frontiers
* | in Microbiology

") Check for updates

OPEN ACCESS

EDITED BY

Jens Andre Hammerl,
Bundesinstitut fur Risikobewertung,
Germany

REVIEWED BY

Cong Li,

United States Food and Drug
Administration, United States

Noemi Battistelli,

Experimental Zooprophylactic Institute
of Abruzzo and Molise G. Caporale, Italy

*CORRESPONDENCE
Sonia Zapata-Mena
szapata@usfg.edu.ec

RECEIVED 11 September 2025
REVISED 05 February 2026
AccePTED 10 February 2026
PUBLISHED 12 March 2026

CITATION
Quelal-Madrid F, Armijos CE,
Vinueza-Burgos C, Mejia L and
Zapata-Mena S (2026) Prophage
diversity in poultry-associated
Salmonella enterica from Ecuador: a
case study using an in-silico
terminase-based approach.

Front. Microbiol. 17:1703134.

doi: 10.3389/fmicb.2026.1703134

COPYRIGHT

© 2026 Quelal-Madrid, Armijos,
Vinueza-Burgos, Mejia and
Zapata-Mena. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No
use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Microbiology

PUBLISHED 12 March 2026

TYPE Original Research
pol 10.3389/fmicb.2026.1703134

Prophage diversity in
poultry-associated Salmonella
enterica from Ecuador: a case
study using an in-silico
terminase-based approach
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y Resistencia a los Antimicrobianos (UNIETAR), Facultad de Medicina Veterinaria y Zootecnia,
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Prophages can constitute up to 30% of the accessory genome in Salmonella
enterica, acting as major drivers of virulence evolution and antimicrobial resistance;
however, their diversity and functional contribution in Ecuadorian poultry-associ-
ated lineages remain unexplored. Here, we analyzed 142 S. enterica genomes from
poultry and clinical sources to systematically characterize prophage diversity and
cargo gene content. Genomes were assembled using SPAdes and screened with
Phigaro and PHASTEST, while virulence-associated genes were identified through
VFDB and VirulenceFinder. We identified a high prevalence of Peduovirus pro483 in
S. Infantis isolates, carrying cargo proteins such as metalloendopeptidase, whereas
related S. Enteritidis strains harbored distinct cargo elements, including cytosine-
specific methyltransferases, consistent with independent horizontal acquisition
events. Notably, Enterobacteria phage ST104 was detected in S. Typhimurium isolates
encoding superinfection exclusion proteins (SieA and SieB), suggesting enhanced
resistance to secondary phage infection and potential competitive advantages within
microbial communities. Collectively, these findings provide the first comprehensive
characterization of prophage diversity in S. enterica from Ecuadorian poultry pro-
duction systems and underscore the role of prophages as dynamic contributors to
lineage-specific adaptation, virulence potential, and public health risk.

KEYWORDS
Salmonella enterica, serovar Infantis, genomes, in-silico, prophages

1 Introduction

Phageomes are estimated to comprise approximately 80% of the virome in some environ-
ments, particularly gut microbiomes (Dion et al., 2020; Henrot and Petit, 2022; Wendling,
2023) and can represent >20% of their host’s genome (Dion et al., 2020; Nishijima et al., 2022;
Wendling, 2023). Prophages are specific forms of bacteriophages that are integrated into the
bacterial genome as lysogens and remain latent until certain environmental or host physiologi-
cal conditions trigger their excision (Dion et al., 2020). While residing latent in a genome,
prophages can influence several aspects of their host’s physiology, such as virulence, metabolic
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intake, antimicrobial resistance, and phage infections, making them
an interesting focus, especially for gastrointestinal tract pathogens like
Salmonella (Wahl et al., 2019; Tisza and Buck, 2021).

In S. enterica, prophages constitute up to 30% of the accessory
genome and are recognized as one of the main contributors to the
species’ diversity (Wahl et al., 2019). Their impact has been tradition-
ally studied through the expression of virulence genes and other char-
acteristics that affect the adaptation of S. enterica to different
environments, but recent studies have focused on the influence of
prophages in the infection dynamics, through the expression of genes
that confers resistance to certain groups of phages (Wahl et al., 2019;
Dion et al., 2020; Henrot and Petit, 2022). A clear example is observed
in many p22-like phages which harbor superinfection exclusion genes
that prevent the infection of multiple phages by inducing abortive
infection or surface antigen modification (Owen et al, 2021).
Research on major serovars such as Enteritidis, Typhimurium, and
Infantis has primarily focused on prophages as evolutionary markers,
given their tendency to become fixed in populations. However, studies
examining the specific role of prophages in shaping serovar adaptation
remain scarce. It has also been observed that prophage ¢SE12 in
S. enteritidis confers specific virulence to mice, specifically through
the expression of sodCI and sopE genes, which also have been
observed in other prophages like Gifsy-2 in S. Typhimurium confer-
ring macrophage invasion properties and subsequent systemic infec-
tions in mice and other animal models (Araya et al., 2010). In
S. infantis, data regarding prophages is still scarce but there are studies
linking the presence of pESI-like plasmids to specific prophage lin-
eages like P2-like phages, helping clarify the adaptation mechanisms
and the polyphyletic nature of this serovar (Gymoese et al., 2019;
Andrews et al., 2024).

Understanding the influence of prophages in S. enterica is crucial
for comprehending the emergence of certain strains or serovars. This
influence operates through the expression of virulence genes, promot-
ing the success of these strains in specific environments (Weissman et
al,, 2018; Gymoese et al., 2019; Cohen et al., 2020; De Sousa et al.,
2021). However, despite their recognized impact, the presence, distri-
bution, and functional roles of prophages in S. enterica genomes
remain largely unexplored. The limited number of studies addressing
this aspect highlights significant knowledge gaps, particularly regard-
ing the variability of prophage content across different serovars and its
potential contribution to bacterial adaptation and pathogenicity.

Central to this contribution to pathogenicity are the cargo genes
carried by prophages—accessory elements like antimicrobial resis-
tance and virulence factors that provide significant fitness advantages
to the bacterial host (Wahl et al., 2019). In Salmonella, acquiring these
elements via horizontal gene transfer is a primary driver of ecological
adaptation, allowing specific lineages to thrive in high-pressure envi-
ronments (Wahl et al., 2019). Metagenomic data further shows these
phages often carry metabolic enzymes that reshape host physiology to
improve stress tolerance (Benler et al., 2021; Dion et al., 2020).

Identifying these elements relies on conserved structural markers.
Terminase subunits are essential for DNA packaging and serve as hall-
mark genes that reflect the evolutionary history and taxonomy of the
phage (Benler et al., 2021; Evseev et al., 2024; Wangchuk et al., 2021).
Complementary to this, integrases facilitate site-specific recombina-
tion and act as robust molecular markers for identifying temperate
phages (Balding et al., 2005). In S. enterica, integrase typing is a par-
ticularly useful indicator of overall genomic diversity (Colavecchio et
al,, 2017). Integrating these conserved markers with variable cargo
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features allows for a comprehensive understanding of prophage-
driven diversity.

This study implemented specialized bioinformatic tools—such as
Phigaro, a customized S. enterica prophage database, BLAST, and a
terminase-based approach—to characterize the prophage landscape
across 142 S. enterica genomes from a high-priority Ecuadorian
cohort (Mejia et al., 2020). By focusing on this specific population
from poultry farms, carcasses, and clinical cases, we aimed to validate
our methodology for identifying prophage-encoded virulence and
diversity within a dominant regional lineage.

2 Materials and methods
2.1 Genome assembly

The genome assembly protocol utilized 151 Illumina NextSeq
paired-end sequences obtained from a previous study (Mejia et al.,
2020), available under bioproject PRJEB37560 (Figure 1). Details regard-
ing sequence names and serovars are provided in Supplementary Table 1.

Trimmomatic (v0.39) (Bolger et al., 2014) was employed to trim
ambiguous nucleotides from paired-end sequences, ensuring a Phred
quality score >20 and a minimum length of 100 bp. Quality control was
performed using MultiQC (v1.16) (Ewels et al., 2016), and assembly was
performed using SPAdes (v3.15.4) (Prjibelski et al., 2020), employing a
cut-off value of 25 and the “--careful” setting to reduce mismatches and
short indels. Only assembled scaffolds were utilized to prioritize the
identification of large, non-fragmented prophage genomes (Figure 1).

Assembly quality was assessed with the abyss-fac utility of ABySS
(v2.3.5) (Jackman et al., 2017) and BUSCO (v5.5.0) (Manni et al.,
2021). To ensure prophages were detected within highly contiguous
bacterial frameworks and to minimize the risk of recovering partial or
fragmented viral sequences, we selected genomes meeting the follow-
ing stringency criteria: <150 scaffolds, N50 > 150 kb, L50 < 15 (repre-
senting the number of scaffolds required to constitute 50% of the
genome), genome completeness >85%, and a genome size >4.1 MB
(Figure 1; Supplementary Table 1).

2.2 Prophage sequences identification

Assembled genomes were analyzed for prophage sequences,
which were identified using Phigaro (v2.4.0) (Starikova et al., 2020).
Prophage sequences shorter than 6,000 bp were excluded, as the short-
est entry in our database was 6,408 bp. All prophage sequences
obtained with both tools' were concatenated into a single file to assess
their completeness and quality using the PHASTEST online tool
(Arndt et al, 2019). Briefly, prophage sequences uploaded to
PHASTEST are classified based on a score: “intact” (score >90), “ques-
tionable” (score >70 and <90), and “incomplete” (score <70). This
score is determined by the identity percentage of identified phage pro-
teins, the number of phage features found in the query sequence, and
the size of the prophage sequence (Arndt et al., 2019) (Figure 1).

Identified prophage sequences were extracted from the Salmonella
genomes for prophage species identification using a custom database

1 Available at: https://github.com/fran1722/Prophage-diversity-in-poultry-
associated-Salmonella-enterica-from-Ecuador.git.
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triangles and arrows indicating the workflow.

Flowchart depicting the bioinformatic pipeline used for the prophages detection, identification, annotation, classification, and taxonomic analysis
performed in the S. enterica genomes from PRIJEB37560. The flowchart details the software, tools, and databases employed. The order is indicated by
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with BLAST command line applications (v2.13.0+) (Altschul et al.,
1990; Morgulis et al., 2008). The foundational dataset for prophage
identification was constructed by merging 160 reference prophage
genomes retrieved from prior studies by Switt et al. (2015) and Gao et
al. (2020) (Figure 1). These sources established that the selected
sequences were either exclusive to or primarily related to S. enterica
(Supplementary Table 2). To ensure the current accuracy of this data-
base, we manually verified the completeness and species assignment
of each reference genome by cross-referencing them against the NCBI
Nucleotide and RefSeq databases (Sayers et al., 2022) and the most
recent International Committee on Taxonomy of Viruses (ICTV) tax-
onomy. Species identification was performed using blastn with default
parameters. While previous studies have utilized match thresholds of
45-58% query coverage with >90% identity, we adopted a more strin-
gent threshold of >60% for both identity and query coverage (Figure 1).
This decision was made to ensure higher confidence in our subsequent
comparative analyses and to account for the structural polymorphism
observed in our isolates. Prophage sequences that were not identified
using this curated custom database were further analyzed using the
NCBI virus database online BLAST service (Hatcher et al., 2017).

2.3 Prophage sequences annotation
To reduce redundancy while preserving structural diversity, iden-
tified prophage sequences were grouped by species and genomic

length. Sequences within each group were aligned with their respec-
tive reference using MAFFT (v7.520) (Katoh et al., 2019) to verify
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identity. Subsequently, a single representative prophage was selected
from each unique size-variant group for comprehensive genome
annotation. This approach allowed us to account for significant struc-
tural polymorphisms—most notably in Peduovirus pro483—while
maintaining a computationally efficient and non-redundant dataset
for comparative analysis. Representative prophage sequences had their
genomes annotated using Prodigal (v2.6.3) (Hyatt et al., 2010) for gene
and ORF calling, specifying a bacterial-plastid genetic code. To pro-
vide a high-confidence functional characterization, gene sequence
identification was performed using BAKTA (v1.8.1) (Schwengers et
al., 2021), PHASTEST (Arndt et al., 2019), and the HmmerWeb Pfam
35.0 database (Potter et al., 2018; Figure 1).

Detection of virulence genes in our prophage sequences was
accomplished by creating a custom database (see Footnote 1). This
database was built using the Virulence Factor Database (VFDB) (Liu
et al., 2022) and the VirulenceFinder database from the Center of
Genomic Epidemiology at the Technical University of Denmark
(DTU) (Malberg Tetzschner et al., 2020) and was built using BLAST
command line applications (v2.13.0+) (Altschul et al., 1990; Morgulis
etal., 2008), as previously described (Figure 1).

2.4 Prophage comparative genomics
Annotated genomes were visualized and curated using Geneious
Prime (v2023.0.2) (Kearse et al., 2012). During manual curation, con-

flicts in gene naming or function were resolved by prioritizing annota-
tions with the highest bit-score and lowest E-value across the three
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platforms. Hypothetical gene sequences were aligned against the UniProt
(Coudert et al., 2023) database using the BLAST online service to mini-
mize uncharacterized features. Curated annotated genomes were com-
pared with their respective reference using DigAlign (v2.0) (Nishimura
et al.,, 2024) to detect recombination and moron elements. Comparison
graphics were refined using Inkscape (v.1.4) for clarity (Figure 1).

2.5 Prophage classification and taxonomy
analysis

Prophage sequences were analyzed to determine their relation-
ships with other related prophage groups and to corroborate their
taxonomic assignments. Representative prophages previously
obtained from the comparative genomics sequences were grouped
with other taxonomically related phages from the ICTV to assess their
relationships  within their corresponding prophage group
(Supplementary Table 2). Subsequently, the amino acid sequences for
the terminase subunits (large and small) and the integrase were
extracted from each prophage group. Following the methodology pro-
posed by Wangchuk et al. (2021), the terminase subunits were utilized
due to their conserved functionality across the primary bacteriophage
groups, providing a reliable marker for phylogenetic reconstruction.
Additionally, the integrase was utilized as a marker to assess prophage
diversity, as established by Colavecchio et al. (2017).

The extracted sequences were aligned using MAFFT (v7.520)
(Katoh et al., 2019). These alignments (see Footnote 1) were used to
construct Neighbor-Joining trees using the Jukes-Cantor genetic dis-
tance model within Geneious Prime (v2023.0.2) (Kearse et al., 2012).
To evaluate the reliability of the branching patterns, 1,000 bootstrap
replicates were performed for each tree. Four phylogenetic trees were
constructed: one using concatenated amino acid sequences of both
terminase subunits (TerL and TerS), one using integrase (Int)
sequences, and individual trees for the Terminase large subunit (TerL)
and Terminase small subunit (TerS). The resulting phylogenies were
visualized and curated using FigTree (v1.4.4) (Figure 1).

3 Results

3.1 Salmonella genomes and prophage
identification

After removing duplicated or ambiguous reads from a total of
151 S. enterica data sets, the remaining reads were assembled into

10.3389/fmicb.2026.1703134

genomes. However, only 142 genomes met the required criteria for
identifying unfragmented prophage genomes. These criteria included
having < 150 scaffolds, an N50 > 150 kB, an L50 < 15, genome com-
pleteness > 85%, and a genome size exceeding 4.1 Mb.
(Supplementary Table 1; Supplementary Figure 1).

The 142 assembled genomes exhibited an average of 152.63 scaf-
folds, with an N50 of 153,849 bp and an L50 of 6.62. The assembled
genomes maintained an average genome size of 4.71 Mbp
(Supplementary Figure 1). Among these, 136 genomes were identi-
fied as S. infantis (131 from poultry farms and 4 from clinical iso-
lates), 3 as S. enteritidis (1 from a poultry farm and 2 from clinical
isolates), and 3 as S. Typhimurium (all from poultry farms)
(Supplementary Table 2).

Twelve distinct Salmonella prophage-associated species were
identified, with sequence identities ranging from 69.10 to 99.91%
and query coverage from 12 to 100%. Across the 142 genomes ana-
lyzed, the distribution of prophage content varied: 45 genomes (rep-
resenting the highest carriage rate) contained five prophage
sequences, 71 genomes carried four, and 23 genomes harbored
three. Notably, only one S. infantis genome (U1467s) did not harbor
any identifiable prophage, while two other S. infantis isolates,
U1412s and U1496s, carried only one and two prophages, respec-
tively (Figure 2; Supplementary Table 3). The 135 S. infantis
genomes harbored the highest number of unique prophage species
identified in this study, with a total of 9 different prophage-associ-
ated sequences. The most prevalent prophage sequences were
Bcepmuvirus E255, Pankowvirus pv1717, Peduovirus pro483, and
Salmonella phage epsilon34. Each of these sequences presented dif-
ferent sizes within the genomes ranging from 45,903 bp to only
4,198 bp. While all detected fragments are documented for trans-
parency (Supplementary Table 3), sequences below 6,000 bp were
excluded from downstream functional and phylogenetic analyses in
accordance with our quality control criteria. Additional prophage
sequences were identified; however, these were present in only a
single genome, like Phage Gifsy-1, Salmonella phage Fels-1,
Seongnamvirus ESSI2, and Tlsvirus sazh (Table 1).

The remaining six S. enterica genomes included three
S. Typhimurium, in which Phage Gifsy-2 and Salmonella phage
118970_sal3 were the most prevalent prophage sequences.
Additionally, Enterobacteria phage ST104 was identified as the
only prophage with an integrity of 99.97% (Table 2). The other
three genomes corresponded to S. enteritidis, which also carried
Phage Gifsy-2 and Salmonella phage 118970_sal3, while one
S. enteritidis genome uniquely featured Peduovirus pro483
(Table 3).

Prophage

FIGURE 2

(circle), clinical samples are underlined and in bold letters.

Sample

Absence
Presence

Typhimurium

e X m wm

Enteritidis

Clinical samples

Heatmap representing the 12 distinct Salmonella prophage-associated sequences identified across the 142 S. enterica genomes. Red indicates the
presence of a prophage sequence, while gray indicates its absence. Specific symbols indicate clinical samples from S. Typhimurium (star), S. enteritidis
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TABLE 1 Distribution of prophage sequences detected in each S. infantis genome.

Prophage Reference size Phigaro Salmonella genomes BLAST PHASTEST
Detected size Farms Clinicaln =4 Percentage ID Query Max score Total score Quality
n =131 coverage

Bcepmuvirus E255 37,446 bp 17,388 bp 15 1 69.1% 21% 732 1467 Intact

(NC_009237) 20,441 bp 98 2 69.1% 18% 732 1467 Intact

Enterobacteria phage 37,074 bp 5,826 bp 0 1 76.29% 12% 2,143 744 Intact

SfV (NC_003444)

Pankowvirus pv1717 62,147 bp 23,765 bp 120 3 71.03% 43% 2,269 4443 Intact

(NC_011357) 41,942 bp 1 0 85.94% 36% 2,269 10,128 Intact

42,427 bp 6 0 85.94% 35% 2,269 9556 Intact
43,182 bp 1 0 85.94% 34% 2,269 9556 Intact

Peduovirus pro483 29,237 bp 6,603 bp 49 1 97.47% 99% 11,152 11,284 Incomplete

(NC_028943) 20,172 bp * 47 1 97.82% 80% 21,830 41,710 Intact
20,234 bp * 4 0 97.82% 81% 21,825 27,885 Intact
31,653 bp * 76 2 97.82% 79% 21,830 41,710 Intact

Phage Gifsy-1 48,491 bp 19,209 bp * 0 1 99.97% 100% 34,611 34,937 Intact

(NC_010392)

Salmonella phage 43,016 bp 17,887 bp * 115 3 94.18% 73% 18,444 19,774 Intact

epsilon34

(NC_011976)

Salmonella phage Fels 42,723 bp 39,728 bp 1 0 90.16% 46% 16,992 23,754 Intact

(NC_027984)

Seongnamvirus ESSI2 28,765 bp 30,206 bp * 0 1 75.03% 69% 8,342 15,129 Intact

(NC_047854)

Tlsvirus sazh 49,665 bp 43,966 bp* 1 0 90.36% 87% 27,663 53,120 Intact

(NC_048065)

*Selected prophage lengths with an adequate identification percentage and query coverage for genome annotation and comparative genomics.
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3.2 Salmonella prophages comparative
genomics and gene identification

As shown in Tables 1-3, prophage sequences fulfilling the criteria
of >95% identity and >65% query coverage were included in the analy-
sis. A total of seven prophage sequences were compared with their
respective reference genomes to identify cargo features (accessory
genes non-essential for the viral life cycle that provide fitness advan-
tages to the host as defined by Wahl et al. (2019) and Dion et al. (2020)
and/or virulence genes).

The varying sizes associated with Peduovirus pro483 were ana-
lyzed to identify cargo or virulence features —as previously defined—
within the representative genomes (Figure 3). Two main genetic
blocks were observed in common across all Peduovirus pro483-like
sequences, exhibiting 100% identity to the reference Peduovirus
pro483. In all Peduovirus pro483-like sequences found in S. infantis,
regardless of size, two cargo proteins were consistently identified: an
ImmA/IrrE-family metalloendopeptidase and a fimbrial protein
(Table 4). Notably, the single Peduovirus pro483-like sequence identi-
fied in S. enteritidis shared conserved genetic blocks with those from
S. infantis (Figure 3); however, it carried two distinct cargo proteins: a
HEPN-MAE-28990 domain-containing protein and a cytosine-spe-
cific methyltransferase (Table 4).

The Enterobacteria phage ST104-like sequence from a
S. Typhimurium showed a high level of identity and a significant
number of conserved genetic blocks compared to its reference genome
(Figure 4). Almost all the Enterobacteria phage ST104 reference
genome corresponded with a 100% identity, except for three genes
corresponding to virulence proteins that were not present in our
sequence. While features like excisionase, and some virulence factors
were absent in our detected sequence, other features like SieA and
SieB, both coding for superinfection exclusion proteins, and an inte-
grase were present (Table 5). In the same sample, a Phage Gifsy-2-like

TABLE 2 Prophage sequences detected in S. Typhimurium genomes.

10.3389/fmicb.2026.1703134

sequence was identified, also with a high proportion of conserved
genetic blocks (Figure 5) compared to its reference genome, and car-
rying 2 virulence factors: SodC, a superoxide dismutase, and GtgA, a
type III secretion system protein (Table 5).

Prophage-like sequences for Salmonella phage epsilon34, Phage
Gifsy-1, Seongnamvirus ESSI2, and Tlsvirus sazh were also compared
with their respective reference genomes, but no cargo, virulence fac-
tors, or superinfection exclusion proteins were detected. Relevant
features as transposase were found in Phage Gifsy-1 and Tlsvirus sazh,
and an integrase in Seongnamvirus ESSI2 (Supplementary Figure 2).

3.3 Salmonella prophages phylogenetic
relationships

To determine the taxonomic relationships of the detected pro-
phages, we performed a phylogenetic analysis using the concatenated
amino acid sequences of both terminase subunits (TerS and TerL) and
the integrase (Int) of prophage sequences positive for these features
(Figure 6). The resulting phylogenetic trees provided key insights into
the evolutionary placement of these prophages.

In general terms, the phylogenetic analysis based on the terminase
subunits (Figure 6A) revealed five groups including the main pro-
phages found. The first group encompassed our Peduovirus pro483-
like sequences along with other Peduovirus-related representatives
(depicted in blue in Figure 6A), as well as our Seongnamvirus ESSI2-
like sequence and its corresponding reference (depicted in orange in
Figure 6A). In a larger group related to the previous ones it was
observed three subgroups: one featuring Lederbergvirus-related
sequences (depicted in pink in Figure 6A), another containing lamb-
doid phages that included our Phage Gifsy-1 and Phage Gifsy-2-like
sequences (depicted in yellow in Figure 6A), and a third with Tlsvirus-
related phages, including our Tlsvirus sazh-like sequence (depicted in
gray in Figure 6A). Trees constructed with only the TerS

Prophage Reference Phigaro Salmonella BLAST PHASTEST
size genomes
Detected Farms Clinical Percentage Query Max Quiality
size n=1 n=2 ID coverage score

Bcepmuvirus 37,446 bp 16,145 bp 1 0 69.1% 21% 723 1401 Intact
E255
(NC_009237)
Enterobacteria 37,074 bp 7,026 bp 1 0 76.29% 12% 424 744 Incomplete
phage SfV
(NC_003444)
Enterobacteria 41,391 bp 45,948 bp * 1 0 99.97% 82% 56,373 69,621 Complete
phage ST104
(NC_005841)
Phage Gifsy-2 45,840 bp 26,850 bp 0 2 77.75% 44% 6,544 19,573 Incomplete
(NC_010393) 30,910 bp * 1 0 99.91% 100% 55,641 56,114 | Intact
Salmonella 77,375 bp 30,024 bp 1 0 99.85% 63% 45,786 88,322 Intact
phage 118970_ 45,903 bp 0 2 96.23% 63% 21,618 79,948 | Intact
sal3
(NC_031940)

*Selected prophage lengths with an adequate identification percentage and query coverage for genome annotation and comparative genomics.
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TABLE 3 Prophage sequences detected in S. enteritidis genomes.

10.3389/fmicb.2026.1703134

ID (NCBI Reference Phigaro Salmonella BLAST PHASTEST
reference size genomes
code)
Detected Farms Clinical Percentage Query Quality
size (bp) ID coverage
Peduovirus 29,237 bp 33,052 bp* 1 0 97.16% 73% 21,492 39,240 | Intact
pro483
(NC_028943)
Phage Gifsy-2 45,840 bp 16,403 bp 1 0 99.75% 58% 6,544 16,821 Intact
(NC_010393) 26,850 bp 2 0 99.75% 44% 6,544 19,573 | Intact
Salmonella 77,375 bp 37,156 bp 1 0 96.4% 63% 21,618 79,948 Intact
phage 118970_ 44,678 bp 1 0 96.23% 63% 21,618 79,948 | Intact
13
s 45,903 bp 1 0 96.23% 63% 21,618 | 79,948 | Intact
(NC_031940)
*Selected prophage lengths with an adequate identification percentage and query coverage for genome annotation and comparative genomics.
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FIGURE 3
Comparative genomics graph of Peduovirus pro483-like sequences of varying sizes detected in S. enterica. Four representatives for each of the lengths
found were selected, and their number of isolates harboring them is specified as "n.” The legend on the right indicates the main features identified for
these prophage sequences compared to the Peduovirus pro483 reference genome (NC_028943). At the top, a BLAST %-identity bar indicates the
identity percentage of every genetic block or region compared to the reference genome, according to the color palette on the top. Obtained using
DigAlign (v2.0).

TABLE 4 Cargo proteins and superinfection exclusion proteins detected in Peduovirus pro483-

like prophage sequences.

Protein Number of harboring

genomes (Serovar)

Imma/Irre Metallo Endopeptidase

132 (S. infantis)
Fimbrial protein

sequences formed a separate group from the rest of the representatives
(depicted in purple in Figure 6B), although the internal relationships
within the other clusters remained consistent with those observed in
the terminase tree (Figure 6A).

Three Peduovirus pro483-like sequences were found to be closely
related to Peduovirus Wphi; all of these originated from S. infantis
(two from poultry farms: U885s, U719s, and one clinical isolate:

HEPN-MAE-28990domain-

containing protein 1 (S. enteritidis)

Cytosine-specific methyltransferase

(Supplementary Figure 3) and TerL (Supplementary Figure 4)
sequences individually featured similar relationships as those previ-
ously described, but they showed lower support values.

Similarly, the analysis based on the integrase also yielded various
groups (Figure 6B). However, in this tree, Phage Gifsy-2-related
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CSG217). However, a Peduovirus pro483-like sequence detected in an
S. enteritidis isolate (U875s) was not related to these three specific
sequences but still grouped with the rest of Peduovirus representa-
tives (Figure 6A). Although we did not detect integrase in our
Peduovirus pro483-like sequences, a similar phylogenetic relationship
was observed when using integrase as a marker, but only with the
reference genomes: Senquatrovirus SEN4 and Stockinghallvirus
FSLSP004 appeared more closely related to the other Peduovirus
phages than Peduovirus pro483, yet they still clustered together
(Figure 6B).
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TABLE 5 Virulence proteins and superinfection exclusion proteins detected in prophage

sequences in S. Typhimurium genome.

Protein Number of harboring
prophage

SieA Enterobacteria phage ST104-like

SieB

SodC Phage Gifsy 2-like

GtgA

Our Enterobacteria phage ST104-like sequence was found to be
identical to its reference. It clustered with other Lederbergvirus-related
phages, including our Salmonella phage epsilon34-like sequence,
though this grouping had a low support value (Figure 6A). A similar
relationship was observed in the integrase tree (Figure 6B); however,
in this instance, Salmonella phage epsilon34 appeared less related to
the Lederbergvirus group, despite still clustering with them.

4 Discussion

Salmonella enterica poses a significant public health concern due
to its ability to adapt to diverse environments. This adaptability has
been linked to the expression of virulence factors and other genetic
traits. Recent studies have highlighted the role of prophages in modu-
lating infection dynamics by encoding genes that confer resistance to
certain phage groups (Dion et al., 2020; Henrot and Petit, 2022). In
this study, we applied an in-silico framework to evaluate prophages
within a selected cohort of S. enterica isolates from the poultry pro-
duction chain in Ecuador. This targeted approach allowed us to resolve
the prophage-host associations and virulence potential specific to this
regional population, demonstrating the utility of our pipeline in a real-
world surveillance context.

Prophages can significantly influence host fitness by encoding
virulence factors that enhance colonization or genes that provide resis-
tance to environmental stressors (Wahl et al., 2019; Dion et al., 2020).
While these features offer potential evolutionary advantages, they may
be lost or inactivated over time, a process often driven by the influence
of other mobile genetic elements (Bobay et al., 2014; Gymoese et al.,
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2019). This evolutionary decay frequently results in the presence of
defective or fragmented prophages (Wahl et al., 2019), as potentially
observed in our Peduovirus pro483 and Gifsy-2 analyses (Figures 3, 5),
where sequences lacked essential integrase and excisionase proteins
despite high identity to reference genomes. However, it is important
to acknowledge that because these sequences were identified within
assembled scaffolds rather than complete, closed genomes, some
observed fragmentation may also be attributed to assembly limita-
tions. Furthermore, the identification of a Tlsvirus sazh-like
sequence—a Drexlerviridae phage typically considered lytic
(Crossland et al., 2019)—carrying a transposase suggests the complex
these
(Supplementary Figure 2). Despite the significant fragmentation

influence of mobile genetic elements in regions
observed in the prophage genomes, our identification process revealed
seven prophages with an identity and query coverage exceeding 60%.
Among these, three—Enterobacteria phage ST104, Peduovirus pro483,
and Gifsy-2—were particularly notable due to their high similarity to
the reference genomes (approximately 99, 97, and 99%, respectively).
These strong matches suggest a potentially greater functional rele-
vance, particularly regarding their possible influence in Salmonella-
host interactions (Dion et al., 2020; Henrot and Petit, 2022). The
presence of Gifsy-2, for example, is consistent with previous studies
linking this prophage to virulence traits in Salmonella (Wahl et al.,
2019), lending support to the hypothesis that specific prophages may
enhance the pathogenic potential of S. infantis in poultry-related
environments.

Furthermore, these findings may suggest that selective pressures
could be maintaining incomplete or defective prophages, contributing
to the phage mosaicism, where gene blocks are conserved despite dif-
ferent evolutionary histories (Yu et al., 2017; De Jonge et al., 2019).
This was observed in the various Peduovirus pro483-like sequences
across our S. infantis genomes. Such phenomenona could potentially
serve as markers for specific strains associated with particular envi-
ronments (Bobay et al., 2014).

Among our S. infantis genomes, Peduovirus pro483 was the most
prevalent prophage sequence, suggesting a probable adaptation of this
prophage to this serovar and its current environment. This is consis-
tent with the significant role prophages play in S. enterica evolution,
particularly in adaptation to specific serovars and environments (Switt
etal., 2015; D’Alessandro et al., 2018; Wahl et al., 2019). Similar adap-
tation patterns have been reported for various members of the
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Peduovirus genus infecting Escherichia coli, especially those associated
to clinical environments, and other pathogenic strains like E. coli
0157: H7 or 0145 (Pacifico et al., 2019; Shridhar et al., 2019). S. infan-
tis have been recognized as the fourth most prevalent non-typhoidal
serovar associated with human infections worldwide (Montoro-Dasi
et al,, 2023), with a prevalence of 83 to 98% in broilers and poultry
farms from Ecuador and Peru (Vinueza-Burgos et al., 2019; Vallejos-
Sanchez et al., 2019).

The high frequency of Peduovirus pro483 in S. infantis may indi-
cate that this prophage may has specifically adapted to this successful
serovar within the poultry farm environment. Peduovirus pro483 was
originally isolated from an avian pathogenic E. coli and S. Typhimurium
(Petrovska et al., 2016; Gymoese et al., 2019), it has also been reported
clinical E. coli samples alongside P2-like and antimicrobial resistance
genes (Rusconi et al., 2016; Pacifico et al., 2019;). Our phylogenetic
trees, based on TerL and TerS amino acid sequences, confirmed that
Peduovirus pro483 is indeed related to other P2-like phages, such as

Frontiers in Microbiology

09

Peduovirus Wphi and Peduovirus fiAA91ss, which are associated with
clinical environments (Pacifico et al., 2019; Kondo et al., 2021). These
relationships could suggest a clinical origin for the acquisition of
Peduovirus pro483 in S. infantis; however, additional data from clinical
settings would be required to substantiate this hypothesis, as our cur-
rent dataset included only six clinical Salmonella genomes.

Cohen et al. (2020) have reported Peduovirus pro483 associated
with S. infantis carrying pESI-like plasmids similarly to Mejia et al.
(2020), but their analysis focused on genetic diversity and did not
establish an association between the prophages and the pESI-like
megaplasmids found. We delved deeper with our findings on S. infan-
tis by providing data on an S. enteritidis genome also carrying
Peduovirus pro483. While most of our samples were from poultry
farms and chicken carcasses, 76 S. infantis (including the previously
mentioned 3 clinical samples) and a poultry S. enteritidis presented a
larger and more complete Peduovirus pro483 genome. This could rep-
resent a novel adaptation of this prophage to S. infantis, given the
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similar origin of our genomes. This adaptation could be driven by two
possible scenarios: selective pressures within the poultry farm envi-
ronment, favoring prophage variants that enhance S. infantis fitness
(Mottawea et al., 2018; Gao et al., 2020), or a recent acquisition of
Peduovirus pro483 given its integrity and maintenance of certain fea-
tures (Bobay et al., 2014; Wahl et al., 2019; Henrot and Petit, 2022).
Further studies are needed to identify the most likely scenario.

Peduovirus pro483 has been reported to carry the host epithelial
cell invasion protein SopE, a hallmark of P2-like prophages identified
in emerging clones within poultry environments (Dziva et al., 2013;
Petrovska et al., 2016; Rusconi et al., 2016; Gymoese et al., 2019).
However, SopE was not identified in any of the genomes analyzed in
this study, neither within the Peduovirus pro483 sequences nor in
other genomic regions. Instead, all S. infantis strains carrying this pro-
phage harbored a fimbrial protein—a virulence factor that enhances
surface adhesion and colonization (Huehn et al., 2010; Ksibi et al.,
2022). Notably, Mejia et al. (2020) reported that the p-F219 megaplas-
mid in these genomes also carries fimbrial proteins, suggesting a rein-
forcement of colonization traits over invasion effectors.

Notably, the SopE effector was absent in both the Ecuadorian iso-
lates and the Peduovirus pro483 reference genome used in this study.
This absence suggests that SopE may not be a core feature of this spe-
cific prophage lineage, or perhaps it was not harbored by the ancestral
sequences at the time they were characterized and integrated into foun-
dational databases. This reinforces the idea that the analyzed S. infantis
populations do not represent the ‘emerging’ invasive clones often asso-
ciated with SopE-mediated virulence. This pattern may represent a
divergence from the prophage cargo typically reported in global epi-
demic lineages. Instead, the consistent presence of fimbrial cargo pro-
teins indicates a localized adaptive strategy in the Ecuadorian poultry
niche, where selective pressures favor environmental persistence and
niche maintenance over initial host invasion (Bobay et al., 2014;
Vinueza-Burgos et al.,, 2019). We acknowledge that the lack of SopE in
the reference genome reflects a limitation of current databases, which
may not yet capture the full range of prophage accessory variability
across all regional lineages. Confirming this potential evolutionary
trade-off will require further investigation using a more diverse dataset
across different poultry-related serovars.

In our study, the S. enteritidis genome harboring Peduovirus
pro483 lacked this fimbrial protein, hinting at serovar-specific varia-
tion. As S. infantis has become the dominant poultry serovar following
S. enteritidis and S. Typhimurium vaccination (Montoro-Dasi et al.,
2023), further data on recent population dynamics are essential. Such
research will clarify how plasmid-prophage interplay contributes to
the shifting epidemiological success or decline of these serovars.

The presence of Enterobacteria phage ST104 and Phage Gifsy-2 in
our S. Typhimurium isolates aligns with established reports of these
prophages within this serovar (Ho and Slauch, 2001; Parker et al.,
2021). While Enterobacteria phage ST104 has been classically associ-
ated with cattle and beef production environments (Parker et al.,
2021), our identification of this prophage in poultry-derived isolates
suggests that this scenario might have changed, indicating a potential
broader ecological niche adaptation to the poultry environment. This
is supported by the phylogenetic proximity of Enterobacteria phage
ST104 to the Lederbergvirus genus, a group known for its high preva-
lence in poultry-associated serovars (Vaid et al., 2021).

However, it is important to note that this association is based on
terminase-based phylogenetic analysis. While this indicates a clear
taxonomic relationship through the sharing of conserved terminase
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subunits, comparing additional genomic features would be necessary
to fully confirm this broader adaptation. Furthermore, although this
prophage has been linked to antimicrobial resistance genes in other
contexts (Colavecchio et al., 2017; Elayoni, 2021; Mohammed et al.,
2023), no such resistance genes were detected in our sequences.
Instead, we identified specific virulence factors associated with
Enterobacteria phage ST104, consistent with the pathogenic potential
typically described for members of the Lederbergvirus genus (Cohen
et al., 2020). Studies in poultry environments with a more diverse
range of Salmonella serovars and isolates would be required to con-
firm these hypotheses.

Conversely, Phage Gifsy-2 has also been reported as a prevalent pro-
phage in S. enterica, particularly within serovar Typhimurium (Ho and
Slauch, 2001). Historically, Phage Gifsy-2 is described as a lambda-like
prophage with the potential to carry virulence factors and, in some cases,
facilitate the mobilization or excision of other mobile genetic elements
(Owen et al., 2020; Federici et al., 2021). The inclusion of virulence-
associated cargo, such as those identified in our genomic analysis
(Figure 5; Table 5), likely contributes to the selective pressure that main-
tains this prophage within Salmonella lineages (Foley et al., 2013). While
our results confirm the presence of this prophage in the studied
S. Typhimurium and S. enteritidis isolates, we acknowledge that our cur-
rent analysis is focused on a specific population affecting the poultry
sector. Because these serovars represent a smaller portion of our dataset
compared to S. infantis, more extensive data from a broader range of
sources would be required to establish a definitive conservation pattern.
Future research incorporating induction assays would be necessary to
determine if the specific sequences in our Ecuadorian isolates retain the
capacity for excision or influence the integration of other prophages.

Prophage-encoded genes can influence S. enterica fitness by provid-
ing both immunity to phage superinfection and specific virulence fac-
tors. In our isolates, such genes were primarily identified within the
genomes of Enterobacteria phage ST104 and Phage Gifsy-2. Specifically,
the ST104 prophages featured superinfection exclusion genes, such as
sieA and sieB (Figure 4; Table 5), which are recognized for their potential
to protect the host from secondary infections by P22-like and lambdoid
phages (Berngruber et al., 2010; Folimonova, 2012; Monteiro et al.,
2019). Additionally, our Gifsy-2 sequences harbored gtgA (a surface
antigen modifier) and sodC (a superoxide dismutase), the latter of which
may protect S. enterica from oxidative stress during intracellular infec-
tion (Ammendola et al., 2005; Golubeva and Slauch, 2006). Because this
study focused on a specific population, these results may not fully cap-
ture the prophage diversity present across a broader range of poultry-
related serovars. Furthermore, while these genes were identified
genomically, functional gene expression assays are essential to confirm
their active transcription and contribution to the fitness of these isolates.

Notably, while avian-related S. Typhimurium clones carrying ST104
are frequently reported to also harbor the invasion protein SopE
(Kirkwood et al., 2021), this virulence factor was absent in our
S. Typhimurium dataset. This observation —consistent with the absence
of SopE observed in our S. infantis isolates— combined with the pres-
ence of sieA, sieB, gtgA, and sodC, suggests a distinct functional profile
for the prophages in our poultry-derived population. These findings are
further supported by our phylogenetic analysis, where ST104 clustered
with Lederbergvirus BTP1, a phage known to utilize similar superinfec-
tion exclusion mechanisms to maintain host stability (Owen et al., 2021).

Our phylogenetic analysis provided support for the taxonomic
associations of the prophages identified in this study. Based on the
concatenated terminase subunits (Figure 6A), we identified the
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following groups: one encompassing all Peduovirus-related phages and
Seongnamvirus ESSI2 (depicted in blue, and orange, respectively in
Figure 6A), and another including Tlsvirus-related phages, lambdoid
phages, and Lederbergvirus-related phages (depicted in gray, yellow,
and pink, respectively in Figure 6A). In the first two groups, the asso-
ciation of Peduovirus with Seongnamvirus ESSI2 was congruent with
the official ICTV taxonomy (Walker et al., 2020; Turner et al., 2021),
as these groups clustered together in both the terminase and integrase
trees, reflecting their shared membership in the Peduoviridae family.

The third group included a Tlsvirus-related subgroup. While this
group was not represented in the integrase tree—likely due to its char-
acterization as strictly lytic—its placement in the terminase tree aligns
with previous reports. Specifically, its association with Tlsvirus F61
and Tlsvirus SP126 is consistent with prior studies identifying these
phages pathogens of S. infantis in poultry farms (Parra et al., 2023).

Phylogenetic analysis based on individual TerL and TerS
sequences (Supplementary Figures 3, 4) showed lower support for
established relationships compared to the concatenated approach.
This discrepancy likely reflects the inherent challenges in viral phy-
logenetics, given the high diversity, modular genomes, and variations
between species depending on their host and environment (Rohwer
and Edwards, 2002; Lima-Mendez et al., 2008; Mavrich and Hatfull,
2017; Dion et al., 2020). While the recommended approach for robust
phage classification involves the use of complete genome sequences
and protein cluster analysis (Lima-Mendez et al., 2008; Dion et al,,
2020; Maffei et al., 2021), this method was not feasible for our study
as several of the identified prophage sequences were incomplete.
Consequently, we utilized the large and small subunits of the termi-
nase, as these were the most prevalent markers across our dataset, an
approach supported by Wangchuk et al. (2021). The integrase was
used as a complementary marker only for reference genomes and
sequences positive for this protein (Colavecchio et al., 2017).
Although other markers such as capsid, integrases, and phage spanins
have been proposed (Holmes, 2011; Kongari et al., 2018; Dion et al.,
2020), they were not consistently identified in our prophage frag-
ments. Therefore, given the fragmented nature of the data and the
complexities of viral evolution, the use of concatenated terminase
subunits represented a pragmatic approach to explore these relation-
ships. Further research remains necessary to establish universally
accepted consensus methods for viral phylogenetics.

5 Conclusion

Our study characterizes the prophage landscape of Salmonella
enterica in Ecuadorian poultry environments, revealing a high degree
of genomic fragmentation and diversity. The prevalence of specific
prophages—notably Peduovirus pro483 in S. infantis and ST104 in
S. Typhimurium—suggests a potential role for these elements in
serovar-specific adaptation.

Furthermore, the identification of virulence and superinfection
exclusion genes, alongside the absence of SopE, suggests a specialized
genomic profile in these lineages. The presence of fimbrial proteins in
both the Peduovirus pro483 variants and the p-F219 megaplasmid may
indicate a coordinated evolutionary strategy favoring colonization and
niche persistence in the established S. infantis population of Ecuador.
Although the fragmented nature of the prophage sequences necessi-
tated a pragmatic phylogenetic approach using concatenated terminase
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subunits, this method effectively resolved the evolutionary relation-
ships within our dataset, providing a foundation for future functional
studies.

These findings highlight the potential of prophages as markers for
strain evolution. While further research remains necessary—specifi-
cally by expanding this methodological framework to include a more
diverse array of Salmonella genomes, including additional poultry-
related serovars and their associated mobile genetic elements (MGEs),
to explore less prevalent serovars in Ecuador—this in silico approach
provides a foundation for understanding Salmonella genomic dynam-
ics. Ultimately, this work informs the future development of targeted
interventions in poultry production within the region.

Data availability statement

Salmonella enterica sequenced genomes are available under bio-
project PRJEB37560 in the NCBI. The corresponding codification
and serovar of every S. enterica genome and the quality control mea-
sures are presented in Supplementary Table 1. The custom database
built for this study is listed with their corresponding accession num-
bers to NCBI in Supplementary Table 2. A list of every prophage
detected for every S. enterica genome along with their corresponding
codification and serovar. All alignments and other raw data used for
the analysis in this study are deposited at: https://github.com/
fran1722/Prophage-diversity-in-poultry-associated-Salmonella-
enterica-from-Ecuador.git.

Author contributions

FQ-M: Formal analysis, Investigation, Methodology, Writing —
original draft, Writing - review & editing, Data curation, Software.
CA: Data curation, Formal analysis, Investigation, Methodology,
Software, Writing - review & editing, Conceptualization, Supervision.
CV-B: Writing - review & editing, Funding acquisition, Project
administration, Resources. LM: Conceptualization, Investigation,
Methodology, Supervision, Writing - review & editing. SZ-M:
Funding acquisition, Resources, Writing - review & editing,
Conceptualization, Formal analysis, Investigation, Methodology,
Supervision, Validation.

Funding
The author(s) declared that financial support was received for this
work and/or its publication. This research was supported by internal

funding from Universidad San Francisco de Quito (Collaboration
Grants 2023-2024, Project ID: 23185).

Acknowledgments

Our acknowledgements to Mateo Carvajal and Belén Prado from
the Bioinformatics lab at Universidad San Francisco de Quito for their

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1703134
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://github.com/fran1722/Prophage-diversity-in-poultry-associated-Salmonella-enterica-from-Ecuador.git
https://github.com/fran1722/Prophage-diversity-in-poultry-associated-Salmonella-enterica-from-Ecuador.git
https://github.com/fran1722/Prophage-diversity-in-poultry-associated-Salmonella-enterica-from-Ecuador.git

Quelal-Madrid et al.

guidance and teachings in basic bioinformatics. We also thank
William Calero at Universidad Técnica de Ambato for his assistance
in choosing the proper bioinformatic tools for the analysis of prophage
genomes and their genome annotation.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative AI was used in the creation
of this manuscript. The authors only declare the use of Al tools for
grammar and spelling check.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

References

Altschul, S. F, Gish, W, Miller, W,, Myers, E. W, and Lipman, D. J. (1990). Basic local
alignment search tool. J. Mol. Biol. 215, 403-410. doi: 10.1016/50022-2836(05)80360-2

Ammendola, S., Ajello, M., Pasquali, P, Kroll, J. S., Langford, P. R, Rotilio, G., et al.
(2005). Differential contribution of sodC1 and sodC2 to intracellular survival and patho-
genicity of Salmonella Enterica Serovar Choleraesuis. Microbes Infect. 7, 698-707. doi:
10.1016/j.micinf.2005.01.005

Andrews, K., Landeryou, T., Sicheritz-Pontén, T., and Nale, J. Y. (2024). Diverse prophage
elements of Salmonella Enterica Serovars show potential roles in bacterial pathogenicity.
Cells 13:514. doi: 10.3390/cells13060514

Araya, D. V., Quiroz, T. S., Tobar, H. E,, Lizana, R. J., Quezada, C. P, Santiviago, C. A.,
et al. (2010). Deletion of a prophage-like element causes attenuation of Salmonella
Enterica Serovar Enteritidis and promotes protective immunity. Vaccine 28, 5458-5466.
doi: 10.1016/j.vaccine.2010.05.073

Arndt, D., Marcu, A., Liang, Y., and Wishart, D. S. (2019). PHAST, PHASTER and
PHASTEST: tools for finding prophage in bacterial genomes. Brief. Bioinform. 20,
1560-1567. doi: 10.1093/bib/bbx121

Balding, C., Bromley, S. A., Pickup, R. W,, and Saunders, J. R. (2005). Diversity of phage
integrases in Enterobacteriaceae: development of markers for environmental analysis of
temperate phages. Environ. Microbiol. 7, 1558-1567. doi:
10.1111/j.1462-2920.2005.00845.x

Benler, S., Yutin, N., Antipov, D., Rayko, M., Shmakov, S., Gussow, A. B., et al. (2021).
Thousands of previously unknown phages discovered in whole-community human gut
metagenomes. Microbiome 9, 78. doi: 10.1186/540168-021-01017-w

Berngruber, T. W, Weissing, F. J., and Gandon, S. (2010). Inhibition of superinfection and
the evolution of viral latency. J. Virol. 84, 10200-10208. doi: 10.1128/JVI1.00865-10

Bobay, L.-M., Touchon, M., and Rocha, E. P. C. (2014). Pervasive domestication of defec-
tive prophages by bacteria. Proc. Natl. Acad. Sci. USA 111, 12127-12132. doi: 10.1073/
Ppnas.1405336111

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: A flexible trimmer for
Ilumina sequence data. Bioinformatics 30, 2114-2120. doi: 10.1093/bioinformat-
ics/btul70

Cohen, E., Rahav, G, and Gal-Mor, O. (2020). Genome sequence of an emerging
Salmonella Enterica Serovar Infantis and genomic comparison with other S. infantis
strains. Genome Biol. Evol. 12, 151-159. doi: 10.1093/gbe/evaa048

Colavecchio, A., D’Souza, Y., Tompkins, E., Jeukens, J., Freschi, L., Emond-Rheault, ].-G.,
et al. (2017). Prophage integrase typing is a useful indicator of genomic diversity in
Salmonella enterica. Front. Microbiol. 8:1283. doi: 10.3389/fmicb.2017.01283

Coudert, E., Gehant, S., De Castro, E., Pozzato, M., Baratin, D., Neto, T, et al. (2023).
Annotation of biologically relevant ligands in UniProtKB using ChEBI. Bioinformatics
39:btac793. doi: 10.1093/bioinformatics/btac793

Crossland, W. L., Shaw, J. P,, O’Leary, C., Gill, ], and Liu, M. (2019). Complete genome
sequence of Citrobacter Freundii Siphophage Sazh. Microbiol. Resource Announ. 8,
€01317-e01319. doi: 10.1128/MRA.01317-19

Frontiers in Microbiology

12

10.3389/fmicb.2026.1703134

intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any

issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2026.1703134/

full#supplementary-material

D’Alessandro, B., Pérez Escanda, V., Balestrazzi, L., Iriarte, A., Pickard, D., Yim, L., et al.
(2018). A novel prophage identified in strains from Salmonella enterica serovar Enteritidis
is a phylogenetic signature of the lineage ST-1974. Microb. Genomics 4:e000161. doi:
10.1099/mgen.0.000161

De Jonge, P. A., Nobrega, F. L., Brouns, S. J. ], and Dutilh, B. E. (2019). Molecular and
evolutionary determinants of bacteriophage host range. Trends Microbiol. 27, 51-63. doi:
10.1016/j.tim.2018.08.006

De Sousa, M., Jorge, A., Pfeifer, E., Touchon, M., and Rocha, E. P. C. (2021). Causes
and consequences of bacteriophage diversification via genetic exchanges across life-
styles and bacterial taxa. Mol. Biol. Evol. 38, 2497-2512. doi: 10.1093/
molbev/msab044

Dion, M. B., Oechslin, E, and Moineau, S. (2020). Phage diversity, genomics and phylog-
eny. Nat. Rev. Microbiol. 18, 125-138. doi: 10.1038/s41579-019-0311-5

Dziva, E, Hauser, H., Connor, T. R., van Diemen, P. M., Prescott, G., Langridge, G. C.,
et al. (2013). Sequencing and functional annotation of avian pathogenic Escherichia
Coli serogroup O78 strains reveal the evolution of E. coli lineages pathogenic for poul-
try via distinct mechanisms. Infect. Immun. 81, 838-849. doi: 10.1128/IAI.00585-12

Elayoni, I. (2021). “Microbiological food safety and antimicrobial resistance” in
Salmonella - A Growing Threat to Global Health. ed. M. S. Shathele (London: IntechOpen).
doi: 10.5772/intechopen.95329

Evseev, P, Gutnik, D., Evpak, A., Kasimova, A., and Miroshnikov, K. (2024). Origin,
evolution and diversity of ¢29-like phages—review and bioinformatic analysis. Int. J.
Mol. Sci. 25:10838.

Ewels, P, Magnusson, M., Lundin, S., and Killer, M. (2016). Multiqc: summarize analysis
results for multiple tools and samples in a single report. Bioinformatics 32, 3047-3048.
doi: 10.1093/bioinformatics/btw354

Federici, S., Nobs, S. P, and Elinav, E. (2021). Phages and their potential to modulate the
microbiome and immunity. Cell. Mol. Immunol. 18, 889-904. doi: 10.1038/
$41423-020-00532-4

Foley, S. L., Johnson, T. ], Ricke, S. C., Nayak, R., and Danzeisen, J. (2013). Salmonella

pathogenicity and host adaptation in chicken-associated serovars. Microbiol. Mol. Biol.
Rev. 77, 582-607. doi: 10.1128/MMBR.00015-13

Folimonova, S. Y. (2012). Superinfection exclusion is an active virus-controlled function
that requires a specific viral protein. J. Virol. 86, 5554-5561. doi: 10.1128/jvi.00310-12

Gao, R., Naushad, S., Moineau, S., Levesque, R., Goodridge, L., and Ogunremi, D. (2020).
Comparative genomic analysis of 142 bacteriophages infecting Salmonella Enterica Subsp.
Enterica. BMC Genomics 21:374. doi: 10.1186/s12864-020-6765-z

Golubeva, Y. A., and Slauch, J. M. (2006). Salmonella Enterica serovar Typhimurium peri-
plasmic superoxide dismutase SodCI is a member of the PhoPQ regulon and is induced
in macrophages. J. Bacteriol. 188, 7853-7861. doi: 10.1128/]B.00706-06

Gymoese, P, Kiil, K., Torpdahl, M., @sterlund, M. T, Serensen, G., Olsen, J. E., et al.
(2019). WGS based study of the population structure of Salmonella Enterica Serovar
Infantis. BMC Genomics 20:870. doi: 10.1186/s12864-019-6260-6

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1703134
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2026.1703134/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2026.1703134/full#supplementary-material
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/j.micinf.2005.01.005
https://doi.org/10.3390/cells13060514
https://doi.org/10.1016/j.vaccine.2010.05.073
https://doi.org/10.1093/bib/bbx121
https://doi.org/10.1111/j.1462-2920.2005.00845.x
https://doi.org/10.1186/s40168-021-01017-w
https://doi.org/10.1128/JVI.00865-10
https://doi.org/10.1073/pnas.1405336111
https://doi.org/10.1073/pnas.1405336111
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/gbe/evaa048
https://doi.org/10.3389/fmicb.2017.01283
https://doi.org/10.1093/bioinformatics/btac793
https://doi.org/10.1128/MRA.01317-19
https://doi.org/10.1099/mgen.0.000161
https://doi.org/10.1016/j.tim.2018.08.006
https://doi.org/10.1093/molbev/msab044
https://doi.org/10.1093/molbev/msab044
https://doi.org/10.1038/s41579-019-0311-5
https://doi.org/10.1128/IAI.00585-12
https://doi.org/10.5772/intechopen.95329
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1038/s41423-020-00532-4
https://doi.org/10.1038/s41423-020-00532-4
https://doi.org/10.1128/MMBR.00015-13
https://doi.org/10.1128/jvi.00310-12
https://doi.org/10.1186/s12864-020-6765-z
https://doi.org/10.1128/JB.00706-06
https://doi.org/10.1186/s12864-019-6260-6

Quelal-Madrid et al.

Hatcher, E. L., Zhdanov, S. A., Bao, Y., Blinkova, O., Nawrocki, E. P, Ostapchuck, Y., et al.
(2017). Virus variation resource — improved response to emergent viral outbreaks. Nucleic
Acids Res. 45, D482-D490. doi: 10.1093/nar/gkw1065

Henrot, C., and Petit, M.-A. (2022). Signals triggering prophage induction in the gut
microbiota. Mol. Microbiol. 118, 494-502. doi: 10.1111/mmi.14983

Ho, T. D., and Slauch, J. M. (2001). OmpC is the receptor for Gifsy-1 and Gifsy-2 bacte-
riophages of Salmonella. J. Bacteriol. 183, 1495-1498. doi: 10.1128/]B.183.4.1495-1498.2001

Holmes, E. C. (2011). What does virus evolution tell us about virus origins? J. Virol. 85,
5247-5251. doi: 10.1128/JV1.02203-10

Huehn, S., La Ragione, R. M., Anjum, M., Saunders, M., Woodward, M. ]., Bunge, C., et al.
(2010). Virulotyping and antimicrobial resistance typing of Salmonella Enterica serovars
relevant to human health in Europe. Foodborne Pathog. Dis. 7, 523-535. doi: 10.1089/
£pd.2009.0447

Hyatt, D., Chen, G.-L., LoCascio, P. E, Land, M. L., Larimer, E W,, and Hauser, L. J. (2010).
Prodigal: prokaryotic gene recognition and translation initiation site identification. BMC
Bioinformatics 11:119. doi: 10.1186/1471-2105-11-119

Jackman, S. D., Vandervalk, B. P, Mohamadi, H., Chu, ]., Yeo, S., Hammond, S. A., et al.
(2017). ABySS 2.0: resource-efficient assembly of large genomes using a bloom filter.
Genome Res. 27, 768-777. doi: 10.1101/gr.214346.116

Katoh, K., Rozewicki, J., and Yamada, K. D. (2019). MAFFT online service: multiple
sequence alignment, interactive sequence choice and visualization. Brief. Bioinform. 20,
1160-1166. doi: 10.1093/bib/bbx108

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., et al. (2012).
Geneious basic: an integrated and extendable desktop software platform for the organiza-
tion and analysis of sequence data. Bioinformatics 28, 1647-1649. doi: 10.1093/bioinfor-
matics/bts199

Kirkwood, M., Vohra, P,, Bawn, M., Thilliez, G., Pye, H., Tanner, ], et al. (2021). Ecological
niche adaptation of Salmonella Typhimurium U288 is associated with altered pathogenicity
and reduced zoonotic potential. Commun. Biol. 4:498. doi: 10.1038/s42003-021-02013-4

Kondo, K., Kawano, M., and Sugai, M. (2021). Distribution of antimicrobial resistance
and virulence genes within the prophage-associated regions in nosocomial pathogens.
mSphere 6:€00452-21. doi: 10.1128/mSphere.00452-21

Kongari, R., Rajaure, M., Cahill, ]., Rasche, E., Mijalis, E., Berry, J., et al. (2018). Phage
Spanins: diversity, topological dynamics and gene convergence. BMC Bioinformatics
19:326. doi: 10.1186/512859-018-2342-8

Ksibi, B., Ktari, S., Ghedira, K., Othman, H., Maalej, S., Mnif, B, et al. (2022).
Antimicrobial resistance genes, virulence markers and prophage sequences in Salmonella
Enterica Serovar Enteritidis isolated in Tunisia using whole genome sequencing. Curr.
Res. Microbial Sci. 3:100151. doi: 10.1016/j.crmicr.2022.100151

Lima-Mendez, G., Van Helden, J., Toussaint, A., and Leplae, R. (2008). Reticulate repre-
sentation of evolutionary and functional relationships between phage genomes. Mol. Biol.
Evol. 25, 762-777. doi: 10.1093/molbev/msn023

Liu, B., Zheng, D., Zhou, S., Chen, L., and Yang, J. (2022). VEDB 2022: A general classifi-
cation scheme for bacterial virulence factors. Nucleic Acids Res. 50, D912-D917. doi:
10.1093/nar/gkab1107

Maffei, E., Shaidullina, A., Burkolter, M., Heyer, Y., Estermann, E, Druelle, V., et al. (2021).
Systematic exploration of Escherichia Coli phage-host interactions with the BASEL phage
collection. PLoS Biol. 19:e3001424. doi: 10.1371/journal.pbio.3001424

Malberg Tetzschner, A. M., Johnson, J. R., Johnston, B. D., Lund, O., and Scheutz, E (2020).
In silico genotyping of Escherichia coli isolates for extraintestinal virulence genes by use of
whole-genome sequencing data. J. Clin. Microbiol. 58:¢01269-20. doi: 10.1128/JCM.01269-20

Manni, M., Berkeley, M. R,, Seppey, M., Simdo, E A., and Zdobnov, E. M. (2021). BUSCO
update: novel and streamlined workflows along with broader and deeper phylogenetic
coverage for scoring of eukaryotic, prokaryotic, and viral genomes. Mol. Biol. Evol. 38,
4647-4654. doi: 10.1093/molbev/msab199

Mavrich, T. N., and Hatfull, G. E (2017). Bacteriophage evolution differs by host, lifestyle
and genome. Nat. Microbiol. 2:17112. doi: 10.1038/nmicrobiol.2017.112

Mejia, L., Medina, J. L., Bayas, R., Salazar, C. S., Villavicencio, E, Zapata, S., et al. (2020).
Genomic epidemiology of Salmonella Infantis in Ecuador: from poultry farms to human
infections. Front. Vet. Sci. 7:547891. doi: 10.3389/fvets.2020.547891

Mohammed, M., Casjens, S. R., Millard, A. D., Harrison, C., Gannon, L., and
Chattaway, M. A. (2023). Genomic analysis of Anderson typing phages of Salmonella
Typhimrium: towards understanding the basis of Bacteria-phage interaction. Sci. Rep.
13:10484. doi: 10.1038/s41598-023-37307-6

Monteiro, R., Pires, D. P, Costa, A. R, and Azeredo, J. (2019). Phage therapy: going
temperate? Trends Microbiol. 27, 368-378. doi: 10.1016/j.tim.2018.10.008

Montoro-Dasi, L., Lorenzo-Rebenaque, L., Marco-Fuertes, A., Vega, S., and Marin, C. (2023).
Holistic strategies to control Salmonella Infantis: an emerging challenge in the European
broiler sector. Microorganisms 11:1765. doi: 10.3390/microorganisms11071765

Morgulis, A., Coulouris, G., Raytselis, Y., Madden, T. L., Agarwala, R., and Schiffer, A. A.
(2008). Database indexing for production MegaBLAST searches. Bioinformatics 24,
1757-1764. doi: 10.1093/bioinformatics/btn322

Mottawea, W., Duceppe, M.-O., Dupras, A. A., Usongo, V., Jeukens, J., Freschi, L., et al.
(2018). Salmonella Enterica prophage sequence profiles reflect genome diversity and can

Frontiers in Microbiology

13

10.3389/fmicb.2026.1703134

be used for high discrimination subtyping. Front. Microbiol. 9:836. doi: 10.3389/
fmicb.2018.00836

Nishijima, S., Nagata, N., Kiguchi, Y., Kojima, Y., Miyoshi-Akiyama, T., Kimura, M.,
et al. (2022). Extensive gut virome variation and its associations with host and environ-
mental factors in a population-level cohort. Nat. Commun. 13:5252. doi: 10.1038/
541467-022-32832-w

Nishimura, Y., Yamada, K., Okazaki, Y., and Ogata, H. (2024). DiGAlign: versatile and
interactive visualization of sequence alignment for comparative genomics. Microbes
Environ. 3:ME23061. doi: 10.1264/jsme2.ME23061

Owen, S. V,, Canals, R., Wenner, N., Hammarlof, D. L., Kréger, C., and Hinton, J. C. D.
(2020). A window into lysogeny: revealing temperate phage biology with transcriptomics.
Microb. Genomics 6:330. doi: 10.1099/mgen.0.000330

Owen, S. V., Wenner, N., Dulberger, C. L., Rodwell, E. V., Bowers-Barnard, A.,
Quinones-Olvera, N., et al. (2021). Prophages encode phage-defense systems with
cognate self-immunity. Cell Host Microbe 29, 1620-1633.e8. doi: 10.1016/j.
chom.2021.09.002

Pacifico, C., Hilbert, M., Sofka, D., Dinhopl, N., Pap, L. J., Aspock, C., et al. (2019). Natural
occurrence of Escherichia Coli-infecting bacteriophages in clinical samples. Front.
Microbiol. 10:2484. doi: 10.3389/fmicb.2019.02484

Parker, C. T., Huynh, S., Alexander, A., Oliver, A. S., and Cooper, K. K. (2021). Genomic
characterization of Salmonella Typhimurium DT104 strains associated with cattle and beef
products. Pathogens 10:529. doi: 10.3390/pathogens10050529

Parra, M., De Los Angeles Bayas-Rea, R., Guerrero, T., Bayas-Rea, R. d. 1. A,, Torres, S.,
D’Auria, G., et al. (2023). Complete genome sequences of two lytic phages of Salmonella
enterica isolated from wastewater in Ecuador. Microbiol. Resour. Announc. 12:¢01048-22.
doi: 10.1128/mra.01048-22

Petrovska, L., Mather, A. E., AbuOun, M., Branchu, P.,, Harris, S. R., Connor, T, et al.
(2016). Microevolution of monophasic Salmonella Typhimurium during epidemic,
United Kingdom, 2005-2010. Emerg. Infect. Dis. 22, 617-624. doi: 10.3201/
€id2204.150531

Potter, S. C., Luciani, A., Eddy, S. R., Park, Y., Lopez, R., and Finn, R. D. (2018). HMMER
Web Server: 2018 Update. Nucleic Acids Res. 46, W200-W204. doi: 10.1093/nar/gky448

Prjibelski, A., Antipov, D., Meleshko, D., Lapidus, A., and Korobeynikov, A. (2020). Using
SPAdes de novo assembler. Curr. Protoc. Bioinform. 70:¢102. doi: 10.1002/cpbi.102

Rohwer, E, and Edwards, R. (2002). The phage proteomic tree: A genome-based taxon-
omy for phage. J. Bacteriol. 184, 4529-4535. doi: 10.1128/jb.184.16.4529-4535.2002

Rusconi, B., Sanjar, E, Koenig, S. S. K., Mammel, M. K,, Tarr, P. I, and Eppinger, M.
(2016). Whole genome sequencing for genomics-guided investigations of Escherichia
coli O157:H7 outbreaks. Front. Microbiol. 7:985. doi: 10.3389/fmicb.2016.00985

Sayers, E. W, Bolton, E. E,, Brister, ]. R., Canese, K., Chan, J., Comeau, D. C, et al. (2022).
Database resources of the national center for biotechnology information. Nucleic Acids
Res. 50, D20-D26. doi: 10.1093/nar/gkab1112

Schwengers, O, Jelonek, L., Dieckmann, M. A., Beyvers, S., Blom, J., and Goesmann, A.
(2021). Bakta: rapid and standardized annotation of bacterial genomes via alignment-free
sequence identification: find out more about Bakta, the motivation, challenges and appli-
cations, here. Microb. Genomics 7:685. doi: 10.1099/mgen.0.000685

Shridhar, P. B., Worley, J. N., Gao, X., Yang, X., Noll, L. W,, Shi, X,, et al. (2019). Analysis
of virulence potential of Escherichia coli 0145 isolated from cattle feces and hide samples
based on whole genome sequencing. PLoS One 14:€0225057. doi: 10.1371/journal.
pone.0225057

Starikova, E. V,, Tikhonova, P. O,, Prianichnikov, N. A., Rands, C. M., Zdobnov, E. M.,
Ilina, E. N,, et al. (2020). Phigaro: high-throughput prophage sequence annotation.
Bioinformatics 36, 3882-3884. doi: 10.1093/bioinformatics/btaa250

Switt, A. I. M., Sulakvelidze, A., Wiedmann, M., Kropinski, A. M., Wishart, D. S.,
Poppe, C., et al. (2015). “Salmonella phages and prophages: genomics, taxonomy, and
applied aspects” in Methods in Molecular Biology. eds. H. Schatten and A. Eisenstark, vol.
1225 (New York: Springer New York).

Tisza, M. J., and Buck, C. B. (2021). A catalog of tens of thousands of viruses from human
metagenomes reveals hidden associations with chronic diseases. Proc. Natl. Acad. Sci.
118:€2023202118. doi: 10.1073/pnas.2023202118

Turner, D., Kropinski, A. M., and Adriaenssens, E. M. (2021). A roadmap for genome-
based phage taxonomy. Viruses 13:506. doi: 10.3390/v13030506

Vaid, R. K., Thakur, Z., Anand, T., Kumar, S., and Tripathi, B. N. (2021). Comparative
genome analysis of Salmonella Enterica Serovar Gallinarum Biovars Pullorum and
Gallinarum decodes strain specific genes. PLoS One 16:€0255612. doi: 10.1371/journal.
pone.0255612

Vallejos-Sanchez, K., Tataje-Lavanda, L., Villanueva-Pérez, D., Bendezt, J., Montalvan, A.,
Zimic-Peralta, M., et al. (2019). Whole-genome sequencing of a Salmonella Enterica
Subsp. Enterica Serovar Infantis strain isolated from broiler chicken in Peru. Microbiol.
Resource Announ. 8, €00826-e00819. doi: 10.1128/MRA.00826-19

Vinueza-Burgos, C., Baquero, M., Medina, J., and De Zutter, L. (2019). Occurrence,
genotypes and antimicrobial susceptibility of Salmonella collected from the broiler pro-
duction chain within an integrated poultry company. Int. J. Food Microbiol. 299, 1-7.
doi: 10.1016/j.ijfoodmicro.2019.03.014

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1703134
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/nar/gkw1065
https://doi.org/10.1111/mmi.14983
https://doi.org/10.1128/JB.183.4.1495-1498.2001
https://doi.org/10.1128/JVI.02203-10
https://doi.org/10.1089/fpd.2009.0447
https://doi.org/10.1089/fpd.2009.0447
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1101/gr.214346.116
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1038/s42003-021-02013-4
https://doi.org/10.1128/mSphere.00452-21
https://doi.org/10.1186/s12859-018-2342-8
https://doi.org/10.1016/j.crmicr.2022.100151
https://doi.org/10.1093/molbev/msn023
https://doi.org/10.1093/nar/gkab1107
https://doi.org/10.1371/journal.pbio.3001424
https://doi.org/10.1128/JCM.01269-20
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1038/nmicrobiol.2017.112
https://doi.org/10.3389/fvets.2020.547891
https://doi.org/10.1038/s41598-023-37307-6
https://doi.org/10.1016/j.tim.2018.10.008
https://doi.org/10.3390/microorganisms11071765
https://doi.org/10.1093/bioinformatics/btn322
https://doi.org/10.3389/fmicb.2018.00836
https://doi.org/10.3389/fmicb.2018.00836
https://doi.org/10.1038/s41467-022-32832-w
https://doi.org/10.1038/s41467-022-32832-w
https://doi.org/10.1264/jsme2.ME23061
https://doi.org/10.1099/mgen.0.000330
https://doi.org/10.1016/j.chom.2021.09.002
https://doi.org/10.1016/j.chom.2021.09.002
https://doi.org/10.3389/fmicb.2019.02484
https://doi.org/10.3390/pathogens10050529
https://doi.org/10.1128/mra.01048-22
https://doi.org/10.3201/eid2204.150531
https://doi.org/10.3201/eid2204.150531
https://doi.org/10.1093/nar/gky448
https://doi.org/10.1002/cpbi.102
https://doi.org/10.1128/jb.184.16.4529-4535.2002
https://doi.org/10.3389/fmicb.2016.00985
https://doi.org/10.1093/nar/gkab1112
https://doi.org/10.1099/mgen.0.000685
https://doi.org/10.1371/journal.pone.0225057
https://doi.org/10.1371/journal.pone.0225057
https://doi.org/10.1093/bioinformatics/btaa250
https://doi.org/10.1073/pnas.2023202118
https://doi.org/10.3390/v13030506
https://doi.org/10.1371/journal.pone.0255612
https://doi.org/10.1371/journal.pone.0255612
https://doi.org/10.1128/MRA.00826-19
https://doi.org/10.1016/j.ijfoodmicro.2019.03.014

Quelal-Madrid et al.

Wahl, A., Battesti, A., and Ansaldi, M. (2019). Prophages in Salmonella Enterica: A driving
force in reshaping the genome and physiology of their bacterial host? Mol. Microbiol. 111,
303-316. doi: 10.1111/mmi.14167

Walker, P. J., Siddell, S. G., Lefkowitz, E. J., Mushegian, A. R., Adriaenssens, E. M.,
Dempsey, D. M., et al. (2020). Changes to virus taxonomy and the statutes ratified by
the international committee on taxonomy of viruses (2020). Arch. Virol. 165, 2737-2748.
doi: 10.1007/s00705-020-04752-x

Wangchuk, J., Chatterjee, A., Patil, S., Madugula, S. K., and Kondabagil, K. (2021). The coevo-
lution of large and small Terminases of bacteriophages is a result of purifying selection lead-
ing to phenotypic stabilization. Virology 564, 13-25. doi: 10.1016/j.virol.2021.09.004

Frontiers in Microbiology

14

10.3389/fmicb.2026.1703134

Weissman, J. L., Holmes, R., Barrangou, R., Moineau, S., Fagan, W. E, Levin, B,, et al.
(2018). Immune loss as a driver of coexistence during host-phage coevolution. ISME J.
12, 585-597. doi: 10.1038/ismej.2017.194

Wendling, C. C. (2023). Prophage mediated control of higher order interactions -
insights from multi-level approaches. Curr. Opin. Syst. Biol. 35:100469. doi: 10.1016/j.
c0isb.2023.100469

Yu, P, Mathieu, J., Yang, Y., and Alvarez, P.]. ]. (2017). Suppression of enteric bacteria by

bacteriophages: importance of phage polyvalence in the presence of soil bacteria. Environ.
Sci. Technol. 51, 5270-5278. doi: 10.1021/acs.est.7b00529

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1703134
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/mmi.14167
https://doi.org/10.1007/s00705-020-04752-x
https://doi.org/10.1016/j.virol.2021.09.004
https://doi.org/10.1038/ismej.2017.194
https://doi.org/10.1016/j.coisb.2023.100469
https://doi.org/10.1016/j.coisb.2023.100469
https://doi.org/10.1021/acs.est.7b00529

	Prophage diversity in poultry-associated Salmonella enterica from Ecuador: a case study using an in-silico terminase-based approach
	1 Introduction
	2 Materials and methods
	2.1 Genome assembly
	2.2 Prophage sequences identification
	2.3 Prophage sequences annotation
	2.4 Prophage comparative genomics
	2.5 Prophage classification and taxonomy analysis

	3 Results
	3.1 Salmonella genomes and prophage identification
	3.2 Salmonella prophages comparative genomics and gene identification
	3.3 Salmonella prophages phylogenetic relationships

	4 Discussion
	5 Conclusion

	Acknowledgments
	References

