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Significance of the Bacteriophage Treatment Schedule in Reducing
Salmonella Colonization of Poultry
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Salmonella remains the major cause of food-borne diseases worldwide, with chickens known to be the main reservoir for this
zoonotic pathogen. Among the many approaches to reducing Salmonella colonization of broilers, bacteriophage offers several
advantages. In this study, three bacteriophages (UAB_Phi20, UAB_Phi78, and UAB_Phi87) obtained from our collection that
exhibited a broad host range against Salmonella enterica serovar Enteritidis and Salmonella enterica serovar Typhimurium
were characterized with respect to morphology, genome size, and restriction patterns. A cocktail composed of the three bacterio-
phages was more effective in promoting the lysis of S. Enteritidis and S. Typhimurium cultures than any of the three bacterio-
phages alone. In addition, the cocktail was able to lyse the Salmonella enterica serovars Virchow, Hadar, and Infantis. The effec-
tiveness of the bacteriophage cocktail in reducing the concentration of S. Typhimurium was tested in two animal models using
different treatment schedules. In the mouse model, 50% survival was obtained when the cocktail was administered simultane-
ously with bacterial infection and again at 6, 24, and 30 h postinfection. Likewise, in the White Leghorn chicken specific-patho-
gen-free (SPF) model, the best results, defined as a reduction of Salmonella concentration in the chicken cecum, were obtained
when the bacteriophage cocktail was administered 1 day before or just after bacterial infection and then again on different days
postinfection. Our results show that frequent treatment of the chickens with bacteriophage, and especially prior to colonization

of the intestinal tract by Salmonella, is required to achieve effective bacterial reduction over time.

n the European Union (EU), salmonellosis is the second most

frequently reported zoonotic disease in humans. In fact, in 2009,
Salmonella was the most common causative agent, with a total of
1,721 food-borne outbreaks (14). Data from 2006 to 2007 corrob-
orated that Salmonella enterica serovars Enteritidis and Typhimu-
rium persist as the most prevalent Salmonella serovars, although
an increase of S. Typhimurium and a decrease of S. Enteritidis
were noted (12).

Poultry and their derived products are highly common sources
of Salmonella in EU countries. To control Salmonella in animals
and foodstuffs, a multifactorial approach through measures ap-
plied from farm to fork has been proposed. The first step in this
approach is focused on a reduction in the prevalence of Salmonella
in farms, which should subsequently diminish its incidence
through the food chain. Accordingly, the EU’s Salmonella control
programs on Gallus gallus have sought to reduce the prevalence of
certain Salmonella serovars (especially S. Enteritidis and S. Typhi-
murium but also S. enterica serovars Hadar, Infantis, and Vir-
chow) at the various levels of poultry production (9). Indeed, the
implementation of such measures has led to a significant reduc-
tion of these serovars in the EU (14). However, the prevalence of
Salmonella in broiler carcasses in the EU is still around 15.6%,
with 3.6% ascribed to the Salmonella serovars Enteritidis and Ty-
phimurium (14). In addition, an epidemiological association of
Salmonella levels between the flock and carcasses was determined
(14). These data are consistent with the fact that the presence of
Salmonella on broiler carcasses reflects contamination through
the different phases of broiler production. Therefore, other com-
plementary measures must be enacted to reduce Salmonella levels
at each step of the food production chain.

Bacteriophage is of particular interest as a biocontrol agent in
the prevention of food-borne illnesses due to its target specificity,
rapid bacterial killing, and ability to self-replicate. The bacterio-
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phage should be virulent, with a broad host range for the target
genus and without bacterial virulence genes. A potential drawback
is the survival and persistence of bacteriophage on different sur-
faces. This is influenced by a variety of physical factors, including
those associated with matrix composition, and the particular
properties of the bacteriophage itself (13). All these aspects must
be investigated and well characterized before an effective biocon-
trol agent can be established and marketed.

Several studies have addressed the use of bacteriophage to de-
crease S. enterica concentrations on poultry (2, 4, 6, 7, 15, 24). In
the present study, three virulent bacteriophages previously iso-
lated from fecal samples of chickens and swine were selected and
characterized, and their efficacy in the control of Salmonella con-
tamination was tested. Special emphasis was placed on the sched-
ule of bacteriophage administration, with the aim of achieving a
maximum Salmonella reduction over time.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Salmonella enterica strains
were obtained from the Laboratori de Sanitat Animal (Departament
d’Agricultura Ramaderia i Pesca [DARP], Generalitat de Catalunya,
Spain), the Hospital de la Vall d’Hebron, and the Hospital de la Santa Creu
i Sant Pau (Barcelona, Spain). A total of 141 isolates of S. enterica serovar
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Typhimurium (n = 71) and S. enterica serovar Enteritidis (n = 70) were
analyzed by Xbal pulsed-field electrophoresis (PFGE). Among these, 67
different pulsotypes were identified for S. Typhimurium (n = 49) and S.
Enteritidis (n = 18). The criterion for discriminating between different
pulsotypes was a difference of at least one restriction fragment (20). Based
on these results, one representative strain of each pulsotype was chosen for
further selection of the bacteriophage (see Table S1 in the supplemental
material).

In addition, the virulent strains S. Typhimurium ATCC 14028 (Amer-
ican Type Culture Collection) and S. Enteritidis LK5 (Salmonella Genetic
Stock Centre, University of Calgary) were used for in vitro infection assays,
which also included the strains S. Virchow 79/S, S. Hadar 8546, and S.
Infantis 05544 obtained from the DARP.

The derivative strain ATCC 14028(0Cm (UA1872) was constructed by
the insertion of a chloramphenicol resistance cassette in an intergenic
sequence, using the red recombinase system (10). This strain was used for
in vivo efficacy studies of the bacteriophage.

All bacterial strains were routinely grown in Luria Bertani (LB) broth
or on LB agar plates for 18 h at 37°C. Viable counts of ATCC 1402800 Cm
in animal samples were routinely determined by plating on xylose lysine
deoxycholate (XLD) agar plates, (Pronadisa) supplemented with chlor-
amphenicol (3.4 pg/ml), followed by incubation at 37°C for 24 h.

Bacteriophage. Fifty-five bacteriophage were obtained from 189
chicken cloacae and pig rectal swabs were collected from farms in different
geographical areas of Spain between 2007 and 2009 (unpublished data).
From this collection, bacteriophages UAB_Phi20 and UAB_Phi87, iso-
lated from a chicken, and bacteriophage UAB_Phi78, from a pig, were
selected for further characterization.

Invitro multiplication of bacteriophage. Exponential cultures of Sal-
monella (10% CFU/ml) grown in LB medium at 37°C were infected with
bacteriophage at a multiplicity of infection (MOI) of 1 PFU/CFU and
incubated at 37°C for 5 h. Afterwards, infected cultures were centrifuged
at 8,000 X g for 10 min (Beckman), and the supernatants were filtered
through 0.45-pwm-pore-size polyvinylidene fluoride (PVDF) membrane
filters (Millipore). The bacteriophage titer was determined by plating ad-
equate dilutions onto lawns of the bacterial strain of interest. Plates were
incubated at 37°C for 24 h, and bacteriophage plaques were counted.
When necessary, phage was concentrated by ultracentrifugation at
51,000 X g for 2 h (Beckman).

For further electron microscopy and DNA studies, the bacteriophage
was purified through two successive CsCl gradients as described previ-
ously (23). After the second CsCl gradient, the bacteriophage was dialyzed
against 10 mM MgSO, buffer (Dialysis Tubing Cellulose Membrane;
Sigma).

Host range of bacteriophage. The host range of each bacteriophage
was determined by spotting 10 ul of the above-described lysates (10®
PFU/ml) onto lawns of Salmonella strains (see Table S1 in the supplemen-
tal material). The plates were incubated at 37°C for 24 h, and bacterial lysis
was recorded.

TEM. Bacteriophages (10'' PFU/ml) were applied to electron micros-
copy carbon-coated grids and negatively stained with 2% uranyl acetate.
The preparations were allowed to dry and were then examined with a
JEOL 1400 transmission electron microscope (TEM) at different magni-
fications (Servei de Microscopia, UAB). Bacteriophage morphology and
dimensions were recorded.

Bacteriophage DNA techniques. Bacteriophage lysates at 10!
PFU/ml were used to determine the genome sizes of the three bacte-
riophages by pulsed-field gel electrophoresis (PFGE), as previously
described (3).

Bacteriophage DNA was obtained from lysates (10'' PFU/ml) as de-
scribed previously (5) and digested with the restriction enzymes EcoRI,
EcoRV, and HindIII (New England BioLabs), according to the manufac-
turer’s recommendations. Samples were analyzed by electrophoresis in
0.7% agarose gels and visualized by staining with ethidium bromide.
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In vitro killing assays. Cultures of S. Typhimurium ATCC 14028 and
S. Enteritidis LK5, grown in LB medium at 37°C until an optical density at
550 nm (ODs5,) of 0.2, were infected with each bacteriophage at an MOI
of 1 PFU/CFU. Likewise, bacterial cultures were infected with a bacterio-
phage cocktail consisting of a mixture of the three selected bacteriophages
(UAB_Phi20, UAB_Phi78, and UAB_Phi87) at a ratio of 1:1:1. Infected
cultures were incubated for 8 h at 37°C. The ODs5, of each culture was
monitored at 30-min intervals. For bacterial enumeration, pellets ob-
tained from 1-ml samples of the cultures centrifuged at 12,000 X g for 1
min (Eppendorf MiniSpin) were resuspended in 1 ml of 0.9% NaCl. Serial
dilutions were then prepared for plating onto LB plates. In addition, S.
Virchow 79/S, S. Hadar 8546, and S. Infantis 05544 cultures were infected
with the bacteriophage cocktail, and the ODs, was monitored as de-
scribed above.

In vivo assays in animal models. All procedures involving animals
were approved by the Ethical and Animal Welfare Committee from the
Universitat Autonoma de Barcelona. Mouse and chicken models were
used to assess the efficacy of the phage cocktail. In both models, the ani-
mals were orally infected with 0.1 ml of a suspension of S. Typhimurium
ATCC 14028(Q2Cm in LB medium. Each dose of bacteriophage treatment
consisted of the oral administration of 0.1 ml of a bacteriophage cocktail
at 10" PFU/ml in LB medium without any antacid.

Necropsies of the animals that had died from the infection and of
euthanized animals were performed, and samples of the intestine of mice
and of the cecum, liver, and spleen of chickens were taken. To determine
the number of Salmonella bacteria, the tissue samples were weighed and
homogenized in 0.9% NaCl, and serial dilutions of the homogenates were
plated onto XLD plates. When Salmonella bacteria could not be quanti-
fied, their presence in tissue samples was detected by an enrichment pro-
cedure in which an aliquot (1 ml) from animal homogenized samples was
inoculated in buffered peptone water (BPW; Merck) and incubated at
37°C for 18 h. One milliliter of the enrichment culture was then inoculated
in 10 ml of Miiller-Kauffmann selective broth (Merck) and incubated at
37°C for 24 h, followed by plating of an aliquot of this culture on XLD
plates.

For bacteriophage titration, samples of intestine or cecum were
weighed and then homogenized in 10 mM MgSO, buffer. Serial dilutions
were plated onto alawn of S. Typhimurium ATCCQCm and incubated at
37°C for 24 h. Afterwards, bacteriophage plaques were counted. When
direct detection was not possible, a previously reported enrichment pro-
cedure (15) was applied.

Assays in mice. Female BALB/c mice (3 weeks old) obtained from
Harlan Iberica, Inc. (Barcelona, Spain), were housed in groups of 6 or 10
animals and then quarantined for 1 week. Food and water were supplied
ad libitum. In all trials, one additional animal per assay was added to verify
the absence of Salmonella and bacteriophage as described above.

To determine the residence time of the bacteriophage in the intestine
of the animals, two groups of 10 mice were treated with the bacteriophage
cocktail at 10* and 10'° PFU/animal. Two mice from each group were
euthanized after 2 and 4 h of the bacteriophage administration and on
days 2, 4, and 10 postadministration, and bacteriophage titration was
performed.

Mice infected with S. Typhimurium die from a systemic typhoid fever-
like disease similar to that seen in infected humans. Therefore, an effective
bacteriophage treatment would delay or prevent the death of the mice. To
determine the efficacy of the bacteriophage, three trials were designed. In
each trial, two groups of six mice were orally infected with 0.1 ml of S.
Typhimurium UA1872 at a concentration 100 times higher than the 50%
lethal dose (LDs) of 1.83 X 10° CFU/animal, determined using a proce-
dure previously reported (8). In each trial, group 1 was infected only with
Salmonella, whereas group 2 was infected with Salmonella and treated
with the bacteriophage cocktail (Table 1 gives details of the trials).

In all trials, survival of the mice was recorded daily, and the presence of
Salmonella in the dead mice was determined as described above. More-

aem.asm.org 6601


http://aem.asm.org

Bardina et al.

TABLE 1 Experimental design of trials in the mouse model

TABLE 2 Experimental design of trials in the chicken model

Trial no.” Treatment schedule®

1° —8h

2¢ 4 h, 7 days, and 10 days p.i.
34 0, 6, 24, and 30 h p.i.

@ Twelve 21-day-old mice were infected with S. Typhimurium UA1872. Six mice were
treated with bacteriophage cocktail, and the other six were the control group.

b One dose as a preventive treatment before (—) Salmonella infection.

¢ Three doses as therapeutic treatment.

@ Four doses to prevent the intestinal tracts of the animals from being fully colonized by
the bacterium.

¢ p.i., postinfection.

over, the absence of bacteriophage was recorded in all the control animals
that died.

Assays in chickens. White Leghorn chicken (SPF) fertile eggs from
Valo Lohmann Tierzucht (Salamanca, Spain) were incubated and hatched
in biosafety level three facilities for animals (Centre de Recerca en Sanitat
Animal [CReSA], Cerdanyola del Valles, Spain). The chickens were
housed in air-filtered isolation cabinets; food and water were supplied ad
libitum. Before each experiment, two chickens were euthanized to con-
firm that they were free of Salmonella and bacteriophage, following the
protocol described above. In addition, the absence of bacteriophage was
recorded in the euthanized animals of the control group.

To determine the residence time of bacteriophage in the chicken ce-
cum, 12 3-day-old chickens were orally treated with bacteriophage at 10'°
PFU/animal. On days 3, 4, and 8 after phage inoculation, four chickens
were euthanized, and cecum samples were obtained for bacteriophage
determination following the methodology described above.

The efficacy of bacteriophage administration was studied in three tri-
als for 21 days using two different methods of chicken infection by Salmo-
nella. In each trial, two groups of animals were infected with the bacte-
rium, but only one of them was treated with several doses of
bacteriophage, at a concentration of 10'° PFU/animal per dose. The de-
tails of the trials are presented in Table 2. Briefly, in trial 1, Salmonella
infection was carried out according to the seeder bird method (15), in
which only six chickens of each group were orally infected with Salmo-
nella, at a dose of 108 CFU/animal. The infection of the remaining chick-
ens of each group was developed by contact with chickens already infected
with the bacterium. We previously determined that all animals were fully
colonized with Salmonella after 3 days of infection (data not shown). In
trials 2 and 3, each chicken was orally inoculated with Salmonella at 10°
CFU/animal. Quantification or detection of Salmonella and bacterio-
phage in the cecum, liver, and spleen was done following the procedures
described above. Bacterial reduction was calculated by subtracting the
mean bacterial concentration, expressed in log units, in the cecum of
treated chickens from the mean determined in untreated chickens.

Statistical analysis. The survival rates of the mice were analyzed using
alog rank (Mantel-Cox) test. The results of all chicken trials were analyzed
with a general lineal model (GLM), using time and group as covariates.
When the data did not fulfill a normal distribution (trials 2 and 3), a
nonparametric statistic Mann-Whitney-Wilcoxon test was also applied.
The significance level was fixed at 5%.

RESULTS

Characterization of bacteriophage. The three bacteriophages
used in this study, UAB_Phi20, UAB_Phi78, and UAB_Phi87,
were chosen from our collection of Salmonella bacteriophage
based on their broad host range (see Table S1 in the supplemental
material) and their different restriction patterns with EcoRI,
EcoRV, and HindIIl (Fig. 1). Together, they produced lytic
plaques on lawns of 67 clonally unrelated strains of S. Typhimu-
rium and S. Enteritidis. TEM images revealed that all three belong
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Age of
Trial chickens Total no. of Time of euthanasia
no. (days) animals” Treatment schedule (days)® (days)"
13 60 45 4,5,6,12,19,26
2¢ 6 46 -1,0,1,2,3,6,8,10,13,15 1,2,6,8,10,13,15,17
3¢ 6 46 0,1,2,3,6,8, 10,13, 15 1,2,6,8,10,13, 15,17

@ The chickens were divided into two groups; one was treated with the bacteriophage
cocktail, and the other was the control group.

b Six 3-day-old chickens from each group were infected with Salmonella, and the rest
were infected by contact. We previously determined that all animals were infected by
contact after 3 days of infection.

¢ Each chicken was orally inoculated with Salmonella at 10> CFU/animal. Bacteriophage
treatment began before the intestinal tract of animals was fully colonized by the
bacterium.

4 1In trial 1, on each day of euthanasia, four chickens of the control and treatment
groups were sacrificed for further studies. In trials 2 and 3, three chickens of the control
and treatment groups were sacrificed for further studies, with the exception of the last
day, in which the two remaining animals were sacrificed.

¢ Chickens received two doses daily on the days in boldface.

/Bacteriophage cocktail was administered 1 day before (—) Salmonella infection.

to the Caudovirales order. UAB_Phi20 has an icosahedral head
(60 = 1.5 nm) and a noncontractile short tail (13 = 0.7 nm).
UAB_Phi78 has the same morphology, with a head of 66 = 1.7 nm
and a tail of 14 * 0.7 nm. Therefore, both bacteriophages are
members of the Podoviridae family (1). UAB_Phi87 has an icosa-
hedral head (68 = 2.7 nm) but a long contractile tail (114 = 4.3
nm) and belongs to the Myoviridae family (Fig. 2). The genome
size of these bacteriophages as determined by PFGE is 32.3 kb
(UAB_Phi20), 31.13 kb (UAB_Phi78), and 84.9 kb (UAB_Phi87).

In vitro infection dynamic of bacteriophage. The dynamics
of infection of each bacteriophage were determined in vitro at
an MOI of 1. The greatest reduction in S. Typhimurium by
UAB_Phi20, UAB_Phi78, and UAB_Phi87 was 4.4, 3.4, and 5.3
log,, CFU/ml, respectively (Fig. 3A). Higher values were ob-
tained with S. Enteritidis, with a reduction of 5.6, 4, and 5.4
log,, CFU/ml by UAB_Phi20, UAB_Phi78, and UAB_Phi87,
respectively (Fig. 3B). However, lysis was more prolonged in
cultures of Salmonella infected with a cocktail composed of the
three bacteriophages, with a reduction of S. Typhimurium and
S. Enteritidis concentrations of 3 log,, and 4 log, ,, respectively,
after 8 h of infection (Fig. 3).

In addition, the bacteriophage cocktail was able to promote the
lysis of strains of S. enterica serovars Hadar, Infantis, and Virchow
(Fig. 4).

Residence time of bacteriophage in the intestinal tracts of
mice and chickens. The cocktail composed of a 1:1:1 mixture of
the three bacteriophages was orally administered to two groups
of 10 mice. One group was treated with 10® PFU/animal, and the
other was treated with 10'° PFU/animal. The experiments were
designed to determine the bacteriophage titer in the intestinal
tract of the mice over a period of 10 days. However, the bacterio-
phage titer could be measured only at 24 h, at which point it was
10% and 10* PFU/g for animals treated with 10* and 10'° PFU/
animal, respectively. Bacteriophage could be detected by the en-
richment procedure until the 4th and 10th days of treatment, at
doses of 10° and 10'° PFU/animal, respectively (data not shown).

In the chicken model, a single dose of 10'® PFU/animal was
used because this dose clearly increased the residence time of the
bacteriophage in the digestive tract of the mice. In this case, the
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FIG 1 DNA restriction patterns of the bacteriophages UAB_Phi20 (lanes 3 to
5), UAB_Phi87 (lanes 6 to 8), and UAB_Phi78 (lanes 9 to 11) with the restric-
tion enzymes EcoRI (lanes 3, 6, and 9), EcoRV (lanes 4, 7, and 10), and HindIII
(lanes 5, 8, and 11). Lanes 1 and 13 correspond to HindIII-restricted bacterio-
phage lambda DNA markers, and lanes 2 and 12 correspond to BstEII bacte-
riophage lambda and Xphil74 DNA markers.
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bacteriophage was detected by the enrichment procedure for only
a period of 8 days.

Bacteriophage cocktail efficacy in the mouse model. Mice ad-
ministered the bacteriophage cocktail 8 h prior to infection with S.
Typhimurium (Table 1, trial 1) survived only slightly longer than
mice in the control group (Fig. 5A). A similar effect was seen in
mice treated with the cocktail at 4 h, 7 days, and 10 days after S.
Typhimurium infection (Trial 2) (Fig. 5B). However, with the
administration schedule of trial 3 (Table 1), a survival rate of 50%
was obtained (P = 0.068) (Fig. 5C).

Bacteriophage cocktail efficacy in the chicken model. Ani-
mals infected with S. Typhimurium according to the seeder bird
infection method (Table 2, trial 1) were treated with the bacterio-
phage cocktail twice a day on days 4 and 5 postinfection. This
treatment resulted in a decrease in the Salmonella concentration
in the cecum of infected animals of only 1 log,, compared to the
control group during the fifth and sixth days postinfection and a
reduction of 0.5 log,, 12 days after infection (P = 0.055) (Fig. 6A).

In trials 2 and 3, all animals were individually infected by oral
inoculation of S. Typhimurium UA1872 and then treated with the
bacteriophage cocktail, as indicated in Table 2. In trial 2, reduc-
tions in the Salmonella concentrations in the chicken cecum of 4.4
log,, and 3.2 log,, were reached by days 2 and 6 postinfection,
respectively, and of 2 log,, between day 8 postinfection and the
end of the experiment (P < 0.0001) (Fig. 6B). The results of trial 3
were similar, but in this case a decrease of 2 log,, was obtained
between day 6 postinfection and the end of the experiment (P <
0.0001) (Fig. 6C).

In all trials, the bacteriophage titer in the chicken cecum was
determined over time. As shown in Fig. 6, when only two doses of
the cocktail were administered (trial 1), the titer decreased dra-
matically, reaching <10° PFU/g beginning on day 19 postinfec-
tion. In contrast, with the bacteriophage administration schedules
of trials 2 and 3, the concentration of bacteriophage in the cecum
was in the range of 10* to 10° PFU/g throughout the experiment,
albeit with some fluctuations (Fig. 6).

In addition, the presence of S. Typhimurium UA1872 in the
liver and spleen of the animals was assayed at each time point of
every trial. It is noteworthy that, compared with the control
groups, there was a delay in bacterial colonization of these organs
in both trial 2 and trial 3 (see Table S2 in the supplemental mate-
rial).

-
-

100 nm_

FIG 2 Electron micrographs of bacteriophages UAB_Phi20 (A), UAB_Phi78 (B), and UAB_Phi87 (C).
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S. Typhimurium (Log;o cfu/ml)
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S. Enteritidis (Logjo clu/ml)
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FIG 3 Viable concentration of S. Typhimurium ATCC 14028 (A) and S. En-

teritidis LK5 (B) infected with UAB_Phi20 (O), UAB_Phi78 (X), UAB_Phi87

(A), or a bacteriophage cocktail ((J). Uninfected (®) cultures are indicated as

well. The data reflect mean values from duplicate experiments, and the error

bar represents the standard deviation of these replicates.

DISCUSSION

The problems associated with multidrug-resistant bacterial
pathogens and the regulations concerning the use of antimicrobi-
als in animal production have led to a resurgence of interest in
phage therapy (11). Research into the feasibility of treating food
animals has focused on reducing the impact of infections in the
animals themselves, as well as decreasing zoonotic pathogens in
these reservoirs (18).

In the present study, three virulent Salmonella-specific bacte-
riophages (UAB_Phi20, UAB_Phi78, and UAB_Phi87) selected
from our collection were characterized, and their ability to reduce
Salmonella concentrations in mice and chickens was determined.
All three bacteriophages belong to the Caudovirales order, and
their genomes do not show homology with any known gene in-
volved in virulence, as determined after sequencing of their ge-
nomes (data not shown). Moreover, these bacteriophages are
highly stable, as confirmed by the observation that their concen-
trations after a 30-min incubation at pH 2 decreased by a maxi-
mum of 3.4 log,, PFU/ml (data not shown), which is better than
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FIG 4 Absorbance of cultures of the S. enterica serovars Virchow (A), Infantis
(B), and Hadar (C) infected (M) or not ((J) with the bacteriophage cocktail.
The time of bacteriophage infection is also shown ( | ). The data reflect mean
values from triplicate experiments, and the error bar represents the standard
deviation of these replicates.

the values reported by other authors (17, 19). These results suggest
that the three bacteriophages are able to resist passage through the
low-pH environment of the stomach.

The bacteriophage cocktail produced a faster and longer de-
crease in the Salmonella concentration than obtained when the
bacteriophages were tested individually. In addition, the killing
kinetics of the cocktail were better than those of other bacterio-
phage mixtures, as determined 4 h after bacterial infection (24),
and similar to those administered for 8 h (4) although in those
studies the MOIs were higher than in our experiments. Moreover,
the cocktail was also able to promote the lysis of other S. enterica
serovars whose reduction in commercial Gallus gallus production
has likewise been targeted by the EU (14).

Based on these results, the efficacy of the bacteriophage cock-
tail was studied in vivo to determine whether it would significantly
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FIG 5 Effect of the bacteriophage cocktail treatment ([J) on the survival of
mice infected with S. Typhimurium UA1872. (A) Treatment applied at 8 h
preinfection. (B) Treatment applied at 4 h postinfection and on days 7 and 10.
(C) Treatment administered simultaneously with bacterial inoculations and at
6,24, and 30 h postinfection. The untreated groups (H) are also shown. Details
of each trial are described in Table 1.

reduce the population of Salmonella in the intestinal tract of ani-
mals and whether its activity was maintained over a prolonged
period of time. These studies were performed in mice and in Gal-
lus gallus, infecting the animals with a derivative of S. Typhimu-
rium ATCC 14028 labeled with a chloramphenicol resistance cas-
sette in an intergenic region.

Mice infected with S. Typhimurium die from a systemic ty-
phoid fever-like disease (21, 25). Therefore, an effect on bacterial
infection by the bacteriophage cocktail should increase the sur-
vival of the animals. The administration of the bacteriophage
cocktail before infection (Fig. 5A, trial 1) or a few hours after
infection and then again at 7 and 10 days postinfection (Fig. 5B,
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FIG 6 Concentration of S. Typhimurium UA1872 in the cecum of chickens
left untreated (#) or treated ([J) with the bacteriophage cocktail, expressed as
log,, CFU/g. The titer (O) of bacteriophage in the cecum of treated chickens is
also presented as log,, PFU/g. Trials 1, 2, and 3 (Table 2) correspond to panels
A, B, and C, respectively.

trial 2) only delayed the death of the mice. These findings are in
accordance with the rapid disappearance of the bacteriophage
from the mouse digestive tract. However, when the cocktail was
administered simultaneously with S. Typhimurium and readmin-
istered at 6, 24, and 30 h postinfection (Fig. 5C, trial 3), a 50%
improvement in survival was obtained. Although the latter result
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is not statistically significant (P = 0.068), it nonetheless suggests
the convenience of administering several doses of bacteriophage
to animals before their intestinal tract becomes fully colonized by
Salmonella.

Results obtained in the chicken model agree with those in mice,
which showed that the more affordable mouse model can be used
in preliminary studies on the efficacy of bacteriophage in reducing
Salmonella. Indeed, as observed in mice, the administration of
four doses of the bacteriophage cocktail to chickens whose diges-
tive tracts were already colonized by Salmonella did not result in a
significant decrease in the intestinal concentration of this bacte-
rium (Fig. 6A, trial 1). This result is similar to results reported by
others (15). In fact, our protocol failed to produce a significant
delay in bacterial colonization of the livers and spleens of treated
versus untreated animals (data not shown). It should be noted
that in this trial the Salmonella concentration in the cecum at the
time of bacteriophage administration was =10® CFU/g (data not
shown) and that in the majority of the animals the bacteriophage
titer in the cecum was lower than the bacterial concentration (Fig.
6A). We believe that the lack of effectiveness of the bacteriophage
cocktail in this trial was due to the low ratio between bacterio-
phage and bacteria, which would have seriously hampered an en-
counter between the two. Consistent with this conclusion was the
significant reduction in the S. Typhimurium concentration
achieved when the bacteriophage cocktail was first administered
to the chickens either before or just after bacterial infection, fol-
lowed by repeated administration twice a day for 4 days and a daily
dose during the next week, as was the case in trials 2 and 3 (Fig. 6B
and C). Moreover, both administration schedules resulted in a
delay in bacterial colonization of the liver and spleen (see Table S2
in the supplemental material), which corroborates the efficacy of
bacteriophage treatment. The slight differences between these two
trials could be attributed to the fact that chickens in trial 2 were
treated with bacteriophage 1 day before Salmonella infection.

The increase in the S. Typhimurium concentration over time
in chickens in trials 2 and 3 may be a consequence of the so-called
proliferation threshold, which occurs when a minimum number
of bacterial cells are present (22), such that the bacterial density is
too low to sustain a growing bacteriophage population. Likely,
this effect occurred in most animals of trials 2 and 3, in which the
bacterial concentration in the cecum of chickens was <10° CFU/g
during the first few days of bacteriophage administration. In ad-
dition, it should be noted that we used very young SPF chickens,
which facilitated a rapid colonization of their intestines by Salmo-
nella and its translocation to the animals’ internal organs. Some
authors have shown that certain bacteriophages are able to trans-
locate through the intestinal wall of mice (16); consequently,
phage therapy by oral administration could be effective against
systemic infection. However, it seems that this might not be rele-
vant in chickens because readministration of the bacteriophage
cocktail to the animals was necessary to obtain a significant reduc-
tion of Salmonella over time. The bacteriophage effectiveness de-
termined with this treatment schedule was greater than reported
in others studies in terms of bacterial cell numbers and the effec-
tive duration of treatment (2, 4, 24).

Our model studies in chickens were conducted under very
strict conditions, using an infective dose of Salmonella that corre-
sponded to levels of bacterial colonization significantly higher
than those typically determined on commercial broiler chickens
(26). The fact that our bacteriophage cocktail was highly effective
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supports its further experimentation with commercial broilers.
Nonetheless, according to our findings, frequent treatment of the
animals with the bacteriophage cocktail—including prior to bac-
terial colonization of the intestinal tract—is necessary to achieve a
significant reduction of bacterial cell numbers. This is obviously a
serious drawback to the implementation of this approach. There-
fore, considering the bacteriophage as an inert particle, the cur-
rent challenge is to increase their removal time in the intestinal
tract of the target in order to minimize the number of required
doses. This objective is currently the focus of further studies in our
laboratory.
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