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ABSTRACT According to the World Health
Organization, Salmonella is one of the most impor-
tant zoonotic foodborne pathogens. Poultry products
are thought to be the main source of Salmonella, which
means that it is necessary to control Salmonella at
the pre-harvest stage. Bacteriophages, acting as host-
specific parasites of bacterial cells, represent one of
the alternatives to antibiotics that can contribute to
food safety and security. The present study evalu-
ated the effectiveness of the bacteriophage cocktail
SalmoFREE R© to control Salmonella on a commercial
broiler farm. We assessed the relationship between the
use of SalmoFREE R© and productivity parameters (feed
conversion, weight gain, homogeneity). Two field trials
(trial 1 n = 34,986; trial 2 n = 34,680) were carried
out under commercial rearing conditions on a Colom-
bian broiler farm with a record of Salmonella presence.

Each trial comprised 2 control chicken houses and 2 ex-
perimental ones. SalmoFREE R© and a control suspen-
sion were delivered in the drinking water at 3 time
points in the production cycle, and the presence of
Salmonella was assessed in cloacal swabs the day be-
fore and after the treatments. Results revealed that
SalmoFREE R© controls the incidence of Salmonella and
does not affect the animals nor the production param-
eters, demonstrating its efficacy and innocuity at the
production scale. We detected phage-specific genes in
samples of total DNA extracted from ceca after the
treatment with SalmoFREE R©, and tested for the ap-
pearance of cocktail-resistant Salmonella, which showed
to be an uncommon event. These results contribute rel-
evant information to the adoption of phage therapy as
an alternative to growth-promoter antibiotics on poul-
try farms.
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INTRODUCTION

Salmonella (non-typhoid) is a gram-negative zoonotic
bacterium that is considered one of the 4 principal
causes of diarrheal disease worldwide (WHO, 2016).
Each year, 93.8 million cases of acute gastroenteritis in
humans are attributed to this foodborne pathogen, in
addition to 155,000 deaths (CDC, 2015). Based on these
data, this pathogen has become an important pub-
lic health concern with a significant economic impact
on society (WHO, 2016). The consumption of poul-
try products is considered to be the main source of
Salmonella infections. This fact necessitates the con-
trol of Salmonella at the pre-harvest stage, preventing
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the introduction of this pathogen into the food chain
and, consequently, reducing food poisoning among con-
sumers (Wegener et al., 2003).

Control of Salmonella at the farm level is carried
out using a multi-factorial approach. When Salmonella
infection occurs in broilers, several simultaneous or
sequential procedures are applied. Good agricultural
practices based on hazard analysis and critical con-
trol, vaccination, probiotics, prebiotics, and antimi-
crobial treatments are the most common actions car-
ried out by farmers (Chambers and Gong, 2011;
Tellez et al., 2012). Moreover, as a prevention mea-
sure, the supplementation of animal feed with antimi-
crobials at sub-therapeutic levels is still carried out
(Castanon, 2007).

The use of antimicrobials in animal feed leads to
selective pressure and the dominance of antimicrobial-
resistant bacteria. This problem is one of the most
important current threats to public health, markedly
reducing the number of antimicrobials available for the
effective treatment of infectious diseases in humans
and animals (WHO, 2015a). The frequent appearance
of antimicrobial-resistant Salmonella provides strong
motivation to find new and effective prophylactic and
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therapeutic means to control Salmonella from poultry
farms(Wegener et al., 2003).

Bacteriophages (phages), defined as host-specific
parasites of bacterial cells, stand out as an alternative
to antibiotics in animal therapy, prophylaxis, and
reduction of pathogen loads in food products of animal
origin (Carrillo and Abedon, 2011; Irshad et al., 2012).
Phages may provide a natural, non-toxic, feasible, and
inexpensive technology for the pre-harvest control of
Salmonella in poultry. Phage therapy has been shown
to have advantages over other bacteria control alterna-
tives that have been described in detail in the literature
(Carrillo and Abedon, 2011; Nilsson, 2014). Phages are
highly specific; thus, their use in treatment offers the
specific targeting of a group of bacteria without affect-
ing the normal microbiota. Another advantage is their
higher efficiency in comparison to antibiotics due to
the fact that they multiply when their host is present.
Hence, phages have the ability to increase their density
in situ. Likewise, following the infection, and once
the concentration of the host has been reduced, the
population of phages diminishes as well. Furthermore,
immunomodulatory activity has been attributed to
phages; this activity helps to resolve the infection via
the phage’s non-specific effects on different functions
of immune cell populations, involved in both innate
and adaptive immune responses (Górski et al., 2012).
In addition, phages can be effective against sensitive
bacteria as well as those strains that are resistant to
antibiotics (Carrillo and Abedon, 2011; Nilsson, 2014).

Trials with phages in poultry have been successful in
killing foodborne pathogens such as Salmonella (Filho
et al., 2007; Borie et al., 2008; Sillankorva et al., 2010;
Wong et al., 2014). Most of these studies were con-
ducted using germ-free chickens, reared in battery cages
under tightly controlled conditions. In all cases, phages
were administered orally, either as a feed supplement,
in water, or using a gavage once the birds had been in-
fected with a given concentration of the pathogen. Nev-
ertheless, research into the effectiveness of phages under
the commercial conditions of factory farming is still re-
quired (Clavijo and Florez, 2017). To the best of our
knowledge, the only study that used bacteriophages in
commercial broiler flocks studied Campylobacter phages
(Kittler et al., 2013). The authors reported a reduction
of up to 3.2 CFU/g of Campylobacter load in the cecal
content in comparison to the control.

A patent has recently been granted for
SalmoFREE R©, a mixture of 6 Salmonella lytic
bacteriophages, to be used as a potential therapy for
Salmonella control in poultry products (Holguin et
al., 2017). Data about the cocktail’s phages genome
sequence, host range, in vitro efficiency, and stability
in chlorinated water have already been documented.
Additionally, a safety trial has been carried out
using chickens reared in battery cages where the
SalmoFREE R© cocktail was delivered via the drink-
ing water. These in vivo experiments showed that
the phage cocktail is safe for the chicks because no

differences in mortality, weight gain, and feed intake
were observed in comparison to the untreated group.
Furthermore, there was greater weight homogeneity
in chicks that were treated with the phage cocktail.
Altogether, SalmoFREE R© has been demonstrated to
be innocuous for its use in broilers, under controlled
conditions (Holguin et al., 2017).

The present study aimed at testing the effectiveness
of SalmoFREE R© in reducing Salmonella on a larger
scale, in the setting of a productive farm. Additionally,
it assessed the relationship between the use of phages
and the productivity parameters such as feed conver-
sion, weight gain, and weight homogeneity at this scale.
Altogether, this research expands on current knowledge
about the performance of phages under the commercial
conditions of factory farming.

MATERIALS AND METHODS

Broiler Flocks and Farm Management

This study was approved by the Institutional Com-
mittee on Care and Use of Experimental Animals
(CICUAL) from the Universidad de los Andes, Ref. CI-
CUAL 15–008, within the framework of Colombian Law
84/89 and Resolution 8430/93.

Two field trials were carried out under commer-
cial rearing conditions in a commercial broiler farm in
Colombia. This farm belongs to an integrated poultry
company that handles the entire production and pro-
cessing cycle of a chicken (hatching, feed, production,
processing, and marketing). Table 1 presents the gen-
eral information on the farm, including the biosecurity
and composition of the litter. The farm was divided into
11 houses, and all chickens were of the same age and
housed on the same day. The houses had a fabric sep-
aration for different sexes when it contained both male
and female chickens. During both trials, the poultry
company’s permanent staff carried out maintenance of
the houses and animal care. The animals were provided
with water and feed ad libitum.

Table 1. Farm general rearing conditions during the field assays
performed in this work.

Characteristic Description

Numberof houses 11
Litter composition Ground
Average number of chickens/m2 13.86
Average house area (m2) 645.61
Biosecurity Farmers live in a house within the

farm
Buddle for washing boots at the
entrance of each house
Use of showers for changing
clothes for external personnel

Litter treatment Litters are changed twice per year
Litter is disinfected between
cycles using high
temperature (flaming),
fumigation, and disinfection with
acetic acid
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Table 2. Rearing conditions in houses employed for the phage trials.

Trial House1 Sex Chickens/m2
Number of
chickens Breed line

Antibiotic
therapy

Slaughter
day

1 4 Mixed 13.76 7,956 Cobb None 36
8 Female 13.91 6,120 Ross None
9 Mixed 14.24 7,446 Cobb Cipr2

10 Female 13.61 13,464 Cobb Cipr2

2 4 Mixed 13.61 7,956 Cobb None 35
8 Female 13.45 5,916 Ross None
9 Mixed 14.04 7,344 Cobb None

10 Female 13.61 13,464 Ross None

1Houses 4 and 8 are the control houses, and houses 9 and 10 correspond to SalmoFREE R©-treated
houses.

2Antibiotic treatment between days 15 and 21 of the cycle.
Cipr: ciprofloxacin.

Experimental Design

Four production houses (labeled houses 4, 8, 9,
and 10) were selected based on the existing record
of Salmonella detection during the 2 previous produc-
tion cycles (data not shown). Chickens in houses 4
and 8 were treated with a control suspension, whereas
thoseinhouses 9 and 10 were treated with the bacte-
riophage cocktail SalmoFREE R©. Treated flocks were
separated from the control ones by a distance of
approximately 300 m.Table 2 gives the information
about houses used in the present study: size, breed
line, sex, and antimicrobial therapy per house and
trial.

The broiler production cycle in Colombia is carried
out in 2stages. The first stage comprises the period from
day 1, when 1-day-old chicks are delivered to the farm,
until days 13 to 17. Chickens in this stage are fed with a
starter diet. Then, the second stage corresponds to days
14 to 18 until days 35 to 42, where chickens receive a
grower diet. At the end of the second stage, the chick-
ens are sent to the slaughterhouse. During the second
stage, SalmoFREE R© and the control suspensions were
delivered to the animals via the drinking water: once at
the beginning of the cycle (day 18 for both trials), the
middle (days 27 and 26 for the first and second trials,
respectively), and 1 D before slaughter (days 35 and 34
for the first and second trials, respectively) (Figure 1).

Preparation of the Phage and Control
Treatments

SalmoFREE R© was prepared following a standard liq-
uid lysate procedure (Kutter and Sulakvelidze, 2004).
Typically, the preparation was carried out individually
for each phage in a nutritive broth (Sharlau, Spain), us-
ing an multiplicity of infection of 0.1. Each lysate was
centrifuged at 4◦C at 13.000 g for 20 min,and the super-
natant was filtered through a 0.22-μm filter. Approxi-
mately 5.5 L of each phage was produced per trial and
was stored at 4◦C. The cocktail was mixed according
to the adequate concentration and volume immediately
prior to each treatment.

Quality standards for the phage preparation of steril-
ity (zero bacteria) and a concentration of at least 1010

PFU/mL were established. All treatments were eval-
uated under these criteria. Sterility was evaluated by
incubating a 10 mL aliquot of the cocktail at 37◦C for
24 h.Additionally, this culture was streaked onto a nu-
trient agar plate. After 24 h of incubation, the absence
of any type of growth was verified. Cocktail concen-
tration was determined by carrying out serial dilutions
from the cocktail suspension and plating the dilutions
using the double agar overlay plaque assay (Kutter and
Sulakvelidze, 2004).

The control suspension was prepared using a grown
bacterial culture that was lysed by adding 0.1% chlo-
roform. The lysate was centrifuged and filtered as de-
scribed above in the phage lysate procedure. The final
suspension was confirmed to be free of bacteria and
phages. This control guarantees that the cell residuals
found in the normal lysate do not affect the results.

Treatment Delivery to the Animals

The drinking water supply was suspended 30 min be-
fore dosing the treatments. This is a common practice
in poultry production, which is carried out in order to
facilitate the uptake of the treatment due to the tem-
porary shortage of hydration. The water-supply tanks
from each farmhouse can store up to 1,000 L of wa-
ter. SalmoFREE R© and control suspensions were added
to these tanks in a 100:1 water:treatment ratio. Thus,
the final concentration of the phage suspension was 108

PFU/mL. Treatments were delivered to the animals for
2.5 h. The total quantity of water taken up by the an-
imals was calculated based on the number of animals
per house prior to the treatment. The average water
consumption per chicken is shown in Table 3.

Sampling Methods

A total of 5 and 10 individual cloacal swabs were
collected per house in the first and second trials, re-
spectively, using swabs with Stuart Transport Medium
(Copan, Italia) for all sampling days except for day
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Table 3. Average of water drunk (in milliliters) per animal dur-
ing the treatment period (2.5 h) discriminated by house and
doses. Doses were delivered in the drinking water at a final con-
centration of 1 × 108 FPU/mL.

Trial House Dose 11 Dose 22 Dose 33

1 Control houses 4 38.7 51.6 94.9
8 26.2 38.9 50.7

Treated houses 9 35.2 44.5 110.3
10 42.9 53.7 64.1

2 Control houses 4 30.1 45.7 60.3
8 32 50.1 49.7

Treated houses 9 44.6 57.1 52.6
10 60.1 60.9 58.9

1Day 18 for both trials.
2Days 27 and 26 for the first and second trials, respectively.
3Days 35 and 34 for the first and second trials, respectively.

35 of the second trial, when swaps were hydrated
with 15 mL of 3M buffered peptone water (BPW).
Then, swaps were transported at 4◦C and analyzed
immediately upon arrival at the laboratory. Sampling
was carried out first in control houses in order to pre-
vent carryover of the phages and cross-contamination
of the samples. Additionally, 5 female chickens from
each of the 4 houses were randomly selected. These
chickens were sacrificed and their ceca were removed.
Each cecum was collected in a sterile plastic bag
(Nasco, Saugerties, NY USA) and transported in liquid
nitrogen to the laboratory, where it was stored at
−80◦C and promptly processed for DNA extraction.

Salmonella Detection

Samples were processed for the detection of
Salmonella using the 3MMolecular Detection System
(MDS) at the Microbiology Lab in the Colombian Cor-
poration of Agricultural Research – Agrosavia (formerly
Corpoica). This method uses isothermal amplification
of specific nucleic acid sequences using a high-fidelity
polymerase; amplification is detected by biolumines-
cence. Processing of samples started immediately upon
arrival at the laboratory. Each swap was pre-enriched
in 15 mL of 3M buffered peptone water and was in-
cubated at 37◦C for 18 to 24 h. After incubation, a
pre-enrichment aliquot was removed and tested in the
3M MDS by taking an aliquot of 20 μL and transfer-
ring it into an individual lysis tube. The aliquot was
heated on a dry block heater for 15 min at 100◦C, fol-
lowed by prompt chilling for 10 min on a pre-chilled
3M Molecular Detection Chill Block. Following chilling,
the tubes were mixed by inverting them multiple times
and were then left to stand for 5 min at room tem-
perature. Subsequently, sample lysates of 20 μL were
transferred to reagent tubes containing lyophilized pel-
lets and were pipetted to mix them gently. The closed
reagent tubes were transferred to a 3MMolecular De-
tection Speed Loader Tray. The samples were labeled
in the 3M Molecular Detection software following the
arrangement of reagent tubes on the speed loader tray
and were placed into the 3M MDS. A blank (uninoc-

ulated, sterile 3M BPW-ISO), a Salmonella-positive
process control (Salmonella Typhimurium ATCC
13,311), a Salmonella-negative process control (Es-
cherichia coli ATCC 25,922), and a negative-reagent
control were run along with the samples. The 3M
MDS utilizes LAMP and bioluminescence to amplify
and detect Salmonella concurrently, in which positive
Salmonella results were reported in real-time, whereas
negative Salmonella results were shown after a 75-min
run. Fifty percent of Salmonella-positive samples were
confirmed using the traditional methodology (USDA,
2008). These isolates were preserved in 10% glycerol
and maintained at −80◦C.

Phage Susceptibility Test for Salmonella
Isolates

Thirty-one Salmonella isolates from both surveys
were tested in vitro for their susceptibility to the
SalmoFREE R© cocktail. Susceptibility tests were per-
formed using the spot test with the recovered isolates
(Kutter and Sulakvelidze, 2004). A volume of 100 μL
of an overnight culture was added to 3 mL lysogeny
broth (LB) soft agar and then poured onto LB plates.
The plates were dried for 30 min at room temperature
to form the overlay. Serial dilutions of the phage sus-
pension in SM buffer (10 mM Tris Base pH 7.4, 10
mM MgSO4, 100 mM NaCl) were prepared, and af-
terwards 5 μL of each dilution was spotted onto the
bacteria overlay. They were then allowed to dry for 15
to 20 min and incubated for 24 h at 37◦C. All quan-
tifications were performed in duplicate. The PFU/mL
was calculated by considering the dilution factor and
the sample volume.

DNA Extraction

180 to 200 mg of the cecal content was aseptically col-
lected under cold conditions, to avoid thawing the sam-
ples. The samples were immediately processed with the
QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA)
according to the manufacturer’s directions. Samples
were measured in a Nanodrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA) to
assess the DNA quality and were quantified using a
Qubitfluorometer (Life Technologies, Paisley, UK).

Phage Tail Fiber Protein Gene Amplification

In order to verify the presence of phages in the
chickens’ ceca, the PCR amplification of a gene frag-
ment, encoding a phage tail fiber protein, was stan-
dardized. This gene is shared by 3 of the SalmoFREE R©
phages and has a length of 2,520 nucleotides
(Holguin et al., 2017). Fourprimer search tool programs
were used for its design: Primer BLAST (Ye et al.,
2012), Primer 3 (Untergasser et al., 2012), PrimerQuest
(Integrated DNA Technologies, Inc. Coralville, Iowa,
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USA), and OligoPerfect (Thermo Fisher Scientific).
One primer pair was selected according to the val-
ues of optimal melting temperature, GC clamp (1
to 4 bp), base runs (less than or equal to 4), and
product length (50 to 250 bp). Self-dimerization was
also evaluated. Selected primers correspond to S2TF
(TGGTGGTCATTATGGTGGTG)/S2TR (GTTTC-
CGTTAGAGGCAGCAG). The expected length of the
product is 130 bp and the melting temperature 60◦C.
PCR was standardized using different primer concen-
trations (0.1 μM, 0.3 μM, 0.6 μM, and 0.9 μM); differ-
ent cecal DNA volumes (1.25 μL and 5 μL correspond
to 84 ng and 335 ng, respectively); and the number
of denaturing–annealing–extension cycles (28 and 34).
Finally, PCR primers and reagent conditions were set
to 12.5 μLDreamTaq PCR Master Mix 2X (Thermo
Fisher Scientific),0.1 μM forward and reverse primers,
5 μL (on average 255 ng) template DNA, and water to
a 25 μL final volume. Cycling conditions were set as
follows: initial denaturation at 95◦C for 3 min, 34 cy-
cles of denaturation at 95◦C for 30 s, annealing at 55◦C
for 30 s,and extension at 72◦C for 1 min, followed by a
final extension step at 72◦C for 7 min.

For phage detection, PCR amplification of the tail-
fiberprotein gene was carried out using the total DNA
extracted from cecum samples, taken before and after
the first and third doses, both from control and treated
animals (days 17, 19, 34, and 36 for trial 1; days 17,
19, 33, and 35 for trial 2). Phage ΦSan23 was used as
a positive control. PCR products were visualized with
GelRed in a 1.8% (w/v) agarose gel.

Data Management and Statistical Analysis

Weight, feed intake, and mortality were recorded, dis-
criminating by sex, for the 4 houses. Data on Salmonella
incidence (number of cloacal swabs testing positive
for Salmonella/number of total cloacal swabs) were
obtained, and a heat map was built in Microsoft
Excel using a color scale for Salmonella incidence
values. Additionally, feed conversion (feed consump-
tion/weight per animal) and a weight homogeneity test
(weight standard deviation) were calculated for all pro-
duction houses. Statistical variance analysis was per-
formed to compare the parameters of the houses treated
with SalmoFREE R© with those of the control houses, us-
ing the statistical software R 3.4.1.

RESULTS

Production Parameters

In order to determine whether the addition of phages
to the drinking water affects broiler production, pro-
duction parameters of the control and the treated
houses were compared. Firstly, in order to make the
parameters comparable, data were analyzed, discrim-
inating by sex. Results for weight, feed conversion,

weight homogeneity, and mortality for females only
for both trials are shown in Figure 2. The mean
weights of chickens treated with the phage cocktail
and those of the control group were not significantly
different across both cycles (P ≤ 0.05) (Figure 2A).
Concerning feed-conversion and weight-homogeneity
results, Figure 2B shows that non-treated chickens and
those treated with SalmoFREE R© do not have signif-
icantly different conversion indexes and weight homo-
geneity (P> 0.05) (Figures 2B and 2D). Similar results
were found for mortality rate, where the slope of the line
was calculated and compared, indicating that mortal-
ity rate is the same for both groups (P> 0.05) (Figure
2C). Overall, these results confirmed the safety of the
cocktail because its incorporation into broiler produc-
tion did not affect the normal growth and behavior of
the animals.

Salmonella Reduction

Field Trial 1 Results concerning Salmonella reduc-
tion for this trial are presented in Figure 1. In brief,
Salmonella incidence in treated houses drops to zero
on day 34 in comparison with the control houses where
the bacterium was still detected. However, an antibiotic
intervention (not planned for the experimental design)
was carried out by the veterinarian in charge of the
farm in the houses treated with SalmoFREE R©, houses
9 and 10 (between days 15 and 21) (Table 2, Figure 1),
due to the high rate of chicken mortality observed in
house 10. Antibiotics were applied to houses 9 and 10
because their chickens came from the same egg batch,
despite the fact that only house 10 showed high mor-
tality (Figure 2B; trial 1). Due to this intervention, it is
not possible to assure that the reduction of Salmonella
is the result of the phage activity alone. Instead, it can
be attributed to the combined action of both the an-
tibiotic and the phage cocktail.

Nevertheless, looking at the heat map on day 17
(Figure 1) (1D before starting the phage treatment),
houses 9 and 10 exhibited a higher prevalence of
Salmonella compared to the control houses, despite
having already received 3Dof antibiotic treatment. This
result indicates that, although the mortality was re-
duced, this antibiotic is not effective against the circu-
lating Salmonella. Also, we are aware that, in Colombia,
Salmonella has a high resistance to the administered an-
timicrobial (Donado-Godoy et al., 2015). Nevertheless,
due to the antimicrobial intervention, it was necessary
to repeat the trial in order to confirm the controlling
effect of SalmoFREE R©.

Field Trial 2 The number of cloacal swabs per house
was increased from 5 to 10 for the second trial, given the
valuable information obtained from the swab samples
in the first trial. Results of the second trial exhibited a
similar behavior to that obtained in the first. At the be-
ginning of the cycle, all 4 houses had a high Salmonella
incidence. Then, a reduction in Salmonella detection
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Figure 1. Heat map for Salmonella reduction and phage detection throughout the production cycle for trials 1 and 2. The number in the blue
boxes corresponds to the cycle day. The last day presented is the slaughter date. Phage figures indicate the days the treatments were provided
to the animals in experimental houses 9 and 10. Phages were not delivered to the animals in control houses 4 and 8. Intensity of color red shows
the incidence of Salmonella (number of cloacal swaps positive for Salmonella). Intensity of green color shows the detection of phages by PCR
(number of cecal samples positive for phages). An accidental spillage of the samples occurred on day 35 in trial 2.

was observed from the second dose of the phage treat-
ment; finally, at the end of the cycle, Salmonella was re-
duced to 0% on day 33. Data from day 35 were lost due
to the spillage of the peptone water during transporta-
tion (Figure 1). In spite of the fact that this reduction
of the pathogen is a good result, it is hard to attribute
the reduction of Salmonella to the phage cocktail treat-
ment without additional information because the con-
trol houses also exhibited a significant reduction. We
postulate that there were possible phage residuals in
the houses deriving from the first trial. To confirm this
hypothesis, we looked for the detection of the phages
through the amplification of phage-specific regions us-
ing the total DNA extracted from ceca.

Phage Tail Fiber Protein Gene Amplification

Field Trial 1 There was no amplification of the
phagetail gene in any of the ceca samples on day 17
(before treatments), indicating no detection of the
phages present in SalmoFREE R©. The amplification
product appeared on day 19, after the first phage dose
in all farmhouses, in 1 or 2 samples of the 5 tested in
each house. Ondays 34 and 36, phages were also de-
tected in both houses, treated and non-treated. How-
ever, more phage-positive samples were found in the
treated houses (Figure 1).

Field Trial 2 Amplification products were detected
on day 17—before treatments—in both treated and

control houses. Detection of the gene encoding the
phage tail fiber protein continued until the end of the
cycle in both treated and control groups. Similarly to
the first trial, the number of positive samples was larger
in the treated houses after the first dose was delivered
(Figure 1).

Phage Susceptibility Testfor Salmonella
Isolates

A total of 20 isolates from trial 1 and 11 from trial
2 were tested for susceptibility to SalmoFREE R©; 24
(77.4%) of the Salmonella isolates tested were found
to be susceptible to the cocktail phage. From these iso-
lates, 14 came from trial 1 and 11 from trial 2.

DISCUSSION

To the best of our knowledge, this study presents the
first results from the use of Salmonella phages at a large
scale, in a poultry production system. Most of the previ-
ous studies were carried out under controlled conditions
(Bardina et al., 2012; Gonçalves et al., 2013; Wong et
al., 2014). Results obtained here are evidence of the fact
that(a) there are no negative effects on the production
parameters for the groups treated with the phage cock-
tail SalmoFREE R©; and(b) a reduction in Salmonella
incidence in the houses, which could be partially at-
tributed to the phage treatment.
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Figure 2. Production parameters analyzed for female chickens of trials 1 and 2. (A) Weight (g). (B) Mortality rate (%) = number of chicks that
died in a group/total number of chicks in the group x100. (C) Feed conversion = feed consumption/weight per animal. (D) Weight homogeneity
(weight standard deviation).

Regarding production parameters, the incorporation
of SalmoFREE R© in the drinking water did not have
any negative effect on the weight, feed conversion,
weight homogeneity, and mortality rate of the chickens
(Figure 2). These findings are consistent with other re-
ports under battery conditions (Oliveira et al., 2009;

Kim et al., 2013; Tsonos et al., 2014). However, there
are some studies that suggest a positive effect on the
growth performance of chickens (Atterbury et al., 2007;
Miller et al., 2010; Li et al., 2012; Kaikabo et al., 2017).
Similarly, the safety assessment carried out in bat-
tery cages with SalmoFREE R© suggested that chickens



BACTERIOPHAGES ON A COMMERCIAL BROILER FARM 5061

treated with bacteriophages have a more homogeneous
weight than the control ones (Holguin et al., 2017).
Nevertheless, it was observed in this study that on a
large scale, there is no difference in this parameter be-
tween treatments (Figure 2). These differences might
be attributed to all the variables that are present at
the productive scale such as feed composition, litter re-
placement, feeding and antibiotic intervention, vacci-
nation scheme, and animal density, among others. Ac-
cordingly, treatment with phages follows the same trend
as reported for prebiotics, probiotics, and phytobiotics
(Chambers and Gong, 2011; Diaz-Sanchez et al., 2015),
where the beneficial properties of these biological prod-
ucts are masked by the variables of the productive scale
(Timmerman et al., 2006; Yang et al., 2015).

Our field experiments in a commercial poultry farm
evidenced a reduction in Salmonella incidence for both
trials of up to 100% in the phage-treated group, whereas
the presence of the pathogen was still detected in the
control. However, our data also suggested a decrease in
the Salmonella-positive samples in the control houses at
the end of the cycle (Figure 1). This result could be ex-
plained by phage cross-contamination between houses
and a residual effect of the phages from the first trial.
This hypothesis was confirmed by the amplification of
the tail phage protein in control house farms. We pro-
posed that the entry of phages to the control houses
might have occurred via rubber boots (which are not
changed during the work day) or other conditions we
could not control. Likewise, the entry of phages to the
control flocks was reported in the assay with Campy-
lobacter phages on a commercial farm (Kittler et al.,
2013).

The antimicrobial intervention in the first trial was
an unfortunate event because it made it impossible to
attribute the reduction of Salmonella to the phage ac-
tivity alone. However, this drawback allowed us to evi-
dence that the combination of antibiotics and phages is
compatible and altogether suggested an effective action
in controlling Salmonella. This result is in agreement
with an increasing number of studies suggesting that
both of these antimicrobial agents in combination are
more effective in controlling multidrug-resistant bacte-
ria than either one by itself (Huff et al., 2004). More-
over, combined treatment in vivo and in vitro with a
lytic phage and an antibiotic resulted not only in a
better control or eradication of bacteria, but also in
the complete prevention of the emergence of resistant
variants, compared to a single antimicrobial treatment
(Torres-Barceló and Hochberg, 2016). A combined ther-
apy reduces the development of drug resistance and,
as a consequence, would help to diminish the use of
antimicrobials in animal production. Hence, a mixed
therapy has important implications for the serious prob-
lem of infections by antibiotic-resistant pathogens and
is in line with the global action plan that promotes the
reduction of antibiotics used at the pre-harvest level
(WHO, 2015b). Moreover, it is probable that the ani-
mal feed provided by the company contained antibiotics

as growth promoters because in Colombia it is a legal
and common practice.

Concerning phage detection, results confirmed that
phages were not previously present in the ceca of the
farm chickens, for both treated and control animals.
This result suggested that SalmoFREE R© phages are not
frequently found in the farm environment and validated
that phages detected correspond to those provided in
the treatments. Phages were detected from the begin-
ning of the second trial in treated and control groups,
showing that phages from the cocktail persisted in the
environment and survived after the cleaning and dis-
infection process between cycles. This result leads us
to propose that Salmonella could also be controlled by
treating the litter as a preventive treatment. The phage
cross-contamination observed between treated and non-
treated flocks in the second trial is problematic for a
clear-cut conclusion on the effect of the cocktail. How-
ever, this field experiment was carried out under com-
mercial rearing conditions where it is difficult to control
all the variables. Nonetheless, our results revealed that
the use of the bacteriophage cocktail SalmoFREE R© re-
duces Salmonella loads at the pre-harvest level. In or-
der to better understand the interactions that occurred
between the host system and the phage system in the
chickens’ gut, as well as how they affect the parame-
ters measured in this study, a metagenomic approach
should be performed in the near future.

An additional, important aspect of this in vivo assess-
ment was the trust gained from the poultry producers,
who allowed us to test the phage technology at a pro-
duction scale. Nevertheless, working at the production
scale is difficult, not only due to the variation of sev-
eral factors that are out of our control, but also due
to the interventions that producers carry out in favor
of their investment. We think that the reduction in the
incidence of Salmonella on the farm would decrease the
detection of the pathogen at slaughterhouses, taking
into account that a 50% reduction in Salmonella preva-
lence at the pre-harvest level prevents the introduction
of this pathogen into the food chain at the same scale
(Alali and Hofacre, 2016). Consequently, this would re-
duce food poisoning among consumers.

Overall, this study obtained compelling evidence that
SalmoFREE R© does not affect the animals nor the pro-
duction parameters, demonstrating its safety for broil-
ers. It also contributes to the reduction of the presence
of Salmonella, when it is used in multiple doses. These
results also suggest that the use of the bacteriophage
cocktail SalmoFREE R© may constitute an efficient pre-
vention measure to avoid food-poisoning outbreaks as-
sociated with Salmonella.
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