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ABSTRACT Salmonella spp. is a prevalent pathogen
that causes great public health concern worldwide. Bac-
teriophage-based cocktails have arisen as an alternative
to antibiotics to inhibit the growth of Salmonella. How-
ever, the bactericidal effect of bacteriophage cocktails in
vivo largely differs from their observed effect in vitro.
This is partly because in vitro developments of cocktails
do not always consider the bacterial diversity nor the
environmental conditions where bacteriophages will
have to replicate. Here, we isolated and sequenced 47
bacteriophages that showed variable degrees of lytic
activity against 258 Salmonella isolates from a commer-
cial broiler company in Brazil. Three of these bacterio-
phages were characterized and selected to assemble a
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cocktail. In vitro quantitative assays determined the
cocktail to be highly effective against multiple serovars
of Salmonella, including Minnesota and Heidelberg.
Remarkably, the in vitro lytic activity of the cocktail
was retained or improved in conditions that more closely
resembled the chicken gut, such as anaerobiosis, 42°C,
and Salmonella mono-strain biofilms. Analysis of bacte-
rial cross-resistance between the 3 bacteriophages com-
posing the cocktail revealed limited or no generation of
cross-resistance. Our results highlight the relevance of
an optimized flux of work to develop bacteriophage
cocktails against Salmonella with high lytic efficacy and
strong potential to be applied in vivo in commercial
broiler farms.
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INTRODUCTION

Salmonella is one of the major foodborne pathogens
that can cause a variety of illnesses ranging from self-
limiting gastroenteritis to severe systemic infection and
death in humans and animals. Outbreaks of foodborne
diseases associated to Salmonella are estimated to cause
8.76 million cases annually (Kirk et al., 2015), of which
535,000 can end up in salmonellosis and more than
77,000 in deaths worldwide (Stanaway et al., 2019; Ikuta
et al., 2022). The genus Salmonella comprises 2 species:
S. enterica and S. bongori. Salmonella enterica includes
at least 2,600 serovars and 6 subspecies: enterica, sala-
mae, arizonae, diarizonae, houtenae, and indica (Popoff
et al., 2004; Ferrari et al., 2019). There are specific sero-
vars restricted to a very narrow range of hosts, such as
S. Typhi and S. Gallinarum in humans and poultry,
respectively. Conversely, generalist serovars, including
nontyphoidal Salmonella such as S. Typhimurium and
S. Enteritidis are able to infect and colonize any warm-
blooded animal (Gut et al., 2018). Recently, the overall
incidence per 100,000 population associated with Salmo-
nella infections was 17.1% in the United States, being
the 6 most common serovars: S. Enteritidis (2.6%); S.
Newport (1.4%); S. Typhimurium (1.3%); S. Javiana
(1.1%); monophasic S. Typhimurium (1,4,[5],12:i:)
(0.7%) and S. Infantis (0.5%) (Tack et al., 2020).
Salmonella spends an important part of its life cycle in

the environment, ready to spread and colonize different
niches. The major route of infection is through fecal-oral
transmission, and a variety of food matrices have been
reported as sources and vehicles of Salmonella spp.
including eggs, poultry meat, pork, beef, dairy products,
nuts, and vegetables. The most frequent meat involved
in salmonellosis has been associated with poultry
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(chicken and turkeys) (Pui et al., 2011; EFSA and
ECDC, 2022). These animals can acquire a variety of
Salmonella strains through vertical and horizontal trans-
mission, causing symptoms in the gastrointestinal tract
or chronic asymptomatic infections. When young
infected birds survive to clinical disease, they may
become carriers of Salmonella in the adult stage.
Infected ovaries, oviducts, and eggs can spread the bac-
teria to the environment due to the excretion of contam-
inated feces (Kabir, 2010). In recent years, a high
prevalence of serovar S. Infantis (80%) was found in
samples of chicken meat and carcasses, followed by S.
Kentucky (10%) and S. Agona (5%) (Castello et al.,
2023). According to an EFSA report, the highest preva-
lence of Salmonella in isolates from laying hens samples
corresponds to S. Enteritidis (35.5%) and S. Typhimu-
rium (9.4%). In broiler chickens, the most prevalent
reported serovars were S. Infantis, S. Enteritidis, S. Liv-
ingstone and S. Mbandaka (EFSA and ECDC, 2022).
These serovars and others in different stages of poultry
production are a public health concern because they
increase the risk of acquired salmonellosis in poultry
industry workers and consumers.

Currently, antimicrobials are not used as a primary
tool to control Salmonella in poultry in Europe (Official
Journal of the European Union, 2006). Control pro-
grams have been developed to maintain or decrease the
prevalence of Salmonella in productive systems, relying
on the principles of good manufacturing practices
(EFSA and ECDC, 2019). In a few particular cases out-
side the EU, some antibiotics may be used to control sal-
monellosis, such as chloramphenicol, neomycin,
polymyxin-B, nitrofurazone, amoxicillin, and tetracy-
cline, but their use must be informed and authorized
(Tariq et al., 2022). On the other hand, US regulations
in the use of antimicrobials in poultry are transitioning
towards standardized management practices for pre-
venting and controlling infectious diseases (McEwen
and Fedorka�Cray, 2002; Wallinga et al., 2022). Cur-
rently, the FDA approves the use of antimicrobials for
disease prevention and control only under veterinary
supervision (US Food and Drug Administration, 2021),
causing such practices to decrease significantly. Further-
more, in 2019 nearly 60% of US broiler chickens were
raised without antimicrobials (Wallinga et al., 2022).
Even though the use of antibiotics to control Salmonella
is restricted, there have been reports of S. Heidelberg, S.
Kentucky, S. Typhimurium, and S. Minnesota with high
levels of antibiotic resistance and multidrug resistance
to many clinically relevant drugs (Venkitanarayanan et
al., 2019; Castro-Vargas et al., 2020). In this scenario,
the poultry industry has been looking for innovative
feeding and nonfeeding-based solutions to manage Sal-
monella’s prevalence in the chicken production chain. In
recent years, high interest has arisen in research and
potential applications of bacteriophages in both the
poultry veterinary medicine and industry for their abil-
ity to control enteropathogens, their safety, and high
host specificity. Bacteriophage cocktails have been
shown to inhibit the growth of Salmonella in vitro (Nale
et al., 2021; Kosznik-Kwa�snicka et al., 2022) and in vivo
(Toro et al., 2005; Borie et al., 2008; Grant et al., 2017;
Clavijo et al., 2019; W�ojcik et al., 2020). However, devel-
opment of optimal bacteriophage cocktails may be chal-
lenged by the high diversity of Salmonella serotypes
present in the farms.
Here, we aimed to develop a bacteriophage cocktail

with high lytic activity against a large and diverse collec-
tion of Salmonella isolates. The in vitro activity of the
cocktail was tested in different conditions that resemble
more closely the chicken gut, such as low oxygen, 42°C
and Salmonella mono-strain biofilms. We provide a
workflow for development of bacteriophage cocktails
that addresses many relevant factors that may be
encountered in vivo.
MATERIALS AND METHODS

Isolation of Salmonella

Salmonella samples were obtained from several farms
of 11 municipalities of Paran�a, Brazil, between January
and March of 2021. The samples belong to the historic
collection of Salmonella from the company. The details
of how many farms, barns and flocks were sampled is
confidential information of the company and therefore
not available. The isolation of Salmonella from shoe cov-
ers was performed on d 28 of the chicken cycle. Shoe cov-
ers were transported using a triple packaging system at
RT from the farms to the laboratory. Salmonella was
isolated from surgical shoe covers following the ISO
6579-1:2017 protocol for the isolation and identification
of Salmonella.
Isolation of Bacteriophages

Salmonella strains grouped in bacterial pools were
incubated with waters from sewages or water treatment
plants mainly located in Santiago, Chile. Incubation was
performed in Tryptic Soy Broth (TSB) at 37 °C in agi-
tation overnight to obtain an enrichment of viral par-
ticles (EVP). EVPs were then purified using 10%
chloroform and passing the supernatant through 0.45
mm syringe filters. Then, EVPs were individually used
to evaluate the bactericidal activity against bacterial
strains using double layer agar assays, as described
(Carlson, 2005; Kropinski et al., 2009). Each EVP with
antimicrobial activity was used as inocula to isolate lytic
phages, using 10-fold serial dilutions in SM buffer. The
plaque forming units (PFU) obtained were isolated 3
consecutive times in their respective hosts on double
layer agar plates at 37°C. Once this process was finished,
a solid propagation was carried out on Tryptic Soy Agar
(TSA) plates to obtain a pure bacteriophage stock.
Double Layer Agar Assays

Bacterial cultures were grown overnight at 37°C in
TSB in agitation. 600 mL of overnight culture was added
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to 6 mL of soft TSA (0.45% agar), poured over plates
with TSA (1.5% agar), and solidified at room tempera-
ture. PFU (titration) were quantified by spotting 10-
fold serial dilutions of bacteriophage on the solidified
plates. Plates were incubated overnight at 37°C. For
spot assays, bacteriophages were adjusted to 1E
+08 PFU/mL, and 5 mL were spotted on the solidified
top-agar, and the plates were incubated overnight at 37°
C. A qualitative lytic score was defined from the
observed lysis zones from 0 (no plaque) to 4 (clear lysis).
Sequencing and Bioinformatic Analysis

DNA was extracted from concentrated bacteriophage
stocks (>1E+08 PFU/mL) using the Phage DNA isola-
tion kit (Norgen) following manufacturer’s instructions.
Libraries were prepared using Nextera XT DNA library
preparation kit (Illumina, San Diego, California), and
sequencing was performed in a NextSeq 550 (Illumina,
San Diego, California). Genomic analyses were per-
formed using a custom bacteriophage workflow pipeline
developed at PhageLab SpA. The pipeline includes an
initial step of quality control analysis of the raw FASTQ
reads, where the sequence quality was assessed, adapters
were trimmed, and low-quality reads were discarded to
ensure data integrity and reliability. High-quality reads
were utilized for de novo genome assembly, enabling the
reconstruction of complete or near-complete genomes.
Assembled genomes were evaluated to check for com-
pleteness and contamination levels. The resulting high-
quality genomes were then subjected to gene annotation
and the identification of potential virulence factors and
antibiotic resistance genes.
Physicochemical Characterization of
Bacteriophages

Bacteriophage aliquots were adjusted to 1E
+08 PFU/mL. To evaluate bacteriophage tolerance to
pH, each bacteriophage was mixed with NaCl 0.9%
adjusted to several pHs, between 2 and 10. Each mix
was incubated for 4 h at 37°C before being neutralized
by the addition of NaHCO3 0.07 M (pH 7). For assess-
ment of bacteriophage temperature tolerance, each bac-
teriophage was mixed with NaCl 0.9% pH 7 and exposed
for 4 h to a range of temperatures from -80 to 70°C.
Exposition was ended by the addition of NaCl 0.9% pH
7 at 4°C. After neutralization, antimicrobial activity
was evaluated by double layer agar titration.
Transmission Electron Microscopy

A 20 mL sample of each purified bacteriophage (with
titers ≥ 5E+09 PFU/mL) was applied to a carbon
coated copper grid for 1 min, then negatively stained
with uranyl acetate 2% (m/v) and dried at 60°C for
20 min. Images were acquired at a magnification of
92,000£ in a Thermo Scientific Talos F200C G2 trans-
mission electron microscope (TEM) with Ceta 16M
CMOS camera and C-twin lens. Viruses were analyzed
and measured from the images with Fiji (Schindelin et
al., 2012) and ImageJ softwares (Schneider et al., 2012).
Each bacteriophage’s mean and standard deviation were
calculated with n = 10 individual particles. Parameters
calculated were full length of the bacteriophage (from
the top of the head to base plate), head length (from the
top of the head to bottom of the head), and tail length
(from the bottom of the head to base plate).
Quantitative Assays

Quantitative host range assay was performed in a 96-
well plate as described by Xie et al., (2018), with some
modifications. Briefly, overnight cultures of bacteria
were refreshed and grown until »1E+08 CFU/mL
(OD600»0.1, as determined previously) in TSB at 37°C
and agitation in a microplate reader EPOCH2 (Agilent
Technologies, Santa Clara, California). Then, the cul-
ture was diluted to 1E+06 CFU/mL in TSB and mixed
with bacteriophage at 2E+08 PFU/mL for a final MOI
input of 20. Likewise, for the cocktail, each bacterio-
phage was adjusted to a final MOI input of 20. The
microtiter plate was incubated in EPOCH2 at 37°C or
42°C at maximum agitation. OD600 was measured every
10 min for a total of 18 h. Growth inhibition was calcu-
lated as the percentage of reduction of the treatment
compared to the area under the curve of the untreated
bacteria. The parameter Breadth of a cocktail was con-
sidered to select the best combination of bacteriophages
(Abedon et al., 2021). Breadth was defined as the frac-
tion of bacteria hit by at least 2 (breadth2) or 3
(breadth3) phages from the cocktail.
Anaerobic Assays

Anaerobic quantitative host range assays were per-
formed in 96 well microtiter plates using an anaerobic
system, as described by Eini et al. (2013) with some
modifications. Briefly, 16 wells of the 96 well plate were
filled with the anaerobic generating substance from a
GENbox anaer (bioMerieux, Marcy-l’�Etoile, France),
and then the plate was sealed with solid petroleum jelly
injected from a syringe between the lid and the micro-
plate to ensure gas-tightness. Correct oxygen elimina-
tion and maintenance of anaerobic conditions were
monitored by visual confirmation of the colorimetric
shift of Anaer indicators (bioMerieux, Marcy-l’�Etoile,
France) at the end of the experiment. Bacterial growth
inhibition was calculated as described above.
Cross-Resistance Assays

A single susceptible bacteria to the 3 bacteriophages
of the INSPEKTOR cocktail was used as a model wild
type (WT) bacteria. A process of isolation of individual
phage-resistant mutants was performed. Overnight WT
bacteria culture was refreshed by a 1/25 dilution and
grown until »1E+08 CFU/mL (OD600»0.1) in TSB at
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37°C and agitation. Then, the refreshed culture was
diluted 1/20 to 1E+06 CFU/mL. Each bacteriophage
was mixed individually with the bacterial culture for a
final MOI of 20 and incubated overnight at 37°C and
agitation. The surviving bacteria were plated on TSB
agar plates (1.5 % w/v agar) and incubated overnight at
37°C. Five different colonies were selected and plated on
new TSB agar plates for each bacteriophage and incu-
bated overnight at 37°C. Plating these selected colonies
in fresh TSB agar plates was repeated twice. Efficiency
of plating (EOP) between individual phage-resistant
mutants and WT bacteria was compared by double
layer agar titration (Kutter, 2009).
Biofilm Assays

Biofilm reduction assays were performed as described
by Korzeniowski et al. (2022) with some modifications.
Overnight cultures of Salmonella strains were incubated
at 37°C without agitation. Cultures were then diluted to
match optical density (OD600 nm) 0.2, and 150 mL of
the suspension was transferred to each well of a 96-well
flat-bottomed polystyrene microplate (Falcon, TC-
treated). Plates were incubated for 48 h at 37°C without
agitation. After incubation, to remove planktonic cells,
wells were washed twice with sterile phosphate saline
buffer (PBS) 1X. To evaluate biofilm degradation, a
volume of 150 mL of the cocktail was added to each well
at final titers of 2E+07 PFU/mL. Plates were then incu-
bated at 37°C for 4 h, rinsed with PBS twice, and air-
dried (15-20 min). The remaining biofilms were stained
with 0.5% crystal violet (CV) for 20 min, followed by 2
washes with PBS. Finally, CV was solubilized using
100% ethanol, and 100 mL of each well was transferred
to a new plate for quantification. The absorbance of the
soluble CV was measured using an automated EPOCH
plate reader at 570 nm. Biofilms not incubated with the
cocktail and biofilms incubated with Trypsin-EDTA
solution (0.25% Trypsin, 2.21 mM EDTA, 1X [-] sodium
bicarbonate) were used as negative treatment and posi-
tive control, respectively. The biofilm production ability
among different Salmonella strains was classified accord-
ing to Stepanovic et al., (2004). Briefly, a cut-off O.D.
(O.D.c) was defined as 3 standard deviations above the
mean O.D. of the negative control. Strains were classi-
fied as follows: O.D. ≤ O.D.c = no biofilm producer, O.
D.c < O.D. ≤ (2 £ O.D.c) = weak biofilm producer,
(2 £ O.D.c) < O.D. ≤ (4 £ O.D.c) = moderate biofilm
producer and (4 £ O.D.c) < O.D. = strong biofilm pro-
ducer. All tests were carried out in quintuplicate, and
the results were averaged.
Figure 1. Heatmap of activity of 47 bacteriophages (horizontal
axis) against 258 Salmonella spp. strains (vertical axis) based on dou-
ble-layer agar test. Lytic score values are shown as a gradient of green.
Bacteria and bacteriophages were clustered based on the distance of
the score matrix. The top and the left trees show the relationship based
on lytic score between phages and bacteria, respectively. The deter-
mined serovar of each strain is represented in the right bar. Serovars
with less than 7 strains were condensed as “Other.”
Statistical Analysis

Data was analyzed using R. Physicochemical experi-
ments were performed in triplicate and were analyzed
with ANOVA and Dunnett post-test (reference group
pH 7.0 or 5°C). Bacteriophages and cocktails efficiency
were performed in triplicate. Experiments to evaluate
the effect of temperature, respiration, and biofilm were
performed in quintuplicate and analyzed with mixed-
models (lme4 package) using variable intercept and
slope for each bacteria.
RESULTS

Isolation of Lytic Bacteriophages

A group of 47 bacteriophages was isolated from water
samples of diverse sources. The bacteriophages were
sequenced, their genomes characterized using bioinfor-
matic algorithms, and determined to present lytic life-
styles. To determine the lytic potential of these
bacteriophages over field-isolated Salmonella, a collec-
tion of 258 isolates from a commercial broiler company
in Brazil was obtained. Bacteriophages were individually
tested using a double layer spot agar qualitative assay,
resulting in a matrix of 12,079 interactions (Figure 1). In
general, some bacteriophages showed wide host ranges
(left half of the matrix), while others displayed lytic
activity only against a few isolates (right half of the
matrix). Of interest, several bacteriophages had activity
against most isolates from the most prevalent serovars
of the collection: Minnesota (n = 133), Heidelberg
(n = 56), Agona (n = 13), and Mbandaka (n = 11)
(Figure 1). From these results, 3 bacteriophages, named
L8, SAEN098P01, and SAEN098P03, were selected



Table 1. Genomic characteristics of bacteriophages.

Name L8 SAEN098P01 SAEN098P03

Genome size (bp) 87,467 158,407 52,474
GC content 38.92% 44.54% 45.98%
Number of ORFs 149 234 86
Number of tRNAs 20 6 0
Taxonomy Autographiviridae Ackermannviridae Mesyanzhinovviridae
Closest NCBI ID MZ327261.1 MW355478.1 MT074436.1
Antibiotic resistance Absent Absent Absent
Integrases Absent Absent Absent
Lifestyle Lytic Lytic Lytic
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based on their wide host ranges and complementary lytic
activities.

Bacteriophages L8 and SAEN098P03 have circular
double stranded DNA genomes, while SAEN098P01 has
a linear double stranded DNA genome (Table 1). The
bacteriophages differed in their genome sizes ranging
from 52 Kb (SAEN098P03) to 87 Kb (L8) and up to 158
Kb (SAEN098P01). A taxonomic analysis assigned the
3 bacteriophages to different viral families. Bacterio-
phages L8, SAEN098P01, and SAEN098P03 were pre-
dicted not to carry integrases or antimicrobial resistance
genes, and therefore to be suitable for phage therapy
(Table 1).
Physical Properties of Bacteriophages

Transmission electron microscopy (TEM) was per-
formed to characterize the selected bacteriophages fur-
ther. L8, SAEN098P01, and SAEN098P03
bacteriophages are shown in Figure 2A left, middle and
right, respectively. The full-length size of L8 is 186.77 §
5.82 nm, phage head, and tail have a length of 73.67 §
3.73 nm and 113.10 § 5.27 nm, respectively;
SAEN098P01 had a full size of 198.37 § 9.99 nm, phage
head length of 81.61 § 4.00 nm and a tail length of
116.76 § 9.30 nm; finally, the full size of SAEN098P03
was 186.60 § 5.72 nm, phage head length of 99.13 §
6.11 nm and tail length of 87.46 § 1.94 nm.

To characterize the stability of bacteriophages under
different pH and temperature conditions, bacterio-
phages were exposed individually for 4 h to each condi-
tion. In general, bacteriophages L8, SAEN098P01 did
not lose titer between pHs 4 and 10 (Figure 2B). Bacteri-
ophage SAEN098P03 lost activity below pH 4 but an
increase in PFU/mL was detected at pHs 8 and 10.
When exposed to different temperatures, bacteriophages
L8, SAEN098P01, and SAEN098P03 retained infectiv-
ity in the range between 5 and 40°C (Figure 2C). Tem-
peratures above 50°C or below -20°C reduced the titers
for all 3 bacteriophages.
Quantitative Assays Against a Collection of
Field Isolates

Since the screening of bacteriophage lytic activity by
double layer spot agar does not permit controlling MOI,
a second quantitative method was additionally used. In
this method, a subset of 140 bacteria was chosen based
on a qualitative score of hierarchical clustering. Then,
the dendrogram was cut into 140 clusters to match the
quantitative capability. The 3 bacteriophages were indi-
vidually co-cultured with each isolate in 96 well plates at
an MOI input of 20, and bacterial growth was followed
for 6 h at OD600 nm. The initial load of bacteria for the
experiments was set up at 1E+06 CFU/mL, which we
previously determined to be an average load of Salmo-
nella Infantis in the chicken cecum (data not shown). A
pattern of bacterial growth inhibition that corroborated
the results of lytic activity by double-layer agar was
observed (Figure 3). In most cases, the growth of isolates
from the most relevant serovars was inhibited by at least
2 of the 3 bacteriophages. The result highlights the lytic
potential of individual bacteriophages L8,
SAEN098P01, and SAEN098P03 and their combined
use as a cocktail against Salmonella isolates (Figure 3).
Cocktail Assembly

Bacteriophages L8, SAEN098P01, and SAEN098P03
were combined to develop a cocktail named INSPEK-
TOR. 96 well plates liquid co-culture assays were used
to quantitatively analyze the cocktail efficacy. Each
bacterial isolate from the commercial broiler farm
(n = 258) was grown in the presence of the cocktail at
an MOI input of 60 (20 PFU per bacteriophage). Bacte-
rial growth was recorded every 10 min until 18 h post
infection. In general, the cocktail inhibited partially
(≥15%) or totally (≥85%) the growth of 96.9% of the
Salmonella isolates (249 out of 258), with an overall
median of 78.1% inhibition. When analyzed by relevant
serovars, INSPEKTOR demonstrated median inhibi-
tion of 82.8% over Minnesota (n = 133), 42.4% over
Heidelberg (n = 56), 94.2% over Agona (n = 13), 16.0%
over Mbandaka (n = 11) and 82.1% over other less
abundant serovars (n = 45) (Figure 4). Only for 8 iso-
lates of the collection, the growth inhibition remained
below 15% (Figure 4, red dotted lines). Remarkably,
these isolates corresponded mainly to serovars Mban-
daka (n = 4), Agona (n = 1), Livingstone (n = 1), Oua-
kam (n = 1), and Senftenberg (n = 1). The cocktail
demonstrated promising parameters, including a
Breadth2 of 71.4% and a Breadth3 of 26.4% (Hyman
and Abedon, 2010; Abedon et al., 2021). Overall, the
results indicated that the INSPEKTOR cocktail had a
high efficacy against a large collection of Salmonella
isolates.



Figure 2. Physicochemical characterization of bacteriophages. (Left) bacteriophage L8, (Middle) SAEN098P01 and (Right) SAEN098P03.
(A) Transmission electron microscopy (TEM) of bacteriophages. (B) pH stability. Reference group was pH 7. (C) Temperature stability. Reference
group was 5°C. ANOVA with the Dunnett test was performed to obtain P-values. Bars represent mean and standard deviation.
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Activity of the Cocktail in Low Oxygen and
High Temperature

Bacteriophage cocktails against Salmonella spp. must
exert their action mainly in the chicken gut. The chicken
gut is a hostile environment for bacteriophages, with tem-
peratures reaching 42°C and low-oxygen conditions. To
determine the efficacy of INSPEKTOR under these con-
ditions, quantitative assays were established using a selec-
tion of 46 isolates that represent the phenotypes of lysis
and serovars of the entire collection (Supplementary
Table 1). The efficacy of the cocktail at 42°C correlated
with what was observed at 37°C, with a 3.7% § 3.5%
increase in bacterial growth inhibition (Figure 5A). No
statistically significant differences between both tempera-
tures were observed (x2(1) = 1.123, P-value = 0.2893).
Interestingly, isolates from serovars Senftenberg (n = 2)
and Mbandaka (n = 5) were found to be susceptible to
INSPEKTOR at 42°C while being resistant at 37°C
(Figure 5A, purple and green dots, respectively).



Figure 3. Heatmap of activity of 3 bacteriophages (horizontal axis)
against 140 Salmonella spp. strains (vertical axis) based on co-culture
assay. Growth inhibition values are shown as a gradient of green. Bac-
teria and bacteriophages were clustered based on the distance of the
growth inhibition. The left tree shows the relationship based on growth
inhibition between bacteria. Most abundant serovar of each strain is
represented by the right bar. Serovars with less than 7 strains were con-
densed as “Other.”
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Additionally, the efficacy of INSPEKTOR was analyzed
in bacteria grown under low-oxygen conditions. In this
scenario, shifting from aerobic to anaerobic conditions,
both assays at 37°C increased the bacterial growth inhibi-
tion by 11.7%§ 4.7% (x2(1) = 6.0299, P-value = 0.01407)
(Figure 5B). A positive shift in susceptibility was found
for isolates from serovar Mbandaka (n = 5), but 1 Senf-
tenberg isolate remained resistant to aerobic and anaero-
bic conditions (Figure 5B). Overall, our results
demonstrate the efficacy of INSPEKTOR was not
affected by an increase in the temperature from 37°C to
42°C, and it was significantly improved in low oxygen
conditions that more closely resemble the chicken gut.
Activity of the Cocktail Against Biofilm

Increased resistance to antimicrobial agents of Salmo-
nella spp. biofilm communities over planktonic cells have
been demonstrated in vitro and in vivo (Aleksandrowicz
et al., 2023). Here, the ability to form biofilm was deter-
mined for the selection of 46 isolates previously analyzed.
The isolates were classified as strong, moderate, weak or
no biofilm producers (Stepanovic et al., 2004). Of these, 4
were found to be strong biofilm producers, 10 moderate
and 12 were weak biofilm producers. Twenty isolates
from the selection produced no biofilm (Supplementary
Table 1). The activity of the INSPEKTOR cocktail
against the biofilm producers (n = 26) was analyzed.
Overall, a reduction of 0.30 § 0.03 units of absorbance
was detected in the condition treated with INSPEKTOR
compared to nontreated control biofilms (x2 = 100.89, P-
value < 2.2E-16). On relevant serovars, INSPEKTOR
reduced the biofilm produced by 13 out of 14 Minnesota
strains; 1 out of 3 Heidelberg strains; 1 out of 3 Agona
strains; 1 out of 2 Mbandaka strains and 1 out of 1
Kiambu strains. Biofilms produced by Schwarzengrund
and Senftenberg strains were not reduced when treated
with INSPEKTOR. When analyzing the effect of
INSPEKTOR by the classification of biofilm production
capabilities, a significant reduction in A570 nm was deter-
mined on moderate (0.427 § 0.03 units, x2=163.04, P-
value < 2.2E-16) and strong (0.655 § 0.11 units,
x2=34.888, P-value=3.492E-09) biofilm producers
(Figure 6A). No reduction was detected over weak biofilm
producers’ strains (0.03 § 0.017 units, x2=3.072,
P-value=0.07965).
As mentioned above, Salmonella strains with the abil-

ity to grow in a biofilm state may be less susceptible to
antimicrobial agents. Therefore, the effect of INSPEK-
TOR on biofilm (sessile) and planktonic cells was com-
pared (Figure 6B). Five strains presented a shift in their
phenotype against INSPEKTOR, moving from suscepti-
ble in planktonic to resistant in biofilm. Despite the
effect of the cocktail on the growth inhibition of plank-
tonic cells and the reduction of biofilm of sessile cells, no
statistically significant correlations were detected. This
result suggests that an isolate that is highly susceptible
to INSPEKTOR in planktonic lifestyle may not have
the same susceptibility compared to a sessile lifestyle.
Further, the result highlights the importance of evaluat-
ing bacteriophage cocktails using different bacterial
growth assays to assess maximal efficacy on the different
conditions that the target bacteria may encounter.
Cross Resistance of the Cocktail

One critical aspect to analyze when designing bacteri-
ophage cocktails for biocontrol is the potential rise of
resistant bacteria. In this aspect, it is desirable that bac-
teriophages within a cocktail share minimal mechanisms
of infection, thus minimizing the risk of cross-resistance
(Abedon et al., 2021). To determine the potential rise of
cross-resistance between bacteriophages L8,
SAEN098P01 and SAEN098P03, bacterial isolates sus-
ceptible to the 3 bacteriophages were analyzed. Effi-
ciency of plating (EOP) of bacteriophages L8,
SAEN098P01 and SAEN098P03 on 8 isolates was ana-
lyzed. EOP was lower for bacteriophages L8 and
SAEN098P01 on all the isolates tested compared to their
original host. For bacteriophage SAEN098P03, EOP
was higher in 7 out of 8 isolates (Supplementary Table
2). Based on these results, the isolate 1026 was chosen as
a model bacteria for the next steps. To determine poten-
tial cross-resistance, the isolate 1026 was infected inde-
pendently with each individual bacteriophage at an
MOI input of 20. Five clones of infection-resistant bacte-
ria were selected after infection with each bacteriophage.
EOP was then determined for each resistant-isolated



Figure 4. INSPEKTOR performance by serovar based on co-culture assay. Growth inhibition values are shown in the y-axis. Salmonella strains
were ordered by growth inhibition mean per serovar. Panels represent each of the most abundant serovar. Serovars with less than 7 strains are
detailed in the box “Other.” Each point represents the mean with standard deviation (n = 3). Red dashed line represents 15% of growth inhibition,
defined as minimum activity to exert effect.

Figure 5. INSPEKTOR performance in culture modifications. (A) Correlation in growth inhibition between cultures at 37°C vs. 42°C. (B). Cor-
relation in growth inhibition between aerobic vs. anaerobic culture. Serovar of each strain is represented by color. Each point represents the mean
with standard deviation (n = 3) in both dimensions. Black dashed line represents the bisector, as a perfect correlation between 2 variables.
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Figure 6. INSPEKTOR effect over biofilms. (A) Effect of INSPEKTOR in biofilms-producer strains, classified as weak, moderate, and strong
(see methods). Presence of INSPEKTOR was used as a fixed-factor to model Crystal violet absorbance at 570 nm in a linear mixed-model. For each
model, P-value was calculated with the ANOVA function (car package) of the best model (random intercepts and random slopes). Each point repre-
sents mean with standard deviation (n = 5), gray lines represent the same strain evaluated in both conditions. Y-axis was transformed to log2 scale.
(B) Correlation between INSPEKTOR biofilm reduction and growth inhibition. Linear correlation was calculated, equation and R2

adj are shown in
each panel. Serovar of each strain is represented by color. Each point represents the mean with standard deviation (n=3 vertically, n=5 horizon-
tally). Black dashed line represents the linear correlation of both variables.
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colony (Figure 7, red, blue, green, purple and orange
symbols, respectively). Four L8 resistant clones
remained resistant to bacteriophage L8 and 1 clone (pur-
ple dot) remained mildly resistant (Figure 7, left panel).
These mutants were mildly resistant to infection by bac-
teriophage SAEN098P03 and in 4 out of 5 clones
completely resistant to SAEN098P01. Interestingly, the
clone that remained mildly resistant to L8 was 10 times
more sensitive to infection by bacteriophage
SAEN098P01 (purple dot). When analyzing
SAEN098P01 resistant clones, none of the resistant iso-
lates to the bacteriophage SAEN098P01 retained this
phenotype. Only 1 isolate presented complete resistance
to SAEN098P03 (red triangle). Interestingly, in 3 out of
the 5 clones, an increased susceptibility to bacteriophage
L8 was observed (Figure 7, middle panel). This suggests
that cross-resistance between bacteriophages L8 and
SAEN098P01 is not reciprocal. Finally, in the case of
the resistant clones to the bacteriophage SAEN098P03,
partial cross resistance of 4 clones was found for L8, and
no cross-resistance was determined for SAEN098P01
(Figure 7, right panel). Again, increased susceptibility
to infection was found for L8 (green square) and
SAEN098P01 (orange square) in 2 clones. Only 1 clone
retained a completely resistant phenotype to infection
by SAEN098P03 (orange square), while the remaining
isolates were less susceptible to infection by
SAEN098P03 than the original isolate. Thus, our results
indicate a limited emergence of cross-resistance between
the 3 bacteriophages of the cocktail INSPEKTOR.



Figure 7. INSPEKTOR cross resistance assays. Wild type strain 1026 was challenged with L8, SAEN098P01 or SAEN098P03. With the result-
ing resistant strains, EOP of each bacteriophage was determined by comparing the titers on these bacteria and wild type strain (baseline). Values
below 1 represent resistance against the respective bacteriophage and values above 1 represent susceptibility to the bacteriophage. Finally, values
equal or close to 1 represent no changes of the sensibility to the bacteriophages. Each shape represents the strains derived from bacteriophage-resis-
tant bacteria.
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DISCUSSION

Bacteriophages have gained relevance over the last
years as a potential solution for control of Salmonella in
both the poultry veterinary medicine and industry. In
this work, a cocktail named INSPEKTOR was devel-
oped using bacteriophages from the collection of Phage-
Lab. In order to develop a cocktail with high lytic
efficacy that can be suitable for use in farms, several con-
siderations were taken. First, a large and diverse collec-
tion of Salmonella isolates that was recently obtained
from commercial broiler farms was used as our cocktail
target. Bacteriophages with activity against the most
prevalent serovars of the collection were readily identi-
fied using spot assays, and 3 of these were selected to
assemble the cocktail. To ensure the selected bacterio-
phages will not be quickly inactivated in chicken gut-
like conditions, a step of in vitro analysis of tolerance of
individual bacteriophages to pH and temperature was
made. Then, the lytic activity of these bacteriophages
individually, or together as a cocktail, was analyzed in
quantitative assays. Further, all subsequent steps of
characterization demonstrated that conditions in which
the cocktail could be exposed in vivo such as anaerobio-
sis, 42°C and Salmonella mono-strain biofilms did not
affect, or even improved the lytic activity of INSPEK-
TOR. Remarkably, analysis of bacterial cross-resistance
between the 3 bacteriophages composing the cocktail
revealed limited or no generation of cross-resistance.
Altogether, our in vitro data demonstrates a high lytic
activity of INSPEKTOR against Salmonella and argues
for its potential use in vivo.
The success of bacteriophage cocktails with high effi-

cacies against Salmonella in vivo largely depends on the
use of an updated and diverse group of bacteria during
in vitro characterization. For this purpose, a collection
of 258 Salmonella isolates was obtained from a commer-
cial Brazilian broiler company in 2021. The collection
was dominated by isolates from serovars Minnesota
(52.5%) and Heidelberg (21.8%), followed by Agona
(4.7%), Mbandaka (3.5%) and 20 other, less abundant
serovars (17.5%). Recent reports from the EFSA deter-
mined the most prevalent serovars in broiler chickens in
Europe were Infantis, Enteritidis, Livingstone and
Mbandaka (EFSA and ECDC, 2022). However, in Bra-
zilian farms the recent rising of Minnesota and Heidel-
berg serovars is of high concern for the poultry industry
(Kipper et al., 2021; Alikhan et al., 2022; Saidenberg et
al., 2023). Thus, the collection of strains used in this
study is likely an updated representation of what is cir-
culating in Brazilian farms. An initial load of 1E
+06 CFU/mL of Salmonella was defined by us for our
quantitative assays. This number was determined to be
the average load of Salmonella Infantis on previous anal-
ysis of chicken cecum obtained from farm animals
(n = 20). Additional reports support our estimations, as
loads of Salmonella in the range of 2.8 to 6.4
log10 cells/g of cecal content (mean 4.3 § 1.9) have
been found (Souza et al., 2022). Our results indicate
that the cocktail INSPEKTOR had a high lytic efficacy
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against strains from the 2 most prevalent serovars, Min-
nesota and Heidelberg (Figure 4). The growth inhibition
of all isolates from both serovars (n = 189) was above
15%, which we interpreted as at least partial inhibition.
A high lytic efficacy was also shown against isolates
from the third most prevalent serovar found in this col-
lection, Agona (n = 13). Further, INSPEKTOR demon-
strated high lytic efficacy against twenty other
additional serovars from the collection. Even when in
some instances inhibition of bacterial growth was not
above 85% (interpreted by us as total inhibition), our
experimental in vitro setting included only 1 dose of the
cocktail. To maximize the effect of bacterial growth inhi-
bition, we propose that multiple doses of INSPEKTOR
should be tested in vivo in experimental farms.

Multiple micro-environments can be found along the
poultry gastrointestinal tract, ranging from pH 2.5 in
proventriculus to 7.1 at the rectum, and an internal tem-
perature of 42°C. The permanence in each segment of
the digestive tract fluctuates from 10 min at duodenum
up to 120 min at the cecum (Denbow, 2015). Individual
bacteriophage tolerance to pH and temperature within
these parameters was evaluated in this work. Regarding
pH tolerance, acidity stays over pH 4.7 from gizzard to
cloaca (Denbow, 2015), therefore all 3 bacteriophages
should retain near complete activity under such condi-
tions. In upper digestive tract segments however, exposi-
tion to high acidity conditions (pH 2.5) for long periods
might compromise bacteriophage infectivity. However,
even when some infectivity may be lost during passage
through the proventriculus, several articles have
described that infectious bacteriophages can be recov-
ered from chicken feces after treatment through drinking
water (Toro et al., 2005; Clavijo et al., 2019). To retain
the cocktail efficacy and to ensure minimal loss of anti-
microbial activity, in vivo delivery of INSPEKTOR will
require formulation strategies such as addition of ade-
quate buffers and excipients, coatings and/or microen-
capsulation (Rosner and Clark, 2021). Regarding
temperature tolerance, the internal temperature in poul-
try is within the range of tolerance for all 3 bacterio-
phages of the cocktail (Figure 2). Remarkably, this
study demonstrates that our prototype cocktail
INSPEKTOR host range can even be expanded at 42°C
(Figure 5A). It has been demonstrated that infection by
bacteriophages can be affected by host factors including
availability of cell surface receptors or active metabolic
pathways, which can vary by environmental conditions,
such as pH, temperature and amount of nutrients (Taj
et al., 2014; Nilsson et al., 2022). Interestingly, isolates
from serovars Senftenberg and Mbandaka that were
resistant to infection at 37°C were found to be affected
by INSPEKTOR at 42°C (Figure 5A). This tempera-
ture-dependent susceptibility could be due to a differen-
tial expression of surface receptors in these serovars, as
described for the expression of OmpF in Yersinia entero-
colitica (Leon-Velarde et al., 2016) or rhamnose in Liste-
ria monocytogenes (Tokman et al., 2016).

The effect of oxygen on host-phage interaction was
evaluated in this work. The effect of environmental
oxygen availability over activity of bacteriophages is of
high interest for Salmonella, a facultative anaerobic bac-
teria. Interestingly, a significant improvement of
INSPEKTOR efficacy was found in anaerobic conditions
compared to aerobic conditions (Figure 5B). In the
absence of oxygen, modifications occur in metabolic
pathways that favor anaerobic respiration and carbon
metabolism (Encheva et al., 2009; Unden et al., 2014).
In Salmonella Typhimurium, ArcA and FNR repress
pathways associated with aerobic metabolism, and acti-
vate gene expression involved with anaerobic metabo-
lism, flagellar biosynthesis, mobility and sugar
transportation (Fink et al., 2007; Evans et al., 2011).
However, although these changes allow Salmonella to
grow in anaerobiosis, the expression of these pathways
can simultaneously be affected by bacteriophages
(Hern�andez and Vives, 2020). We speculate that specific
host factors not present in aerobic conditions favored
infection by the bacteriophages of the cocktail INSPEK-
TOR. The exact mechanism of how low oxygen improve-
ment of lytic activity by the cocktail occurs warrants
future research.
Biofilms play an important role in colonization and

persistence of bacteria on inert surfaces and organ tis-
sues, such as the respiratory tract and the gut, among
others (Satpathy et al., 2016). Interestingly, biofilm
communities can be more resistant to antimicrobial
agents compared to planktonic bacteria (Høiby et al.,
2010; Hall and Mah, 2017). Therefore, it was relevant
for us to determine the effect of INSPEKTOR against
biofilm formed by Salmonella isolates. In vitro condi-
tions of biofilm formation may not be equivalent to bio-
film persistence on organ tissues, mainly due to the
nutrient, physiologic and environmental differences
between both conditions. Of the selected panel of 46 Sal-
monella isolates, 26 were able to produce biofilm on a
polystyrene 96-well plate. The cocktail INSPEKTOR
demonstrated a significant activity against biofilm on
strong and moderate biofilm-producers bacteria
(Figure 6A). Under our experimental conditions, 20
strains were unable to form biofilm on a 96-well plate,
despite being isolated from farms, which are sites where
the persistence of bacteria greatly depends on biofilm
formation (Steenackers et al., 2012). We speculate the
standardization of a biofilm formation matrix that
resembles as much as possible the environment where
the target bacteria is found is of great importance in the
development of a bacteriophage cocktail. This becomes
even more relevant when comparing the effect of
INSPEKTOR on quantitative assays where bacteria
have a planktonic lifestyle, and biofilm disruption assays
where bacteria is embedded on the extracellular poly-
meric substance of biofilm, as our results showed no cor-
relation between both experimental conditions. Several
reasons could explain the shift of phenotype of 5 isolates
from susceptible to resistant against INSPEKTOR
(Figure 6B). First, 90% of biofilm mass consists of extra-
cellular polymeric substance, which could cover bacteria,
preventing phage diffusion and limiting its antibacterial
activity (Flemming and Wingender, 2010). Additional
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reports have described a rapid growth of a phage resis-
tant sub-population after the primary reduction of bio-
film cells treated with phages (Lacqua et al., 2006;
Donlan, 2009; Fu et al., 2010; Pires et al., 2011). Fur-
thermore, bacteria present in biofilms are under nutri-
ent-limited conditions and they grow slowly compared
to planktonic cells. Since phage infection depends on the
growth condition of the host, a reduction of the metabo-
lism in the bacteria could significantly decrease phage
activity (Sillankorva et al., 2004; ºo�s et al., 2007; Yone-
zawa et al., 2015). Overall, our results emphasize the
importance of studying the effect of bacteriophage cock-
tails over biofilms.

Microbiological assays were made in this work to assess
potential rise of cross-resistance between the 3 bacterio-
phages of the INSPEKTOR cocktail. In this experiment,
mainly 2 phenotypes of resistance were observed. Colo-
nies that were isolated as resistant for an specific bacterio-
phage, and remained resistant to the bacteriophage could
be an irreversible resistant phenotype. On the other
hand, colonies that were isolated as resistant and turned
out to be susceptible to the same virus after passages rep-
resent a reversible type of resistance. Irreversible resis-
tance phenotypes suggest the presence of a stable genetic
mechanism of resistance (Hyman and Abedon, 2010; Lab-
rie et al., 2010). Meanwhile, reversible resistance pheno-
types may indicate a transient mechanism of resistance
such as epigenetic changes (Labrie et al., 2010; Gurney et
al., 2019). A detailed analysis of the EOP assays revealed
a possible cross-resistance event between bacteriophages
L8 and SAEN098P01. Resistance to SAEN098P01
occurred in isolates that were also irreversible resistant to
L8, which suggests similarities in the infection mecha-
nisms between these 2 bacteriophages (Adler et al.,
2021). Although the reciprocal effect was not observed
since no isolates with irreversible resistance to
SAEN098P01 were obtained, we did observe isolates with
reversible phenotypes for SAEN098P01 and increased
sensitivity to L8. Finally, the presence of SAEN098P03 in
INSPEKTOR could compensate for the possible cross-
resistance of the other 2 bacteriophages because it was
capable of infecting the majority of resistant bacteria,
while the others could not.

Overall, the present report represents a detailed work-
flow of bacteriophage cocktail development in vitro that
addresses many relevant factors that may be encoun-
tered in vivo. Our workflow has allowed us to rapidly
assemble bacteriophage cocktails that fill the specific
needs of commercial poultry companies.
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