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I 4,5],12:i:-

Phylogenetic tree based on core single nucleotide polymorphisms (SNPs) for 236 different Salmonella enterica
serovars. Serovars are colored by serogroup. Photo courtesy of Rachel Cheng, Food Science, Cornell University.

Ability of Whole-Genome Sequencing to Refine a
Salmonella | 4,[5],12:i:- Cluster in New York State and
Detect a Multistate Outbreak Linked to Raw Poultry

ABSTRACT

Whole-genome sequencing (WGS) has proven to be a
more powerful tool than pulsed-field gel electrophoresis
for foodborne iliness cluster definition because of improved
resolution. Between November 2017 and May 2018,
the New York State (NYS) Dept. of Health investigated
10 cases of Salmonella | 4,[5],12:i:- with pulsed-field
gel electrophoresis pattern JPXX01.0621; comparison
of case exposures did not identify a common source
of infection. In June 2018, the NYS Dept. of Health’s
Wadsworth Center analyzed the isolates using WGS and
defined a subcluster of five isolates related within zero to
six single-nucleotide polymorphisms. The National Center
for Biotechnology Information Pathogen Detection browser
advanced this investigation by identifying additional clinical
and food (chicken) isolates related within zero to eight
single-nucleotide polymorphisms to the original subcluster.
Comparison of WGS-related isolates would support the
hypothesis that illness was associated with exposure to a
kosher poultry product. This outbreak ultimately consisted
of 25 cases from six states. Of 20 cases interviewed,

all reported chicken consumption, and of those able to
recall brand information, 83% cited a brand produced
at a facility linked to the WGS-related chicken isolates.
This paper demonstrates how WWGS was able to refine
a Salmonellal 4,[5],12:i:- cluster in NYS to uncover a
multistate outbreak linked to raw poultry.

INTRODUCTION

In the United States, foodborne illness remains a key
public health concern. The Centers for Disease Control and
Prevention (CDC) estimate that annually in the United
States, one in six individuals experiences foodborne-related
illness. The burden of foodborne illness is considerable;
approximately 48 million illnesses, 128,000 hospitalizations,
and 3,000 deaths result from the consumption of contaminated
food nationally each year (2). In particular, nontyphoidal
Salmonella spp. are a common cause of foodborne-relat-
ed illness in the United States, and worldwide, causing an
estimated 1.2 million illnesses, 23,000 hospitalizations,
and 450 deaths in the United States annually. The source for
about 1 million of these illnesses is through the consumption
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of contaminated food, predominantly of animal origin (4).
The timely identification of disease clusters and attribution
of foodborne illness cases to specific food sources is vital
to halting disease transmission, preventing additional cases
of human illness, and developing prevention and control
strategies to improve food safety. To that end, and in an
effort to improve surveillance for enteric disease outbreaks,
laboratory subtyping methods to determine the relatedness
of clinical isolates have become a rapidly evolving science,
with various advanced molecular techniques on the hori-
zon.

Epidemiologists and laboratorians at state and local health
departments nationwide, including those at the New York
State Department of Health (NYSDOH), transitioned in
2019 from using pulsed-field gel electrophoresis (PFGE)
to whole-genome sequencing (WGS) for enteric disease
surveillance and outbreak detection. Although PFGE can
show relatedness among isolates in a cluster, WGS is able to
provide added resolution for assessing genetic relatedness.
As such, WGS analysis is based on the inference that closely
related isolates likely share a common ancestor and the
corresponding cases likely had exposure to a common source
of infection. The NYSDOH Wadsworth Center Laboratory
(WCL) began using PFGE for enteric disease cluster
detection on a national scale in 1997 and implemented
WGS for local cluster surveillance in 2013. In March 2019,
NYSDOH WCL discontinued the use of PEGE for isolate
subtyping. This transition from PFGE-WGS tandem analysis
to analysis exclusively by WGS has required constant
communication among NYSDOH epidemiologists, public
health laboratorians, and environmental health specialists
to determine workflow and thresholds for enteric disease
outbreak investigations of local and national scale.

By way of the Food Safety Modernization Act (2011),
NYSDOH, in partnership with Cornell University, was
established as an Integrated Food Safety Center of Excellence
(NY CoE) in 2015 with a mission to support, enhance, and
improve foodborne outbreak investigations at state and
metropolitan public health departments across the nation.
NY CoE, a recognized subject matter expert in WGS, has
made it a priority to advance knowledge on the subject,
particularly among those in public health who interpret
WGS results for cluster detection and investigation. Training
and education efforts to improve food safety and assist with
cluster identification are multidisciplinary in approach,
targeting epidemiologists, public health laboratorians, and
environmental health specialists. This investigation (i)
describes how WGS was able to define a subcluster of cases
within an endemic Salmonella serotype I 4,[S],12:i:- cluster
in New York state (NYS) linked to a commercially available
raw poultry product; (ii) highlights how WGS can narrow
the focus of an epidemiology investigation, particularly when
highly related clinical and food isolates have been identified;
(iii) demonstrates successful communication of WGS
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analysis and collaboration among local, state, and federal
partners; and (iv) demonstrates how WGS, along with
epidemiologic information, provided a strong foundation for
communication with consumers and industry.

MATERIALS AND METHODS
Salmonella surveillance: laboratory

Clinical laboratories in NYS, exclusive of New York
City (NYC), are required to submit confirmed Salmonella
isolates to the NYSDOH WCL for confirmatory testing,
subtyping, and serotyping. At the time of this investigation,
PFGE analysis was still being performed at the NYSDOH
WCL. Results of the PFGE analysis were uploaded through
BioNumerics (Applied Maths, Austin, TX) to the PulseNet
National Database for comparison with national PEGE
data. WGS and bioinformatic data for all NYS Salmonella
serotype Typhimurium isolates (including I 4,[5],12:i:-)
were analyzed via an in-house-developed, reference-based
single-nucleotide polymorphism (SNP) pipeline for local
cluster detection (8). Salmonella Typhimurium LT2 was
used as a reference genome to map the sequence reads
and find positions with SNPs. For a SNP to be identified,
a genome position was required to have at least 20x depth
of coverage of high-quality mapped reads with 95% of the
reads in agreement. SNPs that failed these requirements
or that mapped over phage-associated islands and repeat
were excluded. In addition, sequence data were shared with
CDC PulseNet through the web-based utility BaseSpace
(Illumina, Inc.) to facilitate PulseNet enteric disease
surveillance activities. The sequence data, along with
minimal sample metadata, were also uploaded to the
National Center for Biotechnology Information (NCBI)
and analyzed on the NCBI Pathogen Detection isolates
browser, which enabled searching for genetically related
clinical, food, and environmental isolates on a national level
(13). The sequence data and metadata for isolates included
in the study can be accessed on NCBI using the accession
numbers provided in Tuble 1.

Salmonella surveillance: epidemiology

Reporting of all culture-confirmed cases of salmonellosis
in NYS is mandated under the NYS Sanitary Code
(10NYCRR 2.10 and 2.14) and the NYC Health Code. All
cases are reported electronically to the NYSDOH, and it
is the responsibility of the local health department of the
case’s county of residence to initiate follow-up. All cases of
salmonellosis are contacted by a local health department
official and interviewed using a detailed questionnaire
to capture demographic data, clinical illness and medical
care details, and a 7-day (before illness onset) history
of food, water, animal, and travel exposures. Since 2016,
NYSDOH has offered interviewing assistance to local
health departments with completion of Salmonella initial
hypothesis generation and/or outbreak questionnaires.



TABLE 1. NCBI accession numbers and metadata for S. |1 4,[5],12:i:- isolates included in

Figure 1
Strain ID BioSample Accession® | SRA Run Accession* Isolation Source Collection Date
PNUSAS027931 SAMNO08134123 SRR6371606 stool 10/17/17
PNUSAS026252 SAMNO08134060 SRR6380788 stool 9/26/2017
NY84671838 SAMNO08513397 SRR6761221 ground turkey 2018
NY84671873 SAMNO08513396 SRR6761464 ground turkey 2018
PNUSAS037576 SAMNO09429145 SRR7346617 stool 3/6/2018
PNUSAS036486 SAMNO08964172 SRR7049885 stool 2/22/2018
PNUSAS034333 SAMNO08964080 SRR7049814 stool 1/23/2018
PNUSAS038526 SAMNO09430482 SRR7348240 stool 2/28/2018
PNUSAS030104 SAMNO08513667 SRR6703791 stool 11/15/2017
PNUSAS040819* SAMNO09260941 SRR7218800 stool 4/2/2018

%unique identifier to access sample metadata.

“unique identifier to access sample sequence data within the SRA (sequence read archive).
*related within 4-7 SNPs from isolates in WGS Cluster 1 (not pictured in Fig. 1).

Once requested, either a NYSDOH epidemiologist or a
trained student interviewer team member will attempt case
contact. For initial interviews, a minimum of three call
attempts are completed during business hours, followed

by at least one attempt afterhours (evening or weekend)
before closeout as lost to follow-up. For outbreak or focused
questionnaire interviews, in addition to the multiple daytime
attempts, at least two afterhours attempts are completed
before closeout. State and student team assistance has had a
tremendous positive impact on interview completion rates
for salmonellosis cases in NYS overall and played a key role
in data collection for the investigation described here. A case
was defined as an individual with an infection of Salmonella
14,[5],12:i:- pattern JPXX01.0621, highly related to the
WGS outbreak clade within 0 to 8 SNPs, and with an isolate
collection date on or after 1 September 2017.

RESULTS

In November 2017, NYSDOH began investigating two
cases of Salmonella 1 4,[5],12:i:- with isolates matching
PFGE pattern JPXX01.0621. By May 2018, NYSDOH
WCL had identified 10 cases of Salmonella 1 4,[5],12:i:- in
NYS (excluding NYC) with PFGE pattern JPXX01.0621.
A retrospective look at surveillance data indicated that this
number of cases, within the given timeframe, was not above
the baseline average for this PEGE pattern in the state. Each
case was contacted by the NYSDOH via phone, and all
cases consented to interview using an extensive hypothesis-
generating questionnaire consisting of questions regarding
grocery shopping locations, foods eaten outside the home,

food allergies, and special diets. For the 7-day food history
before illness onset, cases were questioned about 120 food
items (poultry, seafood, eggs, dairy, cheese, beef, other meat
or meat alternatives, vegetables, herbs, fruit, frozen foods,
nuts, cereals, and processed foods), in addition to other
exposure pertaining to sources of drinking water, travel
history, and animal exposures. Cases were geographically
dispersed across the state, and available epidemiologic
exposure histories did not yield leading hypotheses about the
source of infection among cases.

In June 2018, NYSDOH WCL used WGS data generated
from an in-house bioinformatic pipeline to further distin-
guish the genetic relatedness among the 10 case isolates
involved in the cluster. The initial report sent by NYSDOH
WCL to NYSDOH epidemiology staff illustrates how a single
PFGE cluster type can be resolved by WGS (Fig. ). Within
the Salmonella 1 4,[5],12:i:- PEGE pattern JPXX01.0621
cluster, WGS analysis defined a subcluster of four clinical
isolates, which were highly related within 0 to 6 SNPs (WGS
cluster 1) and would later be linked to a common food
source. Three other clinical isolates included in the origi-
nal PEGE cluster (PNUSAS036486 and WGS cluster 3)
appeared genetically unrelated to the isolates in WGS cluster
1, distanced by 12 to 14 and 66 to 72 SNPs, respectively.
Isolates in WGS cluster 2 (of ground turkey origin) also ap-
peared genetically unrelated to the isolates in WGS cluster 1
(44 to 62 SNP difference) and furthermore were not isolates
previously associated with the original PFGE cluster. One
additional clinical isolate associated with the original PEFGE
cluster (PNUSAS040819, not pictured) was from a NYS
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Figure 1. Initial whole-genome sequencing report from the New York State Dept. of Health Wadsworth Center
Laboratory, illustrating further resolution of a Salmonella 14,[5],12:i:- cluster, PFGE pattern JPXX01.0621.

resident who was tested by the NYC Department of Health
and Mental Hygiene and was related within 4 to 7 SNPs

from isolates in WGS cluster 1 (13). Among the five cases
whose isolates comprised WGS cluster 1 (including PNU-
SAS040819), onset dates ranged from 2S5 September 2017

to 29 March 2018. The age range was 1 to 76 years, with a
median of 61 years. Three of five (60%) cases were male. Two
cases were hospitalized (40%), and no deaths were report-
ed. Cases resided in four separate counties across the state.
Comparison of the subset of cases included in WGS cluster

1 suggested a potential association with exposure to a kosher
food item. One case reported a kosher diet; two cases cited
unrelated kosher grocery stores among their list of food shop-
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ping locations; and two cases reported exposure to unrelated
food products with a kosher brand name. A kosher associa-
tion was not identified among the food isolates included in
WGS cluster 2 or among the cases included in WGS cluster 3.
In an attempt to identify additional isolates genetically
related to those in WGS cluster 1, epidemiologists at
the NYSDOH queried the NCBI Pathogen Detection
browser (13). The browser detected six additional clinical
isolates and six food isolates highly related by WGS to the
isolates comprising WGS cluster 1 (Table 2). All identified
isolates (Salmonella 14,[5],12:i:-) matched PFGE pattern
JPXX01.0621. The clinical isolates, collected from cases
residing in New York (one), NYC (two), Maryland (one),



TABLE 2. Additional S. | 4,[5],12:i:- isolates identified as highly related to WGS Cluster 1

using the NCBI Pathogen Detection Isolates Browser

SNP Diversity Range

Strain ID Isolation Source Location Collection Date when Compared with
Isolates in WGS Cluster 1

PNUSAS037581 stool NY 3/5/2018 0-6
PNUSAS041017 stool NYC 3/19/2018 0-8
PNUSAS041014 stool NYC 3/7/2018 0-8
PNUSAS035615 stool PA 1/14/2018 0-8
PNUSAS039728 stool VA 4/5/2018 0-8
PNUSAS040730 stool MD 4/16/2018 0-8
FSIS11807011 chicken NJ 12/21/2017 0-6
FSI1S21821073 chicken PA 1/29/2018 0-6
FSI1S21821453 chicken PA 4/3/2018 0-6
ESIS31800041 chicken PA 12/27/2017 0-6
FSIS31800132 chicken USA:PA 1/29/2018 0-6
FSIS31800355 chicken USA:NY 4/10/2018 0-6

Pennsylvania (one), and Virginia (one), were within 0 to

8 SNPs of the isolates belonging to WGS cluster 1. The
food isolates originated from the U.S. Department of
Agriculture’s (USDA’s) Food Safety and Inspection Service
(FSIS) sampling of chicken carcass rinse, chicken livers,
ground chicken, and chicken breast in New Jersey (one),
Pennsylvania (four), and New York (one) and were within
0 to 6 SNPs from the clinical isolates belonging to WGS
cluster 1.

On 15 June 2018, NYSDOH contacted epidemiology
colleagues at NYC, Maryland, Pennsylvania, and Virginia
departments of health to request exposure information on
cases whose isolates were related to WGS cluster 1. The initial
interview data gathered from these cases suggested a kosher
food or kosher diet association. Of the 11 cases now included
in the multistate WGS cluster, 10 cases had been interviewed
with a Salmonella hypothesis-generating questionnaire.

All cases (10 of 10) reported chicken consumption. Six
cases (60%) reported kosher food exposure or exposures.
Eight cases (80%) reported exposure to dairy, and six cases
(60%) reported exposure to cucumbers, zucchini, or squash.
Clinical isolates had collection dates spanning September
2017 to April 2018.

On 18 June 2018, the NYSDOH Bureau of Community
Environmental Health and Food Protection contacted FSIS
to request additional information about the six chicken
isolates related by WGS on NCBI to the clinical isolates
belonging to WGS cluster 1 (13). FSIS shared information
about the isolates, including product and brand information,
in accordance with established information-sharing processes

(11). The isolates, collected in December 2017 through April
2018, originated from samples of raw chicken collected at
multiple slaughter and processing establishments, including
samples collected as part of routine testing under the
Salmonella performance standards (9).

FSIS notified NYSDOH on 20 June 2018 that all six
chicken isolates were products of kosher or halal processing
facilities. Recognizing the strength of the combined
epidemiologic, environmental health, and laboratory
data, NYSDOH immediately contacted CDC to provide
a summary of the multistate Salmonella 14,[5],12:i:-
investigation and the hypothesis that the source of illness was
a kosher-related food product, possibly chicken. In agreement
with CDC, a focused questionnaire was developed by
NYSDOH and distributed to NYC, Maryland, Pennsylvania,
and Virginia for case re-interviews. All cases were contacted
via phone and asked to participate in a second interview
focusing on special diets and exposure to kosher or halal
food items. For the 7-day food history before illness onset,
cases were questioned about 17 food items (including
chicken, fish, products containing eggs, dairy, fresh produce,
prepared salads, deli meats, and spreads and dips). One aim
of the focused questionnaire was to probe for more detailed
poultry exposures; under the poultry section, 25 brand
names were inserted as a checklist to assist cases with recall
of brand information. This information would later be used
to determine whether there was an association between
products produced at facilities where WGS-related chicken
isolates were collected and human illness.
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By 13 July 2018, 10 of 11 cases had been re-interviewed.
AlL 10 cases (100%) reported chicken consumption, and 7
cases (70%) reported following a kosher diet. Cases reported
yes (60%) or maybe (30%) to exposure to kosher or halal-
processed chicken. In addition, 6 cases (60%) could recall
chicken brand information, with S cases (50%) reporting
exposure to Brand X kosher poultry during the week before
illness onset. Brand X kosher poultry was produced at one
of the kosher processing facilities where FSIS isolates were
collected that were closely related to clinical isolates by WGS.

Active laboratory surveillance for cases throughout July
and August 2018 identified six additional WGS-related
clinical isolates for epidemiologic follow-up. Of the cases
able to be contacted for re-interview (n = 14), 100%
reported chicken exposure. In the interview, 11 of 14 cases
were questioned about kosher chicken exposure specifically,
of which 9 cases (82%) reported yes to exposure. Of these
cases, 7 individuals reported exposure to Brand X kosher
poultry (78%). Because of the genetic relatedness (0 to 8
SNPs) between isolates of clinical cases reporting exposure
to Brand X kosher poultry and the FSIS chicken isolates
from the facility that produced Brand X, FSIS proactively
contacted the company that produced Brand X in early
August 2018 to make it aware of the ongoing investigation
(10). In late August, CDC and FSIS publicly reported
the link between illnesses in the outbreak and Brand X
kosher poultry products and provided consumer messaging
reiterating safe handling and cooking practices for raw
chicken products (1, 12).

At investigation closeout in December 2018, the outbreak
consisted of 25 cases from six states (Massachusetts, 2;
Maryland, 1; New York, 16; Ohio, 1; Pennsylvania, 4; and
Virginia, 1) (3). Estimated illness onset dates ranged from
September 2017 to August 2018. The median age of cases
was 16 years (range <1 to 75 years); S0% were female.

Of 22 cases, 11 (50%) were hospitalized, and one death

was reported. The severity of this illness was higher than
expected, as the typical hospitalization rate among people
with Salmonella infection is approximately 22% (6). All
interviewed cases (n = 20) reported chicken consumption
during the week before illness onset. Of those recalling brand
information, 83% (10 of 12) of cases reported exposure to
Brand X kosher poultry.

DISCUSSION

This multistate cluster was initially detected by the
NYSDOH in June 2018 as a subset of cases within an
endemic Salmonella serotype 14,[5],12:i:- PEGE-based
cluster in NYS (pattern JPXX01.0621) highly related by
WGS within 0 to 8 SNPs. PFGE analysis was not able to
distinguish this subcluster of genetically related cases. Pattern
JPXX01.0621 is a common strain of Salmonella 14,[5],12:i:-
and is the most common pattern of the serotype reported
to PulseNet, the national subtyping network of public
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health and food regulatory agency laboratories coordinated
by CDC. Based on PulseNet data from 2013 to 2018, an
average of 233 isolates (range 175 to 341) of Salmonella
serotype I 4,[5],12:i:- with PFGE pattern JPXX01.0621
were uploaded to the PulseNet database annually, with this
pattern accounting for approximately 10% of all Salmonella I
4,[5],12:i:- isolates (7). Unlike the PEGE-based case cohort,
the cases whose isolates were highly related by WGS shared
a tendency to consume kosher food products. A subsequent
query using the NCBI Pathogen Detection browser identified
additional WGS-related clinical isolates, clustered both
temporally and spatially within NYS and from neighboring
states (13). The epidemiologic information gathered on these
cases supported the link between illness and exposure to a
kosher food product. Concurrently, USDA chicken isolates
related by WGS to the clinical isolates within 0 to 6 SNPs
were identified in the NCBI Pathogen Detection browser.
State and federal health partners collaborated to evaluate

the evidence and determine that illnesses were associated
with consumption of Brand X poultry. Epidemiologic
investigations by separate state public health departments
indicated kosher chicken exposure as a commonality among
cases, specifically Brand X.

Because of compelling epidemiologic, environmental,
and laboratory findings, the coordinated response by
federal health officials was swift. Based on the available
epidemiologic and laboratory information linking illnesses
to Brand X kosher raw poultry, on 24 August 2018, FSIS
issued a public health alert notifying consumers that Brand
X kosher raw poultry in commerce may be contaminated
with Salmonella linked to human illnesses (12). Although
there was not sufficient information on the type of
chicken products to recommend a recall, the alert notified
consumers about the potential health risks associated
with the product. On 29 August 2018, CDC posted an
investigation notice to inform the public about reports
of human illness linked to Brand X kosher raw poultry
exposure (1). The notice did not advise consumers to avoid
eating Brand X kosher poultry but reinforced practices on
how to properly handle and cook raw chicken.

Although exposure to raw poultry is not a novel source
of salmonellosis in humans, using WGS as a tool to detect
the source of this outbreak was novel (5). Because of
the endemic nature of the PFGE pattern involved in this
cluster linked to a common exposure, PEGE analysis alone
was insufficient to identify the epidemiologically linked
subcluster of cases or guide public heath action to prevent
additional cases. Integral to the success of this investigation
was the use of WGS to differentiate the isolates in a cluster
by genetic relatedness, in combination with the capability
of the NCBI Pathogen Detection browser to identify related
clinical and food isolates not identified locally. Epidemiology,
laboratory, and environmental health partners at the local,
state, and federal levels worked in unison to ultimately detect



a Salmonella cluster with a common food contamination
source. As we navigate the changing landscape of molecular
testing for disease surveillance, it is important to document
investigations that warrant a swift multidisciplinary response,
specifically when highly related isolates in both food and

clinical illness are identified.
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