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facilities, of which seven were phage type 9b and three were closely related atypical
phage types, failed detection by a PCR targeting the prot6e gene, a marker located
on the virulence plasmid often employed for identification of this serovar. Comparison
to protbe+ isolates by several standard genetic typing tools, further revealed their
distinctive genomic makeup. Both short read and long read whole genome sequencing
were completed on six of these isolates. In addition to loss of the prot6e gene, the
virulence plasmid of each isolate was found to be exceptionally large (86.5 Kb) due to
a 28 Kb insertion of S. Typhimurium plasmid sequence that encodes multiple genes
of the incF operon. Interrogation of the chromosome sequence data of these isolates
using a SNP-based typing tool and MLST both indicated their close genetic relatedness.
One additional isolate carrying this plasmid was identified in an in-house collection
of S. Enteritidis isolates. Finally, the identification of this unusual plasmid sequence in
additional isolates submitted to public repositories of Salmonella sequence data was
explored. All these analyses indicated that a very distinctive but rarely reported strain of
S. Enteritidis was widely distributed across North America and the United Kingdom with
one additional report involving a case from Brazil. With increased use of genetic methods
for Salmonella identification, the loss of the prot6e sequence may confound correct
identification of this serovar while also potentially altering the mode of transmission
to humans given the gene’s role in facilitating propagation of this bacterium in eggs.
Accordingly, this strain may present certain challenges with respect to public health
investigations. Our studies also suggest this strain is often associated with duck hosts
thereby providing a possible mechanism by which this strain has spread over an
extensive geographical area.

Keywords: Salmonella Enteritidis lineage, virulence plasmid, MLVA, whole genome sequencing, PFGE, SNP-
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INTRODUCTION

In most countries, including developed nations such as Canada,
the United States and those of Europe, Salmonella Enteritidis
is recognized as the major Salmonella serotype contributing
to human gastroenteritis. Poultry products are a significant
source of foodborne contamination by this pathogen (Chai
et al., 2012; Nesbitt et al., 2012; Taylor et al., 2012; Lane
et al., 2014; Middleton et al., 2014) a fact that has resulted in
major food recalls, including one that involved over 500 million
eggs in the United States in 2010 (Kuehn, 2010). In Canada
S. Enteritidis, S. Typhimurium and S. Heidelberg have been
recognized as the three most frequently reported Salmonella
serotypes for several years, and together they comprised 59%
of all laboratory-confirmed cases of human salmonellosis in
2016 (PHAC, 2018). Environmental testing for Salmonella in
poultry production facilities is one tool employed in efforts to
limit contamination of food by these organisms. To this end
traditional culture methods for Salmonella detection are now
being augmented by more rapid, sensitive and specific molecular
genetic based methods.

The use of a panel of qPCRs, targeting markers of various
levels of specificity, has recently been evaluated for the purpose
of rapid detection of Salmonella, and specifically S. Enteritidis,
in culture broths generated from environmental swabs (Nadin-
Davis et al., 2019). This panel targeted the invA gene to
detect all Salmonella, the sefA gene for presumptive serogroup
D identification and two loci for more specific detection
of S. Enteritidis namely, the chromosomal locus sdfl and
the prot6e gene. These analyses revealed that a sub-group
of isolates, all confirmed by serotyping as S. Enteritidis and
having either atypical or 9b phage types, were positive for
the chromosomal sdfl marker but negative for the prot6e
gene located on the S. Enteritidis virulence plasmid and
which is believed to contribute to the ability of S. Enteritidis
to survive in and be transmitted via eggs (Clavijo et al,
2006). Given that the protée gene is frequently used for
S. Enteritidis detection (Malorny et al, 2007; Chiang et al,,
2018) it was felt that further characterisation of these prot6e-
negative isolates was warranted. It was notable that all these
prot6e- isolates originated from facilities identified as duck-
producing facilities while all the prot6e+ isolates came from
chicken or more general poultry-producing facilities. Due to the
clonal nature of S. Enteritidis, several subtyping schemes have
been explored in attempts to improve lineage discrimination
and thereby improve trace back capability following food
contamination events. Pulsed field gel electrophoresis (PFGE),
the gold standard bacterial typing technique widely applied to
Salmonella in food outbreak investigations until very recently
(Ribot et al., 2006; Peters et al., 2007) had limited capability
to differentiate S. Enteritidis isolates. An alternative bacterial
subtyping technique, Multiple-Locus Variable number tandem
repeat Analysis (MLVA), has proven useful (Nadon et al,
2013) and a standardized protocol has been employed for
epidemiological investigations of S. Enteritidis worldwide to
supplement traditional PFGE subtyping (Bertrand et al., 2015).
More recently in silico analyses of whole genome sequencing

(WGS) data have increasingly been adopted as the tools
of choice for both serovar identification (Yoshida et al,
2016) and highly sensitive isolate subtyping in support of
salmonellosis outbreak investigations (Ogunremi et al., 2014b).
Using such methods for a comprehensive characterisation of
these prot6e-negative S. Enteritidis isolates has revealed the
existence of a highly distinct lineage having unique features
in both chromosomal and plasmid sequences. The broader
circulation of this lineage has been evaluated using multiple
sequence databases and the public health implications of these
observations are considered.

MATERIALS AND METHODS

Collection of Salmonella Isolates

All 63 isolates (Supplementary Table S1) included in the
laboratory studies were recovered from environmental samples
taken in poultry production facilities and submitted to the
Animal Health Microbiology Diagnostic Unit of the Canadian
Food Inspection Agency for Salmonella detection. Culture of
these environmental samples, performed as described previously
(Nadin-Davis et al.,, 2019) yielded individual colonies which
were cultured on tryptic soy agar (TSA) with or without 5%
sheep blood to assess purity. All isolates were identified to
the genus Salmonella using Vitek 2 (bioMérieux, Durham, NC,
United States) according to the manufacturers instructions
and the serovar, Enteritidis, of isolates along with the phage
type, was confirmed by serological and phage typing analysis
performed by the World Health Organisation Reference Centre
for Salmonella located in a Public Health Agency of Canada
facility in Guelph, Ontario.

DNA Extraction and qPCR

Pure isolates of S. Enteritidis were grown on TSA plates and
incubated at 36°C for 18-22 h. Cells were scraped off the
agar surface and resuspended in PBS prior to total DNA
extraction using a Wizard genomic DNA isolation kit as per
the supplier’s directions (Promega, Madison, W1, United States).
Purified DNA solutions were quantified spectroscopically using
a Nanovue instrument (GE Biosciences) and stored at —20°C.
Isolates were scored for the presence of the sdfl locus and
the prot6e gene by qPCR performed as described previously
(Nadin-Davis et al., 2019).

Pulse Field Gel Electrophoresis

PFGE was performed using the PulseNet Canada method
“General Pulsed Field Gel Electrophoresis for Escherichia coli,
Salmonella, and Shigella” (PulseNetInternational, 2013) with the
following modifications: plug slices were separately digested
with 120 units Xbal and 40 units BlnI with extended digestion
times of a minimum of 3 h and electrophoresis run time of
approximately 20 h on the CHEF Mapper (Bio-Rad Laboratories,
Mississauga, ON, Canada). Data were analyzed using the
software BioNumerics v6.01 (Applied Maths, Sint-Martens-
Latem, Belgium), and PFGE patterns were assigned by PulseNet
Canada (National Microbiology Laboratory, Winnipeg, Canada).
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Multiple-Locus Variable-Number
Tandem-Repeat Analysis (MLVA)

Each of the 63 cultured S. Enteritidis isolates was used to
prepare a crude cell lysate by heating 1-3 colonies in 100 w1
molecular grade water at 100°C for 10 min. These crude cell
lysates were used as DNA templates in MLVA typing procedures
performed according to the standardized PulseNet protocol
(PulseNetInternational, 2011). Amplification was performed on
ABI-9700 thermal cyclers (Applied Biosystems, CA) with cycling
parameters of 95°C for 5 min, followed by 35 cycles of 94°C for
20's,65°C for 20 s and 72°C for 20 s, and a hold at 72°C for 5 min.
The variable-number tandem-repeat (VNTR) PCR products were
analyzed by capillary electrophoresis on an ABI-3130xl Genetic
Analyzer (Applied Biosystems). In cases when PCR products
were absent for a VNTR locus, a confirmatory singleplex PCR
was performed using the appropriate VNTR primer set. VNTR
fragment lengths were calculated using the GeneMapper v4.1
software (Life Technologies), and VNTR allele numbers were
assigned using BioNumerics v6.01 as per an algorithm provided
by PulseNet Canada. Final MLVA types were presented as allele
number strings VNTR 1-VNTR 2-VNTR 3-VNTR 5-VNTR 6-
VNTR 8-VNTR 9 indicating the number of tandem repeats
within the corresponding VNTR loci. An absent VNTR locus was
scored as an allele (VNTR allele number = nd) reflecting either
loss of the locus or a polymorphic primer binding site of the given
locus. The MLVA dendrogram was generated by BioNumerics
v6.01 using the categorical coefficient and Unweighted Pair
Group Method with Arithmetic Mean (UPGMA) method; MLVA
clusters were defined by a cutoff value of 57% similarity.

Whole Genome Sequencing

Whole genome sequencing (WGS) was initially performed on
seven prot6e- S. Enteritidis isolates using two different short read
platforms; results for six isolates are summarized in Table 1.
For sequencing by Illumina technology libraries were constructed
using Nextera XT kits and run on a MiSeq instrument with either
a 500 or 600 cycle reagent kit. For Ion Torrent PGM sequencing,
DNA libraries were prepared by enzymatic fragmentation,
adaptor ligation and size selection of DNA according to
manufacturer’s instructions (Thermo Fisher, Burlington, ON,
Canada) and converted to sequencing templates displayed on
Ion sphere particles by means of an emulsion PCR (Ion One-
Touch ES™). Ton particles enriched with templates were loaded
on the Ion Torrent 318 chip and the DNA sequenced on the
PGM over 7 h as per the manufacturer’s directions. Additional
long read sequencing was performed on these six isolates using
Nanopore MinION technology to confirm the plasmid assemblies
and assist with assembly of whole chromosome data. Libraries
were generated using a rapid sequencing kit with barcoding as
per manufacturer’s instructions and run on a R9.4 MinION flow
cell for 24 h (Oxford Nanopore).

Sequence Assembly

Initially short read sequence data were used for plasmid sequence
assembly after removal of chromosomal DNA sequences using
the reference S. Enteritidis strain P125109 (NCBI accession no.

TABLE 1 | Sequence summary of the virulence plasmid for six unusual S. Enteritidis isolates and comparison with reference strains.
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AM933172.1) with the Ngen program of the Lasergene v12
software (DNASTAR, Madison, W1, United States). Gaps in the
resulting assemblies were filled by Sanger sequencing of PCR
products bridging these gaps. The later acquisition of long read
sequence data using MinION technology permitted confirmation
and refinement of these plasmid sequences in addition to the
generation of whole chromosome assemblies. The combined
sequence data from all platforms (Illumina paired-end, Ion
Torrent, and MinION reads) were assembled using Unicycler
v0.4.8-beta (Wick et al., 2017) which employs the SPAdes tool for
de novo assembly of the short read data and then uses the long
reads to bridge gaps in these assemblies'. The bridged assemblies
then underwent multiple rounds of short-read polishing to
generate the final sequences described in this report. All plasmid
sequences presented here were oriented such that the repB open
reading frame started at position 1 in the positive orientation.
Differences between complete whole genome assemblies of the
six unusual S. Enteritidis samples were identified through the
mapping of short Illumina or Ion Torrent sequence reads to
the 110THO031 hybrid assembly using Bowtie2 v2.3.4.3, and
subsequently merging and calling variants from the output files
with the BCFtools module of SAMtools v1.9 (Li et al., 2009). To
confirm the MLVA subtyping analysis these genome sequences
were evaluated for the presence/absence of the MLVA locus
VNTR 3 primers using an in-house in silico PCR pipeline® in
which up to 3 mismatches were permitted per primer.

The hybrid whole genome sequence assemblies have been
deposited into the NCBI database and have the following
accession numbers: 2006D1274_20-15, GCA_008728015.1;
2008D015_15-1, GCA_008727965.1; 20080THO027_7-4,
GCA_008727955.1; 20110THO031_8-1, GCA_008727985.1;
20120THO012_9-1, GCA_008727855.1; 20140THO007_19-16,
GCA_008727915.1 Note that in the following narrative the
designations have been shortened to include just a two digit
year identifier. Details of the assembled plasmid sequences are
provided in Table 1.

S. Enteritidis SNP Subtyping

Nucleotides at the 60 chromosomal positions used for SNP typing
as described previously (Ogunremi et al., 2014b) were recovered
from the assembled chromosomal sequences by mapping the
raw Illumina reads to the genome of the reference S. Enteritidis
strain P125109. Two positions not resolved from these data and
interrogated using the raw reads were found not to be present
and were scored as gaps. Using the tools available in the MEGA
X software suite (Kumar et al., 2018) these data were aligned
with SNP reads for other S. Enteritidis isolates representative
of the 12 clades identified previously (Ogunremi et al., 2014b).
This alignment was then used to generate a neighbor-joining
tree using the Maximum Composite Likelihood method and
2000 bootstrap replicates with complete removal of all positions
containing gaps. The alignment was also used to generate SNP
differences among the isolates by pairwise comparison (CLC
Genomics Workbench v 12, Qiagen, Hilden, Germany).

Uhttps://github.com/rrwick/Unicycler
Zhttps://github.com/chmaraj/In_silico_PCR

Plasmid Sequence Comparisons

and Annotations

Using the sequence of the virulence plasmid from one of the
isolates, namely p110THO31 as reference, all assembled plasmid
sequences were analyzed by a pairwise alignment implemented in
MEGA v7 software (Kumar et al., 2016) to identify SNPs and non-
conserved positions. These six assemblies were initially annotated
using Prokka v1.13 (Seemann, 2014) with further refinement
using an in-house script’ that uses a clustering algorithm to
improve predicted annotation descriptions; this second step
markedly reduced the number of hypothetical open reading
frames (ORFs) identified. The few annotation differences thus
detected between the six plasmids were further assessed for their
accuracy as follows. Sample reads were aligned to the plasmid
sequence pl10THO031 using Bowtie2 v2.3.4.3 (Langmead and
Salzberg, 2012), and the resultant files were filtered and formatted
using the BCFtools module of SAMtools v1.9 (Li et al., 2009)*.
Differences were filtered based on read-mapping and quality
threshold values of 20 for all samples so as to remove poor quality
data. Alignments of these plasmid sequences with those for the
plasmids of two reference strains, S. Enteritidis P125109 (pSEN)
and S. Typhimurium LT2 (pSLT), were illustrated graphically
using the BRIG v0.95 (Alikhan et al., 2011) software program.

Comparison of S. Enteritidis Plasmid
Sequences With CFIA In-House and
Enterobase Sequence Archives

A collection of hundreds of Salmonella isolates, including
240 S. Enteritidis samples, recovered from across Canada as
part of the CFIAs food safety program and sequenced on
the MiSeq platform using the methods described above, were
interrogated to determine if additional isolates harboring this
unusual plasmid could be identified. Raw sequence reads
were interrogated with the sequence of the reference plasmid
p06D1274 using the nucmer module of MUMmer v3.23 (Margais
et al., 2018). To ensure identification of S. Enteritidis isolates
only, pairwise comparisons between the reference plasmid and
sample reads were catalogued using the DNAdiff script contained
within MUMmer with parsing of the data by adjusting the
threshold level of coverage until removal of S. Typhimurium
samples was achieved.

Using an in silico multi-locus sequence typing (MLST) method
based on the Achtman seven gene scheme for Salmonella
implemented through the Enterobase website® the six isolates
fully characterized in this study were all typed as ST-814. All
128 available ST-814 assemblies were downloaded from the
Enterobase database and interrogated using the nucmer and
DNAdJiff modules of MUMmer v3.23 (Margais et al., 2018)
and the p06D1274 reference sequence as described above. Of
the 54 assemblies that were returned by this analysis, only 45
had available short read archive (SRA) entries in NCBI. Using
these SRA entries, samples were analyzed using SNVPhyl v1.0.1

Shttps://github.com/duceppemo/bacteria_genome_assembly/blob/master/bda.py
*https://samtools.github.io/bcftools/
“https://enterobase.warwick.ac.uk/
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(Petkau et al., 2017) for single nucleotide variants in these
whole genome sequences. Single nucleotide variants present
in each isolate as identified using the SNVphyl software were
concatenated and saved as a fasta file. MEGA v7 software was
used to first determine the best fitting nucleotide substitution
model for the resulting data and then to predict the most
likely phylogeny using the Maximum Likelihood (ML) approach.
This fasta file was also used to compute SNP differences
and percent identity (CLC Genomics Workbench v 12) by
pairwise comparison of members of clades identified by the ML
phylogeny. To evaluate the two main clades identified in the ML
tree, their distribution of SNP differences was tested for normality
(Kolmogrov-Sminrnov test, Clade I KS distance = 0.12, p < 0.05;
Clade II, KS distance = 0.15, p < 0.05), and significant differences
between the two groups tested by the non-parametric Mann-
Whitney test at p < 0.05 (GraphPad Prism 8, San Diego,
CA, United States).

RESULTS

Identification of S. Enteritidis Isolates
With Unusual Typing Profiles

To provide context for this study, a total of 63 S. Enteritidis
isolates, recovered from environmental samples that had been
collected at multiple poultry facilities across Canada between
2000 and 2014 as part of a CFIA surveillance program,
were characterized by several internationally recognized and
standardized S. Enteritidis subtyping methods including phage
type (PT) determination, PFGE and MLVA (Supplementary
Table S1). These data are presented in Figure 1 together with the
outcome of PCR testing for the presence of the prot6e marker.

MLVA subtyping generated 15 types that clustered into
two major groups on the UPGMA dendrogram. Cluster 1
(n = 53) included the most common MLVA types 6-8-4-
10-10-1-2 (n = 31) and 6-6-4-11-10-2-2 (n = 9), and seven
closely related types represented by 13 isolates. This cluster of
isolates was characterized by six PFGE types, the most common
being SENXAILO0003 SENBNILO0003 (49.1%), SENXAIL0006
SENBNI.0007 (22.6%), and SENXAI.0038 SENBNI.0016
(20.8%). These 53 isolates were represented by 9 phage types,
among which the PT23 was the most dominant (n = 13),
followed by PT8 (n = 12) and PT13 (n = 7); seven isolates had
atypical phage types and one was untypeable. All S. Enteritidis
isolates belonging to MLVA Cluster 1 were positive for the prot6e
marker (p < 0.0001).

The MLVA Cluster 2 (n = 10) included the MLVA type
8-8-nd-17-11-1-2 (n = 5) and five closely related types with
the distinguishing absence of the VNTR 3 locus (position
2073266 — 2073463 in the chromosome of S. Enteritidis strain
P125109). These samples were characterized by the PFGE profile
SENXAIL0214 SENBNI.0225 and two other profiles having minor
differences in the Xbal pattern only. Seven had the phage
type PT9b while the remaining three were represented by two
closely related atypical phage types. Notably all MLVA Cluster 2
isolates, which were recovered exclusively from duck hatcheries
(Supplementary Table S1), were associated with negative prot6e

qPCR results (p < 0.0001) while all 63 S. Enteritidis isolates were
positive for the sdfI marker.

WGS and Plasmid Analysis

To explain the failure of the prot6e qPCR assay for S. Enteritidis
isolates of MLVA Cluster 2, seven isolates were initially selected
for short read WGS using one of two platforms in each case.
Subsequently just six of these isolates were also subjected to long-
read sequencing since the seventh isolate (120THO019 10-1) was
no longer available for Nanopore sequencing (Table 1). The use of
multiple sequencing methods, in which both short and long read
chemistries were employed, allowed for highly robust plasmid
sequence assemblies. While the plasmid sequence predicted for
isolate 120THO019 10-1 was based upon short read data only, it
was very similar to those of the other isolates indicating that in
this study even short read data was assembled quite accurately.
In each case a single, highly conserved large virulence plasmid of
~86.5 kb was identified (Table 1).

The large size of these plasmids compared to the pSEN
virulence plasmid carried by the P125109 reference strain of S.
Enteritidis (59,372 bp) prompted a BLAST analysis in which
high similarity of sections of these plasmids to sequence of
S. Typhimurium reference plasmids, pSLT and pDT104, was
identified, a finding consistent with the GC content (52.6%) of
our plasmids compared to that of the pSEN reference (51.9%)
and S. Typhimurium plasmids (53.1%) respectively. Direct
comparison of these plasmids with pSEN, indicated a high level
of similarity except for the absence of a small region around
the prot6e gene (Figure 2). When compared with the pSLT
plasmid of S. Typhimurium reference strain LT2 the six unusual
S. Enteritidis plasmids were found to contain a ~28 kb insertion
with strong similarity to pSLT (Figure 3) that is not contained
within pSEN. Both comparisons supported the homology of all
six S. Enteritidis plasmids.

Full annotation of these six unusual S. Enteritidis plasmids,
including comparison with the corresponding plasmids from
the S. Enteritidis and S. Typhimurium reference strains, is
provided (Supplementary Table S2). All six S. Enteritidis
plasmids generated very similar annotation profiles with just
a few differences resulting from truncation or, occasionally,
complete loss of some ORFs. Notably, most feature differences
between these plasmids are located within a stretch of about 2 kb
in the region corresponding to positions 10-12 kb.

The 28 kb insert relative to pSEN contains a contiguous
section of the F transfer (incF) operon very similar to a region
within the S. Typhimurium plasmid pSLT (Figure 4) thereby
reconstituting a complete F factor transfer region comprised of
32 genes typical of this operon (Frost et al, 1994). Notably,
however, all the S. Enteritidis plasmids contained a truncated
traG gene. The FinO gene that encodes an inhibitor of the DNA
transfer process that is associated with this region was similar in
length to that of the S. Typhimurium sequence which, depending
on the true start location, encodes an ORF of either 187 (ATG
initiation) or 194 (TTG initiation) amino acids compared to the
shortened ORF (140 amino acids) present in the pSEN plasmid.
Virtually all the ORFs encoded by the S. Typhimurium-like
insertion in these plasmids were located on one DNA strand
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MLVA typing PFGE typing .
Sample ID =8 nwe s Xbal Binl Phage Detection
E EE EE EE pattern  pattern type of protée
> > > > > > >
100THO25 6 6 4 11 10 2 2 SENXAI.0038 SENBNI.OO16 13 T~
080THO01 10-2 6 6 4 11 10 2 2 SENXALO0038 SENBNIO0O16 13 +
07D507 13-18 6 6 4 11 10 2 2 SENXALO038 SENBNIOO16 13 +
06D1004 6-4 6 6 4 11 10 2 2 SENXALO0038 SENBNIOO16 13 +
100THO40 6-2 6 6 4 11 10 2 2 SENXALO038 SENBNIOO16 13 +
100THO40 6-16 6 6 4 11 10 2 2 SENXALO0038 SENBNIOO16 23 +
100THO40 4-2 6 6 4 11 10 2 2 SENXALO038 SENBNI.OO16  AT08-2363 +
100THO40 4-17 6 6 4 11 10 2 2 SENXALOO38 SENBNIOO16  AT09-1982 +
100THO40 6-14 6 6 4 11 10 2 2 SENXALO038 SENBNI.OO16  AT10-3978 +
00D989 84-6 6 9 4 11 10 2 2 SENXALOOO3 SENBNIOOO9 8 +
00D989 87-1 6 9 4 11 10 2 2 SENXALOOO3 SENBNIOOO9 10 +
00D989 83-4 6 9 4 11 10 2 2 SENXALO003 SENBNIOOO9 23 +
07D329 2-18 6 6 4 12 10 2 2 SENXALO038 SENBNIO016  Untypeable — +
085U1109-5 5 6 4 10 10 2 2 SENXALO038 SENBNIO106 13 +
07D277 10-18 6 6 4 10 10 2 2 SENXALO038 SENBNI.OO16 23 +
080TH026 3-15 6 8 4 9 10 1 2 SENXALO003 SENBNI.OOO3 8 +
08SU1197-4 6 8 4 9 10 1 2 SENXALO003 SENBNI.OOO3 8 +
110THO25 6-12 6 8 4 9 10 1 2 SENXALOOO3 SENBNI.OOO3 8 +
__| 085U1095-10 6 8 4 9 10 1 2 SENXALOO03 SENBNI.OOO3 10 +
085U1196-12 6 8 4 9 10 1 2 SENXALOOO3 SENBNI.OOO3 23 +
095U015 2-2 6 8 4 10 10 1 2 SENXALO003 SENBNI.OOO3 8 +
080TH024 9-3 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 8 +
08OTH029 7-12 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 8 +
08D137 19-3 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 8 +
080OTH032 5-20 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 8 +
090TH223 6-8 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 8 +
105U010 19-1 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 8 +
080OTH009 9-1 6 8 4 10 10 1 2 SENXALOOO6 SENBNIO0O7 13 +
115U006 4-1 6 8 4 10 10 1 2 SENXALOOO6 SENBNIOO7  13a + MLVA
10SU002 19-2 6 8 4 10 10 1 2 SENXALOOO6 SENBNIOOO7  13a +
085U1104-2 6 8 4 10 10 1 2  SENXALOOO6 SENBNILOOO7  13a + Cluster 1
080TH009 8-3 6 8 4 10 10 1 2 SENXALOOO6 SENBNI.OOO7  13a +
080THO16 7-10 6 8 4 10 10 1 2 SENXALOOO6 SENBNIOO7  13a +
110THO18 5-6 6 8 4 10 10 1 2 SENXALOOO6 SENBNIOO7  13a +
095U016 14-15 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 18 +
0950012 18-7 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 9 +
095U030 12-7 6 8 4 10 10 1 2 SENXALOOO6 SENBNI.OOO7 23 +
090TH223 6-16 6 8 4 10 10 1 2 SENXALO003 SENBNI.OOO3 23 +
10SU002 19-16 6 8 4 10 10 1 2 SENXALOOO6 SENBNI.OO7 23 +
095U012 19-10 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 23 +
0950015 2-5 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 23 +
095U0157-15 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.0240 23 +
095U01813-16/13-6 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 23 +
080TH028 10-8 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 23 +
095U018 13-2 6 8 4 10 10 1 2 SENXALOO03 SENBNI.OOO3 23 +
_ 11SU006 M5-3 6 8 4 10 10 1 2 SENXALOOO6 SENBNI.OOO7 ~ AT11-2087 +
095U012 19-1 6 8 4 10 10 1 2 SENXALOOO3 SENBNIOOO3 ~ AT09-2710  +
080TH024 5-4 6 8 4 10 10 1 2 SENXALOOO3 SENBNIOOO3  AT99-1381 +
105U31 19-19 6 8 4 10 10 1 2 SENXALOOO6 SENBNIOOO7 19 +
| 105U03118-1 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 51,8 +
095U0198-1 6 8 4 10 10 1 2 SENXALOOO3 SENBNI.OOO3 51 +
L 080TH0254-2 6 8 4 11 10 1 2 SENXALOOO3 SENBNI.OOO3 8 +
L 080TH0319-12 5 8 4 10 10 1 2 SENXALO003 SENBNI.OOO3 ~ AT08-5352 + )
08D015 15 8 8 nd 16 11 1 2 SENXALO214 SENBNI.0225  9b - <
— 06D1274 20-15 8 8 nd 16 11 1 2 SENXALO214 SENBNI.0225  9b =
080TH027 7-4 8 8 nd 17 11 1 2 SENXALO0217 SENBNI0225  9b -
|08D015 13-7 8 8 nd 17 11 1 2 SENXALO0228 SENBNI.0225  9b -
110TH0318-1 8 8 nd 17 11 1 2 SENXALO214 SENBNI.0225  AT09-4837 -
| 120THO129-1 8 8 nd 17 11 1 2 SENXALO214 SENBNI.O225 ~ AT09-4837 - S MLVA
-|' L 080TH0128-5 8 8 nd 10 11 1 2 SENXALO0214 SENBNI0225  9b . Cluster 2
L 08D01519-1 8 11 nd 17 11 1 2 SENXALO0214 SENBNI.0225  9b -
120THO19 10-1 11 8 nd 16 11 1 2 SENXALO0214 SENBNI.0225  AT09-4935 "
140THO07 19-16 9 8 nd 20 11 1 2 SENXALO0217 SENBNI.0225  9b -

FIGURE 1 | Dendrogram representing genetic relationships among 63 S. Enteritidis based on MLVA profiles. The table to the right of the dendrogram shows isolate
IDs, the allelic pattern for each MLVA profile, PFGE and phage types, and presence of the prot6e gene. Division of the samples into two very distinct MLVA clusters,
1 (blue) and 2 (red), is indicated to the right.
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consistent with the functional requirement of the incF operon
whereas the ORFs encoded by the region corresponding to the
regular S. Enteritidis portion of these plasmids were distributed
between both DNA strands. Differences between the divergent
S. Enteritidis plasmids over the incF operon were limited but
notably there was significant variation in the number of repeats of
a 9-base sequence encoding QPQ near the C terminal of the traD
gene product which is believed to function as a DNA transporter;
this variation was the primary determinant of the number
of indels observed among the plasmids (Table 1). Compared
to the homologous S. Typhimurium sequence one additional
ORE a cytosine permease, was present in the six S. Enteritidis
plasmids (Figure 4). In addition, the S. Enteritidis plasmids lack
sequence corresponding to a region of the pSLT plasmid (53797-
63268), which contains several genes including the psi B gene
(Supplementary Table S2).

Whole Genome Comparisons
Given that these unusual S. Enteritidis isolates were recovered
from three facilities in two provinces over a period of 8 years

(Supplementary Table S1), it was of interest to determine if this
was the result of clonal expansion of a strain harboring this hybrid
plasmid or due to multiple independent changes to the virulence
plasmid. The MLVA analysis suggested these isolates were quite
similar, particularly as a result of the loss of the VNTR 3 marker,
a result confirmed by interrogation of the complete genomic
sequences for these samples by an in silico PCR analysis which
found that the primer sequences for this locus are indeed missing.

To explore this genetic similarity further these samples were
subjected to a discriminatory SNP typing protocol which scores
60 base positions located throughout the genome (Ogunremi
et al., 2014b). Using this approach, the WGS data for our six
sequenced samples were compared to 19 other S. Enteritidis
sequences, several of which are included in Table 1 and which
represent reference samples for many distinct groups. As shown
by the number of SNPs identified in a pairwise comparison of
these 25 samples (Supplementary Table $3) and the phylogeny
generated using these SNPs (Figure 5), 12 distinct clades were
identified. Sample 110THO031 8-1, which had been included
in that previous analysis (SENT03) and typed within clade 1,
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formed a reference for that clade. All five unusual S. Enteritidis
samples recovered from Ontario facilities clustered together
within clade 1 with the isolate recovered from a Manitoba facility
clustering as an outlier to this group. This preliminary analysis
indeed suggested that the strains harboring this unusual plasmid
constitute a specific S. Enteritidis lineage, a conclusion further
substantiated by additional studies described below.

Prevalence of This Unusual S. Enteritidis

Strain

To explore whether this unusual S. Enteritidis strain has
been recovered from other samples submitted for testing to
the CFIA under the umbrella of the food testing program,
an in-house Salmonella sequence database comprising
240 S. Enteritidis samples was interrogated as described.
This search identified a single isolate (2018-MER-0138),
recovered in the province of British Columbia in western
Canada in 2007 but only sequenced in 2018, which
contained a plasmid with significant similarity (99.1%) to

the plasmids of our six S. Enteritidis samples. Notably this
isolate, which typed as PT9b, was again recovered from
an environmental swab taken in a hatchery in which duck
eggs were processed.

To further investigate the extent to which S. Enteritidis
isolates harboring this unusual plasmid have been recovered
elsewhere, these six isolates were first subjected to in silico
MLST analysis using the Enterobase tool and designated as ST-
814. All members of this type in the Enterobase database were
screened for the presence of sequence closely related to that
of plasmid p08OTHO027. Of just 128 samples that comprise the
ST-814 group, 54 samples, as summarized in Supplementary
Table S4, contained sequence having >99% identity to the
reference plasmid. While all are predicted to represent S.
Enteritidis based on their whole genome sequences it is notable
that some were originally identified as other serovars, particularly
S. Typhimurium, perhaps based on evidence gained from the
unusual nature of their plasmid. SRA data for forty-five of these
isolates were recovered from NCBI and these whole chromosome
sequence data were used together with the MiSeq data for five of
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FIGURE 4 | (A) Schematic showing the genes encoded by a 34.5 Kb region of p110THO31 including the 28 Kb insertion harboring multiple genes of the incF
operon. Base positions corresponding to the start and end of this region are indicated; the arrows show most of the operon transcripts running off the reverse
strand. The corresponding regions of the pSLT (B) and pSEN (C) reference plasmids are also shown. Black arrows indicate similar gene lengths between all three
plasmids. Red arrows indicate a different length for p11OTHO31 while blue arrows indicate gene lengths specific for pSEN. The green arrow in p110THO31 identifies
a distinct gene encoding a cytosine permease not found in either pSLT or pSEN. All six S. Enteritidis plasmids analyzed in detail in this report exhibited very similar
gene organization over this region with the following exceptions. The p06D1274 plasmid had a truncated tral; p080THO27 had a truncated cytosine permease gene
and a truncated traD gene while the other samples exhibited small variations in the length of the traD gene.

our Canadian isolates to generate a ML phylogeny based upon
906 SNPs identified by a SNVPhyl analysis (Figure 6).

Notably the tree identifies two major clades, I and II,
represented by 555 and 344 SNPs respectively. Members of Clade
I differed from each other by 0-156 SNPs (identity = 82.8 -
100%) whereas members of Clade II differed by 1 - 142 SNPs
(identity = 84.3 — 99.9%). Statistical analysis of the distribution
of SNPs in the two clades indicated that they represented distinct
subgroups within the ST-814 organisms (Mann-Whitney test,
two tailed, U = 19203, p < 0.05). Apart from one unannotated
outlier, Clade I is comprised exclusively of samples recovered
from the Americas. Included within this clade are four of
the isolates recovered from Ontario duck-producing facilities
which clearly form a highly conserved subgroup within a larger
collection of samples from the United States. A single human
isolate from Brazil also falls into this clade. The second larger
clade (II) also contains several isolates from North America
including the single isolate from a Manitoba duck-producing
facility together with a closely related human isolate recovered
in Canada. In addition, two distinct subgroups of isolates within
this clade originated in the United Kingdom either from humans
or other mammals. While the original sources of these human

infections remain unknown, some isolates within the ST-814
group, which could not be included in the phylogeny due to
their unavailability in the NCBI SRA, were obtained from both
geese and ducks. The North American samples originated from
a wide range of products including animal feed, several poultry
species and one isolation from a mallard. The time frame of these
isolations is broad ranging from 1938 (of unknown source and
location) to the present with most samples recovered post 2000
(Supplementary Table S4). We thus conclude that this unusual S.
Enteritidis plasmid is harbored by a relatively rare lineage which
has over time spread over a wide geographical area.

DISCUSSION

While many serovars of Salmonella enterica subspecies enterica
are thought to exhibit a high degree of clonality, this is especially
true of S. Enteritidis which has emerged as an important
foodborne pathogen and for which isolate subtyping is especially
important in support of food outbreak investigations. Of the
63 isolates initially compared in this study (Supplementary
Table S1) three had been previously sequenced and found to
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be very similar genetically to the reference S. Enteritidis strain
P125109 (Ogunremi et al., 2014a). In contrast, this report has
identified a rare but widely dispersed lineage of S. Enteritidis
which carries a very unusual virulence plasmid differing from
the typical plasmid carried by this serovar in two respects:
loss of the prot6e gene and acquisition of a 28 kb sequence
corresponding to a region of the incF operon. These findings are
significant at many levels.

The clonality of the S. Enteritidis isolates recovered from
duck-producing facilities as described in this study is strongly
supported. Five of the original isolates that underwent exhaustive
characterisation in this report were analyzed using a SNP-based
classification tool (Ogunremi et al., 2014b) targeting 60 distinct
SNPs distributed throughout the genome and were identified as
belonging to the rare clade 1 type (Figure 5). These samples
clustered together with an additional four isolates (08D015 13-
7, 080OTHO012 8-5, 08D015 19-1 and the partially characterized

120THO019 10-1 (Supplementary Table S1) as a distinct MLVA
group (Figure 1). PFGE of all 10 isolates also identified profiles
distinct from the other 53 S. Enteritidis isolates examined by
both the Binl and Xbal restriction endonucleases. With respect
to phage type all were either PT9b or a closely related atypical
type. Finally, the six sequenced isolates were all assigned to
MLST group ST-814, a relatively rare type of just 128 samples
within >70,000 Salmonella isolates submitted to the Enterobase
database. Thus, while only six S. Enteritidis isolates were fully
characterized genetically in this report, the evidence suggests that
ten isolates of this unusual strain were recovered.

The highly unusual nature of the virulence plasmid in this
S. Enteritidis strain is most noteworthy due to loss of the
prot6e gene commonly employed to identify S. Enteritidis and
the acquisition of a 28 kb fragment of DNA carrying several
genes of the incF operon. Again, the limited genetic variability
between the plasmids harbored by all six characterized isolates
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FIGURE 6 | Phylogeny of 50 S. Enteritidis isolates. The data set includes five of the unusual Canadian samples described in this report and 45 of 54 ST-814 isolates
of S. Enteritidis identified in the Enterobase collection as containing the unusual virulence plasmid. Using SRA data recovered from the NCBI genome database and
the whole genome sequences generated in this report, a SNVphyl analysis of these whole chromosomal sequences, using 06D1274-20-15 as the reference,
identified a total of 906 SNPs. These data were employed in a ML analysis, using 500 bootstrap replicates, to generate a predicted phylogeny using the General
Time Reversible model of nucleotide substitution identified as the most appropriate model using modeltest. The two major clades (I and Il) are identified to the left of
the tree. Black numbers at nodes indicate per cent bootstrap values >70 for the clade to the right while number of SNPs within each of these clades is indicated in
red. The origins of the samples with respect to sample type and country or region are summarized to the right of the tree where known. Such metadata were missing
for nine samples including all six with an ERR designation and SRR1814300, SRR1814449, and SRR5056436.

(Figures 2-4) supports the clonality of the strain and its
emergence and spread from a single event. The identification of
the insertion sequence as being virtually identical to a portion
of the S. Typhimurium virulence plasmid strongly suggests
that the acquisition of this sequence was the result of a single
horizontal transmission event, an occurrence that would certainly
be facilitated by the co-circulation of these two Salmonella
serovars in poultry environments as observed in a previous study
(Nadin-Davis et al., 2019).

These significant changes identified in the virulence
plasmid of these unusual S. Enteritidis isolates, gives them
intermediate characteristics between the two commonest
serovars of Salmonella. As part of the conjugative machinery
the virulence plasmid of S. Typhimurium may exclude the
entrance of other plasmids, a process that may help to protect the
conjugative plasmid and ensure its survival by precluding lethal
zygosis (Garcillan-Barcia and de la Cruz, 2008). However, the
traG gene is truncated in the S. Enteritidis plasmids and given
the role of this gene in the conjugative transfer process (Firth
and Skurray, 1992) this may contribute to an expected defect in
the conjugative ability of the plasmid despite the acquisition of
many other tra genes from the Typhimurium source (Figure 3).
The changes observed in these Enteritidis plasmids appear to
suggest an attempt of a stable but smaller Enteritidis virulence
plasmid (59 kb) to revert to a larger ancestral plasmid from which
those of Typhimurium and Enteritidis were derived (Rychlik
et al., 2006). If the objective was to reconstitute a functional
conjugative process in an Enteritidis isolate, the evidence in
our study suggests that the attempt was not successful because
some critical genes were “left behind.” However, the conjugative
ability of these unusual plasmids has not been tested so this
conclusion remains speculative. The psiB gene, which encodes
the anti-SOS factor, is also missing from the virulence plasmid of
this unusual S. Enteritidis strain as also observed for the pSEN
reference plasmid. In its absence, the plasmid may be able to
induce a stress response which can affect the chromosome or
cause rearrangement of the plasmid (Baharoglu et al., 2010). We
speculate that the lack of psiB could conceivably have played a
role in the changes in the plasmids that resulted in the loss of the
protée gene.

The changes identified in the virulence plasmid of this unusual
S. Enteritidis strain may be directly related to the equally unusual
chromosomal changes, a proposition which could be addressed
by a comprehensive evaluation of the plasmid structure in each
S. Enteritidis clade, but which is beyond the scope of this
study. However, it is well established that Salmonella plasmids
can alter the characteristics of chromosomally encoded features.

For example, the incX plasmid is able to effect a phage type
conversion of the organism from type 1 and 4 to 6a, and 8 to
phage type 13 (Ridley et al., 1996) presumably by altering the
receptors such as the O antigen, to which a phage can bind. Taken
together, changes observed in both the plasmid and chromosome
of this S. Enteritidis strain are unique at many levels. It will be
interesting to evaluate the effect these changes might have on
the virulence of the organism using a new AmpliSeq assay to
interrogate the bacterial transcriptome.

The loss of the prot6e gene from this plasmid clearly
confounds use of this target as a highly discriminatory marker
for this serovar and suggests that other markers such as the
sdfl locus (Nadin-Davis et al., 2019) may be a better target
for S. Enteritidis identification. Loss of this gene may also
have implications for the nature by which this serovar is able
to spread given that the product of the prot6e gene, which
is involved in fimbrial biosynthesis, is believed to contribute
to S. Enteritidis persistence in eggs thereby facilitating the
transmission of the bacterium following egg consumption
(Clavijo et al., 2006). Thus, although propagation of this strain
in eggs has not been investigated in these studies it is quite
possible that loss of pro6e limits the survival of S. Enteritidis
in eggs and thus decreases the incidence of human disease
due to consumption of contaminated eggs. Notably none of
the Canadian isolates harboring this plasmid were recovered
directly from eggs. Apart from one human case which yielded
an isolate similar to that recovered from a Manitoba hatchery
(Figure 6), they were all environmental samples recovered from
duck producing facilities. The additional 54 isolates of group
ST-814 which were also identified as harboring this unusually
large virulence plasmid originated from several sources including
multiple human cases from the United Kingdom as well as
meat or animal feed containing duck meat (Supplementary
Table S4 and Figure 6). Given the relatively rare association
of this S. Enteritidis strain with humans and the probable
limitations of this organism to propagate efficiently in eggs
we speculate that human infection with this strain is more
likely to be associated with contamination of poultry meat
rather than eggs, a suggestion consistent with the documented
source of these isolates. Clearly, however, this strain does cause
human disease and is thus a public health concern particularly
given the possibility that cases might be missed due to loss of
the prot6e diagnostic marker. In Canada, given the recovery
of this S. Enteritidis strain from duck producing facilities in
three provinces (Ontario, Manitoba, and British Columbia), it
is clearly circulating over a wide geographical range in this
host species and presents as either a PT9b or a closely related
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type. Unfortunately, apart from one PT9b sample, phage types
for the remaining 53 ST-814 samples harboring this plasmid
are not available so it is unknown if association with PT9b is a
common feature of this unusual virulence plasmid. Interestingly,
in the United Kingdom it has been reported that while PT9b S.
Enteritidis is not often associated with human disease there has
been an increased incidence of this biotype in duck producing
facilities in contrast to the overall decline of Salmonella in poultry
populations (Carrique-Mas et al., 2008). Phage typing of some of
the samples of this collection would help address this issue. The
single isolation of this strain from a wild mallard recovered in the
US state of Indiana is notable and may indicate a means by which
migrating birds could have spread this strain widely but further
study on the precise source of isolates of this type is needed before
such an association can be concluded.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in
the GenBank under accession numbers GCA_008728015.1
(2006D1274-20-15), GCA_008727985.1 (20110THO031-8-
1), GCA_008727965.1 (2008D015-15-1), GCA_008727955.1
(20080THO027-7-4), GCA_008727915.1 (20140TH007-19-16),
and GCA_008727855.1 (20120TH012-9-1).

AUTHOR CONTRIBUTIONS

SN-D co-ordinated all the aspects of this work including
drafting of the manuscript. LP performed all Illumina and

REFERENCES

Alikhan, N.-F., Petty, N. K., Ben Zakour, N. L., and Beatson, S. A. (2011). BLAST
ring image generator (BRIG): simple prokaryote genome comparisons. BMC
Genomics 12:402. doi: 10.1186/1471-2164-12-402

Baharoglu, Z., Bikard, D., and Mazel, D. (2010). Conjugative DNA transfer induces
the bacterial SOS response and promotes antibiotic resistance development
through integron activation. PLoS Genet. 6:¢1001165. doi: 10.1371/journal.
pgen.1001165

Bertrand, S., De Lamine de Bex, G., Wildemauwe, C., Lunguya, O., Phoba, M. F.,
Ley, B., etal. (2015). Multi locus variable-number tandem repeat (MLVA) typing
tools improved the surveillance of Salmonella enteritidis: a 6 years retrospective
study. PLoS One 10:¢0117950. doi: 10.1371/journal.pone.0117950

Carrique-Mas, J. J., Papadopoulou, C., Evans, S. J., Wales, A., Teale, C. J., and
Davies, R. H. (2008). Trends in phage types and antimicrobial resistance of
Salmonella enterica serovar Enteritidis isolated from animals in Great Britain
from 1990 to 2005. Vet. Rec. 162, 541-546. doi: 10.1136/vr.162.17.541

Chai, S., White, P., Lathrop, S., Solghan, S., Medus, C., McGlinchey, B., et al. (2012).
Salmonella enterica serotype Enteritidis: increasing incidence of domestically
acquired infections. Clin. Infect. Dis. 54, S488-5497.

Chiang, Y.-C., Wang, H.-H., Ramireddy, L., Chen, H.-Y., Shih, C.-M,, Lin, C.-K,,
etal. (2018). Designing a biochip following multiplex polymerase chain reaction
for the detection of Salmonella serovars Typhimurium, Enteritidis, Infantis,
Hadar, and Virchow in poultry products. J. Food Drug Anal. 26, 58-66. doi:
10.1016/j.jfda.2016.11.019

Clavijo, R., Loui, C., Andersen, G., Riley, L., and Lu, S. (2006). Identification
of genes associated with survival of Salmonella enterica serovar Enteritidis in
chicken egg albumen. Appl. Environ. Microbiol. 72, 1055-1064. doi: 10.1128/
aem.72.2.1055-1064.2006

PGM sequencing. JC and M-OD undertook the MinION
sequencing and performed the all bioinformatics analysis. TB
and JD maintained the culture collection and were responsible
for provision of all isolates together with their source data.
OA performed the MLVA. RA provided the PFGE results.
DO arranged for the whole genome SNP typing analysis and
contributed to the interpretation of all results. All authors
contributed to the writing of the manuscript.

FUNDING

This study was supported in part by funds assigned to SN-D from
the Food and Water Safety project of the Government of Canada’s
Genomics Research and Development Initiative.

ACKNOWLEDGMENTS

We thank R. Gao for performing the SNP-based phylogenetic
analysis, Andrée Ann Dupras for providing training on Ion
Torrent PGM sequencing, Sohail Nausahd for helping with an
illustration, and C. Carrillo for critical review of this work and
making valuable suggestions for improvement.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.01322/full#supplementary- material

Firth, N., and Skurray, R. (1992). Characterization of the F plasmid bifunctional
conjugation gene, traG. Mol. Gen. Genet. 232, 145-153. doi: 10.1007/
bf00299147

Frost, L. S., Ippen-Ihler, K., and Skurray, R. A. (1994). Analysis of the sequence
and gene products of the transfer region of the F sex factor. Microbiol. Rev. 58,
162-210. doi: 10.1128/mmbr.58.2.162-210.1994

Garcillan-Barcia, M. P., and de la Cruz, F. (2008). Why is entry exclusion an
essential feature of conjugative plasmids? Plasmid 60, 1-18. doi: 10.1016/j.
plasmid.2008.03.002

Kuehn, B. (2010). Salmonella cases traced to egg producers. . Am. Med. Assoc.
304:1316. doi: 10.1001/jama.2010.1330

Kumar, S., Stecher, G., Li, M., Knyaz, C.,, and Tamura, K. (2018). MEGA X:
molecular evolutionary genetics analysis across computing platforms. Mol. Biol.
Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.
doi: 10.1093/molbev/msw054

Lane, C., LeBaigue, S., Esan, O., Awofisyo, A., Adams, N., Fisher, L, et al. (2014).
Salmonella enterica serovar Enteritidis, England and Wales, 1945-2011. Emerg.
Infect. Dis. 20, 1097-1104.

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie2.
Nat. Methods 9, 357-359. doi: 10.1038/nmeth.1923

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009).
The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-
2079. doi: 10.1093/bioinformatics/btp352

Malorny, B., Bunge, C., and Helmuth, R. (2007). A real-time PCR for
the detection of Salmonella Enteritidis in poultry meat and consumption
eggs. J. Microbiol. Methods 70, 245-251.  doi: 10.1016/j.mimet.2007.
04.013

Frontiers in Microbiology | www.frontiersin.org

June 2020 | Volume 11 | Article 1322


https://www.frontiersin.org/articles/10.3389/fmicb.2020.01322/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01322/full#supplementary-material
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.1371/journal.pgen.1001165
https://doi.org/10.1371/journal.pgen.1001165
https://doi.org/10.1371/journal.pone.0117950
https://doi.org/10.1136/vr.162.17.541
https://doi.org/10.1016/j.jfda.2016.11.019
https://doi.org/10.1016/j.jfda.2016.11.019
https://doi.org/10.1128/aem.72.2.1055-1064.2006
https://doi.org/10.1128/aem.72.2.1055-1064.2006
https://doi.org/10.1007/bf00299147
https://doi.org/10.1007/bf00299147
https://doi.org/10.1128/mmbr.58.2.162-210.1994
https://doi.org/10.1016/j.plasmid.2008.03.002
https://doi.org/10.1016/j.plasmid.2008.03.002
https://doi.org/10.1001/jama.2010.1330
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1016/j.mimet.2007.04.013
https://doi.org/10.1016/j.mimet.2007.04.013
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Nadin-Davis et al.

Unusual Salmonella Enteritidis Virulence Plasmid

Margais, G., Delcher, A. L., Phillippy, A. M., Coston, R., Salzberg, S. L., and Zimin,
A. (2018). MUMmer4: a fast and versatile genome alignment system. PLoS
Comput. Biol. 14:e1005944. doi: 10.1371/journal.pcbi.1005944

Middleton, D., Savage, R., Tighe, M., Vrbova, L., Walton, R., Whitfield, Y., et al.
(2014). Risk factors for sporadic domestically acquired Salmonella serovar
Enteritidis infections: a case-control study in Ontario, Canada, 2011. Epidemiol.
Infect. 142, 1411-1421. doi: 10.1017/s0950268813001945

Nadin-Davis, S., Pope, L., Ogunremi, D., Brooks, B., and Devenish, J. (2019). A real-
time PCR regimen for testing environmental samples for Salmonella enterica
subsp. enterica serovars of concern to the poultry industry, with special focus on
Salmonella Enteritidis. Can. J. Microbiol. 65, 162-173. doi: 10.1139/cjm-2018-
0417

Nadon, C. A., Trees, E., Ng, L. K., Moller Nielsen, E., Reimer, A., Maxwell,
N., et al. (2013). Development and application of MLVA methods as a tool
for inter-laboratory surveillance. Eurosurveillance 18:20565. doi: 10.2807/1560-
7917.ES2013.18.35.20565

Nesbitt, A., Ravel, A., Murray, R., McCormick, R., Savelli, C., Finley, R., et al.
(2012). Integrated surveillance and potential sources of Salmonella Enteritidis
in human cases in Canada from 2003 to 2009. Epidemiol. Infect. 140, 1757-1772.
doi: 10.1017/s0950268811002548

Ogunremi, D., Devenish, J., Amoako, K., Kelly, H., Dupras, A. A., Belanger, S.,
et al. (2014a). High resolution assembly and characterization of genomes of
Canadian isolates of Salmonella Enteritidis. BMC Genomics 15:713. doi: 10.
1186/1471-2164-15-713

Ogunremi, D., Kelly, H., Dupras, A. A., Belanger, S., and Devenish, J. (2014b).
Development of a new molecular subtyping tool for Salmonella enterica serovar
enteritidis based on single nucleotide polymorphism genotyping using PCR.
J. Clin. Microbiol. 52, 4275-4285. doi: 10.1128/jcm.01410-14

Peters, T. M., Berghold, C., Brown, D., Coia, J., Dionisi, A. M., Echeita, A., et al.
(2007). Relationship of pulsed-field profiles with key phage types of Salmonella
enterica serotype Enteritidis in Europe: results of an international multi-centre
study. Epidemiol. Infect. 135, 1274-1281. doi: 10.1017/50950268807008102

Petkau, A., Mabon, P., Sieffert, C., Knox, N. C., Cabral, J., Iskander, M., et al. (2017).
SNVPhyl: a single nucleotide variant phylogenomics pipeline for microbial
genomic epidemiology. Microb. Genomics 3:¢000116. doi: 10.1099/mgen.0.
000116

PHAC (2018). National Enteric Surveillance Program Annual Summary 2016.
Guelph: Public Health Agency. Available online at: http://publications.
gc.ca/collections/collection_2018/aspc-phac/HP37-15-2016-eng.pdf (accessed
June 5, 2020).

PulseNetInternational (2011). Laboratory Standard Operating Procedure
for PulseNet MLVA of Salmonella enterica serotype Enteritidis
Applied Biosystems Genetic Analyzer 3130XL platform. Available online
at: https://pulsenetinternational.org/assets/PulseNet/uploads/mlva/2013%

20updates/PNL23_MLVA%20EC%20ABI%20Protocol.pdf (accessed April 7,
2020).

PulseNetInternational (2013). Standard Operating Procedure for PulseNet
PFGE of Escherichia coli O157:H7, Escherichia coli non-O157 (STEC),
Salmonella serotypes, Shigella sonnei and Shigella flexneri. Available online at:
https://pulsenetinternational.org/assets/PulseNet/uploads/pfge/PNL05_Ec-
Sal-ShigPFGEprotocol.pdf (accessed April 7, 2020).

Ribot, E. M., Fair, M. A., Gautom, R., Cameron, D. N., Hunter, S. B., Swaminathan,
B., et al. (2006). Standardization of pulsed-field gel electrophoresis protocols
for the subtyping of Escherichia coli O157:H7, Salmonella, and Shigella for
PulseNet. Foodborne Pathog. Dis. 3, 59-67. doi: 10.1089/fpd.2006.3.59

Ridley, A. M., Punia, P., Ward, L. R.,, Rowe, B., and Threlfall, E. J. (1996).
Plasmid characterization and pulsed-field electrophoretic analysis demonstrate
that ampicillin-resistant strains of Salmonella enteritidis phage type 6a are
derived from Salm. enteritidis phage type 4. J. Appl. Bacteriol. 81, 613-618.
doi: 10.1111/j.1365-2672.1996.tb03555.x

Rychlik, I., Gregorova, D., and Hradecka, H. (2006). Distribution and function of
plasmids in Salmonella enterica. Vet. Microbiol. 112, 1-10. doi: 10.1016/j.vetmic.
2005.10.030

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30, 2068-2069. doi: 10.1093/bioinformatics/btul53

Taylor, M., Leslie, M., Ritson, M., Stone, J., Cox, W., Hoang, L., et al. (2012).
Investigation of the concurrent emergence of Salmonella enteritidis in humans
and poultry in British Columbia, Canada, 2008-2010. Zoonoses Public Health
59, 584-592. doi: 10.1111/j.1863-2378.2012.01500.x

Wick, R. R,, Judd, L. M., Gorrie, C. L., and Holt, K. E. (2017). Unicycler: resolving
bacterial genome assemblies from short and long sequencing reads. PLoS
Comput. Biol. 13:¢1005595. doi: 10.1371/journal.pcbi. 1005595

Yoshida, C., Kruczkiewicz, P., Laing, C., Lingohr, E., Gannon, V., Nash, J.,
et al. (2016). The Salmonella in silico typing resource (SISTR): an open web-
accessible tool for rapidly typing and subtyping draft Salmonella genome
assemblies. PLoS One 11:¢0147101. doi: 10.1371/journal.pone.0147101

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Nadin-Davis, Pope, Chmara, Duceppe, Burke, Devenish,
Andrievskaia, Allain and Ogunremi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

14

June 2020 | Volume 11 | Article 1322


https://doi.org/10.1371/journal.pcbi.1005944
https://doi.org/10.1017/s0950268813001945
https://doi.org/10.1139/cjm-2018-0417
https://doi.org/10.1139/cjm-2018-0417
https://doi.org/10.2807/1560-7917.ES2013.18.35.20565
https://doi.org/10.2807/1560-7917.ES2013.18.35.20565
https://doi.org/10.1017/s0950268811002548
https://doi.org/10.1186/1471-2164-15-713
https://doi.org/10.1186/1471-2164-15-713
https://doi.org/10.1128/jcm.01410-14
https://doi.org/10.1017/s0950268807008102
https://doi.org/10.1099/mgen.0.000116
https://doi.org/10.1099/mgen.0.000116
http://publications.gc.ca/collections/collection_2018/aspc-phac/HP37-15-2016-eng.pdf
http://publications.gc.ca/collections/collection_2018/aspc-phac/HP37-15-2016-eng.pdf
https://pulsenetinternational.org/assets/PulseNet/uploads/mlva/2013%20updates/PNL23_MLVA%20EC%20ABI%20Protocol.pdf
https://pulsenetinternational.org/assets/PulseNet/uploads/mlva/2013%20updates/PNL23_MLVA%20EC%20ABI%20Protocol.pdf
https://pulsenetinternational.org/assets/PulseNet/uploads/pfge/PNL05_Ec-Sal-ShigPFGEprotocol.pdf
https://pulsenetinternational.org/assets/PulseNet/uploads/pfge/PNL05_Ec-Sal-ShigPFGEprotocol.pdf
https://doi.org/10.1089/fpd.2006.3.59
https://doi.org/10.1111/j.1365-2672.1996.tb03555.x
https://doi.org/10.1016/j.vetmic.2005.10.030
https://doi.org/10.1016/j.vetmic.2005.10.030
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1111/j.1863-2378.2012.01500.x
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1371/journal.pone.0147101
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	An Unusual Salmonella Enteritidis Strain Carrying a Modified Virulence Plasmid Lacking the prot6e Gene Represents a Geographically Widely Distributed Lineage
	Introduction
	Materials and Methods
	Collection of Salmonella Isolates
	DNA Extraction and qPCR
	Pulse Field Gel Electrophoresis
	Multiple-Locus Variable-Number Tandem-Repeat Analysis (MLVA)
	Whole Genome Sequencing
	Sequence Assembly
	S. Enteritidis SNP Subtyping
	Plasmid Sequence Comparisonsand Annotations
	Comparison of S. Enteritidis Plasmid Sequences With CFIA In-House and Enterobase Sequence Archives

	Results
	Identification of S. Enteritidis Isolates With Unusual Typing Profiles
	WGS and Plasmid Analysis
	Whole Genome Comparisons
	Prevalence of This Unusual S. Enteritidis Strain

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


