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A B S T R A C T

Controlling the presence of pathogenic bacteria, such as Salmonella sp., in dairy products production is a burning
issue since contamination with Salmonella can occur at any stage of the production chain. The use of Salmonella-
phages applied as control agents has gained considerable interest. Nonetheless, Salmonella-phage applications
specifically intended for ensuring the safety of dairy products are scarce. This review identifies recent advances
in the use of Salmonella-phages that are or could be applied along the dairy food chain, in a farm-to-fork ap-
proach. Salmonella-phages can be promising tools to reduce the shedding of Salmonella in cattle, and to reduce
and control Salmonella occurrence in postharvest food (such as food additives), and in food processing facilities
(such as biosanitizing agents). These control measures, combined with existing methods and other biocontrol
agents, constitute new opportunities to reduce Salmonella occurrence along the dairy food production, and
consequently to alleviate the risk of Salmonella contamination in dairy products.

1. Introducton

The Salmonella genus belongs to the Enterobacteriaceae family.
According to the latest nomenclatural system (Tindall, 2005), two
species, namely Salmonella bongori and S. enterica are currently re-
cognized. The latter is composed of six subspecies, one of which, Sal-
monella enterica ssp. enterica, encompasses about 2000 serovars out of
the 2600 existing serovars within the genus. Some of them are strictly
human pathogens (e.g. Salmonella Typhi), and some others are speci-
fically associated to animals (e.g. Salmonella Abortusovis). Never-
theless, most are ubiquitous serovars, and pathogenic in both animals
and humans and as such, they can cause zoonosis.

Among zoonotic agents investigated in the European Union,
Salmonella usually ranks second after Campylobacter. Over the past
decade, there have been between 87,000 and 135,000 yearly human
salmonellosis cases in Europe (EFSA and ECDC, 2017, 2012). A statis-
tically significant decrease in confirmed human salmonellosis cases was
observed over the 2008–2016 period (decrease by 35%). However,
during the last reported 5 years (2012–2016) the number of Salmonella
did not decrease any further in humans. During the last reported year
(2016), 9,061 human cases have been associated with 1,067 salmo-
nellosis foodborne outbreaks, which resulted in the hospitalisation of
40% people, and in the death of 128 people (0.25% of all the foodborne

cases) (EFSA and ECDC, 2017).
Eggs and egg products are the main sources of salmonellosis with a

rate of 0.06 foodborne outbreaks in a population of 100,000, followed
by poultry and pork meat (0.03 foodborne outbreaks in a population of
100,000) and cheese (0.01 foodborne outbreaks in a population of
100,000) (EFSA and ECDC, 2017). Salmonella is increasingly present in
dairy cattle worldwide (Chlebicz and Slizewska, 2018; Poupée, 2016).
This is particularly due to their aptitude to survive over long periods of
time in the dairy environment (Taylor and Burrows, 1971). For ex-
ample, Salmonella can survive up to one year in dry faeces, which is the
main contamination vector in cattle. Even if bovine salmonellosis is a
disease that remains uncontrolled, it could require epidemiologic su-
pervision due to its clinical impact. This relates above all to asympto-
matic carriers, since they are able to spread the bacteria without any
symptoms. The excretion commonly occurs through faeces and, in very
exceptional cases, through the milk itself (Heuchel et al., 2000). In 2014
in Europe, the most commonly reported serovar in food was S. Infantis,
followed by S. Typhimurium, S. Enteritidis, S. Dublin and monophasic
variants of S. Typhimurium. All these serovars, except for S. Dublin,
were reported to be the most frequent amongst human cases in Europe
(EFSA and ECDC, 2017). The occurrence of these major serovars seems
to depend on the country, and vary in significance over time. In France
for instance, during the same period, the most frequent serovar was S.
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4,[5],12:i:, followed by S. Typhimurium, S. Derby, S. Dublin and S.
Infantis (Lailler and Le Hello, 2016). The occurrence of some serovars
tends to vary over the years. This is the case for Mbandaka (4.5 fold
increase over the 2007–2012 period), Senftenberg (2.3 fold increase)
and Derby serovars (2 fold decrease). The major serovars are not ne-
cessarily the same in the different food products. While Mbandaka and
Enteritidis serovars appear to be involved in half of the contaminated
pork meat, Dublin serovar is detected in half of the contaminated dairy
products (Lailler et al., 2012).

Since the dairy food chain is the third most contaminated sector
after the egg and meat sectors, it is of utmost importance to try and
prevent its contamination. Several strategies for Salmonella biocontrol
have been considered (Besnard et al., 2018). The use of lytic bacter-
iophages (phages) appears as a promising approach for improving food
safety (Endersen et al., 2014). Phages are bacterial species- (and even
strain-) specific viruses, that can attack and kill a target bacterium
within minutes of infection. They are self-replicating and generally only
target a narrow range of bacterial strains of the same species. Phages
are the most abundant entities in the biosphere, and can be isolated
from several sources, including from the digestive tract of humans and
animals, food, soil, water, sewage and other environment habitats
(Clokie et al., 2011). Since they are species-specific and fast-replicating
entities, phages provide numerous advantages and relatively few dis-
advantages, which can in any case be avoided by a thorough char-
acterization of phages (Loc-Carrillo and Abedon, 2011). Despite the
vast potential of phages, few studies report phage therapy against Sal-
monella in the dairy sector. Yet, Salmonella-phages seem quite diverse,
abundant and easy to recover from the dairy farm environment (Duenas
et al., 2017; Switt et al., 2013; Wongsuntornpoj et al., 2014), thus
making dairy farms suitable reservoirs for isolating new Salmonella-
phages. Commercial Salmonella-phage products, SalmoFresh™ (In-
tralytix, Inc., Baltimore, USA) and Salmonelex™ (Micreos BV, Wagen-
ingen, The Netherlands), have previously been granted the GRAS
(Generally Recognized As Safe) status in the USA, and are mainly used
on meat products. The commercial animal food Biotector® (CheilJedang
Corporation, Republic of Korea) is also used for Salmonella control in
poultry products. BacWash™ (Omnilytics Inc., USA), targeting Salmo-
nella, can also be directly spread onto living animals and hides of li-
vestock (Colavecchio and Goodridge, 2017). Phage-based approaches
against Salmonella are nonetheless principally undertaken in poultry
and swine productions (Carvalho et al., 2017). Despite Salmonella
outbreaks due to contaminated dairy products, phage therapy in this
sector remains poorly documented. This review strives at referencing
phage-based biocontrol approaches for controlling Salmonella that are
or could be implemented along the dairy food chain. Phage-based
strategies can be applied to reduce Salmonella occurrence starting at
primary production, by reducing Salmonella carriage in cattle and by
decontaminating the dairy farm environment. At secondary production,
phage treatments include the use of phages as food additives and sa-
nitizing agents in dairy food processing facilities, alone or in combi-
nation with other biocontrol agents.

2. Salmonella-phages at dairy primary production

The literature dealing with the use of Salmonella-phages in dairy
cattle is scarce. Three studies examined the diversity of Salmonella
isolates and of Salmonella-phages on dairy farms in three different
countries (Duenas et al., 2017; Switt et al., 2013; Wongsuntornpoj
et al., 2014). No publication has actually described the potential use of
Salmonella-phages as biocontrol agents in dairy cattle so far. To our
knowledge, there has only been one study carried out in the dairy sector
that illustrates a 2-log10 CFU reduction in Salmonella Typhimurium in
dairy manure compost, four hours after a lytic phage cocktail has been
applied (Heringa et al., 2010). This lack of data at dairy primary pro-
duction is striking, given the abundant number of studies dealing with
the use of Salmonella-phages in other animal production sectors. Poultry

production is a sector in which the use of Salmonella-phages during
poultry farming has been well documented over the last thirty years,
especially when it comes to the control of Typhimurium and Enteritidis
serovars (Table 1). Significant reductions of Salmonella cecal contents
were observed in one-day-old broilers (Andreatti Filho et al., 2007;
Fiorentin et al., 2005; Kim et al., 2013; Lim et al., 2012), and in 34-
days-old broilers (Atterbury et al., 2007) after phage treatment. In these
studies, several phages have been tested. They were mainly delivered
orally to birds, alone or in combination with phage cocktails. Phage
treatments also resulted in a significant decrease in mortality of newly-
hatched broilers (Berchieri et al., 1991). Interestingly, in this study,
when a phage-treated chicken group was placed into contact with a
non-treated group, phages seemed to transfer from the treated-group to
the non-treated group through faeces excretion. The most promising
results in terms of Salmonella reduction in chickens were obtained when
phages were combined with feed or delivered as feed additives (Sklar
and Joerger, 2001). Salmonella carriage in poultry can lead to con-
taminated carcasses after slaughter. The proliferation of Salmonella is
favored in the cecum and crop when feed withdrawal is carried out
during the transit to the slaughterhouse (Corrier et al., 1999), which
represents a critical control point before entering the secondary pro-
duction stage. In this regard, a bacteriophage cocktail successfully re-
duced the number of Salmonella by 2 log10 CFU below the limit of
detection in chicken cecum and crop, respectively, showing a promising
use of phages for lowering the Salmonella risk in animals at pre-
slaughter stage (Gonçalves et al., 2014).

In swine production, the efficacy of phages targeting Salmonella in
reducing the pathogenic risk has also been described (Table 1). Oral
delivery of several phages targeting Salmonella Typhimurium, alone or
in cocktails, has been largely tested in pigs (Callaway et al., 2011;
Gebru et al., 2010; Lee and Harris, 2000). These studies showed the
significant and lasting efficiency of phages in reducing Salmonella car-
riage and dissemination in pig models compared to untreated animals.
Phages can thus be applied to animals by oral administration mixed
with livestock feed in order to lower Salmonella spreading to the ani-
mal's intestine. To be efficient throughout the intestinal tract, the
principal requirement for phages is their resistance to the harsh acidic
conditions of the animal's stomach. Acid tolerance is phage-dependent.
For example, two anti-Salmonella phages were tested in porcine gastric
juice, which had a pH of 2.5, and only one of the two phages had 10%
of its population still active after 2h-exposure (O'Flynn et al., 2006). In
healthy ruminants, the rumen pH is generally around 6, and can tran-
siently drop to 5.2 a few hours after feed intake. Therefore, pH-sensi-
tivity of phages should not be a limit to the use of phages in dairy cattle.
Microencapsulation is also a means to protect phage particles (Wall
et al., 2010). A microencapsulated cocktail composed of 14 anti-Sal-
monella phages, administrated to pigs by gavage or mixed with livestock
feed, proved to almost eradicate Salmonella Typhimurium in pigs (Saez
et al., 2011). It is noteworthy that, in this study, Salmonella shedding
was significantly lower in the feed group than in the gavage group 2h
and 4h after the bacterial challenge. This corroborates the promising
potential of using Salmonella-phage directly in animal feeds. None-
theless, investigating the impact of phage administration on animal
health, and especially on the immune response, is a prerequisite to
further developments of food containing phage (Capparelli et al.,
2010).

3. Salmonella-phages at dairy secondary production

Many works are dedicated to proving the usefulness of phages for
controlling pathogenic bacteria in food processing facilities and foods
(Endersen et al., 2014; Kazi and Annapure, 2016). The use of Salmo-
nella-phages in the dairy sector remains poorly documented compared
to other production sectors like the meat and vegetable sectors
(Table 2). Nonetheless a few applications of phages to dairy products
contributed to the control of Salmonella occurrence. In a liquid dairy
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matrix, such as pasteurized milk spiked with Salmonella, pathogenic
cells were successfully controlled, and their occurrence was reduced in
the presence of single phages and phage cocktails, when tested at dif-
ferent temperatures and for extended periods of time (Bao et al., 2015;
Han et al., 2017; Zinno et al., 2014). Phages could be pre-added to the
dairy matrix as “food additives” instead of being used as a post-treat-
ment in dairy products, which are very sensitive to cross- and secondary
contamination (Han et al., 2017).

Anti-Salmonella phages were also efficient when applied to con-
taminated goat cheese (Jorquera et al., 2015). Salmonella did not sur-
vive in Cheddar cheese made from pasteurized milk in the presence of
phage SJ2 (Modi et al., 2001). However, Salmonella could still be ob-
served in raw milk Cheddar cheese but with a 2-log10 CFU reduction
compared to the control cheese. The food matrix has an impact on the
accessibility of target bacteria to phage depending on the structure of
the matrix that could impair or favor phage diffusion (Ly-Chatain,
2014). For example, whey proteins can limit the adsorption of phages to
bacteria (Gill et al., 2006). When associated to fat globules in raw milk,
target bacteria can also form clusters that protect them from phage
attack, while in heat-treated milk, bacterial agglutination does not
occur (O'Flaherty et al., 2005).

A major drawback of the use of phage is the possible apparition of
bacteriophage-insensitive mutants (BIMs). In chocolate milk spiked
with 3 log10 CFU/mL of Salmonella Typhimurium and treated with 8.4
log10 PFU/g of the Felix-like phage F01-E2, BIMs were detected after 6
days at 15 °C (Guenther et al., 2012). The apparition of BIMs can be
prevented by the use of phage cocktails as demonstrated in chocolate
milk spiked with three different Salmonella enterica serovars and treated
with a combination of phage F01-E2 and phage S16 (Marti et al., 2013).
No BIMs were detected even after a 6-day period storage at 6.5 °C. Even
if at this temperature the apparition of BIMs after a longer storage
period could still be assumed, these studies demonstrate that the use of
phages against Salmonella is promising, and needs to be further in-
vestigated and applied to the diversity of dairy products that exists
worldwide.

4. New strategies for improving the efficacy of Salmonella-phages

At primary production, the viability of phages administered orally
to animals can be affected by several factors such as environmental
conditions (temperature, pH …), and physical and chemical stresses
encountered while passing through the gastro-intestinal tract (O'Flynn
et al., 2006). Similarly, industry specific conditions could be serious
obstacles to phage effectiveness during food processing, because of the
reduction induced in the phage titer. To address this issue, some stra-
tegies have been developed to allow a better distribution of phages
using new administration routes in animals and applications in food
products.

4.1. Improving the delivery of Salmonella-phages

Encapsulation is a method that consists in incorporating and pro-
tecting phage particles within a coating structure. Different materials
can be applied in the coated microsphere such as alginate (Colom et al.,
2017; Wall et al., 2010) or combinations of several substances such as
chitosan and alginate (Ma et al., 2008), alginate and whey proteins
(Tang et al., 2013). Formulation techniques should be selected ac-
cording to their physical and chemical properties in order to be effec-
tive in the core protection and the phage stability, and no aggregation
should occur. Another essential property is the microparticle ability to
release the beneficial phages. Several encapsulation methods are known
and have already been reviewed (Malik et al., 2017). Other en-
capsulation methods have also been well documented such as freeze
drying (Colom et al., 2015), spray drying (Leung et al., 2017), extrusion
and gelation (Ma et al., 2008; Tang et al., 2013), precipitation and
polymerization (Hathaway et al., 2015), and the use of liposomes

(Balcão et al., 2014; Colom et al., 2015). When placed in simulated
gastric or intestinal fluid, in bile salt, and during cold and room tem-
perature storage, the stability and viability of microencapsulated Sal-
monella-phages were improved in comparison to non-encapsulated
phages (Ma et al., 2008; Tang et al., 2013; Zhang et al., 2010). A recent
study focused on alginate-Ca2+ matrixes to improve the viability and
release of Salmonella phage f3αSE in a water flow system simulating the
bath used in the poultry industry (Soto et al., 2018). At pH 3, almost
81% of the microencapsulated phages were still active whereas no non-
encapsulated phage was recovered. In the water flow system, micro-
encapsulated phage detection lasted 100 more hours than for non-en-
capsulated phages.

In swine and broiler models, the efficiency of the microencapsula-
tion of Salmonella-phages was confirmed in terms of viability and per-
sistence of phages (Colom et al., 2015, 2017; Saez et al., 2011). These
improved delivery modes could be investigated in rumen digestive
models to reduce Salmonella shedding in dairy cattle.

4.2. Phages in food bioactive packaging

The use of phages in bioactive packaging has emerged as a pro-
mising approach to inhibit pathogen survival and growth in the pack-
aged food environment. Anti-Listeria monocytogenes and anti-Escherichia
coli effects of lytic phage cocktails free or immobilized into packaging
materials to control and prevent the bacterial contamination of fresh
seeds and vegetables, and ready-to-eat meat have already been tested
with success (Lone et al., 2016). Several packaging materials such as
cellulose membranes, paper coated with encapsulated phage or im-
pregnated with phage suspension, poly lactic acid film with phage
xanthan coatings on the surface, can be used to immobilize phages
(Lone et al., 2016; Radford et al., 2017). In chilled meat trays, absor-
bent food pads containing phages successfully reduced Salmonella Ty-
phimurium contamination in vitro (Gouvêa et al., 2016).

4.3. Salmonella-phage endolysins

Phage endolysins are peptidoglycan hydrolases that play a role in
host lysis after phage replication within the infected cell. At the end of
phage replication, phage holin proteins enable the endolysins to cross
the cytoplasmic membrane and to access the cell wall for the release of
new virions. The interest in endolysins, as potential biocontrol agents,
has been growing over the past decade as their lytic activity on the
peptidoglycan is also effective from outside the bacterial cells, at least
with respect to Gram-positive bacteria which do not carry an outer
membrane (for review (Bai et al., 2016; Schmelcher and Loessner,
2016)). In the case of Gram-negative bacteria, the outer membrane
prevents the contact between free endolysins and the peptidoglycan.
This is the reason why literature on endolysins targeting Gram-negative
bacteria and especially Salmonella is scarce. Only a few Salmonella
phage endolysins have been described so far, and have shown to be
efficient against Gram-negative bacteria thanks to their muralytic ac-
tivity (Legotsky et al., 2014; Li et al., 2016; Walmagh et al., 2012,
2013), especially when used in combination with different outer
membrane permeabilizers such as EDTA, and citric and malic acids
(Lim et al., 2012; Oliveira et al., 2014). A Salmonella phage endolysin
has recently proved to exhibit an enzymatic activity exceeding that of
all other endolysins previously characterized (Rodriguez-Rubio et al.,
2016). This emphasizes the promising potential of phage endolysins as
biocontrol agents against Salmonella, especially in dairy products where
they have been successfully applied against other pathogens such as
Listeria monocytogenes in fresh cheese (Van Tassell et al., 2017).

To improve endolysin bactericidal effect towards Gram-negative
bacteria, modified endolysins, named Artilysins, have also been devel-
oped. These engineered enzymes combining an endolysin and lipopo-
lysaccharide (LPS)-destabilizing peptides showed promising results
against Pseudomonas aeruginosa with a reduction of up to 5 log CFU/ml,
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but still had a limited efficiency against Salmonella Typhimurium (< 1
logCFU/ml reduction), and thus require further improvement (Briers
et al., 2014).

4.4. Associating Salmonella-phages to other antibacterial agents

As mentioned above, the main limitations to the use of phages as
biocontrol agents are their decreased activity in food matrices and the
development of different types of mechanisms that confer bacterial
resistance to phages (Rios et al., 2016), including the selection of BIMs.
In order to enhance antibacterial activity of phages, alternative strate-
gies consisting in combining phages or their lysins and chemical and/or
physical agents have been investigated.

Few examples are available in the literature as regards the asso-
ciation of phages and physical hurdle. In ground beef inoculated with a
mix of four Salmonella strains, Salmonella populations decreased from
3.52 to 2.29 log10 CFU/g when treated with 9 log10 PFU/ml of phages
S16 and FO1a. Exposing samples to UV light at 254 nm led to similar
results (2.37 log10 CFU/g), while combining UV light and phages re-
duced Salmonella populations to 1.55 log10 CFU/g (Yeh et al., 2018).

The association of phages with various chemicals has been reported
for the control of pathogenic bacteria at laboratory scale and in food
matrices. The application of organic acids and phages/lysins is mainly
documented, and gives variable results. In the study of Yeh et al.
(2018), Salmonella populations in ground beef, obtained by combining
phages and 5% lactic acid (2.46 log10 CFU/g) or 400 ppm peroxyacetic
acid (2.07 log10 CFU/g), were not significantly different from those
obtained when applying phages alone. The combination of endolysins
with weak organic acids, such as citric and malic acids used as food
preservatives, has proven to broaden the lysin antibacterial effect to-
ward Salmonella (Oliveira et al., 2014), as already mentioned in the
current review. In fresh fruits and vegetables contaminated with a five-
strain cocktail of Salmonella enterica, the most effective treatment was
the combination of SalmoFresh™ phage cocktail and levulinic acid
(Magnone et al., 2013). Though, it is important to note the need to
carefully plan and execute multiple hurdle approaches, as some phages
can be impaired by other antimicrobial agents. For example, perox-
yacetic acid (100 ppm) and chlorine (5 ppm) completely inactivated the
commercial Salmonella lytic phage preparation SalmoFresh™ at 4 °C
(Sukumaran et al., 2015).

Technologies based on the association of phages and essential oil
have some potential that deserves to be further investigated for the
control of pathogenic bacteria. For example, a phage cocktail composed
of 8 lytic phages active against Escherichia coli was used at MOI levels of
1, 10 and 100 either alone or combined with 0.5% trans-cinnamalde-
hyde to control the growth of E.coli O157:H7 on the surface of leaves of
green vegetables. At 23 and 37 °C, green vegetables treatment resulted
in a decrease of E. coli of at least 1 log10 CFU after 24 h whatever the
MOI. The highest levels of time, temperature and MOI generated the
highest levels of inactivation and no surviving E. coli cells were detected
at 37 °C with low levels of inoculation (ca. 4 log10 CFU/leaf). The
combination of phages and trans-cinnamaldehyde resulted in a com-
plete inhibition at all temperatures including at 4 and 8 °C, and at in-
oculum levels (4, 5 and 6 log10 CFU/leaf) visible after 1 h and 24 h
(Viazis et al., 2011).

Some authors investigated the efficacy of combinations of phages
and bacteriocins or bacteriocin-producing strains. Some attempts were
made to control Listeria monocytogenes in ready-to-eat sliced pork ham
using phage P100 and nisin (Figueiredo and Almeida, 2017), but phage
P100 was at its highest level of efficiency when used as the sole in-
dividual treatment, which indicates a possible antagonism between the
two treatments. Phages and partially purified bacteriocin or bacter-
iocin-producing strains were tested to control Clostridium perfringens
(Heo et al., 2018) in Brain Heart Infusion broth at 37 °C. Combining
phages and bacteriocin led to a synergistic effect compared to the in-
dividual treatments, and to an eradication of C. perfringens when phages

were used together with the bacteriocin-producing strain. Here again
the efficacy tends to vary depending on the matrix, the target bacterium
and the associated agents. This reinforces the fact that each association
should be validated according to its intended use. These results on other
pathogenic bacteria are promising and similar strategies could be im-
plemented for the control of Salmonella occurrence along the dairy food
chain.

5. Conclusion

This review makes evident that many published works dealing with
anti-Salmonella phages were performed with Salmonella strains of
Typhimurium or Enteritidis serovars, which are of utmost importance
in food products. To our knowledge, only one study reported phage
activity against S. Infantis, the most common serovar in Europe (Yeh
et al., 2018). No phage study were carried out with S. Dublin strains,
even though it is the major serovar found in dairy products in Europe
(Lailler et al., 2012). Considering the host specificity of phages, it would
presumably be necessary to improve knowledge regarding anti-Salmo-
nella phage potential against the most important serovars of the dairy
sector.

The effective control of Salmonella along the dairy food chain is of
utmost importance to reduce foodborne outbreaks worldwide. Phage
applications have gained much interest as biocontrol agents against this
pathogenic bacteria, and can be used in a ‘farm to fork’ approach. Some
intrinsic factors can nevertheless lead to variations in the efficacy of
phages, and improvements are needed to optimize Salmonella-phage
treatments, especially in the dairy sector. Including the use of phages in
multiple hurdle technology, i.e. the combination of multiple methods
for ensuring food safety (Singh and Shalini, 2016), has already proven
to be potentially interesting. Combining biocontrol techniques espe-
cially appears as an attractive alternative for the control of pathogenic
bacteria, because biological entities are seen as more acceptable by
consumers than chemical additives when it comes to the agri-food
sector. Thus, the ecological impact of the addition of phages to mi-
crobial communities on the whole ecosystem, such as foods, is to be
evaluated along with the collection of more data regarding phage
communities which are lacking at the moment. Further research in this
area still remains to be carried out.
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