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Salmonella spp. is a leading cause of gastrointestinal enteritis in humans where it is
largely contracted via contaminated poultry and pork. Phages can be used to control
Salmonella infection in the animals, which could break the cycle of infection before the
products are accessible for consumption. Here, the potential of 21 myoviruses and
a siphovirus to eliminate Salmonella in vitro and in vivo was examined with the aim of
developing a biocontrol strategy to curtail the infection in poultry and swine. Together, the
phages targeted the twenty-three poultry and ten swine prevalent Salmonella serotype
isolates tested. Although individual phages significantly reduced bacterial growth of
representative isolates within 6 h post-infection, bacterial regrowth occurred 1 h later,
indicating proliferation of resistant strains. To curtail bacteriophage resistance, a novel
three-phage cocktail was developed in vitro, and further investigated in an optimized
Galleria mellonella larva Salmonella infection model colonized with representative swine,
chicken and laboratory strains. For all the strains examined, G. mellonella larvae given
phages 2 h prior to bacterial exposure (prophylactic regimen) survived and Salmonella
was undetectable 24 h post-phage treatment and throughout the experimental time
(72 h). Administering phages with bacteria (co-infection), or 2 h post-bacterial exposure
(remedial regimen) also improved survival (73–100% and 15–88%, respectively), but was
less effective than prophylaxis application. These pre-livestock data support the future
application of this cocktail for further development to effectively treat Salmonella infection
in poultry and pigs. Future work will focus on cocktail formulation to ensure stability and
incorporation into feeds and used to treat the infection in target animals.

Keywords: Salmonella, gastrointestinal enteritis, Galleria mellonella, bacteriophage, bacteriophage therapy

INTRODUCTION

Non-typhoidal Salmonella spp. are a leading cause of acute gastroenteritis in humans. Annually,
Salmonella infection is responsible for ∼155,000 deaths and 93.8 million cases of food poisoning
worldwide, of which 85% of all cases are foodborne (Majowicz et al., 2010; Eguale et al., 2015;
Balasubramanian et al., 2019). The major route of transmission to humans is via the consumption
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of food products contaminated with Salmonella, especially
through poultry and pork related products (Foley et al., 2008).
Chickens, turkeys and pigs can become infected with Salmonella
from contaminated feeds, environment or through contact with
other infected animals in the pen (Atterbury et al., 2007).
Once the animals are infected, they can remain asymptomatic
or develop enteric infection symptoms. Either way, their guts
become colonized with Salmonella and the bacterium can
spread between animals via fecal-oral route (Bonardi, 2017;
Martínez-Avilés et al., 2019). In addition to transmission, there
is a risk of carcass-to-carcass contamination with Salmonella
during slaughtering and meat processing (Smith et al., 2018).
Consequently, each stage of processing from farm to fork presents
a potential risk point of Salmonella contamination and infection
(Akil and Ahmad, 2019). Thus, breaking the cycle of infection
within the food chain before the products are available for
consumption represents a desirable approach to prevent and
control this infection in humans.

Salmonella serotypes commonly associated with poultry and
pig infections, and human to human infection via faecal-oral
route are S. Typhimurium, S. 1,13,23:i:, S. Enteritidis, S. Infantis,
S. Ohio, and S. Seftenberg (Antunes et al., 2016; EFSA, 2018;
Ferrari et al., 2019). An increasing number of strains from these
serotypes are becoming resistant to the front-line antibiotics
used to control Salmonella on farms, including to the last
resort antibiotic, colistin (Anjum et al., 2016). Worryingly, The
European Food Safety Authority (EFSA) reported that 94.4%
of 659 S. Infantis strains isolated from broilers were resistant
to one or more antibiotics, and 64.2% of 123 S. Typhimurium
strains isolated from pig carcasses were multi-drug resistant
(MDR; EFSA, 2018). As a consequence of this, MDR strains have
entered the human food chain and alternative antimicrobials
are therefore needed to treat and control the spread of MDR
Salmonella strains in both animals and humans.

Bacteriophages (phages) are natural viruses of bacteria and as
such can be developed to offer a viable alternative to antibiotics
(Salmond and Fineran, 2015; Czaplewski et al., 2016). Studies
have shown that phages are able to lyse MDR Salmonella strains
(Jung et al., 2017; Thanki et al., 2019; Li et al., 2020) and
hence, could be a tool to limit the spread of these strains in the
food chain. Due to this increased need for novel antimicrobials,
research into the therapeutic use of lytic phages, known as “phage
therapy,” has been growing exponentially (Nobrega et al., 2015).
To be used most effectively in therapy, phages can be combined as
“cocktails” to broaden their host range coverage, improve killing
efficiency or limit the development of phage resistance (Chan
et al., 2013). Many phage cocktails have been designed against
Salmonella and their efficacy has been tested in challenge studies
both in swine and poultry (Zhang et al., 2015; Martinez et al.,
2019). They have been deployed at various intervention points
and a pre-slaughter study showed administering a four-phage
cocktail in feed (∼107 PFU/g) was able to reduce Salmonella
colonization in the caecum of chickens by 1 log10 CFU/g over
14 days (Sklar and Joerger, 2001). Similarly, a sixteen-phage
cocktail (5 × 109 PFU) administered simultaneously with a S.
Typhimurium (5 × 109 CFU) reduced Salmonella colonization
by 2–3 log10 CFU/g in the caecum, ileum and tonsils of weaning

pigs (Wall et al., 2010). In another study, a five-phage cocktail
administered post slaughter effectively reduced S. Enteritidis
on chicken skin by 1.0 log CFU/cm2 when administered at
the somewhat high multiplicity of infection (MOI) of 10,000
(Hungaro et al., 2013). Finally and rather encouragingly, a similar
study showed application of a four-phage cocktail at MOIs of
10 and 100 on pig skin contaminated with S. Typhimurium
reduced bacterial numbers to below detection levels after 96 h
(Hooton et al., 2011).

Although studies have highlighted the use of phage cocktails
in reducing Salmonella numbers in both pre- and post-slaughter
settings, few phage products are available on the market to
control infection in poultry and pigs (Żbikowska et al., 2020).
For a product to be effective in this setting, it needs to have
optimal broad host-range activity to effectively eliminate the
diverse Salmonella serotypes in animals. Therefore, to address
this paucity of information in the control of Salmonella infection,
here, a novel three-phage cocktail was developed to carry out
the first steps needed for the ultimate use of phages as a
therapeutic feed additive. The cocktail contains two broad host-
range myoviruses and a siphovirus, all of which target prevalent
poultry and swine isolates. Clearly, activity of phages in vitro
may vary in vivo and thus further testing in animals is needed.
Testing in livestock is expensive and time consuming so to
circumvent these difficulties and to reduce the volume of work
needed in livestock, the phage cocktail was extensively tested in
a Galleria mellonella larva Salmonella infection model. Previous
data from our laboratory and others have shown that the Galleria
model is useful and that it correlates to large scale animal
models. More broadly, the G. mellonella model is cheap and is a
valuable biological tool to study the virulence and pathogenicity
of pathogens including Salmonella, and pharmacokinetics of
anti-infectives including phage therapy (Thomas et al., 2013;
Nale et al., 2016a, 2020). In this study, G. mellonella larvae were
colonized with representative isolates and detail evidence of the
efficacy of different phage therapeutic regimens to prevent and
reduce colonization in the model was obtained and is presented.

MATERIALS AND METHODS

Bacterial Strains, and Phage Collation,
Isolation and Propagation
In total, 35 Salmonella strains were examined in this study.
This consisted of twenty-three poultry and ten swine Salmonella
strains, which were isolated and kindly provided by the Animal
and Plant Health Agency (APHA) Weybridge, United Kingdom
(Supplementary Tables S1, S2). The phage propagating host,
Salmonella enterica serovar Typhimurium SL1344 (accession
number FQ312003) was obtained from Dr. Primrose Freestone
at University of Leicester, and was previously characterized in our
laboratory and elsewhere (Viegas et al., 2013; Thanki et al., 2019).
S. enterica serovar Typhimurium T4, is a routine laboratory strain
and was used as a reference strain for phage cocktail development
and testing in vivo. Bacteria were routinely grown on Xylose
Lysine Deoxycholate (XLD) agar (Oxoid, United Kingdom) for
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18 h at 37◦C before being cultured in Luria-Bertani (LB) broth
(Oxoid, United Kingdom) for 18 h at 37◦C at 100 rpm.

Twenty-two Salmonella phages were tested here. Twenty, were
previously isolated and characterized in our laboratory while
two, were also previously isolated and characterized in Thailand
(Thanki et al., 2019; Phothaworn et al., 2020). All bacterial and
phage strains were preserved long term in Viabank cryogenic
vials (Abtek Biologicals Ltd., United Kingdom) at−80◦C.

Phage Propagation
To propagate the phages, individual phages were added to
separate exponentially growing liquid cultures of SL1344 at
OD600 ∼0.2 (108 CFU/mL) in LB broth at MOI of 0.1, and further
incubated at 37◦C with shaking at 100 rpm for 6 h. Cultures
of lysed bacterial cells were centrifuged at 5,000 g for 15 min,
supernatants filtered through 0.2 µm pore size filters (Merch
Millipore Ltd. Cork, Ireland) and temporarily stored at 4◦C.
Phage titers were determined using double agar method with a
top bacterial lawn prepared in 4 ml 0.7% LB agar and 150 µL
of overnight cultures (produced by inoculating one colony of the
bacterial cultures in to 5 mL LB broth and incubated at 37◦C for
18–24 h) cast on 1% LB agar 90 mm plates (Kropinski et al., 2009)
and expressed as PFU/ml. Equal volumes of phage lysates at the
same titers were mixed to form a cocktail.

Phage Host Range and Virulence Assays
on Chicken and Pig Isolates
The host range of each phage was determined by adding 10 µL
108 PFU/mL volumes of lysates to confluently grown bacterial
strains prepared as above and incubated aerobically for 18 h
at 37◦C. Plates were examined for bacterial lysis from three
biological and technical replicates.

Five resistant clones obtained from each single phage infection
were picked and purified by sub-culturing five times on fresh
XLD medium. Each purified clone was confirmed to be resistant if
they were no longer susceptible to infection with 108 PFU/mL of
the wild-type phage in host range spot testing assay as described
above. Confluently grown resistant clones were prepared as above
and 10 µL of the wild-type phages were applied to them. Lysis
zones were observed after incubation aerobically for 24 h at 37◦C.

Phage virulence was determined using killing assay on cultures
of SL1344. To do this, 180 µL triplicates of each bacterial culture
were produced by diluting 1:10 overnight cultures in sterile LB
broth and incubated aerobically with shaking at 100 rpm in
a 96-well plate in a SPECTROstar Omega plate reader (BMG
LABTECH, Ltd, United Kingdom) set to take readings at 5 min
intervals. When OD600 ∼0.2 was attained, the cultures were
treated with 20 µL of 109 PFU/mL of the individual phage
or various permutations of phage combinations (total MOI
∼10). Efficacy of phages to eliminate the bacterial cultures was
ascertained by observing lowest reduced growth impacted by
treatment of a phage or phage combination. Low OD600 readings
reveal effective phage killing and this guided the development
of appropriate cocktail for downstream virulence as well as
in vivo assays.

Optimization of Salmonella Infection in
Galleria mellonella Model
The optimal phage combination developed was tested in vivo
using the G. mellonella larvae Salmonella infection model.
The larvae were procured, cleaned and prepared as previously
described (Nale et al., 2016a). To colonize the larvae with bacterial
inocula, cultures of MSG44-S01 (swine), SL1344 (chicken), and
T4 (laboratory) strains were prepared in phosphate-buffered-
saline (PBS). To do this, a 1:10 dilution of an overnight
culture of each strain was prepared in sterile LB broth and
incubated aerobically at 37◦C until an OD600 0.2 was attained.
Cultures were washed three times in PBS by centrifuging
at 15,000 g for 5 min and resultant pellets re-suspended
in PBS each time. The final pellet was resuspended in PBS
and diluted to give different bacterial titers and used to
colonize G. mellonella larvae via oral gavage of 10 µL volumes
per larvae using Hamilton pumps as previously described
(Nale et al., 2016a).

In order to determine the median lethal dose LD50 for each
strain in the larva model, a single dose of either, 105, 104, 103,
or 102 CFU (in 10 µL volumes) of each bacterial inoculum
was administered to duplicate groups of four larvae/per group
for each bacterial dose. The infected larvae were incubated
at 37◦C for 24 h. The impact of bacterial colonization on
larval survival was ascertained by scoring for live/dead, and
the LD50 determined by the concentration of Salmonella
inoculum required to kill approximately half the number of
larval populations in each group within the 24 h time frame.
Larvae were considered dead when they become inert and
turned black in color (Ramarao et al., 2012; Viegas et al.,
2013; Nale et al., 2016a). This dose was selected to initiate
colonization for each bacterial strain in the in vivo phage
therapy studies.

To further optimize the infection model, it was vital to
ascertain if the phages were stable within the hemolymphs
of the larvae to ensure therapeutic efficacy. Therefore, the
stability and survival of the phages within the infection model
were determined for the proposed maximum experimental
time of 72 h. This time was selected as the larvae will only
survive for this long at the stated temperature as previously
reported (Nale et al., 2016b). Phage survival within the
model was done by treating each larva with ∼107 PFU of
the phage cocktail suspension in 10 µL volume using four
larvae per 0, 24, 48, and 72 h time points. The treated
insects were incubated as described above. Larval survival,
and phages numbers within the hemolymph of each larva
and from combined feces of larvae from each time point was
done using media above and methods previously described
(Nale et al., 2016a).

Phage Therapy Regimens in
G. mellonella Salmonella Infection Model
Three phage therapy regimens (prophylactic, remedial, and
phage/bacterial co-infection), and bacterial- and phage control
groups were set up for experimental time points 0, 2, 24, 48,
and 72 h for each bacterial strain using four larvae/treatment
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regimen/time point (Table 1). To initiate colonization, larvae
were treated with a 10 µL dose of bacterial inocula used
to establish the LD50 for each bacterial strain in section
“Optimisation of Salmonella infection in Galleria mellonella
model” (105 CFU for SL1344, 102 CFU for MSG44-S01, and
103 CFU for T4) via oral gavage. The three phage therapy
regimens were conducted using a single 10 µL dose of the
cocktail (at 1:10 bacteria to phage ratio) as previously described
for Clostridium difficile at time points shown in Table 1
(Nale et al., 2016a). Briefly, in the bacterial control group
(Experimental group 1), larvae were treated with the appropriate
dose for each bacterial strain at the 0 h time, and at 2 h
treated with sterile LB broth. For the phage/bacteria co-infection
regimen (Experimental group 2), the larvae were treated with
a combination of the phage cocktail and bacteria at the 0 h
and followed by LB at 2 h time point. Larvae in the remedial
regimen (Experimental treatment group 3) were treated with
bacteria at 0 h before being treated with phage at the 2 h time
point. For the prophylactic regimen (Experimental treatment 4),
larvae were treated initially with the phage cocktail and after
2 h received a bacterial dose. The final regimen is the phage
control group (Experimental group 5), here, larvae were treated
with the phage cocktail at the 0 h, and at 2 h treated with
LB broth (Table 1). After treatments, larvae were incubated at
37◦C and remained unfed throughout the experiment (Ramarao
et al., 2012; Nale et al., 2016a). At each time points, larvae were
scored for survival followed by dissection, and both bacteria
and phages were recovered from the hemolymphs on XLD
medium using methods previously described (Nale et al., 2016a;
Thanki et al., 2019).

Larval survival, and data for CFU and PFU colonization were
analyzed using R and GraphPad Prism version 8 (GraphPad
Software Inc, United States). To test efficiency of phage treatment
regimens, survival data were analyzed using Log-rank (Mantel-
Cox) test. CFU data were subjected to Shapiro–Wilk normality
test, and each phage treatment was compared with the bacterial
control using Mann–Whitney test. Significance was denoted by
asterisks, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p = 0.0001.

TABLE 1 | Time course of phage treatment regimens on G. mellonella
used in this study.

Experimental
groups

Treatments Time (h)

0 2 24 36 48 72

1 Bacterial control B LB - - - -

2 Phage/bacteria
Co-infection

P+B LB - - - -

3 Remedial
regimen

B P - - - -

4 Prophylactic
regimen

P B - - - -

5 Phage control P LB - - - -

Four larvae were used for each time point and treatment regimen. Using Hamilton
pump, each larva was treated with 10 µL of phage cocktail (P), bacteria (B), co-
culture (P + B), or LB broth (LB). Experiment was repeated three times.

RESULTS

Host Range Properties of Examined
Phages on Prevalent Salmonella Strains
Isolated From Chickens and Pigs
The host range of the phages was evaluated to ensure that they
provide suitable coverage against a panel of relevant strains and
for the proposed use in an agricultural setting. So, they were first
used to challenge prevalent strains of which 10 are commonly
found in swine and 23 in poultry. Host range was assessed in vitro
using host range “spot test” on all the strains, and phage killing
assays at MOI of 10 on representative isolates as previously
described (Hooton et al., 2011). The strains in the panel represent
the top five United Kingdom pig and poultry associated serotypes
(Supplementary Tables S1, S2).

Among the poultry isolates examined, strains 4–8, 14, and 19–
23 were similarly susceptible to all the phages examined as strains
were either completely lysed (bacterial strains 5, 7, 8, and 14) or
lysed with some resistance on the zones of clearance (strains 4, 6,
and 19–23). Although the other bacterial strains 1–3, 9–13, and
16–18 showed variable susceptibilities to the phages, all together
the strains were lysed by at least one phage in the collection
(Table 2). For the pig isolates examined, strains MSG32-S01,
MSG52-S01, MSG29-S01, and MSG41-S01 showed the least
susceptibility to infection by the phages as these strains were
most resistant or showed partial or cloudy lysis with the phages
(Table 3). On the other hand MSG46-S01, MSG57-S01, MSG44-
S01, MSG44-S02, and MSG43-S01 showed most susceptibility to
the phages with majority of the strain showing either complete
lysis or lysis with some resistant colonies observed on zones of
clearance as shown in Table 3.

Of the phages tested, STW-77 and SEW-109 showed the most
efficacy against both pig and chicken isolates lysing (including
cloudy lysis, lysis with resistance and complete lysis) 85% (28 out
of 33) of the strains tested, which includes multiple serotypes.
The remaining phages showed similar lytic activity against most
of the strains covering between 60 to 70% of the strains tested
(Tables 2, 3).

Activity of Phages on Growth of
Salmonella in vitro
To develop a maximally effective phage cocktail, we examined
and selected phages with the highest host range activity.
Therefore, phages ST-W77 and SE-W109 were selected because
of their wide host range activity on the swine and chicken isolates
examined (Tables 2, 3). Phage SPFM17 was also included as it was
the phage with the widest coverage on the chicken isolates that
can also lyse MSG46-S01 and MSG32-S01, which were the swine
isolates with the least susceptibility to other phages. Therefore,
phage SPFM17 in combination with phages ST-W77 and SE-
W109 can lyse over 90% of the bacterial strains from swine and
poultry isolates tested (Table 3).

To examine the complementation effects of the selected
phages, all optimizations of cocktail development using the three
phages were conducted on the phage propagating host, SL1344,
which is also a chicken isolate. When the individual phages were
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TABLE 2 | Host range activity of the 22 phages against 23 prevalent poultry isolates examined in this study.

Phages Chicken bacterial strains

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

SPFM9

SPFM11

SPFM17

SPFM4

SPFM2

SPFM19

SPFM14

SPFM10

SPFM12

SPFM13

SPFM20

SPFM1

SPFM3

SPFM16

SPFM15

SPFM7

SPFM6

SPFM8

SPFM21

SPFM5

ST-W77

SF.-W109

Confluent bacterial cultures of representative Salmonella chicken strains were prepared in 4 mL of 0.7% LB agar medium. Approximately, 10 µL of 108 PFU/mL of
phage lysate was applied to the lawn and zones of lysis were observed after incubation at 37◦C aerobically for 18–24 h. Key: red = no infection, mustard = cloudy lysis,
green = lysis with some resistant colonies observed on zones of clearance, and blue = complete lysis with no resistance.

added to the growing culture at OD600 0.2 (at 100 min, indicated
with a green arrow), the growth of the bacterium decreased at
100 min after adding phage for all the individual phages and
this reduction was maintained for an additional 150 min (for
phage ST-W77) and 80 min (for phages SE-W109 and SPFM17)
post phage exposure (Figure 1A). However, after ∼200 min
(for SPFM17), 500 min (for ST-W77), and 600 min (for SE-
W109) post phage treatment, bacterial regrowth was observed
(Figure 1A). Next, the individual phage lysates were combined
at equal proportions to form a cocktail with the same overall
MOI as when phages were used individually, and this was used
to infect SL1344 culture at OD600 0.2 at the same growing
time of 100 min. The bacterial growth continued to progress
for an additional 300 min but then decreased to OD600 0.1
at 550 min post phage treatment (for SL1344) and this level
remained consistent until the end of the experiment (Figure 1B).
Resistant strains (five clones for each phage treatment) were
isolated and challenged with other phages in the mix. It was
observed that phage resistant strains produced by one phage
was lysed by one or two other candidate phage for the cocktail
development (Supplementary Table S3).

Having ascertained the impact of the individual and the three-
phage cocktail on cultures of the propagating host, SL1344,
we then tested the activity of the cocktail on a swine isolate
MSG44-S01, which is fully susceptible to the three phages, and
a laboratory strain T4, which is routinely used for most of

our Salmonella work. The phage cocktail completely eliminated
the two additional bacterial strains beyond limit of detection
∼700 min post phage cocktail exposure. This observation
remained consistent till the end of the experimental time and no
re-growth was observed (Figure 1B).

Stability of Salmonella Phages in
G. mellonella, and Establishment of
Infective Doses of Pig, Chicken and
Laboratory Reference Isolates Examined
Having established the efficacy of the cocktail in vitro on
the representative chicken, swine and on the laboratory test
strains, we then tested the lysis activity in vivo using the
G. mellonella larvae. The stability of the phages within the
model was ascertained by establishing they were stable and
recoverable within the guts and feces of the larvae (Nale et al.,
2016a). Our data showed that there was no significant lose
in phage titer within the gut of the larvae throughout the
72 h experimental period. Similarly, phages were shed in the
feces, albeit a ∼4 log10 PFU/larva reduction was observed
24 h post-exposure but this level remained consistent over the
subsequent 48 and 72 time points (Supplementary Figure S1A).
Because the bacterial cultures were suspended in PBS before
colonizing the larva, we confirmed that the phages were also
stable in this buffer as well as no significant loss in titer was
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TABLE 3 | Host range activity of the 22 phages on 10 prevalent swine isolates examined in this study.

Phages Swine bacterial strains

MSG41-SOl MSG46-SOl MSG52-SOl MSG57-SOl MSG44-SOl MSG44-S02 MSG26-SOl MSG29-SOl MSG32-SOl MSG43-SOl

SPFM9

SPFM11

SPFM17

SPFM4

SPFM2

SPFM19

SPFM14

SPFM10

SPFM12

SPFM13

SPFM20

SPFM1

SPFM3

SPFM16

S0FM15

SPFM7

SPFM6

SPFM8

SPFM21

SPFM5

ST-W77

SE-W109

Confluent bacterial cultures of representative Salmonella swine strains were prepared in 4 mL of 0.7% LB agar medium. Approximately, 10 µL of 108 PFU/mL of phage
lysate was applied to the lawn and zones of lysis were observed after incubation at 37◦C aerobically for 18–24 h. Key: red = no infection, mustard = cloudy lysis,
green = lysis with resistance on the zones of clearance, and blue = complete lysis with no resistance.

FIGURE 1 | Lysis activity of candidate phages used for cocktail development on bacterial growth of representative swine, poultry and laboratory strains examined in
this study. Virulence assay was conducted in 200 µL volumes in SPECTROstar Omega plate reader, containing phage/bacteria at MOI of 10. (A) show individual
phage killing on SL1344 and (B) impact of three-phage cocktail on cultures of chicken SL1344 (black line), swine MGG44-S01 (red line), and laboratory reference T4
strains (blue line). Green arrows represent points when phages were added. Data was analyzed using GraphPad Prism 8.

observed after resuspending the phages in the buffer for an hour
(Supplementary Figure S1B). In addition to determining the
phage stability within the larvae and PBS during the in vivo
model optimization, we further determined the individual strains
LD50 within 24 h to determine the bacterial numbers needed
to cause colonization and to cause death in ∼50% of the

larval population within this time frame. This is essential to
enable various therapeutic regimens to be tested with the 72 h
time frame (Nale et al., 2016a). It was observed that the LD50
values were variable for the three strains tested with the lowest
being 102 CFU/larva for the swine strain MSG44-S01, which
is the swine isolate. However, for T4 and SL1344, 103 and
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105/larva, respectively, were required to exert relative LD50 effect
as in MSG44-S01.

Impact of Phage Treatment on
G. mellonella Infected With Various
Salmonella Isolates
Having fully developed the phage cocktail in vitro and optimized
the G. mellonella Salmonella infection model, the efficacy of
the phage cocktail was then tested on larvae colonized with
the chicken SL1344, swine MSG44-S01 and laboratory T4
representative Salmonella strains. Colonization was established
using a single dose of the optimized bacterial culture and followed
by various therapeutic phage regimens to determine which
treatment would reduce Salmonella colonization and enhance
survival of the larvae the most.

Efficacy of Phage Treatment on G. mellonella
Infected With Chicken Isolate, SL1344
For the SL1344 chicken strain, larval group treated
prophylactically survived throughout the experimental time,
which is significant compared to the bacterial control group
(p < 0.0001). Although larval group treated with a co-culture of
the phage and bacteria survived until the 36 h, 10% of infected
and treated larvae died by the 48th hour but the remaining
larvae survived until the end of the experiment. The co-infection
regimen is not as efficient as the prophylaxis (p < 0.001). The
treatment group with the least survival was exhibited by the
remedial group, where, ∼95% survived within the first 24 h,
and this is not significantly different compared to the control
bacterial groups. Continual reduction was observed through the
course of the time points, with 86, 60, and 10% survival at the
36th, 48th, and 72nd hour, respectively. The bacterial control
group treated with cultures of SL1344 and no phage also showed
gradual decrease in survival from 86% at the 24th hour to all
larvae dead at the 72nd hour (Figure 2A).

With respect to the colonization of SL1344 within the
insects, we observed complete eradication of the bacteria within
24 and 72 h post treatment in the prophylactic and phage
bacterial co-culture treatments, respectively. Colonization in the
remedial regimen gradually decreased from ∼104 CFU/larva
to an undetectable level at the 24th hour, however, bacterial
regrowth was observed after 36 h when up to 104 CFU/larva was
observed to 107 CFU/larva at the 48 and 72 h times (Figure 2B).
When compared with the bacterial control group, prophylaxis
regimen was more effective at reducing colonization of this strain
(p < 0.05) but no significant difference was observed with the
co-culture and remedial regimens.

Regarding phage counts, the phage control and prophylactic
groups showed a steady level until 48 h followed by a 2 log
PFU/larva in the phage control group and a 3 log PFU/larva
reductions of phage counts in the prophylactic group at the 72 h
time. The phage bacterial co-culture group showed steady phage
increase up to ∼105 PFU/larva at the 72 h. In the remedial
regimen 105 PFU/larva of phages were recovered at 2 h time but
phage numbers later dropped to 103 PFU/larva from the 36th
hour to the end of the experimental time of 72 h (Figure 2C).

Effect of Phage Treatment on G. mellonella Infected
With Swine Isolated, MSG44-S01
For the swine strain MSG44-S01, larvae in the phage control,
prophylactic and the co-culture groups all survived throughout
the experiment, and both regimens are significant compared to
the bacterial control groups (p < 0.05). In the remedial regimen
and bacterial control, only 13% death at the 48th hour was
observed in both groups, which is not significant compared to
the bacterial control groups. Although this level remained stable
till the 72nd hour time point for the remedial regimen, only 20%
larval survival was observed in the bacterial control larval group
at this time (Figure 3A).

With the swine bacterial strain, colonization in the bacterial
control group progressed from 102 CFU/larva at the beginning of
the in vivo assay to 105 CFU/larva at the end of the experimental
72nd hour time point. Comparing colonization in larvae within
the therapy regimens, it was observed that treating the insect with
the phage cocktail prophylactically 2 h before exposing them to
the bacteria resulted in the complete prevention of colonization
as assessed at the 24th hour. Similarly, administering a phage and
bacterial mixture resulted in the eradication of the bacteria at the
36th hour time point, where bacteria were undetectable in the
larvae. Consistent with the survival data, both prophylaxis and
co-culture regimens significantly eradicated the bacteria from the
larvae compared to the bacterial control (p < 0.01). In contrast to
the other treatments, the remedial regimen was not very effective
at eradicating this strain from the larvae as variable colonization
levels ranging from undetectable level to 105 CFU/larvae was
observed in some of the larvae within this treatment group
(Figure 3B). This treatment was not significant compared to the
bacterial control group for this strain.

The phage level remained relatively consistent as observed
with SL1344 strain, although a 2 log PFU/larva was lost at
the 72nd hour in the phage control group, and this pattern
is similar in the prophylactic group for this strain. Phage
recovery in the phage/bacterial co-infection group increased to
104 PFU/larva at the 36th hour but decreased from the 48th till
the 72nd hour time point with 103 PFU/larva recovered. In the
remedial regimen with this strain, less phages were recovered
and titer decreased from 103 PFU/larva to 102 PFU/larva but
increased to 103 PFU/larva at the 36th hour but later dropped to
102 PFU/larvae, however, in other larva phages were not detected
in this regimen (Figure 3C).

Impact of Phage Treatment on G. mellonella Infected
With Laboratory Strain, T4
Colonizing the larvae with our reference laboratory strain, T4
and treating with the optimized phage cocktail showed 100%
survival among phage and prophylaxis treated larval groups,
which is significant compared to the bacterial control group
(p < 0.0001; Figure 4A). The efficacy of this regimen on this
strain is consistent with observations of this treatment regimen
in both the chicken and swine isolates shown in Figures 2A, 3A,
respectively. With the co-infection regimen, 83% of the larvae
survived at 36 h but survival dropped to 72% for the laboratory
reference strain at 48 h, and this level remined consistent till
the end of the experiment (72 h). This is significant when
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FIGURE 2 | Impact of phage therapy on G. mellonella colonized with chicken isolate SL1344. Larvae were colonized with 105 CFU each in 10 µL via oral gavage.
Phage therapy regimens were conducted using 106 PFU/larva. (A) show survival, (B) Salmonella colonization, and (C) Phage recovery at various time-points for
each treatment-Control bacteria (Black), Co-infection (Green), Remedial (Red), Prophylactic (blue) and Control phage (Purple) and Prophylactic (Blue) lines/bars. Four
larvae were used for treatment and timepoint. Experiment was repeated thrice and analyzed using Shapiro–Wilk normality test on R. Each phage treatment regimen
was tested against SL1344 control using Mann–Whitney test on GraphPad Prism 8. ns = No significance, *significance at p < 0.05.

FIGURE 3 | Impact of phage therapy on G. mellonella colonized with swine isolate MSG44-S01. Larvae were colonized with 102 CFU each in 10 µL via oral gavage.
Phage therapy regimens were conducted using 103 PFU/larva. (A) show survival, (B) Salmonella colonization, and (C) Phage recovery at various time-points for
each treatment-Control bacteria (Black), Co-infection (Green), Remedial (Red), Prophylactic (blue) and Control phage (Purple) and Prophylactic (Blue) lines/bars. Four
larvae were used for treatment and timepoint. Experiment was repeated thrice and analyzed using Shapiro–Wilk normality test on R. Each phage treatment regimen
was tested against MSG44-S01 control using Mann–Whitney test on GraphPad Prism 8. ns = No significance, **significance at p < 0.01.

FIGURE 4 | Impact of phage therapy on G. mellonella colonized with laboratory isolate T4. Larvae were colonized with 103 CFU each in 10 µL via oral gavage.
Phage therapy regimens were conducted using 104 PFU/larva. (A) show survival, (B) Salmonella colonization, and (C) Phage recovery at various time-points for
each treatment-Control bacteria (Black), Co-infection (Green), Remedial (Red), Prophylactic (blue) and Control phage (Purple) and Prophylactic (Blue) lines/bars. Four
larvae were used for treatment and timepoint. Experiment was repeated thrice and analyzed using Shapiro–Wilk normality test on R. Each phage treatment regimen
was tested against T4 control using Mann–Whitney test on GraphPad Prism 8. ns = No significance, **significance at p < 0.01.

compared to the bacterial control (p < 0.01) but not as efficient
as the prophylaxis regimen shown above. The remedial regimen
revealed lowest survival with 85% survival at 24 h but this

declined to 73% at both 36 h and 48 h, and finally to 36% at 72 h.
Although the remedial regimen is the least effective regimen for
this strain it is still significant compared to the bacterial control

Frontiers in Microbiology | www.frontiersin.org 8 January 2021 | Volume 11 | Article 609955

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-609955 January 16, 2021 Time: 21:16 # 9

Nale et al. Salmonella Bacteriophage Therapy

group (p < 0.05). The bacterial control showed gradual decline
in survival from 87% survival at the 24th hour to complete larval
death at the 72nd hour (Figure 4A).

Data on colonization indicated that T4 strain also colonized
the larvae with ∼103 CFU/larvae observed at the beginning
of the experiment to 107 CFU/larva at the end of 72 h
time point. As the pattern in the other two bacterial strains,
after 2 h, the bacteria were completely eradicated and were
undetected in the larvae in the prophylactic regimen. The co-
infection and remedial regimens showed similar colonization
levels with starting bacterial count of 103−4 CFU/larva to variable
levels at the subsequent time points ranging from undetectable
level in some insects to 106 CFU/larva in some at the end
of the experiment. All the individual phage therapy regimens
significantly eradicated the T4 strain compared to the control
(p < 0.01; Figure 4B).

Results for phage counts showed higher PFU numbers
within the larvae in the remedial treatment group compared to
larvae in the other two phage treatment regimens. In all the
phage treatment groups, phage counts within the larvae ranged
from 104−5 PFU/mL starting phage level to 106 PFU/mL in
some of the insects at the end of the experimental time was
observed (Figure 4C).

DISCUSSION

Salmonella infection arising from eating contaminated food
products remains a major concern to human health with
greater percent of cases resulting in mild to severe intestinal
gastroenteritis and fatality in others (Sockett and Roberts, 1991;
Majowicz et al., 2010). As a result, a number of trade restrictions
are introduced in cases where there is contamination with
prevalent serotypes of S. Enteritidis and S. Typhimurium leading
to major loss of income to farmers and producers due to rejection
of substandard contaminated animal products (Majowicz et al.,
2010; Kirk et al., 2015; EFSA Panel on Biological Hazards et al.,
2019). Although antibiotics are useful in controlling the infection
in both humans and animals, many of the bacterial strains
are becoming resistant to routinely used antibiotics leading to
treatment failure and disease outbreaks (O’Neil, 2014; Fong et al.,
2020). As the identification and development of new antibiotics
is slow and difficult, the associated economic and social loss
highlight the pressing need to develop alternative more effective
therapeutics for this infection (O’Neil, 2014; Romero-Calle et al.,
2019). Here, data to support a viable alternative way to control
infection in humans is presented. This research focuses on the
development of a highly effective Salmonella phage cocktail
in vitro and showing its efficacy in G. mellonella Salmonella
infection model using various regimens. The data presented here
will inform the application of the optimized phage cocktail to
effectively prevent or reduce bacterial colonization in animals,
thus breaking the cycle of infection and producing safer animal
products in the market as previously shown (Wall et al., 2010;
Nabil et al., 2018).

The choice of phage therapy approach to control Salmonella
colonization in animals as proposed in this study has great
inherent advantages over conventional antibiotic use. Microbes

thrive easily where favorable pH, temperature, moisture and
nutrients are present. However, because at ambient conditions
or higher temperatures antibiotics efficacy diminishes with
time, multiple applications are needed to sustain an effective
dose to control a growing bacterial population (Mackowiak
et al., 1982; Paterson et al., 2016). In contrast, phages are
biological entities, and have been shown to be more stable in
various pHs, biotic environments and in ambient conditions
than antibiotics (Ahmadi et al., 2017; Sommer et al., 2019). In
addition to stability, phages replicate and produce increasing
infective particles in the presence of target bacterial pathogen,
hence ensuring continuous dosage supply (auto-dosing) of anti-
infectives at infection sites (Jończyk et al., 2011; Loc-Carrillo
and Abedon, 2011). Furthermore, phages can selectively remove
targeted bacteria but exclude other microbial commensals in
the niche leaving them unharmed, and this may particularly
help animal gut-health, thus producing better quality animal
products (Moye et al., 2018; Divya Ganeshan and Hosseinidoust,
2019). Since phages are generally regarded as safe, they are
excellent candidates to control Salmonella colonization and
biofilm development in various ready to eat foods, milk, pigs,
and chickens to reduce Salmonella colonization (Wall et al., 2010;
Huang et al., 2018; Nabil et al., 2018; Islam et al., 2019).

Pertinent to controlling Salmonella infection in animals,
most previous studies have focused on isolating phages from
the environment, testing the activity of individual phages and
developing various combinations of phage cocktails with the
aim of reducing the bacterial numbers in vitro and in vivo
(Pereira et al., 2016; Islam et al., 2019; Phothaworn et al., 2020).
The challenge, however, has been the difficulties of isolating
therapeutic phages with acceptable genomic properties, host
range coverage and the translation of observed in vitro activity
to in vivo applications in target animals (Nilsson, 2014; Hyman,
2019). All phages examined here are known to be obligately lytic
and do not encode undesirable genes expected in a therapeutic
phage product (Thanki et al., 2019; Phothaworn et al., 2020). In
addition to the genome contents, the phages have been shown
to have a wide host range activity on various poultry and swine
related Salmonella serotypes, thus are excellent candidates for
therapeutic purposes in animals (Thanki et al., 2019; Phothaworn
et al., 2020). To further ensure that the phages can target the
correct strains examined here, they were further challenged
with prevalent Salmonella serotype strains currently causing
infection in pigs and poultry in the United Kingdom, as well
as in humans globally (Majowicz et al., 2010; EFSA Panel on
Biological Hazards et al., 2019). Despite their variable lysis
efficacies on the strains examined in this study, together the
phages were able to lyse at least one of the bacterial strains,
including the monophasic S. Typhimurium strain associated
with micro evolution of multi-drug resistance and epidemiologic
success (Hugas and Beloeil, 2014; Petrovska et al., 2016; Branchu
et al., 2019; Campos et al., 2019; Petsong et al., 2019; Tassinari
et al., 2019). These observations concurred with other previous
studies which reported phages targeting MDR Salmonella strains
(Atterbury et al., 2007; Hooton et al., 2011; Jung et al., 2017).

The three-phage cocktail developed here comprised of two
myoviruses (SPFM17 and ST-W77) and a siphovirus (SE-W109),
indicating that being of diverse morphologies, they may target
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diverse bacterial host strains resulting to a broad-spectrum
cocktail. In synergy to this, our data showed that the individual
phages in the mix have complementary contributory target
coverage and together lysed 100% of the tested pig isolates,
99.95% of the chicken isolates and combined ∼99.97% of the
total serotype strains examined. This suggests that the phages
may encode different tail fiber proteins which enabled them to
target different receptors on the different host bacteria (Drulis-
Kawa et al., 2012). This feature may confer advantage for their
therapeutic use as a cocktail, but further work is required to
determine this within the genomes of our phage mix. Optimizing
our cocktail with diverse phage morphologies concurred with
other findings, however, it some cases, single or unknown
morphologies were used to construct an effective cocktail
(Hooton et al., 2011; Costa et al., 2019; Petsong et al., 2019; Stone
et al., 2019). The observed host range coverage of the cocktail
spanning various pigs and poultry isolates has been shown in
other reports and this further support the prospective multi-
purpose application of the cocktail to treat these animals (Petsong
et al., 2019). Thus, having both therapeutic and economical
advantage to be used in swine and poultry industries.

The phage cocktail we developed has the required host
range coverage and has clearly shown efficacy at significantly
eliminating the examined bacterial cultures than individual phage
treatments in vitro using an MOI of 10 (Hooton et al., 2011).
For the pig and laboratory reference strains, the phage cocktail
completely eliminated the bacterial cultures below the limit
of detection, although reduced activity was observed with the
chicken isolate. Although enhanced clearance of bacteria using
cocktail was reported in previous work on Salmonella, other
phage cocktails were shown to be no superior to individual
phage treatments due to continuous resistance development after
treatment in the mix (Hooton et al., 2011; Costa et al., 2019). The
observed effective clearance by the optimized cocktail developed
here was achieved by a complementation effect, where one phage
resistant strain is lysed by another wild-type phage in the mix.
This activity concurred with a previous report on C. difficile,
where resistant/lysogenic strains emanating from one phage
infection were efficiently lysed by another phage in the cocktail
(Nale et al., 2016b). Although various phage cocktails have been
developed for Salmonella, this is the first time that this kind of
interaction is reported on this species.

The next step in our project was to translate the knowledge
obtained on the phage activity in vitro into a potential application
in vivo and to determine which therapeutic regimen would be
best in eliminating Salmonella in G. mellonella model. Therefore,
to develop the model for Salmonella infection it was essential
to begin by optimizing the LD50 for each of our test bacterial
strain to ensure we have sufficient bacterial load to cause relatively
equal effect across the strains tested. Our observation showed
that a higher bacterial load of 105 CFU/larva of the chicken
strain SL1344 was required to exert comparable LD50 effect
compared to lower doses of 103 CFU/larva and 102 CFU/larva
for the swine and laboratory reference strain. Our observation on
the SL1344 chicken isolate concurred with previous Salmonella
infection work on G. mellonella which showed that any dose
above 105 CFU/larvae caused death in all larvae within 24 h
(Viegas et al., 2013). Except that in our studies we observed

∼50% death in the larvae within this timeframe and this may
be attributed to differences in G. mellonella type or method
of administration. In our study, larvae were colonized via oral
gavage while in the previous work colonization was achieved via
proleg injection (Viegas et al., 2013).

Comparing treatment regimens, it was clear that prophylaxis
was more effective at controlling colonization of all the
Salmonella strains tested compared to remedial or co-infection
with phage and bacteria. This observation is in agreement with
Salmonella phage treatment in quals and phage therapy studies
conducted in the larvae using other pathogens such as C. difficile
and Pseudomonas aeruginosa (Beeton et al., 2015; Ahmadi et al.,
2016; Nale et al., 2016a). This observation with Salmonella could
be attributed to the fact that pre-treating the larvae with the
phages for 2 h provided sufficient time for the phage to adapt
to the gut environment of the larva as shown in the stability
assay, and hence were able to effectively kill the bacteria when
administered (Nale et al., 2016a). The other regimens (remedial
and co-infection) did not do as well as the prophylaxis and
this may be attributed to the ability of Salmonella to get intra-
cellularized and this may reduce the efficacy of the phages
(Diacovich et al., 2017).

CONCLUSION AND FUTURE WORK

Gastro-enteritis caused by Salmonella is a major health challenge.
The infection is contracted via eating contaminated animal
products. Antibiotics are helpful but bacteria are becoming
resistant to many front-line antibiotics, hence viable alternative
control is urgently needed to reduce the health and economical
loss. Here, we reported an approach to the development of
an effective therapy using phages to stop infection in animals
before products are processed for consumption. To do this we
first optimized a broad host-range phage cocktail, which cleared
Salmonella efficiently in vitro and showed that prophylactic
treatment regimen is the most effective approach to control the
infection in G. mellonella larva model. The data presented here
provides a robust pre-livestock data to support the translation
of this cocktail to effectively treat the infection in chickens and
pigs. Work is currently ongoing to formulate the phages into pH-
and heat-stable powders, and incorporated into feeds and used to
control Salmonella infection in the target animals.
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Douce, G. R., et al. (2016b). Bacteriophage combinations significantly reduce
Clostridium difficile growth in vitro and proliferation in vivo. Antimicrob.
Agents Chemother. 60, 968–981. doi: 10.1128/aac.01774-15

Nale, J. Y., Chutia, M., Cheng, J. K. J., and Clokie, M. R. J. (2020). Refining the
Galleria mellonella model by using stress marker genes to assess Clostridioides
difficile infection and recuperation during phage therapy. Microorganisms
8:1306. doi: 10.3390/microorganisms8091306

Nilsson, A. S. (2014). Phage therapy—constraints and possibilities. Upsala J. Med.
Sci. 119, 192–198. doi: 10.3109/03009734.2014.902878

Nobrega, F. L., Costa, A. R., Kluskens, L. D., and Azeredo, J. (2015). Revisiting
phage therapy: new applications for old resources. Trends Microbiol. 23, 185–
191. doi: 10.1016/j.tim.2015.01.006

O’Neil, J. (2014). Antimicrobial Resistance: Tackling a Crisis for the Health and
Wealth of Nations. London: The Review on Antimicrobial Resistance.

Paterson, I. K., Hoyle, A., Ochoa, G., Baker-Austin, C., and Taylor, N. G. H. (2016).
Optimising antibiotic usage to treat bacterial infections. Sci. Rep. 6:37853. doi:
10.1038/srep37853

Pereira, C., Moreirinha, C., Lewicka, M., Almeida, P., Clemente, C., Cunha, Â, et al.
(2016). Bacteriophages with potential to inactivate Salmonella typhimurium:
use of single phage suspensions and phage cocktails. Virus Res. 220, 179–192.
doi: 10.1016/j.virusres.2016.04.020

Petrovska, L., Mather, A. E., Abuoun, M., Branchu, P., Harris, S. R., Connor,
T. R., et al. (2016). Microevolution of monophasic Salmonella typhimurium
during epidemic, United Kingdom, 2005-2010. Emerg. Infect. Dis. J. 22:617.
doi: 10.3201/eid2204.150531

Petsong, K., Benjakul, S., Chaturongakul, S., Switt, A. I. M., and Vongkamjan,
K. (2019). Lysis profiles of Salmonella phages on Salmonella isolates from
various sources and efficiency of a phage cocktail against S. enteritidis
and S. typhimurium. Microorganisms 7:100. doi: 10.3390/microorganisms
7040100

Phothaworn, P., Supokaivanich, R., Lim, J., Klumpp, J., Imam, M., Kutter, E.,
et al. (2020). Development of a broad-spectrum Salmonella phage cocktail
containing viunalike and jerseylike viruses isolated from Thailand. Food
Microbiol. 2020:103586. doi: 10.1016/j.fm.2020.103586

Ramarao, N., Nielsen-Leroux, C., and Lereclus, D. (2012). The insect Galleria
mellonella as a powerful infection model to investigate bacterial pathogenesis.
J. Vis. Exper. 2012:4392. doi: 10.3791/4392

Romero-Calle, D., Guimarães Benevides, R., Góes-Neto, A., and Billington, C.
(2019). Bacteriophages as alternatives to antibiotics in clinical care. Antibiotics
8:138. doi: 10.3390/antibiotics8030138

Salmond, G. P. C., and Fineran, P. C. (2015). A century of the phage: past, present
and future. Nat. Rev. Microbiol. 13, 777–786. doi: 10.1038/nrmicro3564

Sklar, I. A. N., and Joerger, R. (2001). Attempts to utilize bacteriophages to combat
Salmonella enterica Serovar enteritidis in chickens. J. Food Saf. 21, 15–29. doi:
10.1111/j.1745-4565.2001.tb00305.x

Smith, R. P., Andres, V., Cheney, T. E., Martelli, F., Gosling, R., Marier, E., et al.
(2018). How do pig farms maintain low Salmonella prevalence: a case-control
study. Epidemiol. Infect. 146, 1909–1915. doi: 10.1017/S0950268818002248

Sockett, P. N., and Roberts, J. A. (1991). The social and economic impact of
salmonellosis. A report of a national survey in England and Wales of laboratory-
confirmed Salmonella infections. Epidemiol. Infect. 107, 335–347. doi: 10.1017/
s0950268800048974

Sommer, J., Trautner, C., Witte, A. K., Fister, S., Schoder, D., Rossmanith, P., et al.
(2019). Don’t Shut the stable door after the phage has bolted—the importance
of Bacteriophage inactivation in food environments. Viruses 11:468.

Stone, E., Campbell, K., Grant, I., and McAuliffe, O. (2019). Understanding and
exploiting phage-host interactions. Viruses 11:567. doi: 10.3390/v11060567

Tassinari, E., Duffy, G., Bawn, M., Burgess, C. M., McCabe, E. M., Lawlor, P. G.,
et al. (2019). Microevolution of antimicrobial resistance and biofilm formation
of Salmonella typhimurium during persistence on pig farms. Sci. Rep. 9:8832.
doi: 10.1038/s41598-019-45216-w

Thanki, A. M., Brown, N., Millard, A. D., and Clokie, M. R. J. (2019).
Genomic characterization of jumbo Salmonella phages that effectively target
United Kingdom pig-associated Salmonella serotypes. Front. Microbiol. 10:1491.
doi: 10.3389/fmicb.2019.01491

Thomas, R. J., Hamblin, K. A., Armstrong, S. J., Müller, C. M., Bokori-
Brown, M., Goldman, S., et al. (2013). Galleria mellonella as a model
system to test the pharmacokinetics and efficacy of antibiotics against
Burkholderia pseudomallei. Intern. J. Antimicrob. Agents 41, 330–336. doi:
10.1016/j.ijantimicag.2012.12.009

Viegas, S., Mil-Homens, D., Fialho, A., and Arraiano, C. (2013). The virulence
of Salmonella enterica Serovar typhimurium in the insect model Galleria
mellonella is impaired by mutations in RNase E and RNase III. Appl. Environ.
Microbiol. 79, 6124–6133. doi: 10.1128/AEM.02044-2013

Wall, S. K., Zhang, J., Rostagno, M. H., and Ebner, P. D. (2010). Phage therapy
to reduce preprocessing Salmonella infections in market-weight swine. Appl.
Environ. Microbiol. 76, 48–53. doi: 10.1128/aem.00785-09
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