung bean and 
alfalfa seeds (Ye et al., 2010). A mixture of Salmonella 
strains was significantly (~3.4 log10 units) reduced during 
sprouting at 20°C to 30°C for four days. In combination 
with Enterobacter asburiae, an even greater reduction 
was achieved. Comparable results were obtained using 
sprouting alfalfa seeds. Kocharunchitt et al. (2009) per-
formed similar experiments with alfalfa seeds incubated 
with S. Oranienburg and the two phages SSP5 and SSP6. 
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However, phage treatment in this study caused only a
1 log10 unit reduction after 3 h of incubation at 25°C and 
no inhibition thereafter, even though a MOI of 70 was 
applied. A second addition of the same or another phage 
did not affect the Salmonella population. Unusually, 
Salmonella colony morphologies in some samples sug-
gested a temporarily acquired, non-specific phage resis-
tance phenomenon. One report describes the control of 
Salmonella on broccoli and mustard seeds which belong 
to the genus Brassica (Pao et al., 2004). Three different 
Salmonella serovars (S.  Enteritidis, S.  Typhimurium and 
S. Montevideo) and two phages (A and B isolated from 
sewage), which exhibited different host ranges were 
tested alone, or in combination. After incubation for 24 h
at 25°C, a single phage (MOI approx. 104) reduced the 
number of S.  Enteritidis and S.  Typhimurium (102 to 
103 CFU/g) by 1.37 and 0.55 log10 units on broccoli and 
mustard seeds, respectively. When the three Salmonella 
serovars were jointly inoculated on broccoli seeds, no 
single phage caused a significant suppression, whereas 
a mixture of both phages reduced the bacterial counts 
by 0.57 and 1.5 log10 units on seeds and soaking water, 
respectively. As one of the phage lysed only S. Enteritidis 
and S. Typhimurium, while the second phage was spe-
cific for S. Montevideo, this data demonstrate that non 
targeted strains can overgrow uninhibited.

Cheese
It has been pointed out that Salmonellosis can also be 
caused by ingestion of contaminated cheese (e. g. Cheddar).
For that reason, Modi et al. (2001) investigated the reduc-
tion of S.  Enteritidis by phage SJ2 during manufacture, 
ripening and storage of Cheddar cheese made of raw and 
pasteurized milk. They inoculated milk with 104 CFU/ml,
added 108 PFU/ml of the phage and processed the milk 
into Cheddar cheese following standard procedures. Sam-
ples were taken during a period of 99 days. While in milks 
without phages Salmonella counts increased by 1 log10 
unit, a 1 to 2 log10 unit reduction was obtained in the pres-
ence of phage after 24 h. Similar reductions were observed 
in whey and in curd. Upon 89 days of incubation at 8°C, 
no Salmonella could be detected in cheese made from 
pasteurized milk in the presence of phage. High titres of 
phage were determined in both, cheese made from raw 
and pasteurized milk indicating propagation of the phage 
during manufacturing. Yet, the highest lytic activity was 
found in pasteurized milk cheese. Table 1 summarizes the 
data on the exploitation of phages to reduce the number 
of Salmonella in food products.

Taken the data on Salmonella phage applications 
together, it is evident that phages have generally a strong 
potential to reduce the number of Salmonella on products. 
However, different textures and storage conditions of 
various products necessitate specific strategies. As many 
products are stored at refrigerated conditions that do not 
allow bacterial growth, contaminants are mostly present 
in small numbers. Therefore, passive phage treatments 
using high doses of phages were most efficient.

Application of E. coli phages

Enterohemorrhagic E.  coli (EHEC), especially the sero-
type O157:H7, is a leading cause of human infection 
worldwide. Beside O157:H7 several other EHEC sero-
types (e. g. O157, O104:H4, O103, O26) are known to be 

associated with severe sporadic foodborne disease cases 
or regional outbreaks (Strachan et al., 2006; Sekse et al., 
2009; Muniesa et al., 2012). Infection mostly occurs by 
the consumption of contaminated foods (e. g. raw and 
undercooked meat, raw milk, vegetables, fruits, sprouts). 
To control the agent by phages, several pre- and post-
harvest approaches have been performed (Muniesa et 
al., 2012). Post-harvest applications were conducted with 
products of animal and plant origin.

Poultry products and meat
To assess the suitability of phages for the reduction of 
E.  coli O157:H7 on meat products, O´Flynn and co-
workers investigated the efficacy of a mixture of three 
phages (e11/2, e4/1c and PP01) (O’Flynn et al., 2004). 
In this study the growth of a rifampicin-resistant E. coli 
O157:H7 strain on 18 artificially contaminated (total 103 

CFU) meat samples was analysed. Meat samples without 
phages showed an increase of E. coli counts of approx.
2 log10 units. By contrast, in seven of nine phage-treated
(2 x 108 PFU) meat samples, no viable E.  coli bacteria 
could be isolated after one hour of incubation at 37°C. 
Only in two samples low bacterial numbers have been 
detected. 

Abuladze et al. (2008) studied the reduction of a 
mixture of E.  coli O157:H7 isolates in experimentally 
contaminated ground beef samples (3.4 x 103 CFU/g) at 
10°C for 24 ± 4 h. Due to the incipient spoilage of the 
meat, longer exposure times were not examined. The 
studies demonstrated that the application of a cock-
tail comprising four phages (ECP-100, 108–109 PFU) 
lead to a reduction of viable E.  coli cells by approx. 
1.5 log10 units (Abuladze et al., 2008). 

Fruits and vegetables
In the last decades the incidence of E.  coli associated 
foodborne illness associated with the consumption of 
minimally processed ready-to-eat products and fresh 
fruits has constantly increased (Lynch et al., 2009). To 
tackle this problem, several studies have been designed 
to investigate the suitability of natural antimicrobials 
(e. g. phages, bacteriocins, essential oils) for the biocon-
trol of E.  coli O157:H7 on fresh fruits, vegetables and 
sprouts. Abuladze et al. (2008) demonstrated that the 
phage cocktail ECP-100 (106 or 107 PFU) with a high 
lytic potential against 94% of the tested E. coli O157:H7 
isolates significantly reduced (1.5 to 2 log10 units) the 
number of the pathogen (102 to 104 CFU/g) on different 
food samples (tomato, spinach, and broccoli) at 10°C. An 
initial pre-treatment with ethanol was applied to inac-
tivate naturally contaminating bacteria on the sample 
surface and to obtain reliable data on the efficacy of the 
cocktail. Reductions of the E. coli O157:H7 strains of at 
least 2 log10 units were achieved after 24 ± 4 h of incuba-
tion. Longer incubations (120 ± 4 h and 168 ± 4 h) did 
not result in significant reductions. In a following study, 
the same phage cocktail was used to reduce the number 
of viable E.  coli O157:H7 on contaminated fresh-cut 
iceberg lettuce and cantaloupe (Sharma et al., 2009). 
Lettuce pieces were inoculated with 7 x 103 CFU/cm2

E. coli bacteria, allowed to dry and sprayed with a phos-
phate-buffered saline (PBS, pH 7.4) ECP-100 suspen-
sion (total 108 PFU/cm2) or PBS without phage (control) 
and stored for two days at 4°C. Enumerations on day 0, 
1 and 2 revealed a significant reduction (2 log10 units) 
of the viable E.  coli on phage treated lettuce pieces for 
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each time point of storage. Further investigations were 
performed with fresh-cut cantaloupe wedges. Fourteen 
cantaloupe pieces were spot inoculated with 5 x 104 
CFU/ml E.  coli O157:H7 and treated either without or 
with phage (total 108 PFU/cm2) for up to seven days at 
4°C and 20°C. Enumerations were performed at day 0, 2, 
5 and 7. Significant differences in the number of viable 
E. coli bacteria between ECP-100 treated and untreated 
cantaloupe pieces at 4°C storage were observed at day 
2, 5 and 7. The largest difference was observed on day 
2 (9 x 102 CFU/ml). Contrary to this, at 20°C significant 
differences between the ECP-100 treated and untreated 
pieces were only observed at day 5. Thus, the ability of 
ECP-100 to reduce E. coli O157:H7 was more effective at 
4°C (Sharma et al., 2009).

In another comprehensive study reduction of E.  coli 
O157:H7 on baby romaine lettuce and baby spinach 
leaves by phage cocktail BEC8 alone and in combina-
tion with the essential oil trans-cinnameldehyde (TC) 
has been investigated (Viazis et al., 2011). With both 
products the reduction of O157:H7 bacteria was deter-
mined at different temperatures (4, 8, 23, and 37°C) in 
time-intervals of 10  min, 60  min and 24  h using three 
MOIs (1, 10, 100). Individual application of BEC8 or TC 
on both leafy greens resulted in a reduction of bacterial 
counts of at least 1 to 3 log10 units at all temperatures 
after 24 h. Better efficacies were determined after longer 
incubation and at higher temperatures and MOIs. Under 
optimal conditions (MOI 100, 37°C and 24 h) a reduction 
of 3.5 and 5 log10 units was attained using BEC8 and TC, 
respectively. The combined application of BEC8 (MOI 1) 

and TC even resulted in a reduction of the bacterial load 
below the detection limit at all temperatures and time-
intervals. Higher MOIs (10 and 100) were less efficient. 
The results of the study Viazis et al. (2011) suggested a 
combination of phages and TC to be well suited for an 
environmentally friendly and efficient reduction of E. coli 
O157:H7 bacteria on leafy greens. It would be interesting 
to learn whether this approach is also suitable for other 
produce.

Biocontrol of L. monocytogenes

Listeria are ubiquitous organisms that are widely distrib-
uted in the environment, especially in plant matter and 
soil. Other reservoirs include infected domestic and wild 
animals. Human listeriosis cases are almost exclusively 
caused by L. monocytogenes. The main route of transmis-
sion to humans is believed to be through consumption 
of contaminated food (EFSA, 2011). L.  monocytogenes 
can be found in different food types, notably in soft 
and semi-soft cheese, fish and fishery products (e.  g. 
cold smoked fish), salads and ready-to-eat sausages. 
For cooked products, presence of L.  monocytogenes is 
usually connected with cross-contamination after heat 
treatment (Lianou and Sofos, 2007). Due to its psychro-
trophic nature, L. monocytogenes can grow in many shelf-
life foods under refrigeration for a long period of time.

Phages have been successfully applied to reduce 
L. monocytogenes loads in different food matrices (Tab. 2)
and on food contact surfaces (Hazeleger et al., 2010). 

TABLE 2: Use of bacteriophages to control L. monocytogenes in food
L. monocytogenes 
strain

Phage(s) Matrix, details Condition 
(°C)

Bacterial load Multiplicity of 
infection (MOI)

CFU reduction 
observed

(log10 units)

Reference

WSCL1001/Scott A Cocktail (A511, P100) Hot dogs 6 103 CFU/ml 3 x 105 2.9–4.2 (Guenther et al., 2009)
LmC Single phage (P100) Red-smear soft 

cheese 
14, 6 2 x 101 CFU/cm2 1.5 x 105 2–3 (Carlton et al., 2005)

LmC Single phage (P100) Red-smear soft 
cheese 

14, 6 2 x 101 CFU/cm2 3 x 106 Complete 
eradication

(Carlton et al., 2005)

WSLC1001/ScottA Single phage (A511) Mozzarella cheese 
brine 

6 103 CFU/ml 3 x 105 2.3–5 (Guenther et al., 2009)

ScottA, 
CNL103/2005

Single phage (A511) White mould soft 
cheese; red-smear 
cheese 

13, 6 103 CFU/cm2 105–106 ~3 (Guenther & Loessner, 2011)

EGD/ScottA Single phage (P100) Catfish, fish filet 4 ~104 CFU/g 2 x 103 ~1.5 (Soni et al., 2010)
EGD/ScottA Single phage (P100) Catfish, fish filet 22 ~104 CFU/g 2 x 103 ~1.6 (Soni et al., 2010)
EGD/ScottA Single phage (P100) Catfish, fish filet 22 ~104 CFU/g 0.2 No reduction (Soni et al., 2010)
EGD/ScottA Single phage (P100) Catfish, fish filet 22 ~104 CFU/g 2 x 101 ~0.4 (Soni et al., 2010)
EGD/ScottA Single phage (P100) Salmon, fish filet 4 ~104 CFU/g 1 No reduction (Soni & Nannapaneni, 2010)
EGD/ScottA Single phage (P100) Salmon, fish filet 4 104 CFU/g 104 ~3.5 (Soni & Nannapaneni, 2010)
WSLC1001/ScottA Cocktail (A511, P100) Seafood, mixed 6 103 CFU/ml 3 x 105 ~2.5 (Guenther et al., 2009)
WSLC1001/ScottA Cocktail (A511, P100) Sliced turkey breast, 

cooked
6 103 CFU/ml 3 x 105 ~1.5 (Guenther et al., 2009)

WSLC1001/ScottA Cocktail (A511, P100) Hot dogs 6 103 CFU/ml 3 x 105 2.9–4.2 (Guenther et al., 2009)
serovar 1/2a Cocktail (A511, P100) Sausages, fresh 4 104 CFU/ml 1 ~2.5 (Rossi et al., 2011)
2000/47 Single phage 

(FWLLm1)
Chicken breast rolls, 
RTE

5 102 CFU/cm2 1.5 x 104 ~1 (Bigot et al, 2011)

2000/47 Single phage 
(FWLLm1)

Chicken breast rolls, 
RTE

5 104 CFU/cm2 1.5 x 103 ~2.5 (Bigot et al., 2011)

2000/47 Single phage 
(FWLLm1)

Chicken breast rolls, 
RTE

30 105 CFU/cm2 2.5 x 102 ~2.5 (Bigot et al., 2011)

L62/ L99 Single phage (LH7) Beef, vacuum 
packaged

7 106 CFU/cm2 0.003 No reduction (Dykes & Moorhead, 2002)

LCDC 81–861 Cocktail (6 phages) Honeydew melon, 
tissue

10 5 x 105 CFU/ml 102 ≤ 6.8 (Leverentz et al., 2004)

LCDC 81–861 Two cocktail
(6 phages)

Apple, slices 10 105–106 CFU/ml 5 x 101–5 x 102 ≤ 0.4 (Leverentz et al., 2003)
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Most research has been focussed on the application of 
the broad-host-range phages P100 and A511 which can 
infect about 95% of L. monocytogenes strains of the domi-
nant serovars 1/2 and 4. Both phages share extensive 
nucleotide homologies (Carlton et al., 2005).

Cheese
Guenther and Loessner (2011) applied phage A511 
to control L.  monocytogenes Scott A (serovar 4b) and 
CNL103/2005 (serovar 1/2a) in two types of cheese (white 
mold Camembert style and red-smear Limburger style 
cheese). Application of a single dose (3 x 108 PFU/cm2)
of A511 lead to 2 to 3 log10 reductions of L.  monocy-
togenes (initial concentration 103 CFU/cm2) at the end of 
the ripening period in both types of cheese. Repeated 
application of the phage did not further reduce the 
bacterial load, but delayed regrowth of L. monocytogenes 
in red-smear cheese. Highest reductions were observed 
when a single high dose (1 x 109 PFU/cm2) was added to 
low initial target cell concentrations (< 102 CFU/cm2). In 
a large scale experiment, the efficacy of phage A511 to 
reduce L. monocytogenes Scott A and WSCL 1001 (serovar 
1/2a) was tested on mozzarella cheese brine (Guenther 
et al., 2009). A511 (108 PFU/ml) suppressed or prevented 
growth of both L. monocytogenes strains at 6°C effectively 
resulting in 2.3 to 5.1 log10 reductions over a period of 
13 days.

Meat and meat products
Phage application to reduce L. monocytogenes counts was 
tested in different meats and meat products. Distinct 
reduction rates were observed in hot dogs (2.9 to 4.2 
log10 units) at 6°C when 3 x 105 PFU/ml were applied 
(Guenther et al., 2009). Moderate effects of phage A511 
were seen in sliced cooked turkey breast (1.5 log10 
reduction) and fresh sausages under similar conditions 
(Guenther et al., 2009; Rossi et al., 2011). When apply-
ing 1.5 x 106 PFU/cm2 of phage FWLLm1, Bigot et al. 
(2011) reported a rapid reduction (1 to 2.5 log10 units) in 
host cell numbers (102 to 104 CFU/cm2) at 5°C. At 30°C, 
an initial reduction of 2.5 log10 units was observed by 
applying 2.5 x 107 PFU/cm2, but growth of the bacteria 
was not prevented. No significant reduction of L. mono-
cytogenes counts was observed in chilled raw beef in the 
presence of phage LH7 at a concentration of 3 x 103 

PFU/ml alone. When adding a combination of nisin and 
phage LH7 at 7°C, a reduction of 1 to 2 log10 units was 
observed (Dykes and Moorhead, 2002). Under these 
conditions regrowth of L.  monocytogenes did not occur 
and the combined action appeared effective on station-
ary cells as well. Though, most of the listericidal activity 
was attributed to the action of nisin.

Fish 
High prevalences of L.  monocytogenes are described in 
fresh fish and fishery products such as cold smoked 
salmon. Soni and co-workers tested the efficacy of 
phage P100 to reduce L. monocytogenes counts on fresh 
catfish fillet and raw salmon fillet that were initially 
spiked with 104 CFU/g (Soni et al., 2010; Soni and Nan-
napaneni, 2010). Reduction rates ranged from 1.4 to
4.5 log10 units. The highest reduction rates were observed 
at higher temperatures (22°C) and when high phage levels
(<  108 PFU/g) were applied. Moderate killing rates
(< 2.5 log10 reduction) from the initial concentration of 103 
CFU/g of L. monocytogenes were observed in mixed seafood 

at 6°C by using phage A511 or P100 (phage concentration of
3 x 108 PFU/g) (Guenther et al., 2009).

Plant material
L.  monocytogenes outbreaks are frequently associated 
with the consumption of contaminated fresh produce, 
such as red bell peppers, lettuce or sprouts (Leverentz 
et al., 2004). L.  monocytogenes control on sliced cab-
bage and iceberg lettuce by phage A511 was tested 
(Guenther et al., 2009). The phage efficiently reduced 
L. monocytogenes counts in these matrices by 2 to 4 log10 
units at 6°C when high phage concentrations of 3 x 108 

PFU/g were used. When tested at 20°C, L. monocytogenes 
counts increased over 5 log10 units in the controls, but 
when treated with phage (at the above mentioned 
concentration), the bacterial count was reduced by
4.7 log10 units in the samples compared to the controls. 
In contrast to other food matrices, incubation of phages 
in such plant products resulted in a significant reduction 
of phage particles by 1 to 2 log10 units. The reduction 
rates additionally depended on the incubation tempera-
ture. Higher reduction rates were achieved at 22°C com-
pared to 6°C. Leverentz et al. (2004) reported reduction 
rates of L. monocytogenes of up to 6.8 log10 units in hon-
eydew melon tissue that was previously inoculated with 
105 to 106 CFU/ml of L.  monocytogenes when applying 
phage mixture LMP-102 containing six different virulent 
phages at a MOI of 100. Highest reduction rates were 
observed when high phage concentrations were applied. 
Application of the phage cocktail one hour before or at 
the time of contamination was the most efficient proce-
dure. The authors conclude that – under practical condi-
tions – phages should be applied as soon as possible 
after cutting the produce. 

In an earlier study, Leverentz et al. (2003) could reduce 
L. monocytogenes on apple slices initially inoculated with 
105 to 106 CFU/ml, by up to 0.4 log10 units when apply-
ing phage mixtures LM-103 or LMP-102 at approx. 
5 x 107 PFU/ml. When combining phage treatment with 
nisin application, L. monocytogenes was reduced by up to 
2 log10 units. Phage titers were stable in melon slices but 
declined massively on apple slices. The authors propose 
that the low pH of apple slices (pH 4.4) might have 
impaired phage infection mechanisms. 

The published data demonstrate that phages have
successfully been used to control L.  monocytogenes in a 
wide range of food products. Moreover, in most of the 
studies no evidence for a development of phage resis-
tance of L.  monocytogenes was observed (Carlton et al., 
2005; Guenther et al., 2009). 

Application of Campylobacter phages

Campylobacteriosis is the most common form of bacte-
rial foodborne enteritis, both, in the developed and in 
the developing world. Campylobacter jejuni, the most 
prevalent Campylobacter species leading to enteritis, 
has a wide range of hosts, varying from chicken, tur-
key, cattle and other mammals to humans. Commonly
recognized risk factors are handling and consumption 
of contaminated undercooked poultry meat, drinking of 
unpasteurized milk or drinking of surface water or water 
from private wells (Humphrey et al., 2007).

To reduce Campylobacter within the food chain (espe-
cially along the poultry production chain) several inter-
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vention strategies have been investigated, including 
phage treatment (Wagenaar et al., 2008). Most of that 
research has been focussed on pre-harvest interven-
tion measures. Nonetheless, single studies investigated 
the post-harvest treatment, largely on raw or cooked 
meat (Tab. 3). Some reductions in C.  jejuni numbers 
on chicken skin or meat have been determined when 
treated with a corresponding phage, even though single 
studies could not detect significant reductions at chilling 
temperatures (Orquera et al., 2012). Larger reductions 
were achieved by Atterbury et al. (2003) who combined 
phage application (MOI 10 and 1000) with freezing 
(resulting in < 2.5 log10 reductions). When phages were 
applied without freezing, the reduction rate decreased to 
approx. 1 log10 unit.

Data from Bigwood et al. (2008) showed that experi-
ments performed at 24°C (to simulate room tempera-
ture) resulted in higher reduction rates of C. jejuni of up 
to 5 log10 units than experiments at 5°C. Both experi-
ments were carried out at a MOI of 1000. The authors 
were able to trace phage related reduction of C.  jejuni 
numbers at a similar MOI for up to eight days when 
meat was incubated at 5°C. Under these conditions the 
bacterial reduction rate reached up to 2.9 log10 units. 
Since the minimal growth temperature of C.  jejuni is 
30°C, lower temperatures prevent bacterial growth and 
replication of phages. Based on that fact, Connerton et 
al. (2011) assumed that the reduction of Campylobacter 
numbers is mainly caused by lysis from without. 

Control of S. aureus, Cronobacter spp. 
and spoilage bacteria

S.  aureus is not only an important infectious pathogen 
but it is also a threat for the food industry because cer-
tain strains produce heat-stable enterotoxins and other 
virulence factors that can cause food poisoning. Out-
breaks are mainly associated with the consumption of 
milk and dairy products.

For that reason a number of studies have been con-
ducted to appraise the potential of phages for the control 
of S.  aureus in milk and cheese (Tab. 4). O´Flaherty et 
al. (2005) compared the reduction of S.  aureus in raw 
and heat treated milk. Applying phage K at a MOI of 
102, bacterial numbers (107 CFU/ml) declined in heat 

treated milk to undetectable levels within two hours. By 
contrast, there was no detectable reduction of cell num-
bers in raw milk in which S.  aureus clumps have been 
identified to associate with fat globules. Clumping of the 
cells obviously caused a significantly reduced adsorption 
of phages. Homogenization of raw milk resulted in a 
reduction of 1 log10 unit compared to the unhomog-
enized control indicating that it disturbed clumping. 
Experiments were also performed with heated (90°C, 
10 min) and unheated whey lacking most milk fat and 
casein. Here, bacterial numbers were reduced to unde-
tectable levels in both matrices, albeit elimination of the 
bacteria in unheated whey took twice as long (4 h) as in 
heated whey.

Similar results have been published by Garcia et al. 
(2009) who studied the reduction of S.  aureus in milk 
samples by temperate phages (ФH5 and ФA72) of dairy 
origin. While in UHT (Ultra-high temperature process-
ing) and pasteurized milk a reduction of 3 and 3.6 log10 
units, respectively, has been achieved by use of two 
phages (MOI > 102), lower reductions were determined 
in semi-skimmed milk and particularly in whole-fat raw 
milk. Killing of the bacteria was observed at 37°C and 
room temperature, but not at 4°C. In a previous study 
the authors had analysed the efficacy of virulent mutants 
(Ф88 and Ф35) of the temperate phages (Garcia et al., 
2007). The lytic variants were more efficient than their 
temperate counterparts and eliminated 3 x 106 CFU/ml
of the pathogen in UHT whole milk (MOI of 102) at 
37°C. Clearance of the bacteria was also observed in acid 
curd and renneted curd at 25°C and 30°C, respectively.

In a recent report the efficacy of the virulent mutants 
(now designated phiIPLA88 and phiIPLA35) to reduce 
S. aureus in pasteurized whole milk was studied in combi-
nation with high hydrostatic pressure (Tabla et al., 2012). 
The phages showed resistance of up to 400 MPa. While 
initial numbers of 1 x 104 CFU/ml and 1 x 106 CFU/ml
were reduced by several logs with either method, the 
combined treatment resulted in a decrease of cell num-
bers below the detection limit (< 10 CFU/ml) after 48 h 
at 25°C.

Obeso et al. (2010) developed models to predict 
S. aureus inactivation in pasteurized milk. They studied 
the impact of the parameters temperature, bacterial con-
tamination level and initial phage titer using phiIPLA88 
and phiIPLA35. A minimum phage concentration of

TABLE 3: Use of bacteriophages to control Campylobacter spp. in food
C. jejuni/C. coli strain Phage(s) Matrix, details Condition

(°C)
Bacterial 

load
Multiplicity of 

infection
(MOI)

CFU reduction 
observed

(log10 units)

Reference

FGCSCFT Single phage (Cj6) Beef, cooked 5 102 CFU/cm2 104 ≤ 0.4 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef, cooked 5 104 CFU/cm2 104 ≤ 2.9 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef, cooked 24 102 CFU/cm2 104 ≤ 0.7 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef, cooked 24 104 CFU/cm2 101 ≤ 3.7 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef cooked 24 104 CFU/cm2 104 > 5 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef, raw 5 102 CFU/cm2 104 ≤ 0.4 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef, raw 5 104 CFU/cm2 104 ≤ 1.5 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef, raw 24 102 CFU/cm2 104 ≤ 0.6 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef, raw 24 104 CFU/cm2 101 ≤ 0.4 (Bigwood et al., 2008)
FGCSCFT Single phage (Cj6) Beef, raw 24 104 CFU/cm2 104 ≤ 2.2 (Bigwood et al., 2008)
C222 Single phage (NCTC 12673) Chicken, skin 4 104 CFU/ml 102 ≤ 1 (Goode et al., 2003)
NCTC12662 Single phage (Φ2) Chicken, skin 4 104 CFU/ml 103 ~1 (Atterbury et al., 2003)
NCTC12662 Single phage (Φ2) Chicken, skin 4 106 CFU/ml 101 ~1 (Atterbury et al., 2003)
NCTC 11168 Single phage (CP81) Chicken, meat 4 106 CFU/ml 102 No reduction (Orquera et al., 2012)
NCTC 12668 (C. coli) Single phage (NCTC 12684) Pork, meat 4 106 CFU/ml 104 No reduction (Orquera et al., 2012)



Berliner und Münchener Tierärztliche Wochenschrift 126, Heft 9/10 (2013), Seiten 357–369 365

2 x 108 PFU/ml was found to be sufficient to inactivate 
S. aureus in milk at different temperatures, irrespective of 
the bacterial cell number.

One study describes phage inactivation of S.  aureus 
in fresh and hard-type cheeses (Bueno et al., 2012). The 
authors determined the reduction of the bacteria by phiI-
PLA88 and phiIPLA35 during cheese manufacture (up to 
30 days). Pasteurized milk was inoculated with 106 CFU/ml
and phages were added in equal number (MOI 1).
In fresh cheese Staphylococcus counts dropped below 
the detection limit (<  10 CFU/g). Hard cheeses con-
tained approx. five logs less numbers of the pathogen 
as in the control sample, low enough to avoid a critical 
enterotoxin level. Notably phage treatment did not affect 
starter strains and the physico-chemical properties of the 
product.

Cronobacter spp. are opportunistic pathogens, which 
can cause serious infections in neonates and infants, 
mainly by the consumption of contaminated milk for-
mula. Contamination probably occurs during post-
processing of powdered infant formula (Nazarowec-
White and Farber, 1997). To evaluate the potential of 
phages to control Cronobacter spp. in this food product, 
Kim et al. (2007) isolated a number of phages and 
selected two of them (ESP 1-3 and ESP 732-1) for 
experimental approaches. Reduction of Cronobacter spp. 
numbers (102 CFU/ml) was studied in reconstituted 
infant formula at three temperatures (12, 24 and 37°C) 
and MOIs between 105 and 107. Both phages signifi-
cantly reduced the cell numbers at any temperature and 
MOI. The best results were obtained at 24°C by use of 
high MOIs resulting in elimination of Cronobacter spp. 
Similar results were published by Zuber et al. (2008) 
who employed a cocktail of five phages. A broth con-
taminated with low (102 CFU/ml) and high (106 CFU/ml) 
pathogen counts was sterilized by a dose of 108 PFU/ml.

Spoilage of food, especially meat, is often caused 
by Pseudomonas strains and Brochothrix (B.) thermos-

phacta, which can grow under refrigerating conditions. To 
extend the shelf life of products, inactivation of spoilage 
bacteria by phages might be promising. Several stud-
ies have been conducted on the control of Pseudomonas 
in beef. Beef juice is an appropriate medium for the 
growth of Pseudomonas, in which the bacteria exhibit a 
generation time of eight hours at 7°C (Greer, 1985). In 
phage C35 treated cultures (MOI of 0.01), there was no 
significant increase in bacterial growth after three days 
of incubation indicating that the phage replicated at 
that temperature. Similarly, phage numbers increased by 
approx. 2 log10 units on steaks on which the numbers of 
Pseudomonas were reduced by 1 to 2 log10 units after four 
days of retail display (MOI of 10). Furthermore, there 
was a marked decrease in steak surface discoloration and 
an increase in shelf-life up to approx. 1.5 days. In a later 
study, Greer (1988) evaluated the effects of temperature, 
bacterial counts and phage concentration upon the abil-
ity of phage C35 to extend the case life of beef. He found 
that phage control of spoilage was unaffected by beef 
temperature between 1 and 10°C. In contrast, bacterial 
density and phage numbers were critical. The highest 
increase (three days) in the shelf life of beef was achieved 
at a bacterial density of 4.6 x 103 CFU/cm2 and a phage 
concentration of 9.7 x 107 PFU/cm2. No increase was 
obtained with bacterial counts lower than 46 CFU/cm2.
Greer and Dilts (2001) also studied the potential of a 
phage pool (seven phages) to reduce mixtures of Pseu-
domonas isolated from abattoirs. All in all, 585 out of 1023 
pseudomonads (57.2%) were susceptible to phage lysis. 
Although the phage pool inhibited the growth of the 
bacteria, this was not sufficient to extend the shelf-life of 
beef. The authors surmised that the efficacy of the phage 
pool was limited by the restricted host range and the 
emergence of phage-resistant mutants.

An older study described the control of Pseudomonas 
in skim milk incubated for 72 h at 7°C (Ellis et al., 1973). 
High bacterial counts (105 CFU/ml) were significantly 

TABLE 4: Use of bacteriophages to control S. aureus in milk
S. aureus
strain

Phage(s) Matrix, details Condition 
(°C)

Bacterial load Multiplicity 
of infection 

(MOI)

CFU reduction 
observed

(log10 units)

Reference

DPC5645 Single phage (K) Milk, heat treated, whey 37 107 CFU/ml 102 Complete eradication (O‘Flaherty et al., 2005)
DPC5645 Single phage (K) Milk, raw 37 107 CFU/ml 102 No reduction (O‘Flaherty et al., 2005)
DPC5645 Single phage (K) Milk, raw, homogenized 37 107 CFU/ml 102 ~1 (O‘Flaherty et al., 2005)
SA9 Cocktail (2 phages) Milk, UTH 4, 22, 37 102 CFU/ml 102–103 ~3 (Garcia et al., 2009)
SA9 Cocktail (2 phages) Milk, pasteurized 4, 22, 37 102 CFU/ml 102–103 ~3.6 (Garcia et al., 2009)
SA9 Cocktail (2 phages) Milk, raw, semi-skimmed 4, 22, 37 102 CFU/ml 102–103 ~2 (Garcia et al., 2009)
SA9 Cocktail (2 phages) Milk, raw 4 102 CFU/ml 102–103 No reduction (Garcia et al., 2009)
SA9 Cocktail (2 phages) Milk, raw 22 102 CFU/ml 102–103 ~1 (Garcia et al., 2009)
SA9 Cocktail (2 phages) Milk, raw 37 102 CFU/ml 102–103 ~1 (Garcia et al., 2009)
SA9 Cocktail (2 phages) Milk, acid curd 25 3 x 106 CFU/ml 102–103 Complete eradication (Garcia et al., 2007)
SA9 Cocktail (2 phages) Milk, rennet curd 30 3 x 106 CFU/ml 102–103 Complete eradication (Garcia et al., 2007)
SA9 Cocktail (2 phages) Milk, UHT 37 3 x 106 CFU/ml 102–103 Complete eradication (Garcia et al., 2007)
SA9 Cocktail (2 phages) Milk 15 104 CFU/ml 1 Complete eradication (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 15 104 CFU/ml 102 Complete eradication (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 37 104 CFU/ml < 0.1 ~2.5 (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 37 104 CFU/ml 1 Complete eradication (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 37 104 CFU/ml 102 Complete eradication (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 15 104 CFU/ml 0.1 No reduction (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 15 106 CFU/ml 0.001 No reduction (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 15 106 CFU/ml 1 Complete eradication (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 15 106 CFU/ml 102 Complete eradication (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 37 106 CFU/ml < 0.001 Complete eradication (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 37 106 CFU/ml 1 Complete eradication (Obeso et al., 2010)
SA9 Cocktail (2 phages) Milk 37 106 CFU/ml 102 Complete eradication (Obeso et al., 2010)
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reduced even at low phage concentrations (MOI of 
0.0001). However, the effectiveness of phage wy was 
much lower in the presence of less than 103 CFU/ml.

Brochothrix thermosphacta is another potent meat 
spoilage organism. It can produce off-odors, sulfur-con-
taining compounds that arise in the course of spoilage. 
Greer and Dilts (2001) inoculated pork adipose tissue 
with B.  thermosphacta (105 CFU/cm2) and the homolo-
gous phage A3 (MOI of 1) and studied bacterial growth 
at 2 and 6°C (simulated retail temperature). The phage 
replicated efficiently at both temperatures, while the 
bacterial counts decreased by 2 log10 units within one 
to two days. Thereafter, bacteria recovered and growth 
continued, probably due to a high proportion of phage-
resistant mutants (68%). Nevertheless, development of 
off-odors was inhibited and the storage life of adipose 
tissue could be increased by four days.

Beer can be spoilt by certain lactic acid bacteria, espe-
cially Lactobacillus (L.) brevis. In an attempt to control this 
organism in commercial beer, Deasy et al. (2011) inocu-
lated 20 ml aliquots of filter-sterilized beer with 102, 103 
and 104 CFU/ml of a L. brevis strain followed by a high-
dose application (final titer 108 PFU) of phage SA-C12. 
Samples were incubated at 30°C for 96 h and analysed 
daily. After 48 h of incubation no viable bacteria could be 
detected in any sample. Moreover, over the course of the 
trial, few or no viable bacteria re-emerged.

Conclusion

Several issues distinguish post-harvest phage applica-
tions from the pre-harvest approach. In the gut, zoonotic 
microorganisms usually encounter optimal growth con-
ditions, which allow even low numbers of phages to 
induce lysis from within. In contrast to the situation 
in the gut, these microorganisms are mostly present in 
lower numbers on food where growth is often inhib-

ited by technological factors (e. g. chilling, acidification, 
lowering of water activity and curing). Under such con-
ditions, lysis from without might be the dominant or 
only mechanism. To accomplish this, a sufficiently high 
number of phages is required to enable rapid contact 
to and killing of few target bacteria. The published data 
indeed suggest that phages may generally be suited to 
control foodborne pathogens on a variety of products 
(Fig. 2) but that the efficacy of phage application strongly 
depends on the physiochemical conditions (e.  g. tem-
perature, pH) and structure of the food (Guenther et al., 
2009). It has to be kept in mind that these parameters 
can change during production, processing and storage 
of products. Thus, for the prediction of phage activity 
and stability, sound standing data on phage-bacteria 
interaction in different food matrices and under different 
conditions are needed. It is obvious that the efficacy of 
treatment in most applications correlates with the phage 
dose applied. When the growth conditions in food allow 
multiplication of bacteria, low phage numbers may suf-
fice to control the pathogen. This is particularly the case 
at higher temperatures (room temperature to approx. 
37°C) and in liquid foods where the unhindered diffu-
sion of phages alleviates the encounter of a host. How-
ever, many products are stored at low temperature, pos-
sess a suboptimal pH or contain substances (e. g. salt) 
which may inhibit optimal bacterial growth resulting 
in rather low cell numbers that may lie below a critical 
threshold for phage replication. In addition, the diffusion 
of phages is often compromised by a rather dry texture 
of many products. These limitations can be overcome by 
use of enormous phage numbers adding up to high MOI 
values by which even few bacteria residing in a meta-
bolically inactive stage can be killed. Notably, most of 
the published studies were conducted using high MOIs 
leading to an inundation of the pathogen and killing 
by lysis from without. For commercial purposes post-
harvest application of phage is cost-intensive because 

FIGURE 2: Reductions of 
pathogens and spoilage bacteria 
achieved by phage application 
in food products.
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phage preparations have to be produced in bulk. More-
over, as the preparations are directly added to food prod-
ucts they have to be pure and free of e. g. endotoxin. In 
addition, it would be beneficial if phages, intended to be 
applied that way, can be propagated on non-pathogenic 
strains. On the other hand, phage resistance is not so 
much an issue at the post-harvest level since pathogens 
at this stage of food production generally do not have 
access to livestock where resistant strains may spread 
quickly. The passive treatment with phages has another 
advantage over the active treatment using few (replicat-
ing) phages because even phage-resistant cells can be 
destroyed when infected by excessive numbers of phage.

In most investigations, bacteriophages remained 
active in the food matrix for a prolonged period of time. 
They were mostly stable in wide ranges of temperatures 
and pH values. Even proteases, secreted by the ripening 
flora in cheese did not inactivate Listeria-specific phages 
(Guenther and Loessner, 2011). However, phages are 
often immobilized rather quickly and decay of phages 
may occur under certain conditions (e. g. UV exposure). 
Thus, it cannot be predicted whether an applied phage 
remains protective during processing and whether it 
prevents reinfection by pathogens. This issue has to be 
addressed in each individual application.
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