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RESUMO

RODRIGUES, Isabella Ribeiro, M.Sc., Universidade Federal de Vigosa, fevereiro de
2026. Desenvolvimento de um coquetel de bacteriéfagos para o controle de
Salmonella enterica in vitro e in vivo utilizando Aquarana catesbeiana.
Orientador: Sergio Oliveira de Paula.

A ranicultura brasileira destaca-se como uma atividade aquicola de relevancia
econOmica, contudo, a presenca de Salmonella enterica representa um desafio
critico a saude publica e a biosseguridade do sistema produtivo. Devido ao carater
assintomatico da infeccdo em anfibios e ao crescimento da resisténcia
antimicrobiana, estratégias de biocontrole, como a terapia fagica, tornam-se
alternativas promissoras. Este estudo teve como objetivo desenvolver e avaliar a
eficacia de um coquetel de bacteriéfagos no controle de Salmonella Enteritidis in
vitro e in vivo utilizando a ra-touro (Aquarana catesbeiana). Foram isolados e
caracterizados dois bacteriéfagos (UFVSen15 e UFVSmIin65), sendo o coquetel
formulado por esses isolados e pelo bacteriofago UFVCit2, um fago de Citrobacter
com atividade litica contra Salmonella Enteritidis. Os fagos se mantiveram estaveis
ao longo de um ampla gama de valores de pH e temperaturas. Os ensaios in vivo
foram realizados em ras com trés faixas de peso corporal: 10—20 g, 80—-100 g e
300-350 g. Os resultados demonstraram que o coquetel fagico reduziu
significativamente a carga bacteriana na agua em todas as fases, com reducdes
atingindo até 2,53 logs. Nos animais jovens (10-20 g), observou-se uma diminuicao
de 1,2 log na colonizagdo cloacal. Nas fases de maior peso, a bactéria ndo foi
detectada na cloaca, embora persistisse na agua dos grupos controle, reforcando o
papel das ras como portadoras assintomaticas. O coquetel manteve elevada
estabilidade na agua das caixas das ras ao longo de todo o periodo experimental.
Conclui-se que o uso de bacteriéfagos é uma ferramenta eficaz e sustentavel para o
biocontrole de Salmonella na ranicultura, contribuindo para a reducdo da
contaminacao cruzada e o fortalecimento da segurancga alimentar sob a perspetiva
de Satde Unica.

Palavras-chave: Salmonella Enteritidis; bacteriéfagos; biocontrole; coquetel;
ranicultura



ABSTRACT

RODRIGUES, Isabella Ribeiro, M.Sc., Universidade Federal de Vigosa, February,
2026. Development of a bacteriophage cocktail for the control of Salmonella
enterica in vitro and in vivo using Aquarana catesbeiana. Adviser: Sergio Oliveira
de Paula.

The Brazilian frog farming industry stands out as an aquaculture activity of economic
relevance; however, the presence of Salmonella entericarepresents a critical
challenge to public health and production system biosecurity. Due to the
asymptomatic nature of infection in amphibians and the increasing antimicrobial
resistance, biocontrol strategies such as phage therapy have emerged as promising
alternatives. This study aimed to develop and evaluate the efficacy of a
bacteriophage cocktail for the control of Salmonella Enteritidis in vitro and in vivo
using the bullfrog (Aquarana catesbeiana).

Two bacteriophages (UFVSen15 and UFVSmIn65) were isolated and characterized,
and the cocktail was formulated using these isolates together with bacteriophage
UFVCit2, a Citrobacter phage with lytic activity against Salmonella Enteritidis. The
phages remained stable over a wide range of pH values and temperatures.

The in vivo assays were conducted using frogs in three body weight ranges: 10-20 g,
80-100 g, and 300-350 g. The results demonstrated that the phage cocktail
significantly reduced bacterial loads in the water at all developmental stages, with
reductions reaching up to 2.53 log units. In young animals (10-20 g), a 1.2 log
reduction in cloacal colonization was observed. In the higher weight groups, the
bacterium was not detected in the cloaca, although it persisted in the water of the
control groups, reinforcing the role of frogs as asymptomatic carriers. The cocktail
maintained high stability in the water of the frog tanks throughout the entire
experimental period.

In conclusion, the use of bacteriophages represents an effective and sustainable tool
for the biocontrol of Salmonella in frog farming, contributing to the reduction of cross-
contamination and strengthening food safety from a One Health perspective.

Keywords: Salmonella Enteritidis; bacteriophages; biocontrol; cocktail; raniculture
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1. INTRODUCTION

Salmonella spp. is a genus of gram-negative, rod-shaped bacteria belonging to the family
Enterobacteriaceae, recognized worldwide as important etiological agents of salmonellosis
(Akiba et al., 2011). The genus comprises more than 2,500 serotypes, divided into the species
Salmonella bongori and Salmonella enterica, the latter being responsible for the majority of
infections in humans and animals (Arrach et al., 2008). S. enterica is further subdivided into
six subspecies: S. enterica subsp. enterica, S. enterica subsp. salamae, S. enterica subsp.
arizonae, S. enterica subsp. diarizonae, S. enterica subsp. houtenae, and S. enterica subsp.
indica (Porwollik et al., 2004). Among these, S. enterica subsp. enterica harbors the majority
of pathogenic serovars of clinical and epidemiological relevance (Issenhuth-Jeanjean et al.,

2014).

Salmonella infection can range from mild cases of gastroenteritis to severe septicemia,
depending on the serotype involved, the infectious dose, and the host’s immune status
(Keestra et al., 2015). The main symptoms of the disease include abdominal pain, fever, and
inflammation of the digestive tract (Abd El-Ghany, 2020). Transmission in humans occurs
primarily through the consumption of food contaminated with feces, particularly
animal-derived products such as meat, eggs, milk, and dairy products, as well as through the
ingestion of contaminated water (WHO, 2023; Huang et al., 2022). This scenario results in a
high number of foodborne disease outbreaks worldwide, generating significant impacts on

public health and the productive sector (Herikstad et al., 2002; Havelaar et al., 2015).

The widespread distribution of this bacterium across different animal groups, including
birds, swine, cattle, reptiles, amphibians, and even domestic animals, underscores its zoonotic
nature and epidemiological significance (Bruce et al., 2011). Salmonellosis is, therefore, a
globally relevant zoonosis, with significant health and economic impacts, particularly in
agricultural and aquaculture systems, due to the bacterium’s ability to colonize and persist in

the gastrointestinal tract of a wide range of hosts (Jajere, 2019; Galan-Relafio et al., 2023).



Although Salmonella is more frequently associated with birds and swine, its recurrent
presence in amphibians and reptiles highlights these groups as important reservoirs and
potential sources of zoonotic transmission (Chen et al., 2010; Guerra et al., 2010; Gorski et
al., 2013). Chambers & Hulse (2006) reported that the serovars Salmonella Typhimurium and

Salmonella Enteritidis account for more than 36% of isolates from these animals.

Among amphibians, the bullfrog (4dquarana catesbeiana) plays a prominent role, as it
often serves as an asymptomatic carrier of Salmonella (Silva et al., 2025). In aquaculture
environments, this characteristic facilitates the silent dissemination of the bacterium in water,
substrate, and among animals, increasing the risk of environmental contamination and
transmission to other organisms, including humans (Costa et al., 2021; Ribas &
Poonlaphdecha, 2017). Thus, the presence of Salmonella in frog farming systems represents
not only an animal health issue but also a public health concern, situating raniculture within

the epidemiological context of this zoonosis (Cantlay et al., 2017; Hoelzer et al., 2011).

In parallel with this health issue associated with the widespread persistence of Salmonella
in diverse hosts and environments, there is an alarming increase in bacterial resistance to
antimicrobials, a phenomenon primarily linked to the indiscriminate use of antibiotics in
human and veterinary medicine, as well as their use as growth promoters in animal production
(Bumstead & Barrow, 1993; Odey et al., 2024). This scenario has driven the search for
alternative and sustainable strategies for controlling bacterial pathogens, particularly in
animal and aquaculture production systems, where selective pressure from antibiotic use is

high (Sulakvelidze et al., 2001; Abedon et al., 2011).

In this context, phage therapy has reemerged as a promising biotechnological tool for the
targeted control of bacterial pathogens such as Salmonella spp. (Danis-Wlodarczyk et al.,
2021). Bacteriophages, or phages, are viruses that exclusively infect bacteria and are
considered the most abundant biological entities on the planet, with estimates ranging from

103! to 10* viral particles distributed across virtually all ecosystems (Srinivasiah et al., 2008;



Lin et al, 2017). These viruses exhibit high specificity for their bacterial hosts, a
characteristic that allows for directional control of pathogens without harming the host’s

beneficial microbiota (Clokie et al., 2011).

Scientific interest in bacteriophages dates back to the late 19th century, when Ernest
Hankin observed that waters from the Ganges and Yamuna rivers displayed bactericidal
activity against Vibrio cholerae (Hankin, 1896). Later, in 1915, Frederick Twort described a
filtrable agent capable of destroying bacterial cultures, a finding that was further consolidated
in 1917 by Félix d’Herelle, who coined the term “bacteriophage” when describing the
formation of lysis plaques in bacterial cultures (Ackermann, 1987). In the following decades,
phages were extensively studied as therapeutic agents; however, the discovery of penicillin in
1928 and the subsequent success of antibiotics led to a decline in interest in phage therapy in

Western countries (Kutter, 2004).

Currently, with the rise of antimicrobial resistance, phage therapy has been rediscovered
and applied across various fields, including human and veterinary medicine, animal
production, aquaculture, and agronomy (Hesse et al., 2019; Svircev et al., 2018). Phages have
been experimentally used to control several pathogens, such as Staphylococcus aureus,

Escherichia coli, Pseudomonas aeruginosa, and Salmonella spp., demonstrating significant

efficacy (Singla et al., 2015; Boucher et al., 2022; Zulk et al., 2022).

From a biological perspective, phages are obligate intracellular parasites that utilize the
bacterial metabolic machinery for replication (Wittebole et al., 2014). Their typical structure
consists of a protein capsid that protects the genetic material, usually double-stranded DNA, a
tail responsible for injecting the viral genome into the bacterial cell, and tail fibers that
recognize specific receptors on the host surface (Ackermann, 1998). Following adsorption
and genome injection, the phage life cycle can proceed along two pathways: the lytic cycle, in
which rapid viral replication is followed by bacterial lysis, or the lysogenic cycle, in which

the viral genome integrates into the bacterial chromosome as a prophage (Young, 2013; Erez



etal., 2017).

For therapeutic applications, strictly lytic phages are preferred, as they promote the
immediate destruction of bacterial cells, exhibiting high replication rates and efficiency in
controlling pathogen populations (Weigel & Seitz, 2006). This characteristic makes phages
particularly attractive for use in aquaculture and animal production systems, such as
raniculture, where targeted pathogen control is desirable without compromising the host’s

intestinal microbiota (Carvalho et al., 2025; Albarella et al., 2025).

Considering the importance of Salmonella enterica as a zoonotic pathogen, the health
relevance of the bullfrog as an asymptomatic reservoir, and the growing concern of
antimicrobial resistance, the use of bacteriophages emerges as a promising, sustainable, and
specific alternative for controlling this bacterium in raniculture systems (Alomari et al.,

2021).

Thus, this study proposes the development and application of a bacteriophage cocktail
specific for Salmonella enterica, evaluating its efficacy in both in vitro and in vivo assays
using Aquarana catesbeiana, with the aim of contributing to health management in

aquaculture systems and reducing the zoonotic risk associated with salmonellosis.
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OBJECTIVES
General objective
To isolate, characterize, and develop a bacteriophage cocktail for the control of

Salmonella enterica in vitro and in vivo using Aquarana catesbeiana.

Specific Objectives

Isolation of bacteriophages for S. enterica;

Biological characterization of the phages: host range, electron microscopy, influence
of multiplicity, one-step growth curve, and stability assays.

Formulation of a bacteriophage cocktail for in vitro and in vivo application using

Aquarana catesbeiana.



3. MATERIALS AND METHODS

3.1. Bacterial Strains and Culture Conditions

For this study, bacterial strains were used for the isolation and characterization of

phages, as described in Table 1. The bacteria were obtained from the microorganism

collection of the Molecular Immunovirology Laboratory at the Federal University of Vigosa

(LIVM-UFV), and kindly donated by Professor Ricardo Yamatogi and a partner company,

and were cultured in Luria-Bertani (LB) medium (10 g/L NaCl, 10 g/L peptone, and 5 g/L

yeast extract) at 37°C under agitation at 180 rpm.

Table 1. Bacterial strains used in this study.
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Strain Identificatio Source Gram

n Stain
Salmonella Typhimurium ATCC 14028 - -
Salmonella Enteritidis ATCC 13076 - -
Salmonella 1,4,[5],1:-:1,2 - Swine -
Salmonella Cerro - Swine -
Salmonella Panama - Swine -
Salmonella Infantis - Swine -
Salmonella Derby - Swine -
Salmonella Heidelberg 63623 Poultry -
Salmonella Heidelberg 65499 Poultry -



Salmonella MBandaka 64166 Poultry -
Salmonella MBandaka 64188 Poultry -
Salmonella Minnesota 64303 Poultry -
Salmonella Minnesota 65374 Poultry -
Citrobacter freundii ATCC 8090 - -
Escherichia coli 30 Bovine mastitis -
Staphylococcus aureus 046 Bovine mastitis +
Shigella flexneri ATCC 12022 - -

13

3.2. Isolation of Bacteriophages

The phages UFVSenl5 and UFVSmin65 were isolated from domestic sewage and
chicken litter, respectively, in the municipality of Vigosa (Minas Gerais, Brazil), following the
protocol of Van Twest and Kropinski (2009). Briefly, the samples were centrifuged for 10
minutes at 10,000 x g at 4°C to remove solid particles. The resulting supernatant was then
filtered through sterile 0.22 pum filters. For enrichment, 0.1 mL of the previously cultured host
bacterium was added to 5 mL of 2X LB medium (20 g/L NaCl, 20 g/L peptone, and 10 g/L
yeast extract) supplemented with 2 mM CaCl: (0.22 g/L), and inoculated with 5 mL of the
filtered sample. The tubes were subsequently incubated for approximately 24 hours at 37°C
with shaking at 100 rpm. After incubation, the samples were centrifuged and filtered again

into a new sterile tube.

3.3. Host Range
To determine the host range, i.e., to verify whether the bacteriophage exhibits lytic

activity against bacteria other than the host used for its isolation, a spot test was performed.



For this purpose, 0.9 uL of each target bacterium at a concentration of approximately 10’
CFU/mL was added to 5 mL of molten semi-solid LB medium (0.7% agar) and overlaid onto
Petri dishes containing solid LB agar (1.5% agar). After approximately 10 minutes, once the
medium had solidified, 10 uL of the phage lysate was pipetted onto the medium containing
the bacteria, and the plates were incubated overnight at 37°C. The plates were then examined,
and those showing a positive result (presence of lysis zones at the site of spotting) were
subjected to the double agar layer plaque assay (Adams, 1959) and incubated overnight again.
To ensure viral isolation, this process was repeated until only a single plaque morphology was

observed on the same plate. The isolated phages were stored at 4°C for future assays.

3.4 Efficiency of Plating (EOP)

The efficiency of plating (EOP) was used to determine the viral host range and to
more comprehensively assess productive infection in S. enterica strains, in addition to the
original host bacterium. For this purpose, phage lysates were serially diluted and plated onto
the susceptible bacteria using the double agar layer plaque assay. To determine the EOP, the
average PFU/mL on the test bacterium was divided by the average PFU/mL on the original
host bacterium. The EOP evaluation for a specific phage—bacterium combination was defined
as follows: “high production” when the ratio was 0.5 or greater (> 0.5), indicating that
productive infection in the target bacterium yielded at least 50% of the PFU observed for the
original host; “medium production” when the EOP ranged from 0.2 to 0.49; “low production”
when the EOP ranged from 0.001 to 0.199; and “inefficient” when the EOP was equal to or

less than 0.001, according to Khan Mirzai et al. (2015).

3.5. Morphology analysis
The isolated phages were previously concentrated using 10% (w/v) PEG 8000,
according to the protocol described by Sambrook et al. (1989) with modifications. Briefly, 30

uL of DNase (10 mg/mL) and RNase (10 mg/mL) were added to every 300 mL of the isolated

14



phage suspension, followed by incubation at room temperature for 30 minutes. Subsequently,
17.52 g of NaCl was added to the solution, which was kept on ice for 1 hour. The mixture was
then centrifuged at 9,000 x g at 4°C for 10 minutes to remove cellular debris. The supernatant
was transferred to a sterile tube, and 10% (w/v) PEG 8000 was added; the solution was slowly
dissolved and left to stand for 48 hours. After this period, the precipitated phage particles
were recovered by centrifugation at 9,000 x g at 4°C for approximately 30 minutes, and the
supernatant was discarded. The pellet was resuspended in 7 mL of SM buffer (5.8 g/L NaCl,
2.8 g/L MgSOs4, 6.057 g/L Tris-HCI, and 0.1 g/L gelatin) using Pasteur pipettes. An equal
volume of chloroform was then added to the suspension, which was centrifuged at 9,000 x g
at 4°C for 15 minutes; the aqueous fraction containing the phages was subsequently
recovered.

For visualization of the isolated phage particles, transmission electron microscopy
(TEM) was employed. For this purpose, 10 puL of phage UFVSenl5 was applied to
Formvar-coated grids. After five minutes, excess liquid was removed with absorbent paper,
and the sample was contrasted with 2% uranyl acetate solution for 15 seconds. The samples
were kept in a desiccator until analysis using a Zeiss EM 109 transmission electron
microscope at the Microscopy and Microanalysis Center of the Federal University of Vigosa
(NMM). The obtained images were analyzed for capsid and tail dimensions using ImageJ

software.

3.6. One-step growth curves

A one-step growth curve was performed to determine the infection dynamics,
including the latent period and burst size of the phages. For this assay, 10 mL of the
previously cultured host bacterium, adjusted to an approximate concentration of 10’ CFU/mL,
was infected with a phage suspension to achieve a multiplicity of infection (MOI) of 0.0001.
The mixture was incubated at 37°C for 10 minutes to allow viral adsorption and then

centrifuged at 9,000 x g for 15 minutes to remove unadsorbed phages. The pellet containing

15



the infected cells was resuspended in 10 mL of LB medium, from which a 100 pL aliquot was

immediately collected to determine the initial phage titer (To).

The suspension was incubated at 37°C with constant shaking at 100 rpm for a total of
100 minutes, with 100 pL aliquots collected every 10 minutes. Samples were immediately
plated using the double agar layer method to quantify phage titers. The latent period was
defined as the time interval between viral adsorption and the onset of the first burst. Burst size
was calculated as the ratio between the maximum phage yield observed at the end of the lytic

cycle and the initial phage yield (To).

3.7. Thermal and pH stability

The phages used for the development of the cocktail were evaluated for their stability
at different pH values and temperatures. In all assays, the final phage concentration was
standardized to 1 x 10" PFU/mL, and immediately after treatment, the phage suspensions
were diluted in SM buffer, plated, and titrated using the double agar layer method, as
described by Adams (1959). All experiments were conducted in triplicate, and the data were

analyzed using GraphPad Prism software, version 8.3.

For thermal stability assessment, 100 pL aliquots of the phage suspension were added
to 900 pL of SM buffer and incubated for 1 hour at 25, 40, 50, 60, and 70°C, and for 5
minutes at 80 and 90°C. An aliquot of the suspension kept at 4°C, without thermal treatment,
was used as a control. After the incubation periods, phages were titrated using the double agar

layer method.

Stability at different pH values was evaluated by adding 100 pL of the phage
suspension to 900 pL of SM buffer previously adjusted to pH values ranging from 2 to 12,
followed by incubation at 25°C for 1 hour. The suspension maintained at pH 7 was used as a

control. After incubation, phages were titrated as described above.
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3.8. Multiplicity of Infection influence

To assess the influence of the multiplicity of infection (MOI) of phages UFVSenl5
and UFVSmin65 on the growth of susceptible bacteria, bacterial growth curves were
evaluated using 96-well polystyrene microplates. The phage was diluted in SM buffer (5.8
g/L NaCl, 2.0 g MgSO4-7H:0, 50 mL of 1 M Tris-HCI, 5 mL of 2% gelatin, pH 7.5) and 20
pL was added to 180 pL of bacterial culture (in LB medium) at the beginning of the
exponential growth phase (ODsoo = 0.1) to achieve MOIs of 0.01, 0.1, 1, and 10. Control wells
received 20 pL of SM buffer instead of the phage. The microplates were incubated in a
Multiskan™ GO spectrophotometer (Thermo Scientific, USA) at 37°C for 24 hours. Bacterial
population density (ODsoo) was measured every 15 minutes by reading the absorbance at 600

nm.

3.9. Bacteriophage Cocktail Formulation

The bacteriophage cocktail used in this study was composed of the phages UFVSenl5
and UFVSmin65, characterized in the present work, and a third phage previously isolated and
characterized by Cunha (2025) in a doctoral thesis. The use of multiple phages in a single
preparation aimed to broaden the spectrum of action against Salmonella Enteritidis. The
phages were combined in equal proportions, with each isolate previously standardized to the
same concentration. The final cocktail was prepared to achieve a total concentration of 1 X
10° PFU/mL, as shown in Table 2. The formulation was performed in SM bufter under aseptic
conditions with gentle homogenization to preserve the viability and integrity of the viral
particles. After formulation, the bacteriophage cocktail was titrated to confirm the final

concentration and subsequently used in both in vitro and in vivo assays.
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Table 2. Phage composition of the cocktail.

Cocktail Name Composition

Cocktail UFVSenl5, UFVSmin65 e Cit2

3.10. Evaluation of the Influence of Multiplicity of Infection on Cocktail Efficiency

To evaluate the effect of the bacteriophage cocktail under different multiplicities of
infection (MOI) on bacterial growth, growth curves were analyzed using 96-well polystyrene
microplates. The phage was diluted in SM buffer, and 20 pL aliquots of this solution were
added to 180 pL of bacterial culture in the early exponential growth phase (ODsoo = 0.1),
cultivated in LB medium, resulting in MOIs of 0.01, 0.1, 1, and 10. Control wells received 20
puL of SM buffer instead of the phage. The microplates were incubated at 37°C for 24 hours in
a Multiskan™ GO spectrophotometer (Thermo Scientific, USA), and bacterial density was

monitored by measuring absorbance at 600 nm every 15 minutes.

After 24 hours of incubation, a spot test was performed to assess the effect of the
bacteriophage cocktail on bacterial growth using Petri dishes containing solid LB medium
(1.5% agar). For this assay, 100 pL aliquots from each experimental condition (MOIs) were
removed from the microplate, subjected to serial dilutions, and subsequently, 10 uL of each
dilution was pipetted onto the Petri dishes, which were incubated for quantification of

colony-forming units (CFU/mL).

3.11. Efficacy of the Bacteriophage Cocktail in an Animal Model

To evaluate the efficacy of the bacteriophage cocktail in controlling Sal/monella

Enteritidis under in vivo conditions, 108 Aquarana catesbeiana individuals were used,
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distributed across three body weight ranges (10-20 g, 80-100 g, and 300-350 g). All
procedures involving animals were conducted in accordance with the ethical guidelines of the
Animal Use Ethics Committee (CEUAP) of Federal University of Vigosa, protocol number
140/2025. Each weight range consisted of three independent replicates, with each replicate
formed by four experimental groups of three animals per group, totaling 36 frogs per weight
range. Each experimental group was maintained in a polyethylene box containing three

animals.

The experimental groups were as follows: Group 1 — Control, maintained with water
and feed without the addition of Salmonella Enteritidis or bacteriophages; Group 2 —
Salmonella, challenged with Salmonella Enteritidis added to the feed; Group 3 — Salmonella
+ Phages, challenged with Sa/monella Enteritidis added to the feed and treated with the
bacteriophage cocktail diluted in water; and Group 4 — Phages, treated only with the

bacteriophage cocktail diluted in water, without bacterial exposure.

The Salmonella Enteritidis and bacteriophage cocktail suspensions were prepared
under sterile conditions, adjusted to the experimental concentrations, and used immediately
after preparation. Treatments were administered orally, with the bacterium delivered via feed
and the bacteriophages via water, according to the experimental group. After 72 hours of
exposure to the treatments, cloacal swabs were collected from each animal under brief manual
restraint, and water samples from the housing boxes were also collected. All samples were
immediately sent to the laboratory for microbiological analysis. Salmonella Enteritidis
quantification was performed using the spot test method, while phage concentrations were
determined by the double agar layer plaque assay, as described by Adams (1959). Following
cloacal sampling, animals were humanely euthanized by deep anesthesia through immersion
in an aqueous solution of benzocaine (250 mg/L), followed by anesthetic overdose and
confirmation of death. After confirmation of death, three segments of each portion of the
small intestine—proximal (duodenum), middle (jejunum), and distal (ileum)—were collected,

as well as the entire large intestine, for subsequent histological analysis.
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3.12. Light Microscopy

Bullfrogs individuals from experimental groups 1, 2, 3, and 4 (n = 3 per group), as
previously described, were evaluated after three days of exposure to the respective treatments,
in triplicate. Following confirmation of death, the animals were dissected, and segments of
the small and large intestines were collected. Intestinal tissues were immediately transferred
to Zamboni’s fixative solution, where they remained for 48 hours, as described by Stefanini et
al. (1967), dehydrated in ascending ethanol solutions (70%, 80%, 90%, and 95%), and
embedded in Leica Historesin according to the manufacturer’s instructions. Sections of 3 um
thickness were obtained using a Leica RM 2245 rotary microtome, stained with hematoxylin
(15 min) and eosin (30 s), and subsequently analyzed and photographed using an Olympus

BX60 light microscope.

3.13 DNA Extraction, Sequencing, and Genome Assembly

3.13.1 DNA Extraction and Sequencing

Viral DNA was extracted following the PCI/SDS DNA extraction protocol
(phagedb.org) with modifications. Briefly, to every 1 mL of lysate, 12.5 pL of 1 M MgCl., 40
uL of 0.5 M EDTA, 5 uL of Proteinase K (10 mg/mL), and 50 pL of 10% SDS were added.
The solution was vortexed and incubated at 55°C for 60 minutes. After incubation, an equal
volume of PCI solution (phenol, chloroform, and isoamyl alcohol in a 25:24:1 ratio) was
added. The mixture was centrifuged at 9,000 x g at 4°C for 10 minutes, and this step was
repeated three times to maximize contaminant removal. The aqueous phase was transferred to
a new sterile tube, and 1 mL of 95% ethanol and 50 pL of 3 M sodium acetate were added.
The tube was then placed on ice for approximately 5 minutes and centrifuged at 9,000 x g at
4°C for 10 minutes. The resulting pellet was washed with 1 mL of 70% ethanol and
centrifuged again at 9,000 x g at 4°C for 10 minutes. This washing step was repeated until the

pellet became more transparent. Finally, the pellet was air-dried at room temperature for
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approximately 20 minutes and resuspended in 50 pL of autoclaved distilled water. The
extracted DNA was stored at —20°C until sequencing.
Viral sequencing was performed by Novogene Corporation Inc. (Sacramento, CA,

USA) using the Illumina NovaSeq 6000 platform.

3.13.2 Genome Annotation, Analysis, and Taxonomic Evaluation

The raw sequencing data were submitted to the Bacterial and Viral Bioinformatics

Resource Center (PATRIC) (https://www.bv-brc.org/) for viral genome assembly using the

platform’s standard “Assembly Tool” parameters. The resulting contigs were annotated using
PATRIC’s “Annotation Tool” via the RAST server (https://rast.nmpdr.org/rast.cgi). The

genomic map of phage UFVSenl5 was generated using the Proksee platform

(https://proksee.ca/).

NCBI Virus BLASTn (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/) was employed

to initiate taxonomic analyses, and related reference sequences (RefSeq) were randomly
retrieved  corresponding  to the contig. The  VIRIDIC  web  server
(https://rhea.icbm.uni-oldenburg.de/viridic/) and the Viral Proteomic Tree (ViPTree)

(https://www.genome.jp/viptree/) platforms were used for genomic comparison and

phylogenetic relationship assessment of the phages, constructing a proteomic tree among the
selected sequences and the contig, respectively. Similarity values obtained from VIRIDIC
were interpreted according to ICTV criteria, considering 95% as the species demarcation

threshold and 70% for genus-level classification.

VirulenceFinder 2.0 (https://cge.food.dtu.dk/services/VirulenceFinder/) was used to
screen for potential virulence factors, while ResFinder 4.1
(https://cge.food.dtu.dk/services/ResFinder/) was employed to detect antimicrobial resistance
genes. The phage genomes were further analyzed for the presence of potential

tRNA-encoding genes using the tRNAscan-SE server
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(http://lowelab.ucsc.edu/tRNAscan-SE/). Finally, the PhageAl server was used to predict the

phage life cycle.

3.14. Statistical analysis

All experiments were conducted in triplicate. Data were analyzed using GraphPad
Prism version 8.3. In the stability assays, the effect of multiplicity of infection (MOI) was
evaluated by one-way analysis of variance (one-way ANOVA), considering a significance
level of 95%. For the in vivo experiments, differences between groups were further assessed

using the unpaired t-test, also performed with the same software.
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4. RESULTS

4.1. Isolation of Bacteriophages

After three consecutive propagation cycles using the double agar layer technique,
phage isolates with plaques exhibiting uniform morphology were obtained. Phage UFVSen15
was isolated from a wastewater sample using Salmonella Typhimurium ATCC 14028 as the
host bacterium, whereas phage UFVSmin65 was isolated from a chicken litter sample using
Salmonella Minnesota 65374 as the host. Plates were incubated at 37°C for 24 hours. The
plaques formed by both phages exhibited well-defined edges and no halo; however,
UFVSmin65 produced smaller and clearer plaques compared to UFVSen15.

Titration of the isolates, performed after the purification cycles, demonstrated
reproducibility of viral titers across successive replicates, with no significant increase in titer

observed throughout the propagation cycles. Phage UFVSenl5 presented a viral titer of 1.5 x

10° PFU/mL, while UFVSmin65 exhibited a titer of 4.0 x 10'° PFU/mL.

Figure 1. Petri dishes showing bacterial lawns and the formation of lysis plaques by phage

UFVSenl5 (A) and phage UFVSmin65 (B).
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4.2 Host Range

After performing the spot-test to assess host range (Table 3), three types of results
were observed: positive (“+7), obtained when the phage disrupts the bacterial lawn and forms

[

clear lysis plaques at the spot; negative (“—), characterized by normal bacterial growth, i.e.,
absence of lysis plaques; and partial or inefficient lysis (“+-”), when turbid plaques are

formed compared to the positive result.

Phage UFVSenl5 exhibited lytic activity against multiple Salmonella enterica
serovars, including S. Typhimurium (the isolation host strain), S. Enteritidis, S. 1,4,[5],12:1:-,
S. Cerro, S. Panama, S. Infantis, S. Derby, and S. Heidelberg 63623. No lytic activity was
observed against Citrobacter freundii ATCC 8090, Shigella flexneri 12022, Staphylococcus

aureus, or some other Salmonella strains tested.

Phage UFVSmin65 showed a distinct host range, with lytic activity against its
isolation host strain (Salmonella Minnesota 65374), S. Enteritidis, S. 1,4,[5],12:1:-, S. Cerro, S.
Panama, S. Infantis, and S. Derby, as well as positive lysis against Escherichia coli 30.
However, no lytic activity was detected against Citrobacter freundii, Shigella flexneri, or

Staphylococcus aureus.

Table 3. Host range of the isolated phages.

24

Strain Phage UFVSenl15 Phage UFVSmin65

Salmonella Typhimurium Isolation host +

Salmonella Enteritidis + +



Salmonella 1,4,[5],1:-:1,2

Salmonella Cerro

Salmonella Panama

Salmonella Infantis

Salmonella Derby 1

Salmonella Derby 2

Citrobacter freundii ATCC 8090

Escherichia coli 30

Shigella flexneri 12022

Staphylococcus aureus 046

Salmonella Heidelberg 63623

Salmonella Heidelberg 65499

Salmonella MBandaka 64166

Salmonella MBandaka 64188

Salmonella Minnesota 64303

Salmonella Minnesota 65374

Isolation host
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4.3 Efficiency of Plating (EOP)

The efficiency of plating (EOP) assay was performed to quantitatively evaluate the
results previously classified as positive in the spot-test, characterized by bacterial growth
inhibition (+).

Phage UFVSenl5 exhibited an EOP of 2.33 against S. Enteritidis, being classified as
high production, which indicates greater infection efficiency compared to the original host
bacterium. EOP values < 0.001 were observed for S. 1,4,[5],12:1:- and S. Heidelberg 63623.
For S. Panama, S. Derby, S. Cerro, and S. Infantis, no lysis plaques were formed, resulting in

an EOP of 0.

Table 4. Efficiency of plating of phage UFVSenl5. High efficiency: EOP 0.5-1.0; moderate

efficiency: EOP 0.2—<0.49; low efficiency: 0.001—<0.199; and inefficient: <0.001.

Strain EOP
Salmonella Typhimurium 1

Salmonella Enteritidis 2,33

Salmonella 1,4,[5],1:-:1,2 0,000000085
Salmonella Heidelberg 63623 0,0000001

Salmonella Panama 0
Salmonella Derby 1 0
Salmonella Derby 2 0
Salmonella Cerro 0
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Salmonella Infantis 0

Phage UFVSmin65 also exhibited greater infection efficiency against S. Enteritidis
compared to its original host bacterium, with an EOP of 1.14, being classified as high
production. Low production infections (0.001-0.199) were observed for S. Cerro and S.
Derby 1. No lysis plaques were formed for S. Panama, S. Derby 2, S. 1,4,[5],12:i:-, S.

Typhimurium, S. Infantis, and Escherichia coli 30, resulting in an EOP of 0.

Table 5. Efficiency of plating of phage UFVSmin65. High efficiency: EOP 0.5-1.0; moderate

efficiency: EOP 0.2—<0.49; low efficiency: 0.001—<0.199; and inefficient: <0.001.

Strain EOP
Salmonella Minnesota 65374 1
Salmonella Typhimurium 0

Salmonella Enteritidis 1,14
Salmonella 1,4,[5],1:-:1,2 0

Salmonella Cerro 0,00223

Salmonella Panama 0
Salmonella Infantis 0

Salmonella Derby 1 0,006



Salmonella Derby 2 0

Escherichia coli 30 0

4.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy revealed that phage UFVSenl5 exhibits a myovirus
morphology, with an icosahedral capsid approximately 65 nm in diameter, a long tail of
approximately 210 nm, and a contractile sheath of about 62 nm. In turn, phage UFVSmin65

also displays a myovirus morphology, presenting an elongated isometric capsid with an

approximate diameter of 96.7 nm and a tail of about 88 nm.

Figure 4. Transmission electron micrographs (TEM) of bacteriophages UFVSenl5 and

UFVSmin65. (A) UFVSenl5 particle with the tail in a relaxed state. (B) UFVSenl5 particle
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with the contracted tail, highlighting the contractile sheath. (C) UFVSmin65 particle. Scale

bars represent 100 nm.

4.5. One-Step Growth Curve

The one-step growth curve revealed that phage UFVSenl5 (Figure 5-A) exhibited a
latent period of approximately 30 minutes and an average burst size of 254 PFU per cell. In
contrast, phage UFVSmin65 (Figure 5-B) displayed a longer latent period (40 minutes) and a

lower burst size (19.8 PFU per cell).
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Figure 5. One-step growth curve of phage UFVSen15 (A) and UFVSmin65 (B).

4.6. Thermal and pH stability

An important characteristic of biocontrol agents is their ability to withstand adverse
conditions. Accordingly, stability tests were performed with the isolated phages. Phage
stability at different pH values was assessed after 24 hours of incubation (Figure 6).
UFVSenl5 remained stable at pH values ranging from 3 to 12, while complete inactivation
was observed at pH 2. For phage UFVSmin65, a similar behavior was observed under acidic
and neutral conditions, with complete inactivation at pH 2 and stability maintained between

pH 3 and pH 11, showing titers close to 10" PFU/mL. However, at pH 12, a significant
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reduction in viability was observed, indicating lower tolerance of this phage to highly

alkaline conditions compared to UFVSenl5.
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Figure 6. Stability at different pH values for phage UFVSenl5 (A) and UFVSmin65 (B).
Statistically significant treatments (P<0.05) compared to the control are indicated by *

(*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).

Thermal stability of the phages was evaluated after 24 hours of incubation at different
temperatures (Figure 7). Phage UFVSen15 maintained titers similar to the control between 25
°C and 70 °C. At 80 °C, a significant reduction in viability was observed, while complete
inactivation occurred at 90 °C. In contrast, phage UFVSmin65 showed lower thermal
tolerance, remaining stable only between 25 °C and 50 °C. At 60 °C, titers decreased

significantly, with a sharp decline at 70 °C and complete inactivation at 80 °C and 90 °C.
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Figure 7. Stability at different temperatures for phage UFVSenl15 (A) and UFVSmin65 (B).
Statistically significant treatments (P<0.05) compared to the control are indicated by *

(*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).

4.7 Influence of Multiplicity of Infection (MOI)

Bacterial growth curves at different MOIs in the presence of phage UFVSenl5 are shown
in Figure 2. The phage was able to reduce the growth of its host bacterium, Salmonella
Typhimurium, as well as the serovars S. Enteritidis, S. Heidelberg 63623, S. Infantis, and S.
1,4,[5],12:1:-, with the most pronounced effect observed at MOI 0.01. Growth inhibition did
not show a linear relationship with increasing MOI, as higher phage concentrations (MOI 1
and 10) resulted in a lower inhibitory effect, suggesting more efficient infection at lower
phage-to-bacterium ratios. The main differences between treated and control curves were
observed in the initial growth phases, indicating a delay in the onset of bacterial exponential
growth. For some serovars, such as Heidelberg, Infantis, and 1,4,[5],12:i:-, this reduction
persisted throughout the experimental period, demonstrating a sustained effect of the phage.
In contrast, the serovars Panama, Derby /, Derby 2, and Cerro exhibited growth curves

similar to the control at all MOIs tested, indicating low susceptibility to UFVSenlS5.



A) B)

S. Typhimurium ATCC 14028 S. Enteriditis ATCC 13076
0.6+
0.6 — Control
= Control
MOI 0.01 = HeLE
0.4 MOl 0.1
0.4 = MOI 0.1 MO! 1
— MOl 1
— Mol 10 0.2 == = MO0
0.2 “Y >
0.0 . . 1 ° 0 : ;
. 8 006 B 0 500 ) 1000 1500
z Time
Time
C) ) D) ,
S. Infantis S. Panama
0.6 0.6
= Control — Control
— MOI 0.01 = MOI0.01
0.4+ MOI10.1 0.4+ MOl 0.1
— MOl 1 — MOI1
e — Mol 10 02 — MOI 10
0.0 T T ! 0.0
0 500 1000 1500 0 500 1000 1500
Time Time
E) F)
S. Derby 1 S. Derby 2
0.6
0.6
== Control — Control
f — MOI0.01 — MOI10.01
0.4 MOI10.1 0.4+ i MOI 0.1
— MOI1 — MoOI1
e — MOI 10
0.2 MOl 10 0.2
0.0 T T 1 0.0 T T 1
0 500 1000 1500 0 500 1000 1500
Time Time
G H
) S.1,4,[5],1:-1,2 ) S. Cerro
0.6
0.6+ = Control
=— Control
— MOI0.01
= MOI 0.01
0.4+ MOI 0.1
0.4 MOI10.1
- MOI1
— Mo MOI 10
= 0.2
o Mol 10
W 0. T T 1
: T T ! 0 500 1000 1500
0 500 1000 1500 .
" Time
Time
] S. Heidelberg 63623
0.6

Control
MOI 0.01
MO10.1
MOl 1

024 MOI 10

)

T T 1
500 1000 1500
Time

)

Figure 2. Growth curves of phage UFVSenl5 at different MOlIs: 0.01, 0.1, 1, and 10 for the
bacteria: A) Salmonella Typhimurium, B) Salmonella Enteritidis, C) Salmonella Infantis, D)

Salmonella Panama, E) Salmonella Derby 1, F) Salmonella Derby 2, G) Salmonella



1,4,[5],12:1:-, H) Salmonella Cerro, and 1) Salmonella Heidelberg 63623. Assays were

conducted in 96-well polystyrene plates in triplicate and incubated at 37°C for 24 h.

Bacterial growth curves in the presence of phage UFVSmin65 are shown in Figure 3.
Unlike UFVSen15, growth inhibition by UFVSmin65 was clearly MOI-dependent, with MOI
10 producing the greatest reduction in growth for most serovars tested. At lower MOIs (0.01
and 0.1), the curves frequently resembled the control, indicating that a higher
phage-to-bacterium ratio was necessary to achieve an inhibitory effect. For several serovars,
including Minnesota, Enteritidis, Infantis, 1,4,[5],12:1:-, Cerro, Derby 1, and Derby 2, growth
reduction persisted throughout the experimental period, indicating a more sustained
bacteriolytic effect compared to UFVSen15. Notably, some serovars with low susceptibility to
UFVSenl5, such as Derby 1, Derby 2, and Cerro, were sensitive to UFVSmin65, highlighting
differences in host range between the phages. Conversely, S. Typhimurium showed little
variation between treatments and control, indicating lower susceptibility to this phage.
Additionally, E. coli 30 showed no significant growth reduction at any MOI, confirming the

specificity of UFVSmin65 for Salmonella.

Given that both phages exhibited inhibitory activity against S. Enteritidis, albeit with
distinct kinetic behaviors, this serovar was selected for subsequent assays using the phage

cocktail.
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Figure 3. Growth curves of UFVSmin65 at different MOIs: 0.01, 0.1, 1, and 10 for the
bacteria: A) Salmonella Minnesota 65374 B) Salmonella Typhimurium C) Salmonella
Enteritidis D) Salmonella Infantis E) Salmonella Panama F) Salmonella 1,4,[5],1:-:1,2 G)
Salmonella Cerro H) Salmonella Derby 1 I) Salmonella Derby 2 e J) E.coli 30. O ensaio foi
realizado em placas de 96 pocos em triplicata. Assays were conducted in 96-well plates in

triplicate and incubated at 37°C for 24 h.

4.8.1. Evaluation of Multiplicity of Infection on Phage Cocktail Efficiency

The phage cocktail evaluated in this study consisted of three phages: two
characterized herein (UFVSenl5 and UFVSmin65) and a third previously described by Cunha
(2025) in a doctoral thesis. The growth curves of Salmonella Enteritidis in the presence of the
phage cocktail demonstrated a direct influence of multiplicity of infection (MOI) on bacterial
growth (Figure 8). All treatments containing phages showed reduced growth compared to the

control, confirming the lytic activity of the cocktail throughout the experimental period.

The divergence between treated and control curves was observed from the early stages
of the assay, indicating an early inhibition of the bacterial exponential growth phase.
Moreover, the effect of the cocktail showed a clear linear relationship with increasing MOI,
where higher phage-to-bacterium ratios resulted in more pronounced growth reductions. At
lower MOIs (0.01 and 0.1), initial bacterial growth was followed by a slowdown and
stabilization at levels below the control. At higher MOIs (1 and 10), growth restriction was
more pronounced from the onset of the experiment and remained sustained throughout the

24-hour period.

This kinetic behavior reflects the complementary action of the phages in the cocktail,
combining the initial growth delay observed for UFVSenl5 with the prolonged inhibitory
effect characteristic of UFVSmin65, resulting in higher efficiency in controlling S. Enteritidis.

The cocktail also contains a third phage previously characterized in another study, which may
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further contribute to the observed efficiency.
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Figure 8. Bacterial growth curves of S. Enteritidis over 24 hours in the presence of the phage

cocktail at different multiplicities of infection (MOIs): 0.01, 0.1, 1, and 10.

4.8.2. Effect of the Phage Cocktail on Bacterial Growth on Agar Plates

The influence of multiplicity of infection (MOI) on the action of the phage cocktail
against Salmonella Enteritidis was evaluated through microplate growth curves and
confirmed by spot-test after 24 hours (Figure 9). All treatments containing the cocktail
significantly reduced bacterial density compared to the control, demonstrating the lytic
activity of the phages. Bacterial counts in the control reached approximately 10° CFU/mL
after 24 hours. For treatments with MOIs of 0.01 and 0.1, a reduction of approximately 1 to 2
logs in CFU/mL was observed. In treatments with MOIs of 1 and 10, the reduction was more
pronounced, reaching about 3 logs compared to the control. These results indicate that the
inhibitory effect of the phage cocktail is MOI-dependent, with greater bacterial population
reductions observed as the phage-to-bacterium ratio increases, confirming the efficiency of

the cocktail in controlling S. Enteritidis growth in both liquid and solid media.
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Figure 9. Effect of multiplicity of infection (MOI) of the phage cocktail on Salmonella
Enteritidis density after 24 hours of incubation, evaluated by spot-test on LB agar.
Statistically significant treatments (P<0.05) compared to the control are indicated by *

(*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).

4.9. Efficacy of the Phage Cocktail in an Animal Model

The biocontrol potential of the phage cocktail was evaluated through in vivo assays
using bullfrogs (Aquarana catesbeiana) at three different developmental stages (10-20 g,
80—-100 g, and 300-350 g). The objective was to assess the treatment’s capacity to reduce
Salmonella Enteritidis load both within the animals and in the production environment.
Intestinal colonization was monitored via cloacal swabs, and bacterial persistence was
assessed in the tank water. Additionally, phage particle viability and stability in water were
evaluated to ensure that the bioagent remained active under experimental conditions.

In the 1020 g weight group, the phage cocktail effectively reduced S. Enteritidis in
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both parameters analyzed (Figure 10). In the intestinal tract (Figure 10A), bacterial counts in
the cloaca of the treated group showed a significant reduction of approximately 1.2 logs
compared to the control (P < 0.05), indicating that the treatment hindered bacterial
colonization or persistence in the host. Similarly, bacterial recovery from the tank water
(Figure 10B) revealed an even more pronounced reduction, approximately 1.74 logs in the
group receiving the cocktail (P < 0.0001). These results suggest that the cocktail not only
mitigates internal bacterial load in juvenile frogs but also functions as a potent environmental

decontaminant, reducing Salmonella dissemination in the aquatic ecosystem during early

growth stages.
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Figure 10. Recovery of Salmonella Enteritidis in bullfrogs weighing 10-20 g. (A) Bacterial
counts in cloacal swabs; (B) Bacterial recovery from tank water. Bars represent the mean of
three independent biological replicates (n=3), where in A each tank value corresponds to the
mean of three individually sampled animals, and in B to the mean of triplicate technical
readings from a single environmental sample. Error bars indicate the standard error of the
mean (SEM). Data are expressed as logie CFU/mL. Groups G1 and G4 had zero counts and

were omitted for clarity. Statistically significant differences compared to the control are
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indicated by * (*P<0.05; **P<0.01; ***P<0.001; ****P<(0.0001).

Regarding phage cocktail viability in water (Figure 11), no statistically significant
difference was observed between groups G3 and G4 (P = 0.2029), indicating high phage

stability in the aquatic environment, independent of host bacteria presence.
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Figure 11. Recovery of the phage cocktail from bullfrog tank water (10-20 g). Bars represent
the mean of three independent biological replicates (n=3), where each tank value corresponds
to the mean of triplicate technical readings from a single environmental sample. Error bars
indicate SEM. Data are expressed as logie CFU/mL. Groups G1 (Negative Control) and G2
(Challenge) were excluded from phage analysis, as they were not inoculated with the cocktail,
and prior analyses confirmed the absence of native phages. Statistically significant differences

compared to the control are indicated by * (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).

In the 80-100 g weight group, infection dynamics differed from the previous stage.
No S. Enteritidis was recovered from cloacal swabs in any experimental group, indicating no

detectable cloacal colonization under the tested conditions. However, analysis of tank water
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(Figure 12) confirmed pathogen persistence in the environment, with the challenge group
showing high bacterial counts. Treatment with the phage cocktail resulted in a statistically
significant reduction (P < 0.0001) of Salmonella in water, decreasing environmental
contamination levels by approximately 2.2 logs. These results highlight the cocktail’s role as a
sanitary barrier, demonstrating that even in the absence of animal colonization, the phage
cocktail effectively sanitizes the water, reducing the risk of pathogen cross-contamination in

the production system.
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Figure 12. Recovery of Salmonella Enteritidis from bullfrog tank water (80-100 g). Bars
represent the mean of three independent biological replicates (tanks), with each tank value
corresponding to the mean of triplicate technical readings from a single environmental sample
(n=3). Error bars indicate SEM. Data are expressed as logio CFU/mL. Groups G1 and G4 had
zero counts and were omitted for clarity. Statistically significant differences compared to the

control are indicated by * (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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Phage cocktail viability (Figure 13), as observed in the previous weight group,
showed no statistically significant difference between groups G3 and G4 (P = 0.3669),

maintaining viral titers around 10" PFU/mL.
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Figure 13. Recovery of the phage cocktail from bullfrog tank water (80-100 g). Bars
represent the mean of three independent biological replicates (n=3), with each tank value
corresponding to the mean of triplicate technical readings from a single environmental
sample. Error bars indicate SEM. Data are expressed as logio CFU/mL. Groups G1 and G2
were excluded from phage analysis. Statistically significant differences compared to the

control are indicated by * (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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In the 300-350 g weight group, as in the previous stage, no S. Enteritidis was
recovered from cloacal swabs in any group, confirming the absence of detectable cloacal
colonization in adult animals (Figure 14). Nevertheless, analysis of water contamination
revealed a highly significant reduction of approximately 2.53 logs (P < 0.0001). These results
are consistent with the pattern observed in the previous stage, reinforcing the treatment’s

efficacy in adult animals.
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Figure 14. Recovery of Salmonella Enteritidis from bullfrog tank water (300-350 g). Bars
represent the mean of three independent biological replicates (tanks), with each tank value
corresponding to the mean of triplicate technical readings from a single environmental sample
(n=3). Error bars indicate SEM. Data are expressed as logio CFU/mL. Groups G1 and G4 had
zero counts and were omitted for clarity. Statistically significant differences compared to the

control are indicated by * (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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Phage cocktail viability in water (Figure 15) did not differ significantly between
groups G3 and G4 (P = 0.1985), with viral titers remaining stable around 10" PFU/mL,

confirming the persistence and stability of the bioagent in the aquatic environment until the

final growth stage.
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Figure 15. Recovery of the phage cocktail from bullfrog tank water (300-350 g). Bars
represent the mean of three independent biological replicates (n=3), with each tank value
corresponding to the mean of triplicate technical readings from a single environmental
sample. Error bars indicate SEM. Data are expressed as logio CFU/mL. Groups G1 and G2

were excluded from phage analysis. Statistically significant differences compared to the

control are indicated by * (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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4.10. Light Microscopy

Histological examination of the evaluated organs, considering all regions analyzed in
each, revealed no significant morphological differences among the experimental groups. All
regions exhibited a similar structural pattern, with preservation of tissue organization and no
evident histopathological alterations. The epithelium displayed a typical morphological
pattern, composed of digestive columnar cells, stem cells, goblet cells, and endocrine cells,
with intraepithelial lymphocytes present in numbers consistent with normality. Goblet cells
showed preserved distribution and morphology, with staining patterns corresponding to the
mucus produced in each segment. The striated border was well developed, with appropriate
height and length relative to the respective regions, exhibiting a digitiform organization in the
small intestine and crypt arrangement in the large intestine. Connective tissue in the lamina
propria and submucosa appeared preserved, with fibroblasts and blood vessels clearly visible,
along with occasional eosinophils in the large intestine, all within physiological norms. No
signs of inflammatory processes were observed, such as a significant increase in leukocytes or
diffuse inflammatory infiltrate. The muscular layer exhibited organization and thickness
consistent with normality, without discontinuities or structural alterations, maintaining the

typical pattern of the analyzed regions.
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showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large intestine. All

regions exhibit simple columnar epithelium with striated border (Ep) and goblet cells (red
circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct). The three
segments of the small intestine display a well-defined muscular layer (Mu). The large

intestine 1s organized in crypts. L = lumen.
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Figure 18. Light microscopy of the intestine of bullfrog (10-20 g) from Group 2 (challenge),

showing no evident lesions. A) Duodenum; B) Jejunum; C) [leum; and D) Large intestine. All
regions exhibit simple columnar epithelium with striated border (Ep) and goblet cells (red
circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct). The small
intestine segments display a well-defined muscular layer (Mu). The large intestine is

organized in crypts. L = lumen.



Figure 19. Light microscopy of the intestine of bullfrog (10-20 g) from Group 3 (treatment),
showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large intestine. All
regions exhibit simple columnar epithelium with striated border (Ep) and goblet cells (red
circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct). The small
intestine segments display a well-defined muscular layer (Mu). The large intestine is

organized in crypts. L = lumen.
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Figure 20. Light microscopy of the intestine of bullfrog (10-20 g) from Group 4 (phage),

showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large intestine. All
regions exhibit simple columnar epithelium with striated border (Ep) and goblet cells (red
circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct). The three
small intestine segments display a well-defined muscular layer (Mu). The large intestine is

organized in crypts. L = lumen.
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Figure 21. Light microscopy of the intestine of bullfrog (80—100 g) from Group 1 (control),

showing no evident lesions. A) Duodenum; B) Jejunum; C) [leum; and D) Large intestine. All
regions exhibit simple columnar epithelium with striated border (Ep) and goblet cells (red
circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct). The
muscular layer (Mu) is evident in the jejunum and ileum. The large intestine is organized in

crypts. L = lumen.
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Figure 22. Light microscopy of the intestine of bullfrog (80-100 g) from Group 2

(challenge), showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large
intestine. All regions exhibit simple columnar epithelium with striated border (Ep) and goblet
cells (red circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct).
The muscular layer (Mu) is evident in the jejunum and ileum. The large intestine is organized

in crypts. L = lumen.
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Figure 23. Light microscopy of the intestine of bullfrog (80—-100 g) from Group 3 (treatment),

showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large intestine. All
regions exhibit simple columnar epithelium with striated border (Ep) and goblet cells (red
circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct). The
muscular layer (Mu) is evident in the jejunum. The large intestine is organized in crypts. L =

[umen.



Figure 24. Light microscopy of the intestine of bullfrog (80-100 g) from Group 4 (phage),

showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large intestine. All
regions exhibit simple columnar epithelium with striated border (Ep) and goblet cells (red
circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct). The three
small intestine segments display a well-defined muscular layer (Mu). The large intestine is

organized in crypts. L = lumen.
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Figure 25. Light microscopy of the intestine of bullfrog (300-350 g) from Group 1 (control),
showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large intestine. All
regions exhibit simple columnar epithelium with striated border (Ep) and goblet cells (red
circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct). The
muscular layer (Mu) is evident in the duodenum. The large intestine is organized in crypts. L

= lumen.
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Figure 26. Light microscopy of the intestine of bullfrog (300-350 g) from Group 2
(challenge), showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large
intestine. All regions exhibit simple columnar epithelium with striated border (Ep) and goblet
cells (red circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct).
The muscular layer (Mu) is evident in the jejunum. The large intestine is organized in crypts.

L = lumen.



Figure 27. Light microscopy of the intestine of bullfrog (300-350 g) from Group 3

(treatment), showing no evident lesions. A) Duodenum; B) Jejunum; C) Ileum; and D) Large
intestine. All regions exhibit simple columnar epithelium with striated border (Ep) and goblet
cells (red circle) in the mucosa, and well-developed connective tissue in the submucosa (Ct).
The muscular layer (Mu) is evident in the duodenum. The large intestine is organized in

crypts. L = lumen.
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Figure 28. Light microscopy of the intestine of bullfrog (300-350 g) from Group 4 (phage),
showing no evident lesions. All regions exhibit simple columnar epithelium with striated
border (Ep) and goblet cells (red circle) in the mucosa, and well-developed connective tissue
in the submucosa (Ct). The muscular layer (Mu) is evident in the duodenum. The large

intestine is organized in crypts. L = lumen.

4.12. Genome analysis

The genome of phage UFVSenl5 consists of 156,795 bp of DNA with a GC content
of 44.58% and exhibits a 97.26% probability of following a lytic life cycle. No virulence
factors or antibiotic resistance genes were detected within the phage genome. Four tRNAs
were identified, coding for Methionine, Tryptophan, Asparagine, and Serine. Based on
genome annotation, a circular genomic map was generated using Proksee (Figure 29),

illustrating gene organization and the distribution of predicted CDSs throughout the genome.
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The map highlights the modular arrangement of genes related to replication, virion structure,

and bacterial lysis. The circular representation allows clearer visualization of the genomic

architecture.
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Figure 29. Circular genomic map of phage UFVSenl5 generated in Proksee based on
functional annotation performed by RAST. Genes encoding hypothetical proteins of unknown
function are shown in gray, while other genes are colored according to their predicted

functional module.

4.13. Taxonomic assessment and phylogenetics

A search for related phages using BLASTn revealed that the UFVSenl5 genome
shares high sequence identity with phages deposited in GenBank belonging to the genus
Kuttervirus (family Ackermannviridae), such as Salmonella phage SenALZ1 (coverage 90%;
identity 96%; accession number NC 049440.1), Salmonella phage SeSz-1 (coverage 90%;

identity 97%; accession number NC 049443.1), and Salmonella phage SP1 (coverage 90%;
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identity 96%; accession number NC 049396.1). This phylogenetic relationship was supported

by genome-based phylogenetic reconstruction (Figure 30), where UFVSen15 clustered within

a highly conserved monophyletic clade of Kuttervirus phages.

Intergenomic similarity analysis using VIRIDIC (Figure 31) quantified genomic

proximity. UFVSenl5 exhibited similarity scores above 80% with several representatives of

the genus, notably Salmonella phage SenALZ1 (88%), Salmonella phage PhiSH19 (87%),

and Salmonella phage SeSz-1 (86.7%). Considering that the International Committee on

Taxonomy of Viruses (ICTV) defines a 95% genome identity threshold for species

delineation, and that the highest score obtained for UFVSen15 was 88%, the data support that

this phage represents a new species within the genus Kuttervirus.
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NC 049378 1 Salmonella phage ST-W77
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Figure 30. Proteomic tree of phage UFVSenl5 (red star) generated by the VipTree web

software, showing the phage clustered with representatives of the family Ackermannviridae.



Aligned genome fraction

0 025 05 0.75
Intergenomic similarity

I
20 4050 60 70 80 90 100

10

150000
1e+05
50000

0

57.3 &

Genome length ratio

025 05 0.75 1

04 05

03 04 03 04 01 01 00 00 06 05 02 01 01 01 00
03 04 04 04 01 01 00 00 06 05 02 01 0.1 01 00
7.5 578 569 576 01 03 00 00 01 02 02 01 01 14 02
572 562 574 02 02 00 00 01 02 03 03 03 04 02
03 03 00 00 02 03 02 02 02 01 02

04 04 13 13 06 06 01 01 01 01 02

04 04 13 13 07 06 01 02 02 01 02

04 04 01 02 16 10 01 01 01 01 02

04 05 01 02 16 10 01 01 01 01 02

04 14 13 13 07 06 01 02 02 01 02

59

()
@
=
=1
=3
@

0.2 NC _024790.1_Escherichia_phage_vB_EcoP_PhAPEC7
0.1 NC_048653.1_Pectobacterium_phage vB_PatP_CB1
0.1 NC_048654.1_Pectobacterium_phage_vB_PatP_CB4
02 NC_022343.1_Kiebsiella_phage_0507-KN2-1_DNA
03 NC_049462.1_Klebsiella_phage_Magnus

02 NC_049458.1_Salmonella_phage_SS9

01 NC_016073.1_Salmonella_phage_SFP10

02 NC_031045.1_Salmonella_phage_GG32

0.1 NC_024122.1_Salmonella_phage_vB_SalM_SJ3

01 NC_049378_Salmonella_phage_ST-W77

02 NC_049382.1_Salmonella_phage BSP101

0.1 NC_049427.1_Escherichia_phage_FEC14

1| UFVSen15#

321

333

.8 46.0

580

511

Ceo | o
Cadsig2g3LEsT2n
z 2 = -
mologmm‘&omlgaﬁgmlg
%n_n_“_‘“’wu)w|§,'_U)u_Wmﬂ
T T E T 209 1o F oo 1> 00
T8 g Jd8Zoa 1,85 8 G
M2 88588 e 286
a g o c 8 o a

o o @ | £ g @ g & £ | ©
858 L8058 =5
W e os T2 ol o5 9 g c
o2 ow @ 5§ = 9 2  « ¢ =}
n & §S F 88 ¢ 383§ S =
3 £ £ 1% E £ 5§ £ G o &8 E ©
158 832 5 S8 g5 25§ £ 5
e 128 8 E E 1562 3 8
S EE gV g8 T2 ES | E
g 3 B5 ¥ %2 g 8w 3 3
SE €t 959 12w 8w = &
2 g o -8 = 5 n 9 7 ©
g 88 2 S22 S0 g o= o !
S 8 & 8 QI 0 g £E 0T O o
= = 9 O N & T &~ o o ™
S 2 9 a % ] s
88832 wa e g =
c 2 2 S © H e o S T
mooggi‘—ovvmw (=]
28859505588 o8
a o N I |
W SEZ2T 22282 d¢ g
-2 3 3 IS z z
R il o
$888 o
2
5 33 ° z
S o
S 9o g
o 2 Z
=

Figure 31. Intergenomic distance
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5. DISCUSSION

The use of phage cocktails, rather than individual phages, is widely advocated in the
literature as a key strategy to mitigate the emergence of resistant bacterial variants and to
broaden the lytic spectrum against the diversity of Sa/monella serovars (Islam et al., 2021;

Aguilera et al., 2022).

The present study described the isolation and molecular and biological
characterization of the bacteriophages UFVSenl5 and UFVSmin65, aiming to prospect lytic
agents for the biological control of Sal/monella enterica. The selection of these isolates,
integrated with the phage previously characterized by Cunha (2025), was based on the
strategic need to compose a trivalent phage cocktail with potential application both in vitro

and in vivo.

The phages UFVSenl5 and UFVSmin65 were recovered in the city of Vigosa, Minas
Gerais, Brazil, from domestic wastewater and poultry litter, respectively. The recovery of
phage isolates from these matrices is consistent with the literature, which identifies such
environments as reservoirs rich in Salmonella hosts (Ballesté et al., 2022; Unverdi et al.,
2024). The presence of viable phages in these samples reflects the local ecology, where the
constant selective pressure between viruses and bacteria in high-organic-load niches favors
the isolation of novel lytic agents with biotechnological potential (Wiggins & Alexander,

1985; Dion et al., 2020).

In this context, the biological characterization of these new isolates represents a
fundamental step to validate their applicability in the control of Sal/monella. Host range
analysis demonstrated the polyvalent nature of the bacteriophages UFVSenl5 and
UFVSmin65, both capable of lysing multiple Salmonella enterica serovars, in agreement with
recent findings reported by Arista-Regalado et al. (2024). However, compared to the study by
Esmael et al. (2021), the phages characterized here exhibited a broader lytic spectrum, as in

that work, activity was limited to only four serovars (Typhimurium, Enteritidis, Typhi, and
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Kentucky). This expanded host range may reflect differences in the bacterial receptors
recognized by the phages or their adaptability to structural variations among serovars. From
an epidemiological perspective, this feature is particularly relevant, considering the high
diversity of serovars associated with foodborne outbreaks and infections in various hosts

(Spricigo et al., 2013; Fong et al., 2021).

Conversely, the isolated phages did not exhibit lytic activity against other
Gram-negative bacteria, such as Citrobacter freundii ATCC 8090 and Shigella flexneri 12022,
nor against the Gram-positive bacterium Staphylococcus aureus 046. This result demonstrates
the high specificity of the phages for S. enterica, a trait widely described for bacteriophages
and considered advantageous from a therapeutic standpoint. Unlike broad-spectrum
antimicrobials, phages tend to preserve non-target microbiota, reducing undesired ecological

impacts and the risk of dysbiosis (Loc-Carrillo & Abedon, 2011).

Notably, both bacteriophages exhibited higher Efficiency of Plating (EOP) values on
S. Enteritidis (2.33 and 1.14, respectively) compared to their original host strains. This
phenomenon suggests a high adsorption affinity or greater compatibility with the replicative
machinery of this strain, positioning these phages as strategic candidates for the biological
control of S. Enteritidis, one of the main pathogens in the poultry, food, and aquaculture

production chains (Sillankorva et al., 2012; Chambers & Hulse, 2006; Gantois et al., 2009).

The ability of the UFVSenl5 and UFVSmin65 isolates to recognize and lyse different
Salmonella serovars can be correlated with their morphological features revealed by
Transmission Electron Microscopy. The classification of both phages within the class
Caudoviricetes is based on the presence of a complex tail, a diagnostic structure of this group
that is essential for host recognition and the injection of genetic material into Gram-negative

bacteria (Switt et al., 2015).
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Both UFVSenl5 and UFVSmin65 were morphologically classified as myoviruses due
to the presence of a long tail equipped with a contractile sheath. This pattern is characteristic
of phages possessing a robust structural apparatus composed of multiple proteins involved in
the formation of the contractile sheath, a mechanism that perforates the bacterial cell wall and
facilitates the injection of viral DNA into the cytoplasm (Fokine & Rossmann, 2014). The
presence of this contractile system is frequently associated with higher infection efficiency

and, in some cases, a broader host range (Fokine & Rossmann, 2014).

The genomic analysis of UFVSen15 reinforced its taxonomic position, with a genome
of 156.8 kb and 88% intergenomic similarity with phages of the genus Kuttervirus according
to VIRIDIC, below the 95% threshold established by the International Committee on
Taxonomy of Viruses for species delineation, suggesting that UFVSenl5 represents a new
species within this genus. Recent studies highlight the diversity of host recognition domains
among phages of the Ackermannviridae family (including Kuttervirus), which have potential
to be used as biocontrol agents against various Salmonella strains (Guenther et al., 2012;

Switt et al., 2015; Novacek et al., 2016; Mahmoud et al., 2018).

Furthermore, the computational prediction of a lytic cycle for UFVSenl5 (97.26%)
and the absence of virulence or antibiotic resistance genes reinforce its potential for
biocontrol applications and phage therapy, as the presence of lytic genes and the absence of
resistance elements are essential criteria for biological safety. These features allow the use of
these agents not only in the sanitization of industrial surfaces and food biopreservation but
also in veterinary phage therapy and the decontamination of agro-industrial effluents,
mitigating the environmental dissemination of Salmonella (Moye et al., 2018; Liu et al.,

2022).

UFVSenl5 exhibited an intermediate latent period (30 min), longer than the 15 and 25
min observed for phages SPHG3 and SPHG1 (EsmaelAEL et al., 2021), but shorter than that

reported for phage vB_ StyS-LmqsSP1 (60 min) (Shakeri et al., 2021). Although it does not
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present the shortest latency among the compared phages, it stands out for its high
productivity, with a burst size of 254 PFU per cell, considerably higher than the yields
reported for SPHG1 and SPHG3. This suggests a replicative strategy oriented toward high

viral output per infection cycle, a desirable trait for biocontrol applications.

In contrast, UFVSmin65 showed a latent period of 40 min and a burst size of 19.8
PFU per cell, consistent with lower-productivity phages described in the literature (Abedon,
2009; Hyman & Abedon, 2010; Chen et al., 2024). Although less “explosive,” this profile
may be strategically advantageous, as highly productive phages impose strong selective
pressure and may accelerate the emergence of resistance (Oechslin, 2018), whereas phages
with a more moderate replication dynamic contribute to modulating this pressure. Thus, the
contrasting profiles of UFVSenl5 and UFVSmin65 support the functional complementarity
of the cocktail, combining rapid bacterial reduction with greater evolutionary stability (Chan

etal., 2013).

Stability assays of phage UFVSmin65 demonstrated moderate tolerance to pH
variations, with complete inactivation at pH 2, but maintenance of titers between pH 3 and 11.
The stability observed at pH 3, similar to that reported for UFVSenl5, indicates robustness
under moderately acidic conditions, surpassing the sensitivity described by Jurczak-Kurek et
al. (2016), who reported a significant reduction in viability at pH 4 for other phages.
Conversely, the marked decline in titer at pH 12 suggests lower tolerance to highly alkaline
environments compared to UFVSenl5, possibly due to increased susceptibility of structural
proteins to alkaline hydrolysis or surface charge alterations that could compromise virion

integrity (Jonczyk et al., 2011; Moye et al., 2018).

Regarding thermal stability, UFVSmin65 exhibited greater sensitivity to heat,
remaining stable up to 50 °C. A progressive reduction in viability was observed from 60 °C,
with complete inactivation at 80 °C and 90 °C, consistent with findings by Jurczak-Kurek et

al. (2016) and Phothaworn et al. (2020), who attributed this effect to thermal denaturation of
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essential structural proteins, such as tail fibers, compromising host adsorption. Although
UFVSmin65 displays a narrower operational thermal range than UFVSenl5, it maintains
sufficient stability for environmental and aquaculture applications that do not involve
exposure to extreme heat, reinforcing its potential as a complementary agent in biocontrol

strategies.

Individual MOI assays for each phage demonstrated that UFVSen15 and UFVSmin65
were able to effectively suppress the growth of multiple Salmonella serovars, reinforcing their
viability as biocontrol agents (Moye et al., 2018). However, the inhibition dynamics varied
significantly between the two viral particles. For UFVSenl5, a non-linear response was
observed, in which a low MOI of 0.01 produced the most pronounced inhibitory effect,
suggesting a replication kinetics highly optimized at low MOIs and potential steric
interference or premature lysis at higher concentrations (Abedon, 2016). In contrast,
UFVSmin65 showed a clear MOI dependence, requiring higher MOIs (MOI 10) to maximize
bacterial reduction and maintain a sustained lytic effect throughout the experimental period
(Payne & Jansen, 2003). While UFVSen15 was more efficient in delaying the onset of the
exponential growth phase, UFVSmin65 stood out for its persistence in bacterial control,
particularly against serovars less susceptible to UFVSenl5, such as S. Derby and S. Cerro.
The high specificity observed for the genus Salmonella, together with the resistant lytic
profiles, positions these viruses as excellent candidates for biocontrol strategies, offering

broad protection adaptable to different contamination scenarios (Chan et al., 2013).

When evaluating the effect of the phage cocktail at different multiplicities of infection
(MOlIs), composed of the two phages isolated in this study and the previously described phage
Cit2 (Cunha, 2025), high efficiency in controlling Salmonella Enteritidis was observed. The
analysis demonstrated that the cocktail promoted consistent inhibition of bacterial growth
across all tested MOIs, evidencing its effectiveness regardless of the phage:bacteria ratio
employed. This prolonged and robust control behavior resembles observations from other

studies with polyvalent cocktails, which show greater lytic stability compared to treatments
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with individual phages (Hall et al., 2012; Rastegar et al., 2024). Interestingly, at MOIs of 1
and 10, bacterial growth remained suppressed throughout the 24-hour experimental period,
highlighting a clear dose-dependent relationship in the intensity and duration of the lytic

effect.

This profile partially differs from that observed for the individual phages, which
exhibited distinct kinetic behaviors: UFVSen15 demonstrated greater efficiency at low MOls,
whereas UFVSmin65 showed a stronger MOI dependence. Complementarily, the Cit2 phage,
previously described by Cunha (2025), also exhibited strong lytic activity against this serovar,
although with phases of bacterial regrowth after the initial inhibition when evaluated alone,
suggesting limitations in maintaining infectious pressure over time. Bacterial regrowth
observed for individual phages is a phenomenon frequently reported in other studies and is
generally associated with the selection of resistant mutants or a reduction in infectious

pressure over time (Oechslin, 2018; Ambroa et al., 2022).

In this context, the combination of the three phages resulted in a synergistic effect, in
which rapid initial suppression and sustained lytic activity prevented bacterial regrowth
observed in the individual phage assays (Pereira et al., 2016; Yoo et al., 2023). This effect was
also confirmed in solid media, where the cocktail promoted reductions of up to 3 logs in
bacterial counts after 24 hours, particularly at higher MOIs. The consistency between these
assays reinforces the efficiency and reliability of the cocktail, highlighting its potential for

biocontrol applications (Chan et al., 2013; Chen et al., 2018; Chen et al., 2025).

In vivo results in Aquarana catesbeiana demonstrated that the phage cocktail
significantly reduced Salmonella Enteritidis loads, acting both within the host and in the
aquatic environment, highlighting an integrated control approach. During the early
developmental stage (10-20 g), significant reductions in cloacal colonization and water
contamination were observed, with decreases of approximately 1.2 and 1.74 logs,

respectively. These findings indicate that the cocktail interfered with the establishment and
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persistence of bacterial infection. The higher susceptibility observed in younger animals may
be associated with immune immaturity and an intestinal microbiota still undergoing
establishment after metamorphosis (Woodhams et al., 2014). Furthermore, the initial stages of
frog farming represent a critical sanitary period due to high population density and
environmental conditions that favor the dissemination of enterobacteria (Ferreira et al., 2006).
Similar outcomes have been reported in other animal production systems, such as poultry,
where bacteriophages induced 1-3 log reductions in Sa/monella loads, demonstrating their

efficacy in pathogen control (Atterbury et al., 2007).

The greater bacterial reduction observed in water compared to the intestinal tract
indicates that the aquatic environment constitutes the main reservoir of the pathogen in the
rearing system (Woo & Bruno, 2011; Costa et al., 2021). In this context, the direct application
of bacteriophages to the water reduces the environmental load and interrupts one of the main

mechanisms of Salmonella maintenance and dissemination in aquaculture systems (Richards,

2014).

In higher weight ranges (80-100 g and 300-350 g), no cloacal colonization by S.
Enteritidis was detected, suggesting lower susceptibility to intestinal colonization in more
developed animals, possibly due to the maturation of the immune system and the
establishment of a more stable intestinal microbiota (Kamada et al., 2013; Sommer &
Béckhed, 2013). However, the persistence of the bacteria in the water of the control group
demonstrates that the environment can act as a reservoir independently of detectable

colonization in the animals.

This aspect is particularly relevant, as amphibians can act as asymptomatic carriers of
Salmonella, harboring and disseminating the pathogen without displaying apparent clinical
signs (Alfani, 2007; Vieira et al., 2014). This silent carriage poses a significant public health
risk, as human salmonellosis outbreaks have been associated with contact with contaminated

aquatic frogs (CDC, 2010). In this context, the significant reduction of bacterial load in water
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promoted by the phage cocktail, reaching up to 2.53 logs, has considerable sanitary relevance.

Thus, decontamination of the aquatic environment directly contributes to reduced
cross-contamination and limits the persistence and dissemination of the pathogen within the
production system (Defoirdt et al., 2011; Richards, 2014). Consequently, lowering the
environmental load reduces the risk of contamination during handling, slaughter, and
processing, minimizing the likelihood of pathogen introduction into the food chain and

enhancing production safety (Buncic & Sofos, 2012).

The high stability of the phage cocktail in water, with titers maintained around 10’
PFU/mL, demonstrates its viability under typical frog-farming conditions and its capacity to
maintain prolonged activity (Ly-Chatain, 2014). This persistence represents a significant
advantage over chemical sanitizers, as it allows continuous pathogen control without
generating environmental residues. Therefore, the use of bacteriophages constitutes a
promising strategy to strengthen biosecurity programs, reduce environmental contamination,
and contribute to the microbiological safety of production, with the potential to decrease

reliance on conventional antimicrobials (Sillankorva et al., 2012; Sulakvelidze, 2013).

In addition to the microbiological findings, histological analysis of the bullfrog
intestine revealed preservation of the epithelial organization, connective tissue, and muscular
layer, as well as the absence of inflammatory infiltrates or degenerative alterations, suggesting
that Salmonella infection did not trigger adverse tissue responses. The observed
morphological pattern was consistent with that described in the literature for amphibians
(Duellman & Trueb, 1986; Kardong, 1998), corroborating the maintenance of intestinal
architecture within physiologically normal parameters. Furthermore, considering that frogs
are recognized asymptomatic carriers of Salmonella, the absence of inflammatory changes or
histopathological lesions is biologically coherent (Alfani, 2007; Vieira et al., 2014). Taken
together, these findings indicate that the phage cocktail was effective in controlling the

bacterium under the experimental conditions evaluated, without compromising the structural
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integrity of the bullfrog intestine, reinforcing its potential as a safe biological strategy.

Additionally, future studies focusing on the complete genomic characterization of
phage UFVSmin65 will be essential to elucidate its mechanisms of action and confirm its
biological safety and stability, while research in other contexts, such as poultry farming, the
food industry, and industrial environments, could evaluate the efficacy and applicability of the
phage cocktail under different scenarios. Taken together, these results demonstrate that the
phage cocktail exhibited high efficacy in reducing Sa/monella Enteritidis under both in vitro
and in vivo conditions, coupled with high specificity, enabling a targeted action against the
pathogen without interfering with the beneficial microbiota. These findings reinforce the
potential of bacteriophages as promising agents for the biocontrol of Salmonella enterica in

aquaculture systems.
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6. CONCLUSIONS

This study enabled the biological characterization of bacteriophages UFVSenl5 and
UFVSmin65, as well as the genomic characterization of UFVSen15, highlighting its potential
as a biocontrol agent against Salmonella enterica. Both phages exhibited a host range
targeting relevant serovars, demonstrating high lytic specificity. In addition, they showed
stability across a wide range of pH and temperatures, along with efficient replication, with
growth parameters compatible with biotechnological applications and large-scale production.
The phage cocktail composed of these isolates together with phage UFVCit2 demonstrated
high efficacy in inhibiting Salmonella Enteritidis, achieving significant reductions in bacterial
populations under both in vitro and in vivo conditions. These results reinforce the potential of
bacteriophages as a safe, specific, and sustainable strategy for controlling this pathogen.
Overall, the findings of this study contribute to advancing the knowledge on the use of
bacteriophages as a promising alternative for controlling Salmonella enterica, particularly in
aquaculture systems, representing an innovative approach for managing bacterial infections

and reducing the use of antimicrobials.
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