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Salmonella enterica serovar Enteritidis is a significant cause of gastrointestinal illness in the United States; however, current mo-
lecular subtyping methods lack resolution for this highly clonal serovar. Advances in next-generation sequencing technologies
have made it possible to examine whole-genome sequencing (WGS) as a potential molecular subtyping tool for outbreak detec-
tion and source trace back. Here, we conducted a retrospective analysis of S. Enteritidis isolates from seven epidemiologically
confirmed foodborne outbreaks and sporadic isolates (not epidemiologically linked) to determine the utility of WGS to identify
outbreaks. A collection of 55 epidemiologically characterized clinical and environmental S. Enteritidis isolates were sequenced.
Single nucleotide polymorphism (SNP)-based cluster analysis of the S. Enteritidis genomes revealed well supported clades, with
less than four-SNP pairwise diversity, that were concordant with epidemiologically defined outbreaks. Sporadic isolates were an
average of 42.5 SNPs distant from the outbreak clusters. Isolates collected from the same patient over several weeks differed by
only two SNPs. Our findings show that WGS provided greater resolution between outbreak, sporadic, and suspect isolates than
the current gold standard subtyping method, pulsed-field gel electrophoresis (PFGE). Furthermore, results could be obtained in
a time frame suitable for surveillance activities, supporting the use of WGS as an outbreak detection and characterization
method for S. Enteritidis.

Foodborne bacterial pathogen characterization, surveillance,
and outbreak detection is an important function of the public

health laboratory (1). Current practices involve time- and labor-
intensive phenotypic typing, including biochemical profiling,
phage typing, serotyping, and antimicrobial susceptibility testing.
In addition, a variety of species-specific molecular methods for
advanced characterization are utilized, including pulsed-field gel
electrophoresis (PFGE), multiple-locus variable number tandem
repeat analysis (MLVA), and virulence gene typing (2). Often, it is
necessary to combine results from multiple techniques to provide
an adequate level of discrimination in order to identify outbreak
clusters within routine clinical surveillance isolates.

Salmonella is an important foodborne pathogen that is esti-
mated to be responsible for approximately 1 million cases of ill-
ness and more than 450 deaths annually in the United States (3).
Salmonella enterica serovar Enteritidis is responsible for 36%
of Salmonella outbreaks in the United States, and in 1990, it re-
placed Salmonella enterica serovar Typhimurium as the most fre-
quently reported serotype of Salmonella worldwide (4, 5). It is
estimated that approximately 64% of S. Enteritidis clinical cases
are attributable to contaminated eggs and 18% to poultry prod-
ucts (5, 6).

There is limited genetic variation between the strains of S. En-
teritidis, which reduces the utility of current subtyping methods
(7–9). For example, PFGE, the gold standard subtyping method
implemented in all PulseNet laboratories, and MLVA often do not
provide the resolution to differentiate between outbreak and spo-
radic samples in this serovar (2, 10, 11). In Minnesota, 74% of S.
Enteritidis isolates are comprised of three CDC PulseNet PFGE
pattern subtypes: JEGX01.0004, JEGX01.0002, and JEGX01.0005.
PFGE analysis utilizing multiple enzymes increases the discrimi-

natory power of PFGE compared to that of single enzyme analysis;
however, this increases the cost and time of analysis, and the res-
olution remains suboptimal. MLVA has shown enhanced resolu-
tion compared to that of PFGE, but concerns remain about cost,
usability, and turnaround time, precluding its widespread adop-
tion. In addition, PulseNet protocols for MLVA exist only for S.
Enteritidis, S. Typhimurium, and Escherichia coli O157:H7, fur-
ther limiting its utility (10).

Next-generation sequencing technologies and simplified sam-
ple preparation have made it possible to complete whole-genome
sequencing (WGS) of bacterial and viral isolates in less than 48 h.
This speed and potential for improved cluster resolution make it
an attractive alternative to conventional subtyping methods in
clinical and public health laboratories (12–14). Improved out-
break resolution and source trace back have been shown in retro-
spective studies involving Klebsiella pneumoniae (15), Campylo-
bacter spp. (16), Escherichia coli O104:H4 (17), Legionella spp.
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(18), Listeria monocytogenes (19), Vibrio cholerae (20), carbap-
enem-resistant Enterobacter cloacae (18), Mycobacterium tubercu-
losis (21–23), methicillin-resistant Staphylococcus aureus (24–26),
Acinetobacter baumannii (27), and Clostridium difficile (25). Stud-
ies using WGS for real-time surveillance and outbreak detection
are more limited but have begun to show the potential value of this
technique to subtype and characterize isolates during outbreaks
for public health purposes (28, 29).

Sequence-based analysis of Salmonella organisms from next-
generation sequencing data has been used to examine outbreak
clusters of Salmonella enterica serovar Montevideo (30–32) and S.
Enteritidis (7, 11, 29). Outbreak-related organisms in these two
highly homologous serovars are distinguished by fewer than 20
pairwise single nucleotide polymorphisms (SNPs) compared to
the sequence of a reference strain.

In our retrospective study, next-generation sequence data
from a total of 55 outbreak-related and sporadic isolates were
generated and analyzed. Detailed epidemiological data were used
to define outbreak, sporadic, and suspect samples in order to ad-
dress the discriminatory ability of WGS compared to that of cur-
rent typing methods. We demonstrate that SNP-based analysis of
WGS has improved discrimination compared to that of PFGE.
This SNP-based approach reliably clustered outbreak samples and
could quantitate the genetic distance between outbreak- and non-
outbreak-associated isolates. This study contributes to the devel-
opment of cluster definitions for prospective implementation of
WGS-based outbreak surveillance and detection for S. Enteritidis
in Minnesota.

MATERIALS AND METHODS
Bacterial isolates. The 55 strains sequenced for this study were selected
from clinical and environmental S. Enteritidis isolates that were previ-
ously characterized by PFGE in Minnesota and Ohio from 2001 to 2014.
The cohort contains 28 isolates from seven distinct foodborne outbreaks
and 27 sporadic isolates. All isolates are from patients that were inter-
viewed using the Minnesota standard enteric interview form (updated
version from June 2013 [http://mnfoodsafetycoe.umn.edu/interview
-forms-2/]) to attain demographic information, exposure history (includ-
ing food consumption history and locations), and travel history. Isolate
metadata (Table 1) and epidemiological details on outbreaks (Table 2) are
provided.

Isolates were characterized as “outbreak” or “sporadic” based on the
epidemiological information obtained through interviews of the case pa-
tient and the isolate’s PFGE profile. Isolates were defined as outbreak
isolates if they were part of a confirmed outbreak that contained two or
more cases with an identified common exposure. Four isolates were col-
lected over a span of 5 weeks from a single individual in outbreak 2.
Isolates were defined as sporadic if they were not part of a recognized
outbreak. An effort was made to select some sporadic isolates with tem-
poral or PFGE pattern similarity to outbreak isolates. Epidemiological
information for four isolates (labeled “suspect” in Table 1) led epidemi-
ologists to believe that these isolates were related to one of the outbreaks in
our study; however, no common exposure was found.

PFGE. Pulsed-field gel electrophoresis was performed at MDH with
XbaI (Roche) using standardized methods for PulseNet laboratories (33).
PFGE patterns were uploaded to the PulseNet national database, and pat-
tern designations were assigned by the Centers for Disease Control and
Prevention (CDC).

Whole-genome sequencing. Whole-genome sequencing was per-
formed at the Minnesota Department of Health. Genomic DNA was ob-
tained from a single colony streak incubated at 36°C overnight on tryptic
soy blood agar. DNA was extracted using the Qiagen QIAcube and the
DNeasy blood and tissue kit (Qiagen). DNA concentrations were quanti-

tated using the Qubit double-stranded-DNA high-sensitivity (HS) assay
kit (Thermo Fisher Scientific). Sequencing library preparation for multi-
plexed paired-end libraries was completed by following the manufactur-
er’s guidelines for the Nextera XT DNA sample prep kit (Illumina) and
Nextera XT index kit (Illumina). Sequencing was performed using V2
chemistries on the Illumina MiSeq following standard FASTQ-only gen-
eration protocols to produce 250-bp paired-end reads.

Sequence assembly and analysis. Sequence analysis was performed by
the Wadsworth Center/New York State Department of Health bioinfor-
matics core facility. S. Enteritidis strain P125109 was used as a reference
genome to map the sequence reads and find positions with SNPs. The raw
reads were mapped over the reference genome using BWA-MEM version
0.7.5a-r405 (34) with default parameters. The reads were sorted, and du-
plicate reads were removed using Picard-tools version 1.27. Read-
mapping statistics were extracted with Samtools flagstat version
0.1.19-44428cd (35), and final coverage statistics were retrieved using
genomeCoverageBed from the Bedtools (36) package version 2.17.0. A
final read pileup was generated using Samtools mpileup, and the vari-
ant call file (VCF) was produced with BCFtools version 0.1.19-44428cd
(35), ignoring indels. Each individual genome position in the VCF file
(variant and wild-type [wt] positions) was assessed to determine the exact
nucleotide state in the sequenced genome and to create a high quality
consensus sequence. To identify an SNP, a genome position was required
to have at least 20� depth of coverage of high quality mapped reads with
95% of the reads in agreement, as determined by the DP4 field in the VCF
file. Positions that failed these requirements or that mapped over phage-
associated islands and repeat regions were marked as unknown-state Ns in
the consensus sequence. Genomic coordinates corresponding to phage
sequences and repetitive elements in the reference genome were deter-
mined using Phast (37) and Mummer (38), respectively.

The SNP alignment was created by comparing all the resulting con-
sensus sequences and by retrieving positions where at least one of the
sequences experienced a nucleotide change compared to the sequence of
the reference genome. The maximum-likelihood phylogenetic tree was
calculated with PhyML (39) using a K80 (K2P) model, no gamma, and the
SPR tree search algorithm. An SNP heatmap was calculated in R version
3.1.2 with the Package gplots using the ratio (number of SNP differences/
total number of non-N positions) between any pairwise consensus se-
quence comparisons.

Accession numbers. Raw sequence reads for all isolates can be found
at NCBI. SRA accession numbers are listed in Table 1. All draft genomes
were deposited at NCBI under BioProject record PRJNA237212, called
GenomeTrakr real-time SE: Minnesota Department of Health (http:
//www.ncbi.nlm.nih.gov/bioproject/?term�PRJNA237212).

RESULTS

A total of 55 isolates from 51 different patients and one environ-
mental site were sequenced. Pairwise comparison of all Salmonella
isolate genomes to the reference genome yielded a total of 2,580
genome positions with SNPs, average reference genome coverage
of 99.24%, and average sequencing depth of 99�.

Outbreak, sporadic, and suspect isolate WGS clustering. All
outbreak isolates were found to be closely related to other isolates
from the same outbreak in the SNP-based phylogenetic tree,
which is concordant with epidemiological data (Fig. 1). The num-
ber of isolates from each outbreak ranged from two to seven. All
outbreak isolates varied by three SNPs or fewer from other isolates
within the outbreak (range, 0 to 3 SNPs; median, 0.9) (Table 2). In
comparison, outbreak isolate clusters differed by an average of
42.4 SNPs (sample standard deviation [s] � 34.8; range, 18 to 119)
from the nearest nonoutbreak neighbor isolate, and sporadic iso-
lates by an average of 68.0 SNPs (s � 64; range, 18 to 249) from the
nearest sporadic isolate. Suspect samples (MDH-2014-00208,
MDH-2014-00213, MDH-2014-00241, and MDH-2014-00243)
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TABLE 1 Metadata and isolate details for S. Enteritidis isolates

Outbreak (blank for
sporadics)

MN WGS IDa for
isolate

Collection date
(mo/day/yr) State Source

NCBI accession
no.

CDC PFGE
patternb

1 MDH-2014-00209 9/16/2000 MN Feces SRS569751 JEGX01.0004
1 MDH-2014-00210 9/14/2000 MN Feces SRS569711 JEGX01.0004
1 MDH-2014-00211 9/18/2000 MN Feces SRS569685 JEGX01.0004
1 MDH-2014-00212 9/19/2000 MN Feces SRS569765 JEGX01.0004
2 MDH-2014-00218 5/8/2001 MN Feces SRS569723 JEGX01.0050
2 MDH-2014-00219 5/9/2001 MN Feces SRS569721 JEGX01.0050
2 MDH-2014-00220 5/9/2001 MN Feces SRS569701 JEGX01.0050
2 MDH-2014-00222 5/25/2001 MN Feces SRS569753 JEGX01.0050
2 MDH-2014-00223 5/25/2001 MN Feces SRS570367 JEGX01.0050
2 MDH-2014-00225 6/10/2001 MN Feces SRS569694 JEGX01.0050
2 MDH-2014-00228 7/6/2001 MN Feces SRS569758 JEGX01.0050
3 MDH-2014-00227 6/28/2001 MN Feces SRS569799 JEGX01.0021
3 MDH-2014-00229 7/4/2001 MN Feces SRS569790 JEGX01.0021
3 MDH-2014-00230 7/5/2001 MN Feces SRS569707 JEGX01.0021
3 MDH-2014-00251 7/16/2001 MN Feces SRS569677 JEGX01.0021
4 MDH-2014-00234 11/23/2003 MN Feces SRS569755 JEGX01.0004
4 MDH-2014-00252 11/20/2003 MN Feces SRS569683 JEGX01.0004
4 MDH-2014-00253 12/1/2003 MN Feces SRS569798 JEGX01.0004
4 MDH-2014-00254 11/27/2003 MN Feces SRS569759 JEGX01.0004
5 MDH-2014-00238 8/15/2011 MN Feces SRS569681 JEGX01.0004
5 MDH-2014-00239 8/22/2011 MN Feces SRS569674 JEGX01.0004
5 MDH-2014-00240 8/25/2011 MN Feces SRS569695 JEGX01.0004
5 MDH-2014-00242 9/13/2011 MN Feces SRS569722 JEGX01.0004
5 MDH-2014-00244 10/14/2011 MN Egg Farm

Environmental Swab
SRS569702 JEGX01.0004

6 MDH-2014-00249 1/31/2014 MN Feces SRS569706 JEGX01.0034
6 MDH-2014-00250 1/30/2014 MN Feces SRS569696 JEGX01.0034
7 MDH-2014-00255 1/1/2014 OH Feces SRS569752 JEGX01.0034
7 MDH-2014-00256 2/1/2014 OH Feces SRS569675 JEGX01.0034

MDH-2014-00202 6/28/2000 MN Feces SRS569705 JEGX01.0004
MDH-2014-00203 7/5/2000 MN Feces SRS569710 JEGX01.0002
MDH-2014-00204 7/13/2000 MN Feces SRS569744 JEGX01.0009
MDH-2014-00205 8/18/2000 MN Feces SRS569692 JEGX01.0004
MDH-2014-00206 8/18/2000 MN Feces SRS569717 JEGX01.0002
MDH-2014-00207 8/27/2000 MN Feces SRS569716 JEGX01.0002

Suspect in outbreak 1 MDH-2014-00208 9/19/2000 MN Feces SRS569796 JEGX01.0004
Suspect in outbreak 1 MDH-2014-00213 9/27/2000 MN Feces SRS569714 JEGX01.0004

MDH-2014-00214 3/4/2001 MN Feces SRS569699 JEGX01.0002
MDH-2014-00215 4/15/2001 MN Blood SRS569693 JEGX01.1077
MDH-2014-00216 4/27/2001 MN Blood SRS569682 JEGX01.0005
MDH-2014-00217 4/28/2001 MN Feces SRS569794 JEGX01.0002
MDH-2014-00221 5/6/2001 MN Feces SRS569724 JEGX01.0009
MDH-2014-00224 6/8/2001 MN Feces SRS569673 JEGX01.0005
MDH-2014-00226 6/16/2001 MN Feces SRS569739 JEGX01.0021
MDH-2014-00231 6/25/2001 MN Feces SRS569680 JEGX01.0004
MDH-2014-00232 10/11/2001 MN Feces SRS569679 JEGX01.0034
MDH-2014-00233 12/3/2001 MN Blood SRS569766 JEGX01.0004
MDH-2014-00235 9/26/2005 MN Feces SRS569712 JEGX01.0004
MDH-2014-00236 5/3/2011 MN Feces SRS569708 JEGX01.0019
MDH-2014-00237 6/17/2011 MN Feces SRS569703 JEGX01.0019

Suspect in outbreak 5 MDH-2014-00241 9/10/2011 MN Feces SRS569718 JEGX01.0004
Suspect in outbreak 5 MDH-2014-00243 10/11/2011 MN Feces SRS569676 JEGX01.0004

MDH-2014-00245 6/20/2012 MN Feces SRS569719 JEGX01.0034
MDH-2014-00246 7/24/2012 MN Feces SRS569800 JEGX01.0004
MDH-2014-00247 7/30/2012 MN Arm swab SRS569704 JEGX01.0094
MDH-2014-00248 6/4/2013 MN Feces SRS569795 JEGX01.0019

a ID, identifier.
b XbaI pattern only.
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were 0, 131, 18, and 148 SNPs, respectively, from the outbreak
isolates they were suspected of being related to.

PFGE pattern distribution. In Fig. 1, group I and group II
show the distribution of JEGX01.0004 and JEGX.0002, two of the
three most common PFGE patterns in Minnesota. There were
averages of 141 SNP (s � 71; range, 19 to 224) differences within
the JEGX01.0004 isolates and 58 SNP (s � 8.7; range, 46 to 74)
differences within the JEGX01.0002 isolates (only one representa-
tive from each outbreak is included in this statistic). There was an
average of 458.4 SNP (s � 22.3) differences between group I and
group II isolates, with a minimum distance of 403 SNPS.

DISCUSSION

S. Enteritidis became a significant source of illness in the United
States in the early 1990s and has always been a challenge for tra-
ditional molecular subtyping techniques (40). In comparison to
PFGE, where 53% of S. Enteritidis isolates in Minnesota fall into a
single PFGE XbaI pattern (JEGX01.0004), whole-genome se-
quencing is able to delineate related and nonrelated samples with
exceptional resolution (11). The objective of this study was to
determine the characteristics of S. Enteritidis outbreak clusters in
Minnesota and how they compare to those of sporadic isolates
using WGS SNP-based phylogenetic analysis. We established that
S. Enteritidis isolates within the same outbreak were within three
SNPs of each other, while the nearest nonoutbreak isolate to an
outbreak group differed by an average of 42.4 SNPs. This result
provides necessary context for understanding and interpreting the
genetic diversity found by WGS of S. Enteritidis isolates from
Minnesota for surveillance and outbreak detection.

The utility of WGS in a real-time setting was apparent during
the time frame of this study. While investigating outbreak 6 in
early 2014, a PulseNet national database query showed that the
Ohio Department of Health was investigating an outbreak with
the same primary and secondary PFGE pattern. Two isolates from
this Ohio outbreak (outbreak 7) were sequenced and included in
our pairwise SNP comparison. While the outbreak 6 isolates dif-
fered from each other by 0 SNPs and the outbreak 7 isolates dif-
fered from each other by only 1 SNP, the outbreak 6 and outbreak
7 isolates differed by 32.5 SNPs. The analysis of the other out-
breaks in this study provided context for comparing outbreaks 6
and 7, indicating that these two sets of isolates were likely not
epidemiologically related. Epidemiological evidence to link these
clusters was never found, supporting the hypothesis that these
outbreaks did not share a source.

We investigated the genetic diversity and stability of S. En-
teritidis in the human host during a prolonged infection. Iso-
lates MDH-2014-0022, MDH-2014-0023, MDH-2014-0025,
and MDH-2014-0028 were collected from the same individual
over a 5-week time frame. All isolates from this patient were
within two SNPs of each other. Additionally, we also observed
no correlation between isolate collection date and SNP differ-
ences among all of the outbreaks investigated. Although the
sample size of isolates was small, these observations support a
hypothesis that S. Enteritidis shows little genetic diversity in
the host over time and that varying collection dates have little
effect on SNP differences between outbreak isolates. This find-
ing is supported by other WGS analyses of Salmonella strains
and suggests that outbreak clades are genetically stable (7, 41–43).

A limitation to this study is the sample selection method. The
outbreaks were selected based on the quality of the epidemiolog-
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ical data and included only isolates that were conclusively epide-
miologically linked to the outbreak. Other selection biases include
the following: (i) only 55 isolates were chosen for sequencing due
to limited availability of resources (ii); our study examined isolates
with the most common PFGE patterns in Minnesota and, there-
fore, does not represent the natural frequency and full diversity of
PFGE patterns currently or historically encountered during sur-
veillance; and (iii) the selection of sporadic isolates was done to
intentionally exclude isolates that could have been a part of the
studied outbreaks in order to have unambiguous WGS results to
begin our interpretation of S. Enteritidis outbreaks. Analysis of all
sporadic isolates collected during an outbreak time frame may
reveal smaller SNP differences between sporadic and outbreak
isolates.

Before SNP-based WGS analysis can be used routinely for S.
Enteritidis outbreak surveillance, the method must be effective in
real-time cluster detection. The developing technology of SNP-
based whole-genome outbreak analysis must be examined and
validated for each bacterial species and subtype and, potentially,
by geographic region also, as lineages of serotypes vary spatially

(11). Additionally, the development of standardized cluster defi-
nitions, sample preparation methods, and bioinformatics analysis
and algorithms must be agreed upon for accurate surveillance use.
The SNP-based analysis used in this study identified all outbreak
isolates as distinct by their variation of less than four SNPs within
the outbreak. Using this bioinformatics pipeline, future analyses
could hypothetically start with a cluster definition of less than 10
SNPs; however, this would be dependent on further evaluation
and on congruent results from other bioinformatics techniques.
Different analysis pipelines would most likely affect the specific
guidelines for SNP differences and cutoff values.

While it is the most common method used thus far, the SNP-
based analysis used in this study may not prove to be the best
method of utilizing high-throughput sequencing data for surveil-
lance and outbreak detection. SNP-based WGS methods are time
consuming, rely on the appropriate selection of a high-quality
reference genome, require intensive computational infrastructure
and adequate bioinformatics training, and do not result in stable
sequence type nomenclature (16, 41). However, as WGS costs
decrease and software is specifically designed for SNP-based sub-

FIG 1 Maximum-likelihood tree of S. Enteritidis isolates produced by SNP analysis, showing outbreak clusters and PFGE pattern distribution. Outbreak isolates
are indicated by brackets and descriptions giving the outbreak time frame (month[s] and year) and state. Sporadic and suspect isolates constitute all isolates not
indicated as belonging to an outbreak (except for MDH-2014-00208, which was a suspect isolate that clusters with outbreak isolates). Isolates with CDC PulseNet
PFGE pattern JEGX01.0004 are colored red, and isolates with pattern JEGX01.0002 are colored green. Purple values at the bases of the nodes are approximate
likelihood-ratio test values displayed as percentages. The scale bar indicates the average number of substitutions per site. The letters in parentheses at the end of
some isolate labels indicate the following: (A) suspect isolate in same time frame and PFGE pattern as outbreak 1; (B) all isolates are from the same patient; (C)
suspect isolate in the same time frame and PFGE pattern as outbreak 5; (D) environmental isolate from outbreak 5.
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typing and outbreak tracing, these limitations may be overcome.
Additionally, sequencing analysis can reveal new targets for PCR-
based subtyping techniques, such as SNP-based genotyping using
PCR methods or targeted amplicon sequencing (43). Other meth-
ods that are being explored include whole-genome or core ge-
nome multilocus sequence typing (wgMLST and cgMLST, respec-
tively) and qualitative and quantitative k-mer tree analysis (16, 28,
41, 44). These methods allow for less demanding computation
and/or provide categorical/nomenclature-amenable outputs that
could simplify analysis and allow for meaningful epidemiological
interpretation and easy communication of results. Unlike SNP-
and k-mer-based methods, wgMLST will also provide other char-
acterizations, such as serotype, virulence type, and predicted an-
timicrobial resistance profile.

Barriers to implementing a real-time WGS outbreak detection
approach in a public health laboratory include the cost of equip-
ment and reagents, the need for a bioinformatics specialist/pipe-
line/software for analysis of sequencing data, and education of
laboratory and epidemiology professionals for interpretation of
the significance of WGS results (12, 45, 46). Despite the obstacles,
WGS remains an improvement to current S. Enteritidis character-
ization methods and may become an even more attractive option
as costs decrease. As WGS becomes faster and less expensive for
public health laboratory use, in addition to subtyping, it can re-
place other phenotypic characterization methods, such as serotyp-
ing and antibiotic resistance testing (47).

In situations where there is a PFGE match between isolates but
epidemiological links are not evident, it is difficult to determine
the intensity of outbreak investigation necessary. This retrospec-
tive analysis has provided support for the reliability of WGS re-
sults when isolates show little diversity, which in turn provides
guidance and support for targeted epidemiological investigations.
However, it must be noted that WGS cannot be the sole basis of a
determination that isolates originated at a common source or
transmission type. Epidemiological information, including qual-
ity exposure data, must still support and enhance WGS results.
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