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Abstract

Salmonella enterica serovar Enteritidis (S. Enteritidis) with decreased susceptibility to
ciprofloxacin (DSC) has emerged in the United States, driven by NCBI SNP Cluster
PDS000065758 (denoted SE65758) strains with GyrA(D87Y). In the current study, metadata
analysis of 79,476 S. Enteritidis genomes worldwide did not identify a similar increase of DSC
Enteritidis in non-USA countries. Gene presence/absence differences from pangenomic analysis
were not prominent between USA and non-USA SE65758 genomes with GyrA(D87Y),
suggesting genetic content differences are not a major contributor to the USA-associated
emergence of DSC Enteritidis. Variation between SE65758 genomes with and without
GyrA(D87Y) was also not notable, but significant differences were identified between SE65758
and non-SE65758 genomes with GyrA(D87Y), including phage-like regions unique to each. In
general, the data suggest the USA specific emergence of SE65758 genomes with GyrA(D87Y)
was not solely driven by GyrA(D87Y) or a specific pangenomic element, warranting additional

genomic and phenotypic analyses.
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Introduction

Salmonella enterica subspecies enterica serovar Enteritidis (S. Enteritidis) is one of the
most common serovars causing bacterial foodborne illness'. The U.S. Centers for Disease
Control and Prevention (CDC) reports that while the incidence of human salmonellosis in the
USA decreased on average from 2016-2018 (16.9 average cases of infection per 100,000
persons) to 2023 (16.6 cases of infection per 100,000 persons), S. Enteritidis was the only
serovar of concern that had an increase in incidence over the same time period (2.6 on average
from 2016-2018 to 3.1 in 2023)%. Of particular concern is the rise in the fraction of S. Enteritidis
classified as having decreased susceptibility to ciprofloxacin (DSC)**. Ciprofloxacin is a
critically important broad-spectrum antibiotic of the quinolone class used to treat various
bacterial infections and is a first-choice drug for severe salmonellosis infections®. One of the
main mechanisms of decreased susceptibility associated with DSC Enteritidis is a nucleotide
substitution at codon 87 in gyrase (GyrA), resulting in an aspartate (Asp; D) to tyrosine (Tyr; Y)
amino acid substitution (henceforth referred to as GyrA(D87Y)?. The rise of S. Enteritidis
genomes with GyrA(D87Y) is highly associated with the PDS000065758 NCBI single
nucleotide polymorphism (SNP) Cluster (denoted as SE65758) within the USA (Ford et al. 2026,
in review).

S. Enteritidis is a globally distributed serovar, driven by centralized poultry breeding and
international trade®’. It is recognized as a worldwide food safety issue as evidenced by recent
studies exploring the global or country-specific population structure and genomic content of S.
Enteritidis strains (e.g. South Korea, United Kingdom, China, Poland, Singapore, Greece, and
Brazil)®*1>, While a rise in DSC Enteritidis has been reported in the USA, reports of a similar

rise outside the USA are limited and have not been explored within the context of association



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

with specific NCBI SNP Clusters, including SE65758%%!3. Given the global connectivity of S.
Enteritidis lineages, we investigated the emergence of DSC Enteritidis in the USA, to determine
if parallel increases in this resistance profile are occurring in worldwide S. Enteritidis
populations. A worldwide genomic investigation was conducted by comparing (1) the presence
and absence of GyrA(D87Y) across (2) USA and non-USA isolation locations in relation to (3)
the inclusion or exclusion of a genome in SE65758. Comparisons were made across genome
categories based on prophage-like regions (PLR), plasmids, and pangenomic gene content to
determine if genomic differences exist that could contribute to increased fitness, host
colonization, or environmental persistence of DSC Enteritidis that has emerged as a Salmonella
strain of concern in the USA.
Results and Discussion
Metadata distributions of Genome Categories: USA/non-USA Isolation Source,
GyrA(D87Y) Presence/Absence, and SE65758/non-SE65758 NCBI SNP Cluster

The global distribution and genetic lineages of S. Enteritidis has been broadly explored in
the literature, but investigation of specific genetic content associated with S. Enteritidis genomes
with GyrA(D87Y), which confers DSC, is minimal®®*!4!3, To address this knowledge gap,
publicly-available S. Enteritidis genomes from the NCBI Pathogen Detection Database (PDD)
were filtered based on known metadata, in-silico serotyping, and assembly quality control,
thereby generating a collection of 195 complete genomes and 79,476 draft genomes; four in-
house complete genomes were also included (Figure 1, Supplementary Data 1). Supplementary
Data 2 shows the breakdown of various datasets (genomes, plasmid replicons, etc) comparing the
three categories of interest (collectively referred to hereafter as “Genome Categories™): 1)

USA/non-USA Isolation Source, 2) GyrA(D87Y) Presence/Absence, 3) and SE65758/non-
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SE65758 NCBI SNP Cluster. Analysis of two datasets (complete genomes and draft genomes)
was performed with a focus on the genetic content of SE65758 genomes with GyrA(D87Y),
referred to as SE65758-D87Y genomes, in relation to other Genome Categories.

The complete genomes dataset contained 44 USA genomes (40 PDD and 4 in-house) and
155 non-USA genomes from 17 countries and 6 continents (Supplementary Data 1). Six were
SE65758 genomes, including: two in-house USA-based genomes with GyrA(D87Y), one in-
house USA-based genome without GyrA(D87Y), one PDD Asia-based genome with
GyrA(D87Y), and two PDD Asia-based genomes without GyrA(D87Y). Thirty-one non-
SE65758 complete genomes with GyrA(D87Y) were distributed across five SNP Clusters and
were all Asia-based. Non-SE65758 complete genomes without GyrA(D87Y) (n=162) were
distributed across 48 SNP Clusters. Eight USA and 34 non-USA complete genomes contained
codon substitutions for GyrA(D87N), while only non-USA genomes had GyrA(S83F) (n=2) and
GyrA(D87G) (n=12) substitutions. No complete genome had multiple codon substitutions for
GyrA. The lack of non-SE65758 complete genomes with GyrA(D87Y) and dearth of SE65758
genomes from the USA in the PDD highlights the need for submission of such genomes.

The draft genomes dataset was comprised of 50,719 USA genomes and 28,757 non-USA
genomes from 76 countries across 5 continents (Supplementary Data 1). The number of USA
genomes with the GyrA(D87Y) substitution was 11,357, with 10,772 of these from SE65758
(21.2% of the 50,719 USA assemblies). Other GyrA codon substitutions in the USA dataset
included: D87N (n=2,615), S83Y (n=455), D87G (n=318), S83F (n=68), S83F/D87N (n=7),
G81D (n=3), S83Y/D87N (n=3), A119E (n=1), D82N (n=1), and G81C (n=1) (Supplementary
Data 1). USA genomes were distributed across 561 SNP Clusters besides SE65758. For non-

USA genomes, the GyrA(D87Y) substitution (n=3,037) was distributed across 636 SNP clusters
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including 402 genomes within SE65758 (1.4% of the 28,757 non-USA genomes). Non-USA
genomes had six other GyrA codon substitutions: S83Y (n=2,005), D87N (n=1,736), D87G
(n=740), S83F (n=221), A119E (n=1), and D82N (n=1). The number of assemblies with wildtype
GyrA (no codon substitutions) was 35,890 (70.8%) and 21,016 (73.1%) from the USA and non-
USA genomes, respectively.

For source attribution, the complete genome dataset contained 104 human-associated (3
in-house), 46 chicken-associated, 36 other source/host, eight other/unspecified clinical, two egg-
associated, two swine/pork-associated, and one turkey-associated (1 in-house) genomes
(Supplementary Data 1). Human-associated genomes also made up the bulk of the draft genome
dataset (67,154; 84.5%), followed by chicken-associated (7,997; 10.1%), other source/host
(3,331; 4.2%), other/unspecified clinical (578; 0.73%), egg-associated (147; 0.18%), cow/beef-
associated (103; 0.13%), swine/pork-associated (98; 0.12%), and turkey-associated (68; 0.09%).
The prevalence of GyrA(D87Y) increased over time in USA genomes compared to non-USA
genomes

Distribution of genomes across USA/non-USA Isolation Locations and GyrA(D87Y)
Presence/Absence were queried to assess their association with NCBI SNP Clusters. The
availability of S. Enteritidis genomes in the USA increased from 2013 (n=331) to 2014 (n=3,217)
in the NCBI PDD database (likely due to an increase in sequencing efforts) with the first
occurrence of GyrA(D87Y) in 2001 (Figure 2a). The prevalence of GyrA(D87Y) substitutions in
USA genomes was low (<6%) until 2018 when the occurrence increased to 12.1% and reached
71.2% in 2025 (Figure 2b). GyrA(D87Y) substitutions in non-USA S. Enteritidis genomes were
observed since 2004, ranging from 3 to 24.1% for the last two decades (Figure 2c and 2d). The

overall decline in the number of genomes in 2024 and 2025 is presumably due to delays in
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sequence data availability at the time of the metadata download and probably does not reflect an
actual decrease in S. Enteritidis isolates (Figures 2a and 2¢). An increase in the number of
genomes with GyrA(D87Y) was noted in chicken-associated genomes, but the total number of
chicken-associated genomes did not increase over time (i.e. replacement, not additive)
(Supplementary Figure 1). This replacement pattern was not observed in non-USA genomes
(Supplementary Figure 2).

An increase in the presence of GyrA(D87Y) corresponded to an increase in SE65758 in the
USA genomes, but not in non-USA genomes

In 2017, >50% of USA genomes with GyrA(D87Y) clustered in SE65758 and the percentage has
increased yearly to 99.8% in 2025 (Figure 3a). While SE65758 became the dominant SNP cluster
containing genomes with GyrA(D87Y) substitutions in the USA, a similar increase in genomes
with GyrA(D87Y) within SE65758 was not observed in non-USA genomes (Figure 3c).
Furthermore, non-USA genomes containing the GyrA(D87Y) substitution represented multiple
SNP clusters. SE65758 genomes without GyrA(D87Y) were generally found at higher
percentages in non-USA genomes (Figure 3d) than in USA genomes (Figure 3b). Figures 3e and
f summarize the higher percentage of genomes with GyrA(D87Y) from SE65758 in the USA
than in non-USA locations, and the data is further broken down by non-USA countries (UK and
Canada) and continents in Supplementary Figure 3. The distribution of SE65758 genomes with
and without GyrA(D87Y) over time in USA and non-USA countries is further delineated in
Supplementary Figure 4. To summarize, differential patterns exist between the distribution of
USA and non-USA genomes based on GyrA(D87Y) Presence/Absence and SE65758/non-65758
SNP Clusters. These differential patterns, particularly the emergence of SE65758-D87Y in the

USA, warrant a deeper investigation into their genomic content for unique genetic elements that
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may enhance adaptive/advantageous phenotypic features, such as host colonization or
environmental persistence, contributing to the emergence of SE65758-D87Y in the USA.
Distribution of plasmid replicons were unrelated to Genome Categories

Plasmids are mobile genetic elements that can contribute to increased antibiotic
resistance, virulence, colonization, and persistence in Salmonella and have been implicated as
contributing factors in foodborne outbreaks'®. Plasmids within the genome datasets were
assessed in two ways: (1) plasmid replicon distributions within the full dataset across Genome
Categories and (2) plasmid-associated genes with differential representation across Genome
Categories in the representative draft genomes dataset. First, PlasmidFinder identified 74 types
of plasmid replicons across 79,476 draft genomes with 1,054 different combinations of plasmid
replicons present within the genomes (Supplementary Data 2). IncXI was present in at least 25%
of all non-SE65758 categories but less than 5% of all SE65758 categories, corresponding with
the findings from a previous study focusing on DSC Enteritidis!’. IncFIB(S) and IncFIS(S) were
present in at least 88% of all genomes across all eight Genome Categories. Broadly, the
distribution of plasmid replicons was generally unrelated to Genome Categories and do not
implicate plasmid replicon-association with the increase in SE65758-D87Y genomes. In the
second plasmid assessment method, specific plasmid-associated genes that were statistically
different between Genome Categories are described in the pangenomic analysis below.
Distribution of five phage-like regions associated with Genome Categories

Bacteriophages that integrate into host bacterial genomes can provide novel functions
that increase bacterial fitness, protect the bacteria from lytic phages, and mediate horizontal gene
transfer, thereby shaping the genetic evolution of bacteria'®. Identification of prophages in

bacterial genomes is an evolving field, and various studies have described the capacity of
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different tools to recognize prophage regions as inconsistent'>?°. This study focused on
identifying differences in established genetic elements of prophage-associated regions between
Genome Categories rather than the prospective effects of the mobile genetic elements. Because
studies have shown that phage identification tools are more accurate on complete genomes,
prophage-like-regions were first identified in complete genomes (n=682 PLRs), clustered into
viral operational taxonomic units (vOTUs) (n=67), and used to query the representative draft
genomes dataset?!.

BLASTn determined that 52 out of 67 vOTUs identified in the complete genomes dataset
were present in the representative draft genomes dataset (n=9,354) (i.e. passed Minimum
Information about an Uncultivated Virus Genome (MIUViG) thresholds of >95% sequence
identity and 85% coverage), indicating that not all PLRs identified in the complete genomes
were present in the representative draft genome dataset. According to Panaroo gene designations,
the representative draft genomes had one core (>99% of genomes), no soft core (<99% and
>95%), thirteen shell (<95% and >15%),) and 38 cloud vOTUs (<15%) (Supplementary Data 3).
Five high-quality shell vOTUs had distributions strongly related to Genome Categories. For
instance, CP087495.1 pp 3 (42,124 bp) was only found in 5 out of 1,812 (0.28%) SE65758
genomes but in 387/407 (95.1%) non-SE65758 genomes with GyrA(D87Y). This vOTU was
found within the CP136141.1 pp 4 vOTU (78,310 bp), per reciprocal vOTU alignments, which
had a similar but less prominent pattern; it was present in three SE65758 genomes, and 267
(65.6%) non-SE65758 genomes with GyrA(D87Y). The two vOTUs do not have sequence
similarity to the ESSI-2 phage which was previously identified as not associated with DSC

Enteritidis'’. Instead, ESSI-2 is most aligned (100% sequence identity; 94% sequence coverage)
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with the CP007247.1 pp 4 PLR which was found in non-USA (n=53) or USA (n=689) non-
SE65758 representative draft genomes without GyrA(D87Y)), substantiating previous results.

Three vOTUs (CP160171.1 pp 1, CP173222.1 pp 3, CP007249.2 pp 3) had an
opposite pattern: each were identified in 85.9% or more of SE65758 genomes with and without
GyrA(D87Y) (1,556/1,812) but only two each in the non-SE65758 genomes with GyrA(D87Y)
(2/407, 0.49%). CP173222.1 pp_3 (33,465 bp) was found within both CP160171.1 pp 1
(71,069 bp) and CP007249.2 pp 3 (53,702 bp). CP007249.2 pp 3 was also found within
CP160171.1 pp 1. To summarize, while the MIUViG thresholds identified five vOTUs of
interest, further refinement suggested the presence of two distinct phage regions of interest, one
more highly represented in SE65758 genomes with or without GyrA(D87Y) and the other in
non-SE65758 genomes with GyrA(D87Y). These results prompted further pangenome
investigation of specific vOTU-associated genes with statistical differences between Genome
Categories.
Gene distributions from complete and representative draft genomes were more related to
SNP Cluster than to Isolation Location or GyrA(D87Y) status

Pangenome analysis was used to gain an overall understanding of the distribution of
genes across genomes as well as compare gene distribution patterns across categories of interest.
Panaroo pangenome analysis identified 14,038 genes across representative draft genomes and all
complete genomes (n=9,553 total) with 4,071 core (=99%), 190 soft core (<99% and >95%), 212
shell (<95% and >15%),) and 9,565 cloud genes (<15%) (Supplementary Data 4).

Permutational analysis of variance (PERMANOVA) showed that genome content was
significantly different across all Genome Category groups (n=8) according to the

presence/absence of genes (R2 = 0.07418, Pseudo F-Score = 109.25, p-value = 0.0001). Pairwise

10
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PERMANOVA analysis results across all possible Genome Category comparisons (n=28) are
presented in Supplementary Table 1. Pairwise PERMANOVA results on Genome Category
comparisons of interest (n=7) revealed that SE65758 genomes with GyrA(D87Y) were not
significantly different from SE65758 genomes without GyrA(D87Y') within both USA and non-
USA isolation locations (Table 1). USA SE65758-D87Y genomes were also not significantly
different from the non-USA SE65758-D87Y genomes. Non-USA non-SE65758 genomes with or
without GyrA(D87Y) were significantly different from Non-USA SE65758genomes with
GyrA(D87Y). ; Similarly, USA non-SE65758 genomes with GyrA(D87Y') were significantly
different from USA SE65758 genomes with GyrA(D87Y), though the p-value for the USA
SE65758 genomes with GyrA(D87Y) versus the USA non-SE65758 without GyrA(D87Y)
comparison could not be calculated. Principal coordinates analysis (PCoA) showed the same
within Isolation Location (USA or non-USA) results: SE65758 genomes clustered together
regardless of the GyrA variant and clustered away from non-SE65758 genomes with
GyrA(D87Y) (Figure 4). Non-SE65758 genomes without GyrA(D87Y) had a wide distribution
reflecting a high dispersion of genes within the group and thus were not statistically assessed.
To identify genes that were statistically higher in one Genome Category versus another,
PySEER was used to analyze five different comparisons. The non-SE65758 genomes without
GyrA(D87Y) were not considered in any PySEER comparison, due to their wide genomic
variations as established by PERMANOVA and PCoA analysis. A summary of the number of
variants (genes) tested and found to be significantly different via filter or likelihood ratio test
(LRT) p-values (unadjusted or adjusted) across all five comparisons is found in Table 2 and the

results associated with all genes tested by PySEER is found in Supplementary Data 5.
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In Table 2, comparison between USA versus non-USA SE65758-D87Y genomes
identified two genes encoding hypothetical proteins (group 3228 and group 1792) statistically
higher (LRT p-value) in non-USA SE65758-D87Y genomes (77.1% and 14.6%, respectively)
compared to USA SE65758-D87Y genomes (51.2% and 1.4%, respectively) (Comparison 1)
(Supplementary Data 6). Additionally, intR (prophage integrase), a vOTU-associated gene, was
statistically higher (filter p-value) in USA SE65758-D87Y genomes (99.2%) than in non-USA
SE65758-D87Y genomes (91.7%). Comparison 2 between USA SE65758 genomes with versus
without GyrA(D87Y) identified two genes encoding hypothetical proteins (group 3118 and
group 3843) both associated with vOTU CP136141.1 pp 4, that were significantly higher (LRT
p-value) in USA SE65758 genomes without GyrA(D87Y) (97.1% and 98.5%, respectively)
versus those with GyrA(D87Y) (86.9% and 86.7%, respectively). Also, a plasmid-associated
gene (dsbA; a disulfide interchange protein) was statistically higher (filter p-value) in genomes
with GyrA(D87Y) (97.6%) than genomes without GyrA(D87Y) (89.7%). In Comparison 3, no
genes were statistically different between non-USA SE65758 genomes with versus without
GyrA((D87Y).

Genetic differences between SE65758 and non-SE65758 genomes with GyrA(D87Y) were
driven by vOTU-associated genes

The number of statistically different genes between SE65758 and non-SE65758 genomes
with GyrA(D87Y) within USA and non-USA countries were 173 (Comparison 4) and 157
(Comparison 5), respectively via LRT-p-values (Supplementary Data 6). One-hundred and thirty-
three of these genes were found in both USA and non-USA comparisons. All 24 genes unique to
the non-USA comparison between SE65758 and non-SE65758 genomes with GyrA(D87Y)

(Comparison 5) were plasmid-associated genes exclusively found in the non-SE65758 genomes,
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but none occurred in more than 9% of those genomes; 17 of these genes were also vOTU-
associated. Similarly, 21 of the 40 genes exclusive to the USA comparison (Comparison 4) were
plasmid-associated genes that occurred in less than 1% of the SE65758 genomes but did not
occur in more than 18.75% of the non-SE65758 genomes. One USA-exclusive comparison
plasmid-associated gene (group 6304 — hypothetical protein) was present at higher percentages,
but in both types of genomes with GyrA(D87Y) (Comparison 4): 99.4% of SE65758 genomes
and 91.25% of non-SE65758 genomes. An unnamed replication initiator protein (group 5959)
was exclusively found in USA SE65758 genomes (17.5%) but was neither PLR- nor plasmid-
associated. While the 29 plasmid-associated genes that were significantly different in both USA
and non-USA comparisons (Comparisons 4 and 5) were identified in less than 3% of SE65758
genomes, none were present in greater than 50% of the non-SE65758 genomes. In general, the
PySEER results at the gene level supported the aforementioned plasmid replicon results, and
while plasmid-associated genes were statistically significant, the magnitude of variation between
the genome categories was underwhelming. Thus, it is unlikely that a plasmid provided a fitness
advantage that would explain the emergence of S. Enteritidis strains within SE65758-D87Y.
The remaining genes (n=17 out of 40) exclusive to the USA SE65758 versus non-
SE65758 comparison (Comparison 4) were vOTU-associated genes found only in the non-
SE65758 genomes, but none occurred in more than 24% of those genomes. The vOTU-
associated gene pefl (encoding the transcriptional regulator Pefl) was found in 95% of USA and
99.2% of non-USA non-SE65758 genomes, while only present in 28.8% of USA and 12.5% of
non-USA SE65758 genomes (Comparisons 4 and 5). Pefl was not associated with a previously

described Genome Category-associated vOTU.
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Ninety-six vOTU-associated genes identified in both of the SE65758 versus non-
SE65758 genomes with GyrA(D87Y) comparisons (Comparisons 4 (USA) and 5 (non-USA))
were associated with the previously described vOTUs. Fifty-five genes were observed in a higher
percentage of non-SE65758 genomes (USA: 92.5% to 97.5%; non-USA: 98.3% to 99.2%); while
none of the genes were identified within the USA SE65758 genomes with GyrA(D87Y), they
were present in 2.1% of the non-USA SE65758 genomes with GyrA(D87Y). Fifty-three of the 55
genes were found in both non-SE65758-associated vOTUs (CP087495.1 pp 3 and
CP136141.1 pp 4). Gene products were mostly associated with prophage maintenance including
unnamed lysis and structural tail or head proteins, but also with functions including a nuclease
(yajD), transcriptional regulators (perC; ymfL), a crossover junction endodeoxyribonuclease
(rusA), a lipoprotein (rzoQ), a molecular chaperon (dnaJ), an antitermination protein (quuQ) and
a recombination protein (rdg(C). The remaining two genes, a gene encoding a hypothetical
protein (group 4497) and the type III secretion system effector arginine glycosyltransferase
(sseK3 also referred to as nleB or sseK), were exclusively found within the CP136141.1 pp 4
non-SE65758-associated vOTU.

Conversely, 40 of the vOTU-associated genes were significantly higher in SE65758-
D87Y genomes and found in the three aforementioned SE65758-associated vOTUs
(CP160171.1_pp_1,CP173222.1 pp_3, CP007249.2 pp 3); one additional gene encoding a
RES domain-containing protein (group 2654) was only present in the CP160171.1 pp 1 and
CP173222.1 pp 3 vOTUs. While all genes were present in greater than 99% of SE65758-D87Y
genomes, their presence varied in the non-SE65758 genomes with GyrA(D87Y) (USA: 2.5% to
27.5%; non-USA: 0.3% to 10.9%). Most of these genes were similarly related to phage

maintenance (gpD), phage structure (gpX and gpV), phage lysis (lysB), phage

14
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recombination/integration (xerD), lysozyme activity (rrD), phage portals (yjcR), but also
included a gene encoding a levan regulator (rsC).

Seven genes present in both USA and non-USA comparisons were not associated with
plasmids or vOTUs. Six genes encoding two hypothetical proteins (group 1163 and
group 4170), three restriction endonucleases (group 1811, group 3054, and group 4131), and
one DNA methyltransferase (group 2623) were significantly higher in SE65758-D87Y genomes
(USA: 91.3% to 100%; non-USA: 100%) than non-SE65758 genomes with GyrA(D87Y) (USA:
51.3% to 56.3%; non-USA: 63.4% to 68.2%). A host cell division inhibitor Icd-like protein
(group 4393) was significantly higher in non-SE65758 genomes with GyrA(D87Y) (USA:
81.3%; non-USA: 87.4%) than SE65758-D87Y genomes (USA: 2.3%; non-USA: 6.25%).

In summary, the emergence of S. Enteritidis genomes with GyrA(D87Y) substitutions in
the USA was associated with a concurrent temporal rise in an NCBI SNP Cluster of interest
(PDS000065758 denoted as SE65758). However, metadata investigations did not reveal a similar
escalation of SE65758-D87Y strains in non-USA countries over the same time period.
Pangenomic analysis to evaluate genetic differences between Genome Categories of interest
(USA/non-USA Isolation Source, GyrA(D87Y) Presence/Absence, and SE65758/non-SE65758
NCBI SNP Cluster) revealed little to no statistical differences between USA and non-USA
SE65758-D87Y genomes (Comparison 1), suggesting that genetic content differences may not be
a major driver behind the prominence of SE65758-D87Y strains in the USA. Furthermore,
emergence of DSC Enteritidis cannot solely be accounted for by the presence of GyrA(D87Y);
otherwise, the rise of DSC Enteritidis would not be so strongly associated with a specific NCBI
SNP Cluster (SE65758). Likewise, DSC Enteritidis emergence is not simply explained by the

SE65758 SNP cluster; otherwise, SE65758 genomes with or without GyrA(D87Y) would be
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increasing. Genetic differences associated with SE65758-D87Y were queried by controlling for
each aspect of its Genomic Category: inclusion in SE65758 (Comparisons 2 and 3) and presence
of GyrA(D87Y) (Comparisons 4 and 5). Differences in genetic content (overall and at the gene
level) were minimal between SE65758 genomes with and without GyrA(D87Y) regardless of
USA/non-USA Isolation Location (Comparisons 2 and 3). Genetic differences between SE65758
genomes and non-SE65758 genomes with GyrA(D87Y) (USA and non-USA) were evident
(Comparison 4 and 5) and frequently associated with prophage-like regions containing prophage
maintenance and structural genes. Future investigation of these phage-like regions via
phenotypic analyses is warranted, and further investigation of other genome variations such as
single nucleotide polymorphisms (SNPs), insertions, and deletions may identify additional
genetic differences between Genome Categories. Identification of genetic variations in
Salmonella isolates of concern informs future research exploration for potential fitness
advantages that may contribute to their emergence in poultry production and human health.
Materials and Methods
Data Management and Statistical Analysis

RStudio (v2024.12.1+; R v4.5.1) was used for data processing, graphic generation, and
statistical analysis®*?*. The RStudio environment was loaded with the following main libraries:
tidyverse (v. 2.0.0), ggpubr (v0.6.3), ggtext (v0.1.2), ggnewscale (v0.5.2), lubridate (v. 1.9.3),
scales (v.1.4.0), parallel (v. 4.4.1), and doParallel (v. 1.0.17), foreach (v. 1.5.2), vegan (v2.7-1),
pairwiseAdonis (v0.4.1), phyloseq (v1.52.0), igraph (v2.1.4)**3¢, Command line scripts, R
scripts, and R Studio session information including additional supportive libraries used and their
versions are available on GitHub (https://github.com/USDA-

FSEPRU/worldwide dsc_enteritidis.git). Figure 1 depicts the overall workflow for this study.
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Dataset Selection and Filtering

The metadata for all Salmonella enterica genomes from the NCBI Pathogen Detection
Database (PDD) that were identified as S. Enteritidis within the Computed types, Serovar, and
Scientific Name columns were downloaded on 11/14/25%7. The downloaded dataset had 319
complete and 145,434 draft assemblies. When filtered for known collection year, known
isolation location, defined NCBI SNP Cluster, known isolation source, and defined NCBI
assembly and SRR accession numbers (draft assemblies only), the dataset was reduced to 204
complete and 80,017 draft assemblies. Assemblies were downloaded from NCBI (ncbi-genome-
download v0.3.3), underwent in silico serovar confirmation (2/3 of SeqSero2 using the assembly
kmer-based method (v1.2.1), SISTR (v.1.1.1), and Mash (v.2.3)) and were quality checked for
completeness (=95%) and contamination (<5%) with CheckM (v. 1.2.2) resulting in 195
complete and 79,476 draft PDD assemblies used for further analysis®®#?. Four in-house complete

assemblies were also added to the dataset resulting in a total of 199 complete genomes in the

dataset®’. All assemblies were annotated with Bakta (v.1.11.0)*. Plasmid replicons were
identified with PlasmidFinder v2.1.6%. Contig lengths of all complete genomes (n=199) were
determined with seqkit (v2.6.1)*.
Metadata Analysis

An additional metadata column (Isolation Source (Summarized)) that classified isolation
source information into general categories was generated based upon the keyword searches
querying the data contained within the Isolation source, Host, Isolation type, Source type, and
IFSAC category columns from the NCBI PDD metadata in a defined order (Supplementary Data

7). Additionally, the isolation location was summarized into continents or the countries with the

top three number of genomes (USA, United Kingdom, and Canada) (Isolation
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Location(Summarize)) (Supplementary Data 7). The presence of a GyrA amino acid substitution
in an assembly was based on querying the “AMR.genotypes” information for each assembly for
GyrA substitutions present in PointFinder (A67P, D72G, V731, G81C, G81S, G81H, G81D,
D82G, D82N, S83Y, S83F, S83A, D8N, D87G, D87Y, D87K, LISV, A119S, A119E, A119V,
A131G, E139A)*. Most statistical analysis was based on comparing genomes across three main
metadata categories that were generated based on the presence or absence of the GyrA D87Y
substitution (GyrA(D87Y) Presence/Absence), whether the genome was within the
PDS000065758 NCBI SNP cluster or not (denoted as SE65758/non-SE65758 NCBI SNP
Cluster), and whether the isolation location was within the USA or not (USA/non-USA Isolation
Location). Collectively these three categories will be known as “Genome Category”.
Phage-like Region Analysis of Complete Genomes

PLRs in complete genomes were identified with PhiSpy (v5.0.6)!**%. Their completeness,
contamination, and identities as prophages were determined with CheckV (v1.0.3)*. PLRs were
clustered into representative prophage-like regions aka viral operational taxonomic units
(vOTUs) with MMSeqs2 (v18.8cc5c) according to the Minimum Information about an
Uncultivated Virus Genome (MIUViG) thresholds for phage clustering (>95% nucleotide
identity over 85% coverage) (MMSeqgs2 parameters: --min-seq-id 0.95 -c¢ 0.85 --cov-mode 0)>*-
52, These thresholds were based on a comparison of sequences that were available at the time of
their analysis in NCBI RefSeq10 and IMG/VR. The coverage mode was reciprocal meaning that
both the query PLR and the subject PLR had to have > 85% coverage to one another instead of
just one to the other (i.e. just the query PLR or the subject vOTU). PhiSpy identified 682 PLRs
across 199 complete genomes that were clustered into 67 vOTUs (Supplementary Data 8).

CheckV identified two of the vOTUs as complete, 35 as high-quality, 8 as medium-quality, 17 as

18



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

low-quality, and two with undetermined quality. vOTUs were aligned to one another with
BLASTn (v2.14.1) to determine if any vOTU was a subsequence of another, though only subject
coverage was assessed instead of reciprocal coverage®. Nineteen vOTUs had BLAST
alignments to other vOTUs that passed MIUViG thresholds, suggesting they may have been
shorter versions of other vOTUs (Supplementary Data 9).
Draft Genome Accessory Genome Cluster

Representative genomes were selected from the main dataset to ease computational
management and visualize isolate genomic interrelatedness; as a part of this process, pangenome
analysis was performed to identify accessory genome genes that could be used in clustering. All
draft genomes were run in batches in Panaroo (v.1.6.0) and merged to create a pangenome
(panaroo-merge)>*. Panaroo pangenome analysis identified 19,002 genes across the 79,476 draft
genomes with 4,043 core genes (present in >99% of draft genomes), 94 soft core genes (<99%
and >95%), 224 shell genes (<95% and >15%), and 14,641 cloud genes (<15%) (Supplementary
Data 10). The number of core genes found in all genomes was 3,776, while the number of cloud
genes found in one genome (singletons) was 2,243. The presence and absence matrix of non-
singleton cloud and shell accessory genes (n=12,622) was used to create a co-occurrence matrix
which was used to generate a weighed graph (igraph v 2.1.4)*>%, In this graph, genomes
represented the nodes and the number of shared accessory genes between genomes represented
the weighted edges. The weighted graph was used as an input into Leiden clustering to determine
accessory genome clusters>>. Analysis had to be adjusted to account for tool limitations which
includes some R libraries being unable to work with datasets with more than 23! values

(2,147,483,647). To accomplish this, principles from the Jaccard Index Network Analysis (JINA)

tool were applied to choose the best edge threshold to use for filtering®®. Edge filtering allows for
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removal of potentially spurious or weakly connected assemblies. This dataset had 79,476
genomes; thus, the max number of possible connections (edges) was 3,158,217,288. The
minimum edge filtering value that reduced the number of edges with non-zero values to less than
the 2! limit was 97. Edge filtering values from 97 to the third quartile of edges (167) were
trialed to generate clusters and evaluate them based on two JINA-based clustering filters: the
number of genomes not in large clusters (clusters with >4 genomes) should be less than 10% of
the total dataset (7,947.6) and the number of large clusters should be less than the natural log of
the total number of genomes in the dataset (In(79,476) = 11.28). Forty-one weighted edge
thresholds (97-138 overlapping genes) passed the number of large clusters filter; only 35 (97-131
overlapping genes) of these passed the number of non-large cluster genomes filter
(Supplementary Data 11).

In order to balance clustering the most genomes possible into large clusters and cluster
quality, the 35 filter-passing edge value thresholds were ranked (1 being the highest and thus best
value) based on the Leiden cluster quality value and the ratio of genomes in large clusters to
those in small clusters (<5 genomes) and singletons (i.e. genomes without any edges to other
genomes). The cluster quality had a generally positive trend over increasing edge filter
thresholds while the large versus non-large cluster genomes ratio had a negative trend. Per JINA
principles, both values should be maximized when choosing an edge filtering threshold, thus the
edge threshold with the smallest summed rank, and thus the best balance of the ratio and quality,
was selected for further analysis. The edge threshold with the lowest rank was a filtering
threshold of 107. The summed rank of this edge threshold was 34 with the ratio (30.79) ranked
11th out of 35 qualifying edge filters, while the cluster quality (0.23) ranked 23rd. Filtering the

edges with this threshold led to 2,495 singletons (3.14% of all genomes), 5 genomes (0.0063%)
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assigned to two small clusters, and 76,976 (96.85%) genomes distributed across five large
clusters. The distribution of genomes in these clusters across Genome Categories is visualized in
Supplementary Figure 5 and detailed in Supplementary Data 2.
Representative Genome Selection

Genomes were grouped by relevant metadata categories: 1) summarized isolation source,
2) summarized isolation location, 3) NCBI SNP cluster, 4) GyrA substitution or wildtype
designation, and 5) accessory genome Leiden cluster (from Panaroo analysis)>®. This led to
76,976 genomes from large accessory genome clusters being distributed across 2,374 groups; the
classification of genomes as representative or not and identification of what group they were in is
found in Supplementary Data 1. Ten percent of the genomes within each group (rounded up to
the nearest whole number, or 1 if there were less than 10 genomes) were randomly selected to
generate a representative genomes dataset of 9,354 draft genomes that was used for pangenome
and phage-like region analysis of draft genomes. The distribution of representative draft genomes
across Genome Categories is noted in Supplementary Data 2.
Phage-like Region Analysis of Representative Draft Genomes

All representative draft assemblies (subject) were queried for the presence of the
complete genome vOTUs (n=67) (query) with BLASTn (v. 2.14.1)°3. BLASTn parameters were
run with default settings besides max target sequences set to 5, identity set to 95%, and HSP
(High Scoring Pair) query coverage set to 85% to match MIUViG thresholds’. The use of HSP
coverage ensured that the calculated coverages were on a per alignment region basis instead of
the total of all alignments to an assembly (query coverage).

Pangenome Analysis of Representative Draft and Complete Genomes
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All PDD assemblies from representative draft genomes (n=9,354) and complete genomes
(n=195) as well as the four in-house complete genomes were used in pangenome analysis
(Panaroo). A gene presence/absence-based Jaccard distance index was used in permutational
analysis of variance (PERMANOVA) statistical analysis and visualizing the distribution of
genomes with PCoA analysis with phyloseq R package®*.

PySEER (v1.4.1) was used to conduct a genome-wide association study (GWAS) based
on a MASH-based distance matrix (v2.3) generated with full genomes (--distances; --mds
metric) to take into account population structure and the presence/absence of genes (--pres)
across various pairs of strain types>’°%. The GWAS was run on five comparisons (--phenotypes):
(1) USA versus non-USA SE65758 genomes with GyrA(D87Y), (2) USA SE65758 genomes
with and without GyrA(D87Y), (3) non-USA SE65758 genomes with and without GyrA(D87Y),
(4) USA SE65758 genomes with GyrA(D87Y) versus nonSE65758 genomes with GyrA(D87Y),
and (5) non-USA SE65758 genomes with GyrA(D87Y) versus nonSE65758 genomes with
GyrA(D87Y). By default, PySEER will only test variants, genes in this case, with allele
frequences (af) or presences greater than 1% (--min-af) and less than 99% (--max-af) of the
genomes in the comparison. The minimum allele frequency was modified if 1% of genomes in
comparison lead to variants present in 4 or less genomes passing allele frequence filters per
developer recommendations. The adjusted p-value was calculated by dividing 0.05 by the
number of patterns tested (i.e. Bonferroni multi-testing adjustment). Filtered p-value refers to the
initial p-value calculated by PySEER using its chi® test-based algorithm while the likelihood ratio
test (LRT) p-value was calculated by considering population structure to account for
confounding effects due to relatedness between samples. Variants that passed the adjusted-LRT

p-value were further evaluated. To integrate multiple data types to gain a better understanding of
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potential genomic origins of genes, complete genome annotations were used to label pangenome
genes tested by PySEER as plasmid-associated (Supplementary Data 12) and vOTU-associated
(Supplementary Data 13). The former was accomplished by linking pangenome genes to specific
plasmid genes found in the complete genome dataset, which had 246 plasmids distributed across
141 complete genomes ranging from one to four plasmids per genome (Supplementary Data 1).
The latter was accomplished by using the previously mentioned PhiSpy PLR annotations. These
labels do not guarantee a pangenome gene was plasmid- or vOTU-associated, just that the
pangenome gene was associated with one of these gene types in a complete genome. Gene

clusters without an annotated gene name were given “group XXX names by PySEER.
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Data Availability

The GenBank assemblies (Supplementary Data 1) used in thus study can be found in the
United States National Center for Biotechnology Information (NCBI) Assembly Database
(https://www.ncbi.nlm.nih.gov/home/genomes/). The metadata that supports these assemblies
can be found at the NCBI Pathogen Detection Database
(https://www.ncbi.nlm.nih.gov/pathogens/). Other datasets and metadata generated during the
current study not present in the Supplementary Data are available from the corresponding
authors on reasonable request.

Code Availability

The underlying code for this study is available in GitHub and can be accessed via this
link (https://github.com/USDA-FSEPRU/worldwide dsc_enteritidis.git).
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Figure 1 — Data Analysis Workflow

Flow diagram showing the general steps and tools used for data analysis. NCBI stands for
National Center for Biotechnology Information, QC for quality check, PERMANVOA for
permutational analysis of variance, PCoA for principal coordinates analysis, and SNPs for single
nucleotide polymorphisms. Tool versions can be found in the Materials and Methods section.
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Figure 2 — GyrA(D87Y) Presence/Absence Over Time in USA versus Non-USA Genomes

The number (a, ¢) and relative percentage (b, d) of Salmonella enterica subspecies enterica
serovar Enteritidis genomes (n=79,476 total) isolated from USA (a, b) and non-USA (c, d)
locations with (red) or without (blue) the GyrA(D87Y) substitution over time.
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Figure 3 — Summary of Genomes With or Without GyrA(D87Y) by NCBI SNP Cluster for USA
and Non-USA Isolation Locations

The relative percentage of NCBI SNP clusters of Salmonella enterica subspecies enterica
serovar Enteritidis genomes (n=79,476 total) over time in USA (a, b) and non-USA (c, d)
genomes with (a, ¢) and without (b, d) the GyrA(D87Y) substitution. In Figures a-d, color
represents the SNP cluster with the SNP cluster of interest (PDS000065758 aka SE65758) in red
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at the top of the legend, and all SNP clusters with an average relative percentage of less than 1%

across all collection years combined into Other SNP clusters at the bottom of the legend (rosy
brown). Figures e and f summarizes the number (e) and relative percentage (f) of Salmonella
enterica subspecies enterica serovar Enteritidis genomes by USA/non-USA Isolation Location
by GyrA(D87Y) Presence/Absence by SE65758/non-SE65758 NCBI SNP Cluster (red =
SE65758, gray = all other SNP clusters aka non-SE65758).

33



722

723
724

725
726
727
728
729
730
731

a)

0.00

<
g ry A N
& & ak A
o~ A ‘ A
7] A
3 0.05 & -
- A
5 A =
4 A AR ot
A
A
' W3 ’
0.10 . | Isolation Location
o A UsA
I & Non-USA
-0.04 -0.02 0.00 0.02 0.04 0.06
Axis 1 [33.7%] NCBI SNP Cluster b

GyrA(D87Y) PresengefAbsence

® Non-SE65758 without GyrA(D87Y)

@ SE65758 without GyrA(D87Y)
Non-SE65758 with GyrA(D8TY)

® SE65758 with GyrA(D87Y)

b)

0.04

Axis 2 [22.2%]

0.04 0.00 0.04 0.08
Axis 1 [35.3%]
Figure 4 —Jaccard-Based Principal Coordinates Analysis of the Representative Genomes based
on the Prescence/Absence of Genes in the Pangenome

Jaccard distance matrices based on the presence/absence of pangenome genes were used as
ordination inputs for principal coordinates analysis. Analysis was conducted on representative
draft (n=9,354) and complete (n=199) Salmonella enterica subspecies enterica serovar
Enteritidis genomes from the USA (a) (triangles) and Non-USA countries (b) (circles). Color
represents the presence/absence of the of GyrA(D87Y) substitution (with and without) and the
NCBI SNP Cluster (SE65758 aka PDS00065758 NCBI SNP cluster and non-SE65758) of each
genome.
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732  Table 1 -PERMANOVA Comparisons of the Presence/Absence of Genes within Representative
733  Genomes
Genome Category1? Genome Category 2° zums of PSS eu.do.— F R? p-value AISJ\:I;SS l:(iliﬁtleed
quares tatistic (Allye (Focuse d)d

Wi‘f}féysriif)@i{) Wlijﬂsléu‘t“gly'f‘fgg;f{) C1.83E-02° | -33.97" | -0.0063° | ND* ND* ND*
Wi‘f}féysri%f)@i{) it i?cfyl:}is(ggw) 836E-05 |  4.65 0.0041 | 00118 | 03304 | 0.0826
Wi‘féyﬁiﬁg@% lvjvi‘; g"y‘;{fgggf 5.59E-02 | 1279.93 0.53 | 0.0001 | 0.0028 0.0007
w}tJhS éysri%537857§() ﬁ?ﬂ%i?&%%%gf 8.08E-05 4.92 0.0044 0.0115 0.322 0.0805
I\Jﬁ?h%Sy?AS(ED@E;g N@igi?gy‘ﬁ%ﬁg 8 | 8.60E-03 6.18 0.0021 | 0.0006 | 0.0168 0.0042
I\Jﬁ?h%Sy?AS(ED@E;g Vg&‘;ﬁ%@rﬁggg) 2.07E-05 0.64 0.00093 | 0.5761 1 1
I\Jﬁ?h%Sy?AS(ED@E;g Nogﬁlséyﬁ?bsé%; 38 1 3.70B-02 102.83 02029 | 0.0001 | 0.0028 0.0007

734  Permutational analysis of variance (PERMANOVA) was run on a Jaccard-based distance matrix

735  generated from a gene presence/absence matrix created from pangenomic analysis (Panaroo

736  v.1.6.0) of a dataset containing 9,553 genomes.

737  *Analysis was run on all combinations (n=28) of the eight Genome Category groups based on

738  three metadata categories: USA/non-USA Isolation Location, GyrA(D87Y) Presence/Absence,

739  and NCBI SNP Cluster (SE65758 aka PDS000065758 NCBI SNP cluster or non-SE65758); only

740  the seven combinations of interest are in Table 1, see Supplementary Table 1 for full results.

741  ®Negative Sum of Squares, Pseudo-F Statistic, and R? values indicate analysis could not be

742
743
744
745  interest.

746

747

PERMANOVA analysis could not be completed.

completed likely due to high dispersion of genes within a group.

“Adjusted p-value (All) is the Bonferroni adjusted p-value based on all combinations (n=28).

“Not Determined; this likely occurred due to high dispersion of genes within a group, thus

dAdjusted p-value (Focused) is the Bonferroni adjusted p-value based on the 7 combinations of
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Table 2 — Statistical Analysis of Genetic Differences between Genome Categories of Interest

Number of Significantly Different Genes
. Comparison | Patterns Adjusted Default AQJusted Default | Adjusted
Comparison N Filtered | Filtered LRT LRT
Number Tested P-Value b . d v
P-value P-value P-value P-value
USA SE65758 genomes with GyrA(D87Y) (n=1062) vs
Non-USA SE65758 genomes with GyrA(D87Y) (n=43) ! 100 0.0003 18 3 21 2
USA SE65758 genomes with GyrA(D87Y) (n=1062) vs
USA SE65758 genomes without GyrA(D87Y) (n=68) 2 1051 0.00047619 1 ! 21 2
Non-USA SE65758 genomes with GyrA(D87Y) (n=48) vs
Non-USA SE65758 genomes without GyrA(D87Y) (n=640) 3 16l 0.000310559 4 0 > 0
USA SE65758 genomes with GyrA(D87Y) (n=1062) vs
USA Non-SE65758 genomes with GyrA(D87Y) (n=80) 4 281 0.000177936 182 173 184 173
Non-USA SE65758 genomes with GyrA(D87Y) (n=48) vs
Non-USA Non-SE65758 genomes with GyrA(D87Y) (n=358) > 7121 7.02247E-05 | 288 128 482 157

PySEER (v1.4.1) was used to conduct a genome-wide association study (GWAS) based on the presence/absence of genes across
Genome Categories of interest; this table is a summary of these results, see Supplementary Data 6 for full results.

Genome Categories are based on three metadata categories: USA/non-USA Isolation Location, GyrA(D87Y) Presence/Absence, and
NCBI SNP Cluster (SE65758 aka PDS000065758 NCBI SNP cluster or non-SE65758).

By default, PySEER will remove any variant with allele frequences (af) or presences less than 1% (--min-af) and more than 99% (--
max-af) of the genomes in the comparison being tested.

The inputs for the pangenome genes-based GWAS were: a MASH-based distance matrix (v2.3) generated with all complete and
representative draft genomes (n=9,553) (--distances; --mds metric) and a gene presence/absence matrix (--pres).

*Patterns Tested refers to number of samples tested for differences after filtering for minimum and maximum allele frequency.
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bFiltered p-value refers to the initial p-value calculated by PySEER using its chi2 test-based algorithm.

“The adjusted p-value was calculated by dividing 0.05 by the number of patterns tested (i.e. Bonferroni multi-testing adjustment)

4The likelihood ratio test (LRT) p-value was calculated by considering population structure to account for confounding effects due to

relatedness between samples.
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Supplementary Figure 1 - USA Genomes by GyrA(D87Y) Presence/Absence by Isolation Source

(Summarized) Over Time

Stacked bar graphs showing the number of USA-based genomes with and without the D87Y
gyrase (GyrA) substitution over time by Isolation Source (Summarized). Isolation Source
(Summarized) was generated based upon the keyword searches querying the data contained
within the Isolation source, Host, Isolation type, Source type, and IFSAC category columns from
the NCBI Pathogen Detection Database metadata in a defined order. See Supplementary Data 1
for more information. The presence of the GyrA(D87Y) substitution in a genome was based on
querying the “AMR.genotypes” NCBI Pathogen Detection Database metadata.
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Supplementary Figure 2 — Non-USA Genomes by GyrA(D87Y) Presence/Absence by Isolation
Source (Summarized) Over Time

Stacked bar graphs showing the number of Non-USA-based genomes with and without the D87Y
gyrase (GyrA) substitution over time by Isolation Source (Summarized). Isolation Source
(Summarized) was generated based upon the keyword searches querying the data contained
within the Isolation source, Host, Isolation type, Source type, and IFSAC category columns from
the NCBI Pathogen Detection Database metadata in a defined order. See Supplementary Data 1
for more information. The presence of the GyrA(D87Y) substitution in a genome was based on
querying the “AMR.genotypes” NCBI Pathogen Detection Database metadata.
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Supplementary Figure 3 - Non-USA Isolation Location by GyrA(D87Y) Presence/Absence by
SE65758/mnon-SE65758 NCBI SNP Cluster

The number (a) and relative percentage (b) of Non-USA Sa/monella enterica subspecies enterica
serovar Enteritidis genomes (n=28,757) by summarized non-USA isolation location by
GyrA(D87Y) substitution carriage by summarized NCBI SNP cluster (red = PDS000065758 aka
SE65758, gray = all other SNP clusters aka non-SE65758).
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Supplementary Figure 4 — GyrA(D87Y) Presence/Absence Over Time in USA versus Non-USA
SE65758 Genomes

The number (a, ¢) and relative percentage (b, d) of Salmonella enterica subspecies enterica
serovar Enteritidis genomes within the PDS000065758 NCBI SNP cluster (SE65758) (n=18,099
total) isolated from USA (a, b) and non-USA (c, d) locations with (red) or without (blue) the
GyrA(DS87Y) substitution over time.
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Supplementary Figure 5 - Distribution of USA and Non-USA Genome Categories Across Large
Accessory Genome Leiden Clusters

The number (a) and relative percentage (b) of Salmonella enterica subspecies enterica serovar
Enteritidis USA and Non-USA genomes by GyrA(D87Y) Presence/Absence by SE65758/non-
SE65758 NCBI SNP cluster (either within the PDS000065758 NCBI SNP cluster (SE65758) or
not (non-SE65758)) across large accessory genome clusters. Clusters were generated by
conducting Leiden clustering on a graph of draft genomes weighted by the number of
overlapping cloud and accessory pangenome genes (present in <95% of all genomes). Only draft
genomes with a minimum of 107 overlapping genes were clustered (n=76,976). Only clusters
with 5 or more genomes (large) were considered for visualization. Leiden clustering also
generated two small clusters with 3 (Cluster F) and 2 genomes (Cluster G).
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Supplementary Table 1 — Full Representative Genomes Gene Presence/Absence-based PERMANOVA Results

Sums of | Pseudo- p- | Adjusted
Genome Category 1* Genome Category 2° F R? .
Squares .. value | p-value
Statistic
. Non-USA non-SE65758 without
USA non-SE65758 without GyrA(D87Y) GyrA(DS7Y) 3.06E-01 316.25 0.042 0.0001 | 0.0028
USA non-SE65758 without GyrA(D87Y) USA non-SE65758 with GyrA(D87Y) 4.35E-02 65.69 0.015 0.0001 | 0.0028
USA non-SE65758 without GyrA(D87Y) Non-USA non-SE65758 with GyrA(D87Y) 2.18E-01 337.64 0.067 0.0001 | 0.0028
. Non-USA non-SE65758 without
Non-USA SE65758 without GyrA(D87Y) GyrA(DS7Y) 1.23E-01 105.30 0.029 0.0001 | 0.0028
Non-USA SE65758 without GyrA(D87Y) USA non-SE65758 with GyrA(D87Y) 5.49E-02 730.17 0.50 0.0001 | 0.0028
Non-USA SE65758 without GyrA(D87Y) USA SE65758 with GyrA(D87Y) 8.07E-04 34.79 0.020 0.0001 | 0.0028
Non-USA SE65758 without GyrA(D87Y) Non-USA non-SE65758 with GyrA(D87Y) 2.15E-01 1281.86 0.56 0.0001 | 0.0028
Non-USA non-SE65758 without .
GyrA(DS7Y) USA non-SE65758 with GyrA(D87Y) 1.95E-02 14.09 0.0046 0.0001 | 0.0028
Non-USA non-SE65758 without .
GyrA(DS7Y) USA SE65758 with GyrA(D87Y) 1.63E-01 155.72 0.037 0.0001 | 0.0028
Non-USA non-SE65758 without .
GyrA(DS7Y) Non-USA non-SE65758 with GyrA(D87Y) 9.54E-02 73.11 0.022 0.0001 | 0.0028
Non-USA non-SE65758 without .
GyrA(DS7Y) USA SE65758 without GyrA(D87Y) 1.56E-02 11.29 0.0037 0.0001 | 0.0028
USA non-SE65758 with GyrA(D87Y) USA SE65758 with GyrA(D87Y) 5.59E-02 1279.93 0.53 0.0001 | 0.0028
USA non-SE65758 with GyrA(D87Y) Non-USA SE65758 with GyrA(D87Y) 2.15E-02 82.81 0.40 0.0001 | 0.0028
USA non-SE65758 with GyrA(D87Y) USA SE65758 without GyrA(D87Y) 2.83E-02 118.74 0.45 0.0001 | 0.0028
USA SE65758 with GyrA(D87Y) Non-USA non-SE65758 with GyrA(D87Y) 2.46E-01 2146.80 0.60 0.0001 | 0.0028
Non-USA non-SE65758 with GyrA(D87Y) Non-USA SE65758 with GyrA(D87Y) 3.70E-02 102.83 0.20 0.0001 | 0.0028
Non-USA non-SE65758 with GyrA(D87Y) USA SE65758 without GyrA(D87Y) 5.31E-02 152.44 0.26 0.0001 | 0.0028
Non-USA non-SE65758 without .
GyrA(DSTY) Non-USA SE65758 with GyrA(D87Y) 8.60E-03 6.18 0.0021 0.0006 | 0.0168
USA SE65758 with GyrA(D87Y) Non-USA SE65758 with GyrA(D87Y) 8.08E-05 492 0.0044 0.0115 0.322
USA non-SE65758 with GyrA(D87Y) Non-USA non-SE65758 with GyrA(D87Y) 1.30E-03 3.21 0.0073 0.0118 | 0.3304
USA SE65758 with GyrA(D87Y) USA SE65758 without GyrA(D87Y) 8.36E-05 4.65 0.0041 0.0118 | 0.3304
USA non-SE65758 without GyrA(D87Y) Non-USA SE65758 without GyrA(D87Y) -5.16E-03" -8.82° -0.0018° ND¢ ND¢
USA non-SE65758 without GyrA(D87Y) USA SE65758 with GyrA(D87Y) -1.83E-02° | -33.97° -0.0063° ND4 ND4
USA non-SE65758 without GyrA(D87Y) Non-USA SE65758 with GyrA(D87Y) -1.50E-03" -2.27b -0.00052> | ND¢ ND4
USA non-SE65758 without GyrA(D87Y) USA SE65758 without GyrA(D87Y) -6.87E-04° -1.05° -0.00024° | NDf ND¢
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Non-USA SE65758 without GyrA(D87Y) Non-USA SE65758 with GyrA(D8S7Y) 2.07E-05 0.64 0.00093 | 0.5761 1

Non-USA SE65758 without GyrA(D87Y) USA SE65758 without GyrA(D87Y) 9.84E-05 2.84 0.0040 0.0523 1
Non-USA SE65758 with GyrA(D87Y) USA SE65758 without GyrA(D87Y) 2.21E-05 0.78 0.0068 0.6143 1

Permutational analysis of variance (PERMANOVA) analysis was run on a Jaccard-based distance matrix generated from a gene

presence/absence matrix created from pangenomic analysis (Panaroo v.1.6.0) of a dataset of 9,553 genomes.

SE65758 refers to the PDS000065758 NCBI SNP Cluster associated with decreased susceptibility to ciprofloxacin Salmonella
enterica subspecies enterica serovar Enteritidis and GyrA(D87Y) to the gyrase aspartate (Asp; D) to tyrosine (Tyr; Y) amino acid
substitution.

#Analysis was run on all combinations (n=28) of USA/non-USA Isolation Location by GyrA(D87Y) Presence/Absence by
SE65758/mnon-SE65758 NCBI SNP Cluster (n=8 groups) aka Genome Category

®Negative Sum of Squares, Pseudo-F Statistic, and R2 values indicate analysis could not be completed likely due to high dispersion of
genes within a group

°Adjusted p-value (All) is the Bonferroni adjusted p-value based on all combinations (n=28)

4Not Determined; this likely occurred due to high dispersion of genes within a group, thus PERMANOVA analysis could not be
completed.
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Supplementary Data 1. Filtered Dataset Metadata

Metadata associated with all genomes used in analysis after filtering for known metadata
categories, in-silico serotyping, and assembly quality.

Supplementary Data 2. Various Datasets by USA/non-USA Isolation Location by
GyrA(D87Y) Presence/Absence by SE65758/non-SE65758 NCBI SNP Cluster

Counts associated with Genome Categories (USA/non-USA Isolation Location, GyrA(D87Y)
Presence/Absence, and SE65758/non-SE65758 NCBI SNP Cluster) across various datasets.
Supplementary Data 3. Presence/Absence of vOTUs across Representative Draft Genomes
Distribution of prophage-like regions (PLRs) across representative draft genomes based on
alignment to viral operational taxonomic units (vOTU) identified in the complete genome
dataset.

Supplementary Data 4. Representative Genomes Pangenome Gene Presence/Absence Table
Presence/absence matrix of merged paralog pangenome genes across representative draft
genomes.

Supplementary Data S. Full PySEER Representative Genomes Pangenome Gene Results
Statistics associated with a genome-wide association study (GWAS) to determine which
pangenome genes were statistically different between Genome Categories.

Supplementary Data 6. Statistically Significant Pangenome Genes Between Genome
Categories

Genes considered to be statistically different between the elements of each comparison via either
filter or likelihood ratio test (LRT) adjusted p-values.

Supplementary Data 7. Isolation Source and Location (Summarized) Designation Protocol
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Table of the keywords used to define subcategories associated with Isolation Source
(Summarized), Isolation Location (Summarized), Isolation Location (USA Region), and Isolation
Location (USA Division).

Supplementary Data 8. Complete Genomes PhiSpy, MMSEQs vOTU Designation, and
CheckV statistics per PLR

Statistical results associated with PhiSpy, MMSeqs, and CheckV analysis of the complete
genome dataset to identify and classify prophage-like regions (PLRs).

Supplementary Data 9. Pairwise Complete Genome vOTUs BLAST Results Passing
MIUYVIiG Thresholds

BLASTRn statistics associated with aligning viral operational taxonomic units (vVOTU) against
each other to determine if there were any overlapping sequences.

Supplementary Data 10. Full Draft Genome Dataset Pangenome Gene Presence/Absence
Matrix

Presence/absence matrix of merged paralog pangenome genes across all draft genomes in the
dataset.

Supplementary Data 11. Weighted Edge Filter Trialing Results

Leiden clustering results associated with filtering the draft genome dataset accessory genome
matrix for different thresholds of overlapping genes between genomes to determine the best
threshold for further analysis.

Supplementary Data 12. Complete Genome Plasmid Genes Linked to Pangenome Genes
Complete genome plasmid genes were linked to pangenome gene designations to interpret what

statistically different genes across Genome Categories were plasmid-associated.
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Supplementary Data 13. Complete Genome Prophage-like Region Genes Linked to
Pangenome Genes

Complete genome prophage-like region (PLR) genes were linked to pangenome gene
designations to interpret what statistically different genes across Genome Categories were PLR-

associated.
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