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Presence of phage-plasmids in multiple serovars of
Salmonella enterica
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Abstract

Evidence is accumulating in the literature that the horizontal spread of antimicrobial resistance (AMR) genes mediated by
bacteriophages and bacteriophage-like plasmid (phage-plasmid) elements is much more common than previously envi-
sioned. For instance, we recently identified and characterized a circular P1-like phage-plasmid harbouring a bla s
gene conferring extended-spectrum beta-lactamase (ESBL) resistance in Salmonella enterica serovar Typhi. As the preva-
lence and epidemiological relevance of such mechanisms has never been systematically assessed in Enterobacterales,
in this study we carried out a follow-up retrospective analysis of UK Salmonella isolates previously sequenced as part
of routine surveillance protocols between 2016 and 2021. Using a high-throughput bioinformatics pipeline we screened
47784 isolates for the presence of the P1 lytic replication gene repL, identifying 226 positive isolates from 25 serovars and
demonstrating that phage-plasmid elements are more frequent than previously thought. The affinity for phage-plasmids
appears highly serovar-dependent, with several serovars being more likely hosts than others; most of the positive isolates
(170/226) belonged to S. Typhimurium ST34 and ST19. The phage-plasmids ranged between 85.8 and 98.2 kb in size, with
an average length of 92.1kb; detailed analysis indicated a high amount of diversity in gene content and genomic archi-
tecture. In total, 132 phage-plasmids had the p0111 plasmid replication type, and 94 the IncY type; phylogenetic analysis
indicated that both horizontal and vertical gene transmission mechanisms are likely to be involved in phage-plasmid
propagation. Finally, phage-plasmids were present in isolates that were resistant and non-resistant to antimicrobials. In
addition to providing a first comprehensive view of the presence of phage-plasmids in Salmonella, our work highlights the
need for a better surveillance and understanding of phage-plasmids as AMR carriers, especially through their characteri-
zation with long-read sequencing.
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Impact Statement

Bacteriophage-like plasmids are increasingly being recognized as important mobile elements in many species of bacteria, particularly
due to their involvement in the transmission of antimicrobial resistance (AMR); however, few studies of their overall prevalence in clinical
datasets have been undertaken to date. In this study we have performed the first large-scale surveillance of human disease-associated
Salmonella genomes for the presence of P1-like phage-plasmids, showing that they are more common than previously thought. Further-
more, we highlight how valuable information about the evolution and transmission of phage-plasmids in Salmonella and other Entero-
bacterales can be revealed by linking phage-plasmid prevalence and genetic diversity to epidemiologically relevant metadata such as S.
enterica serovar, outbreak clusters, time and geography. Our work shows the ability to use sequencing data and scalable bioinformatics
workflows for the detection and characterization of these extrachromosomal elements, highlights the importance of screening for novel
mechanisms of AMR transmission, and provides a foundation for further surveillance studies of phage-plasmid prevalence.

DATA SUMMARY

All of the FASTQ files examined in this study have been uploaded to the Sequence Read Archive under BioProject
PRJNA248792. Accessions of individual isolates which were found to contain phage plasmids are listed in Table S1, available
in the online version of this article.

INTRODUCTION

The global threat of rising antimicrobial resistance (AMR) incidence is well known, particularly among genera of Entero-
bacterales such as Escherichia and Salmonella [1, 2]. AMR genes can be transferred between bacteria via horizontal gene
transfer (HGT), which involves many diverse molecular mechanisms mediated by mobile and integrative elements including
transposons and integrons, plasmids, bacteriophages and genomic islands, all of which are well known for their role in the
transfer of AMR genes [3] as well as other genes such as virulence and fitness factors [4, 5]. Temperate bacteriophages,
which typically integrate as prophages into the host chromosome, are another important mechanism of HGT and further
contribute to the spread of AMR genes, toxins and virulence factors [4, 6-8]. Moreover, certain temperate bacteriophages
have been found to exist in their prophage forms as low-copy number, extrachromosomal plasmids and thus can replicate
autonomously within bacterial cells while remaining latent [9, 10].

Large-scale computational analysis of such bacteriophage-like plasmids, or ‘phage-plasmids’, has shown that they are associ-
ated with multiple specific types of bacteriophages including P1, P7 and SSU5 [11]. The P1-like phage-plasmid community
belongs to the family Myoviridae and forms two distinct sub-groups based on relatedness of their gene content, with one
containing P1 and its relatives, and the other containing phage-plasmid D6 [10, 11]. The plasmid replication types linked to
the P1-like phage-plasmid group are consistently either IncY or p0111 [11, 12], suggesting both types can theoretically be
compatible and maintained in a single host.

There is increasing evidence from the literature that the horizontal spread of AMR genes by these phage-plasmids is more
common than previously envisioned, especially among the P1, SSU5 and AB types [13]. It is speculated that bacteriophages
carrying AMR genes would confer an evolutionary advantage to their hosts, especially during latent infection as phage-
plasmids. The mechanism involved in conferring an evolutionary advantage is underpinned by several complex molecular
pathways currently being elucidated [14]; it would eventually result in phage-plasmids with AMR genes being positively
selected. For instance, phage-plasmids carrying extended-spectrum beta-lactamase (ESBL) and colistin resistance genes
have been identified in Escherichia coli [12, 15-22], Klebsiella pneumoniae [23] and Salmonella enterica [13, 24-26] to date.
Among S. enterica, reports suggest that phage-plasmids are associated more specifically with the AMR genes bla [25],
bla [24, 26] and mcr-1 [26].

CTX-M-27

CTX-M-15

We recently identified, characterized and described for the first time a circular P1-like phage-plasmid harbouring a bla
w15 gene conferring high-level ESBL resistance within S. enterica serovar Typhi [25]. Following this discovery, we wanted
to determine the extent to which such elements may be distributed among all the subspecies and serovars of Salmonella in
our collection, and whether these phage-plasmids play a significant role in the increasing spread of antibiotic resistance.

The Gastrointestinal Bacteria Reference Unit (GBRU) at the UK Health Security Agency (UKHSA) is the UK national reference
laboratory for enteric bacterial pathogens. Routine whole genome sequencing (WGS) for all Salmonella spp. was implemented
in 2014, resulting in a collection of roughly 9000-10000 genomes per year from hundreds of different serovars. In this study, we
offer a retrospective examination of the genomic data associated with this national surveillance. We developed a high-throughput
process for detecting the occurrence of P1-like phage-plasmids and applied it to examine the genomes of Salmonella spp. isolates
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received by the reference laboratory. Our goal was to gain insight into the distribution, prevalence and connection of these
phage-plasmids with AMR genes.

METHODS

Data collection and bacterial strains

A total of 47784 Salmonella spp. isolates were sequenced by GBRU between January 2016 and December 2021. All of the FASTQ
files have been uploaded to the Sequence Read Archive under BioProject PRINA248792, where links to automatically gener-
ated genome assemblies and annotated nucleotide sequences can also be found (Table S1). Ethical approval for the detection
of gastrointestinal bacterial pathogens from faecal specimens, or the identification, characterization and typing of cultures of
gastrointestinal pathogens, submitted to GBRU is not required as it is covered by the surveillance mandate of UKHSA.

Whole genome sequencing and bioinformatics

Genomic DNA was extracted using the Qiasymphony DSP DNA Midi Kit on the Qiasymphony system (Qiagen) according to
the manufacturer’s instructions. The Nextera XP kit (Illumina) was used to prepare the sequencing library for sequencing on the
HiSeq 2500 and NextSeq 1000 instruments (Illumina), run with the fast protocol. Trimmomatic v0.27 [27] was utilized to remove
bases with a PHRED score of <30 from the leading and trailing ends on the FASTQ reads, with reads <50bp after trimming
discarded. The eBurst Group (eBG) was determined as previously described [28]. Multilocus sequence type (MLST) assignment
was performed using MOST v2.18 [29], and the FASTQ reads underwent SNP typing and clustering using SnapperDB v0.2.9 [30],
which additionally produced SNP addresses for the isolates: these represent the relationship between isolates using hierarchical
single linkage clustering of pairwise SNP distances at several thresholds (250, 100, 50, 25, 10, 5 and 0 SNPs, respectively). Routine
detection of AMR genes and plasmid replication gene types was conducted using in-house GastroResistanceFinder v2.7, which
derives from GeneFinder (available at https://github.com/ukhsa-collaboration/gene_finder).

Detection of the repL gene

The repL gene forms part of the L-replicon of the P1 family of temperate bacteriophages, which is the active replicon for DNA
replication during the lytic cycle [9]; therefore, we used the presence of repL as an indicator for carriage of a P1-like phage plasmid.
For each of the 47784 samples, reads were mapped to the repL gene sequence with the GEM mapper v3.6.0 [31] in default mode.
Alignments were filtered to keep those of sufficient quality (having no more than two indels or clippings, clippings being defined
as CIGAR operation S’ in the SAM format [32] documentation — available at https://github.com/samtools/hts-specs — such that
the sum of the number of substitutions, indels and clippings would not exceed 5% of the read length; and such that the sum of
the number of mismatches and the lengths of indels and clippings would not exceed 10% of the read length); all multimaps were
kept. Pileups were generated with Samtools [32, 33] pileup v1.15.1 (using htslib [34] v1.16) and parsed to determine coverage.
The distribution of the fraction of gene bases having non-zero coverage was observed to be bimodal, with peaks at either very
small fractions (probably corresponding to sequencing noise) or very high fractions (probably corresponding to true positives).
We considered a sample to be a potential positive for the detection of repL whenever the number of gene bases supported by
sequencing reads was >60% of the total, which coincides with the position of the valley between the two peaks of the distribution.
While we did not observe correlation between the fraction of gene bases supported by sequencing reads and read coverage (i.e.
there were phage-plasmids with very low read coverage but a complete repL gene) we further required the average coverage
of bases having non-zero coverage to be >1, to ensure that on average each gene base was supported by more than one single
sequencing read. This procedure produced 248 candidates. Further manual inspection based on metadata yielded 226 candidate
samples (Table S1).

Genome assembly and phylogenies

The 226 genomes in which the repL gene was present with high confidence according to the alignment pipeline were assembled
de novo from the paired-end reads using SPAdes v3.8.0 [35]. The assembled genomes were visualized using Bandage v0.8.1 [36],
with the built-in BLAST [37] tool used to identify the phage-plasmid contig(s) associated with the repL gene (NC_005856.1) and
the IncY repA (K02380.1) and p0111 repB (AP010962.1) plasmid replication genes, as well as to determine the location of any
AMR genes (using the Resfinder v4 database [38]). The putative phage-plasmid contigs were manually curated, extracted and
used to perform all downstream comparative genomic and phylogenetic analyses. A total of 33/226 genome assemblies were of
too poor quality to extract the phage-plasmid contigs for further analysis, as determined by manual inspection in Bandage and
BLASTn against the P1 reference (NC_005856.1) revealing them to be spread across >5 contigs; we were unable to accurately
determine their full sequence or to extract core gene content. Panaroo v1.3.4 [39] was used to produce core gene alignments
(present in >98% of the remaining 193 phage-plasmids, as well as selected publicly available phage-plasmid sequences; Table S2),
which were passed to FastTree v2.1.11 [40] to generate maximum-likelihood trees using the GTR CAT method of nucleotide
substitution and 100 bootstrap replicates. Trees were visualized alongside the metadata using Microreact [41].
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Of the 193 phage-plasmid sequences, 39 were determined using Bandage to have assembled into single, circular contigs, while
a further 69 were single, linear contigs. For individual analyses, phage-plasmid contigs were annotated using Bakta v1.8.2 [42],
and visualized and compared using Easyfig [43] and Clinker [44]. To examine the taxonomic context of the phage-plasmids we
compared a representative subset of 25 sequences from a range of serovars to the full collection of prokaryotic dsDNA viruses
on the ViPTree server [45], producing a proteomic dendrogram based on tBLASTX genome-wide sequence similarity.

Phylogenetic analysis of plasmid replication type

To examine how the plasmid replication type varied across the repL-positive phage-plasmid tree, we performed ancestral state
reconstruction [46] and a phylogenetic randomization test. First, to determine if the two replication types were distributed
randomly across the tips of the tree without regard to tree structure, we performed a simple label-switching test. The observed
states, IncY (n=79/193) and p0111 (n=114/193), were randomly reassigned to new terminal nodes. This process was repeated
100 times. In each case, a Welch t-test was performed using the t.test function in the R package stats v 4.3.1 [47] to assess
whether the distribution of Euclidean genetic distances between IncY and p0111 individuals differed between the observed and
the tip-randomized dataset. The mean Bonferroni-corrected P-value is 1.07e-15, indicating that plasmid replication type is not
distributed randomly across the tips of the tree if one disregards tree structure.

However, as the presence of large clades with near-zero branch lengths might inflate the appearance of clustering and vertical
inheritance in the replication type, we needed to account for phylogenetic structure. We performed ancestral state reconstruction
using the discrete maximum-likelihood method via the functions pml and ancestral.pml in the R package phangorn v2.11.1 [48]
to infer the probable replication type state on the internal branches of the phage-plasmid tree, identifying 17 changes in replica-
tion type along the tree (Fig. S1). To determine whether these 17 changes occurred randomly across the phylogenetic history of
the sample, we performed a phylogenetically informed randomization test. The 17 changes were randomly reassigned to new
branches, with probability of reassignment proportional to branch length, and IncY/p0111 states were simulated from root to tips
according to these change-points with the phen.sim function in the R package treeWAS v1.1 [49]. We performed 100 simulations
and repeated the Welch t-test as described above to determine whether the observed replication type states showed any greater
propensity for vertical inheritance than one might expect despite the number of changes inferred.

RESULTS
Phage-plasmid prevalence

Using our mapping pipeline, the repL gene was detected in the reads of 226 isolates (0.47%), comprising 0.2-1.1 % of the dataset
depending on the year (Tables 1 and S1). The repL gene was present in 25 different Salmonella serovars and was most prevalent
among isolates of S. Typhimurium (n=170), followed by S. Oslo (1n=9), S. Livingstone (1n=6) and S. Indiana (n=>5). Table 1 also
shows serovar prevalence for the whole set of 47784 isolates. Comparison of serovars for which phage-plasmids were detected
suggests that they tend to occur much less than expected in S. Enteritidis (0.44% with phage-plasmids vs. 27% prevalence of S.
Enteritidis within our whole Salmonella collection); less than expected in S. Agona (0.9% vs. 2.3%), S. Infantis (1.3% vs. 4.3%), S.
Typhi (0.9% vs. 3.2%); much more than expected in S. Typhimurium (84 % vs. 19%), S. Oslo (4.0% vs. 0.31%) and S. Livingstone
(2.7% vs. 0.21%); and more than expected in S. Indiana (2.2% vs. 0.9%), S. Mbandaka (1.8% vs. 0.81%) and S. Mikawasima (1.8%
vs. 0.76%). Phage-plasmids were also not detected in a large number of serovars often occurring in the full surveillance datasets
(the most frequent being S. Newport, corresponding to 3.3% of the 47784 isolates; S. Paratyphi A, 1.6%; S. Kentucky, 1.5%; and
S. Braenderup, 1.5%).

Phage-plasmid features

To explore the structure and content of the putative phage-plasmids, we performed de novo assembly of the 226 repL-positive
Salmonella genomes and extracted the contigs upon which the repL gene was located, where possible (n=193). Analysis of contigs
assessed to be circular (n=39) showed that the phage-plasmids ranged between 89.8 and 97.6 kb in size with an average length of
93.1kb. Expanding this to include all phage-plasmids that had assembled into a single circular or linear contig (n=108) gave a range
of 85.8-98.2kb (average 92.1kb), except for four isolates of S. Typhimurium which had notably shorter or longer phage-plasmid
sequences of 76-79 and 104-109kb (Tables 1 and S1). Additionally, two other S. Typhimurium genomes had phage-plasmids
located on single contigs >115kb in length; these were putatively determined to instead be integrated into chromosomal sequences
of these isolates (Fig. S2); long-read sequencing would be necessary to corroborate this finding.

A search against a database of plasmid replication genes revealed that 94 of the phage-plasmids had the IncY plasmid replica-
tion type and 132 had the p0111 replication type. To assess the level of vertical or horizontal transmission from the correlation
between phage-plasmid phylogeny and plasmid replication type, a maximum-likelihood tree based on a 51260 bp alignment of
the 54 core genes from the 193 phage-plasmid contigs was reconstructed (Fig. 1). Statistical analysis showed that the two types
are not distributed completely randomly across the tips of the tree, if we disregard the tree structure (P=1.07e-15). That excludes
a scenario where transmission occurs in a fully horizontal manner. We then conducted a different analysis that considers the
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Table 1. Summary of metadata for the 226 Salmonella isolates possessing the repL gene; see Table S1 for individual isolate information. Values in
parentheses indicate frequency of the Rep type(s). In the column ‘Prev. surv.’ (‘prevalence in surveillance’) we report the percentage of occurrences in
the 47784 Salmonella spp. isolates that were sequenced by GBRU between January 2016 and December 2021; in the column ‘Prev. phm. (‘prevalence
in phage-plasmids’) we report the percentage of occurrences in the set of sequences that were found to contain phage-plasmids as a result of the
current study

Serovar No. Prev. phm. Prev. surv. ST(s) Year(s) Rep type(s) AMR
Typhimurium 170 84% 19% 34,19 2015-2021 IncY (63) p0111 (107) None
Oslo 9 4.0% 0.31% 1370 2016 IncY (5) pO111 (4) None
Livingstone 6 2.7% 0.21% 457, 638 2018-2019, 2021 IncY (4) p0111 (2) None
Indiana 5 2.2% 0.90% 17 2018 pO111 None
Mbandaka 4 1.8% 0.81% 413, 1602 2016, 2018, 2020 IncY (3) p0111 (1) None
Mikawasima 4 1.8% 0.76% 1815 2016-2018 IncY None
Virchow 4 1.8% 1.4% 16 2016-2018, 2020 IncY (2) p0111 (2) None
Infantis 3 1.3% 4.3% 32 2018 pO111 (3) None
Stanley 3 1.3% 1.6% 29 2018-2019 IncY (3) None
Agona 2 0.90% 2.3% 13 2019 pO0111 (2) None
Typhi 2 0.90% 3.2% 1 2019 IncY (2) blag, s
Adjame 1 0.44% 0.11% 3929 2021 IncY None
Bareilley 1 0.44% 1.2% 203 2018 pO111 None
Corvallis 1 0.44% 0.42% 1541 2016 po111 None
S. enterica 45:b:- 1 0.44% 0.66% 2524 2016 IncY None
Enteritidis 1 0.44% 27% 11 2016 IncY None
Florian 1 0.44% 0.002% 7166 2020 pO111 None
Florida 1 0.44% 0.021% 351 2017 IncY None
Minnesota 1 0.44% 0.31% 548 2019 IncY None
Mississippi 1 0.44% 0.25% 4711 2020 IncY None
Monschaui 1 0.44% 0.08% 443 2017 IncY None
Ohio 1 0.44% 0.12% 329 2017 IncY None
Pomona 1 0.44% 0.084% 451 2016 po111 None
Rissen 1 0.44% 0.19% 469 2017 IncY None
Telaviv 1 0.44% 0.0063% 1068 2016 po111 None

structure of the phylogenetic tree. Ancestral state reconstruction [46] revealed that 17 changes in replication type had occurred
along the evolutionary history of the phage-plasmid sample (Fig. S1). Comparison ith simulated data suggested that these changes
occur randomly, falling with greater probability on longer branches, and result in a distribution of replication types that does not
differ statistically from a random distribution once branch lengths are considered (P=0.15). Vertical inheritance of replication
type thus occurs among clones and some close relatives, but it is not maintained over greater genetic distances. This supports a
mixed model of transmission, whereby, as expected, both vertical and horizontal gene transfer mechanisms play a role.

Genetic diversity

In almost all cases, phage-plasmid sequences are grouped according to the host isolate SNP clustering (as determined by 0-10
SNP thresholds, described by the SNP addresses in Table S1) but are not necessarily closely related to others from the same
serovar (Figs 1 and 2). However, there are examples of cross-serovar similarity, with a phage-plasmid from an S. Stanley that
is highly similar to several from S. Typhimurium (Fig. S3). Additionally, there are also phage-plasmids from closely related,
epidemiologically linked S. Typhimurium strains (forming a 10-SNP cluster based on SNP address) that display consider-
able genetic diversity and even possess different plasmid replicon types (Fig. 3). In relation to the P1 phage-plasmid itself,
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Fig. 1. Midpoint-rooted maximum-likelihood tree of a 51260bp alignment of 54 core genes from the 193 repL-positive phage-plasmid contigs, with
tips coloured by serovar. Rings from inner to outer: serovar; year; replication gene type; host isolate SNP cluster based on 0-10 SNP threshold of SNP
address (Table S1). Scale bar represents evolutionary distance in nucleotide substitutions per site.

several regions are variable (Fig. S4) including: 47.5-53.6 kb (encoding a type 3 restriction-modification enzyme); 65.7-68.1
kb (encoding autolytic and phage proteins); and 76.3-78.9 kb (encoding phage tail fibre proteins). However, there are large
sections of conserved sequence surrounding the previously mentioned variable regions which contain a variety of phage- and
plasmid-associated genes.

We next performed a BLASTn search of the GenBank database to identify other phage-plasmids that were related to those in
our collection, including from other species of Enterobacterales. We produced a tree containing selected representative phage-
plasmid sequences from our collection, alongside 31 publicly available sequences labelled as either phage-plasmids, plasmids or
bacteriophages (Table S2). This confirmed the high amount of genetic diversity and additionally showed that there is no apparent
correlation between phage-plasmid sequence and species (Fig. 4). We did, however, identify several sequences (typically labelled
as either plasmid or bacteriophage) that are highly similar to phage-plasmids from our collection (Fig. S5). To further examine
the taxonomic context of our phage-plasmid dataset, we compared 25 representative sequences taken from a range of serovars to
a large public collection of prokaryotic dsDNA viruses, confirming that the P1-like phage-plasmids are monophyletic, and that
the closest relative to this clade is Escherichia phage D6 (inset Figs 4 and S6).

Antimicrobial resistance

AMR genes were detected in all 170 of the S. Typhimurium isolates and in 25/57 of the isolates belonging to other serovars (Table
S1). Preliminary visual assessment of the whole genome sequences indicated that the majority of AMR genes were present on
the chromosomes of these isolates rather than being associated with the phage-plasmid contigs. However, we did confirm the
presence of bla ... , . genes encoding ESBL resistance on phage-plasmids from two S. Typhi isolates (Fig. 5), both of which were
associated with travel to Iraq. We have previously reported and described the phage-plasmid sequence in detail for one of these
isolates [25]. Further comparison with publicly available plasmid and phage-plasmid sequences showed that the flanking region
of bla_, ., is variable, and that the gene is located next to an ISEc9/ISEcpI element in the S. Typhi isolates that is similar to
that alongside the bla . . .. gene of E. coli phage-plasmid JL22 (ON018986), but different from that next to the bla_, , . in S.
Indiana phage SJ46 (KU760857).
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Fig. 2. Plot showing how diversity occurs in sections between highly conserved regions, even among isolates belonging to the same serovar. Arrows
indicate gene direction; scale bars indicate level of nucleotide similarity for forward (blue) and reverse (red) sequences. The repL gene is highlighted
in green.
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Fig. 3. Plot showing variability in the sequences of two phage-plasmids from S. Typhimurium isolates that belong to the same 10-SNP cluster. Arrows
indicate gene direction; scale bars indicate level of nucleotide similarity for forward (blue) and reverse (red) sequences. The repL gene is highlighted
in green, the IncY repA in orange and the p0111 repB in red.

DISCUSSION

New and emerging research based on WGS highlights the prevalence of many different phage-plasmids in the bacterial world
[11,12, 19, 26]. We performed retrospective genomic surveillance for the presence of P1-like phage-plasmids within a collection
of almost 48000 Salmonella isolates received over a 5year period. Our work shows that phage-plasmids are distributed among
multiple serovars of Salmonella and have been present within the UK population since at least 2016. While there is growing
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tree of 825 prokaryotic dsDNA viruses from the ViPTree server [45] showing the single clade containing P1-like phage-plasmids (including P1, P7,
SJ46 and 25 from this study) coloured in red. Phage P1 is highlighted with a red star, and phage Dé by a blue star. Scale bar represents evolutionary
distance in nucleotide substitutions per site.

evidence of a significant phage-plasmid presence among genera of Enterobacterales [11, 13, 19], targeted large-scale genomic
surveillance of Salmonella had not previously been performed.

P1-like phage-plasmids have been reported in a small number of individual strains of Salmonella [24-26], but previous large-
scale genomic surveillance studies of the Enterobacterales have focused primarily on E. coli. Our work shows that the overall
prevalence of P1-like phage-plasmids among the clinical serovars of S. enterica appears to be considerably lower than in E. colj,
being just ~0.5% compared to 7-12.6% [15, 19]. However, this may vary depending on country or isolate source, as a higher
prevalence has been found in Salmonella from pork in China [24]. Interestingly, this study also suggested an association between
the phage-plasmid sequences and their host strains, with closely related S. enterica isolates (<5SNPs) possessing identical or
extremely similar phage-plasmids, though only among specific strains of S. Derby and S. Indiana that were sampled from the
same facility. The difference in prevalence between our collection and studies such as theirs may be a result of the clinical bias
that is inherent in our dataset. We saw hints of this when selecting public phage-plasmid sequences for comparison: many of
the P1-like sequences from S. enterica and other Enterobacterales that are available online were sampled from animals, food or
the environment. It would therefore be beneficial to extend such screening to other large genomic (and metagenomic) datasets
that contain comparatively more food and environmental samples to gain an accurate view of overall prevalence in S. enterica.

We confirmed the presence of P1 phage-plasmids in multiple Salmonella serovars, with the majority (84%) occurring in S.
Typhimurium. This represents a significantly higher fraction than the fraction of S. Typhimurium recorded in our surveillance
database during the same time period. Interestingly, it has been reported that isolates belonging to S. Typhimurium have a
higher prophage burden than many other serovars of Salmonella [50], possibly because phage-mediated recombination plays a
role in the periodic emergence of epidemic clones of S. Typhimurium [8]. We also found in this study that other serovars seem
to be especially amenable to acquiring other such elements — examples are S. Oslo, S. Livingstone and S. Indiana. Perhaps even
more importantly, we notice that some serovars very rarely acquire phage-plasmids, with the fraction of isolates containing
phage-plasmids being much smaller than what would be expected from the fraction of surveillance isolates. That is especially
true for S. Enteritidis (0.44% vs. 27%, or ~50 times less); other examples are S. Agona, S. Infantis and S. Typhi. While the exact
mechanism of affinity between serovars and phage-plasmids is likely to depend on several factors, we speculate that a broad link
with the level of host specificity of an organism might exist, with generalists like S. Typhimurium and E. coli requiring a higher
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Fig. 5. Comparison of S. Typhi ESBL-carrying phage-plasmid (CP083412: bla., , ..) to other ESBL-carrying phage-plasmids (ONO18986: bla,, ,, s
and KU760857: bla_,,, ,,). Arrows indicate gene direction, and scale bars indicate level of nucleotide similarity for forward (blue) and reverse (red)
sequences. The replL gene is highlighted in green. In the figure we show that those encoding ESBL genes (CP083412, 0N018986 and KU760857), shown
by the red arrows, are encoded within variable loci, and not within the same region.

level of genome adaptability via acquisition of malleable extrachromosomal mobile elements, though this does not explain the
low prevalence observed in S. Enteriditis.

Similar to previous studies of P1-like phage-plasmids, we report that the majority of those detected in our dataset fall into a
narrow size range of 85.8-98.2 kb, with the 92.1 kb average matching well with those from other collections. Others have suggested
that this small size range may be due to a limit on the amount of genetic material that can be packaged within the virion head,
although there have been reports of larger phage-plasmids ranging up to 155kb [51]. The structures of the P1 phage-plasmids
when comparing between Salmonella strains are diverse, but nonetheless share a common genomic architecture. Our results,
alongside those of other studies [12, 24], highlight large regions of conserved sequence interspaced with more variable regions,
which mainly encode hypothetical genes and phage-related genes rather than plasmid coding sequences. However, the conserved
regions also contain phage genes along with some plasmid-associated genes.

Based on SNP typing of the corresponding Salmonella chromosomes there is an association between the phage-plasmid
sequences and chromosomal diversity, with closely related (<10 SNPs) isolates possessing identical or highly similar
phage-plasmids. We also detected several P1-like phage-plasmids in online databases that share considerable sequence
similarity with specific sequences from our collection. These public phage-plasmid sequences derive from various sources
and span multiple years, continents and even host species, implying widespread horizontal transmission. Another study
also detected an identical phage-plasmid that was present in two serovars of S. enterica sampled from the same facility
[24]. In combination with the link to chromosomal relatedness this suggests that horizontal transfer may be followed
by maintenance of the phage-plasmids during clonal expansion of strains, with subsequent loss of the phage-plasmid
occurring sporadically in some isolates, rather than there having been long-term vertical transmission and evolution at
a serovar or species level. This is reinforced by our discovery that there is only limited phylogenetic clustering of the two
different plasmid replicon types: one type is maintained across each shallow clade but frequent switching in replication type
breaks this association when considering deeper lineages. Additionally, our results suggest that overall genetic diversity
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of the phage-plasmids is not consistent with the corresponding population structure of their hosts at either a serovar or
species level, which has also been observed in other studies [52] and is indicative of their extensive recombination and
horizontal method of acquisition.

Phage-plasmids are known to be involved in the horizontal transmission of AMR genes, antiseptic resistance genes
[13] and virulence factors such as toxins [4], as well as being involved in bacterial survival [51]. The P1-like family in
particular is the most common type of phage-plasmid to be associated with AMR gene presence [13], with a prevalence
that lies between that of phages and plasmids. In our collection, P1-like phage-plasmids were present both in isolates
that were genotypically resistant and susceptible to antibiotics, with patterns depending on the serovar. Most of these
AMR genes were observed to be located on the chromosome, and so while it is difficult to be certain without utilizing
long-read sequencing, we did not find an association with AMR in almost all of the phage-plasmids in this study. However,
we previously described an IncY P1-like phage-plasmid carrying bla ., .. [25] and in our current study we identified
an identical phage-plasmid sequence, also possessing the bla_ ., , . gene, in an isolate that is genetically closely related
(0 SNP distance) as well as epidemiologically connected (same travel location). This finding therefore provides further
evidence of either transduction of the AMR-carrying phage-plasmid between these two isolates, or of maintenance of this
phage-plasmid during clonal expansion (while probably under the same selective pressures). Importantly, our previously
described antimicrobial susceptibility testing indicated phenotypic ESBL resistance, confirming the functionality of the
AMR genes present on phage-plasmids. The flanking regions and associated insertion sequence (IS) elements responsible
for mobilization of bla_, ,, gene variants are widely discussed in the literature [53, 54]. The two S. Typhi phage-plasmids
described here possess bla_.. ,, .. flanked by ISEc9/ISEcp1, which are also implicated in many plasmids carrying various
ESBL resistance genes from multiple species [55, 56], further evidence that phage-plasmids can horizontally acquire AMR
genes from diverse sources [52].

The presence of AMR-conferring genes in phage-plasmids lends itself to a straightforward evolutionary explanation, whereby
latent phage-plasmids would increase the fitness of their host when antibiotics are present in the environment. However, many
of the phage-plasmids we identified lack genes with an explicit or known AMR function, and mostly contain unannotated
genes. The accessory content of temperate phages within Salmonella and other bacterial genera is increasingly being revealed
to provide important effects for phages as well as their hosts, such as self-defence systems that protect against infection
by other phages [57, 58], increased pathogenicity [59-62], and improved fitness, biofilm formation and stress responses
[59, 63, 64]. Active surveillance of their appearance and distribution might be a valuable tool to understand how bacteria
harbouring phage-plasmids will evolve in the future. The unknown genes carried by phage-plasmids might act as a reservoir
of foreign material, allowing a rapid response to selective environmental pressures such as antimicrobials, host defence
mechanisms or available substrates. Our previously described spontaneous loss of the bla ., ,, . module from the S. Typhi
phage-plasmid [25] may be evidence of such a dynamic nature. It is also possible that P1-like phage-plasmids are able to be
maintained at a relatively low fitness cost to the bacterium due to their low copy number and restricted size. Furthermore, as
prophages have been implicated in driving the evolution of Salmonella via re-assortment of virulence and fitness factors to
form new pathogenic variants [65], it is possible that phage-plasmids too may play a role in this process. Other recent work
has also interestingly highlighted phage-plasmids - in particular P1-like phage-plasmids - as mediating gene flow between
phages and plasmids, resulting in the creation of novel elements [48].

Our results would not be possible without the creation of a robust and scalable workflow that allowed us to reprocess in 1 h
short-read sequencing data from hundreds of isolates on a single high performance computing (HPC) node. Our method
allows an arbitrary number of genes to be detected, with high sensitivity and accuracy, and, given a sufficient computational
budget, it can be scaled up to an essentially arbitrary number of samples. The repL gene has previously been used as a target
for screening using both in vitro [12, 24, 26] and in silico [19, 26] based methods. We build on these to prove that repL pres-
ence is a valid detection method to quickly screen very large genomic datasets for the presence of P1-like phage-plasmids.
A previous study did, however, detect an atypical P1-like phage-plasmid that was missing its repL gene [19], suggesting that
additionally targeting the IncY/p0111 replication genes may enhance the robustness of the method.

The P1-like family of phage-plasmids was the target of this work due to its proven links with AMR gene carriage, though
we are determined to expand the scope of our surveillance to include screening other phage-plasmid types including SSU5
[66, 67] that are known to encode AMR genes [13, 68], as well as other enteric pathogens received by the UK reference
laboratory such as E. coli and Shigella spp. Active surveillance of plasmids, plasmid replicon types and AMR gene presence
is already part of our routine bioinformatics pipeline, and so the implementation of screening for phage-plasmids would be
a valuable complement to this service. Additionally, this method could be used to rapidly screen publicly available genome
collections, for example on the Sequence Read Archive [69] or Enterobase [70], to get a more accurate idea of global P1-like
phage-plasmid prevalence within Salmonella and other species. Finally, future studies of phage-plasmids will benefit from
the application of techniques, such as long-read sequencing, that are able to capture much more easily the structure and
genomic architecture of complex plasmid-like elements, including those carrying AMR modules.
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CONCLUSIONS

We have developed and applied a robust, high-throughput method to perform the first large-scale genomic surveillance of
P1-like phage-plasmids in a national collection of Salmonella isolates. Although the prevalence is lower than what has been
reported for other species of Enterobacterales, the phage-plasmids we identified are present across a number of serovars.
They carry genes conferring not only AMR, but also several so far unknown and potentially relevant traits. The apparent
ease of transmission across serovars, species and continents, and potential to integrate into the chromosome, highlight the
importance to routinely monitor the presence of such phage-plasmids. We have expanded the knowledge of P1-like phage-
plasmids by linking their sequences back to host genomic diversity and supplementing them with epidemiological metadata,
showing that while such phage-plasmids are understood to be ancient features, their acquisition by bacterial strains appears
to be a dynamic process driven by recent evolutionary pressure and so it is important to examine them in the context of their
host strains. This study highlights the necessity of regular sequence data curation for the detection, characterization and
tracking of novel mobile elements involved in AMR transmission and other factors that can change the biological properties
of bacterial pathogens.
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