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Abstract

High consumption rates and a multitude of brands make multistate foodborne outbreaks of
Salmonella infections associated with chicken challenging to investigate, but whole genome
sequencing is a powerful tool that can be used to assist investigators. Whole genome sequencing of
pathogens isolated from clinical, environmental, and food samples is increasingly being used in
multistate foodborne outbreak investigations to determine with unprecedented resolution how
closely related these isolates are to one another genetically. In 2014, federal and state health
officials investigated an outbreak of 146 Sa/monella Heidelberg infections in 24 states. A follow-
up analysis was conducted after the conclusion of the investigation in which 27 clinical and 24
food isolates from the outbreak underwent whole genome sequencing. These isolates formed seven
clades, the largest of which contained clinical isolates from a subcluster of case patients who
attended a catered party. One isolate from a chicken processed by a large producer was closely
related genetically (zero to three single-nucleotide polymorphism differences) to the clinical
isolates from these subcluster case patients. Chicken from this large producer was also present in
the kitchen of the caterer on the day before the event, thus providing additional evidence that the
chicken from this producer was the outbreak source. This investigation highlights how whole
genome sequencing can be used with epidemiologic and traceback evidence to identify chicken
sources of foodborne outbreaks.
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Multistate foodborne outbreaks associated with chicken can be difficult to track to the source
for several reasons. Approximately 65% of Americans eat chicken at home during a given
week (5), and many others also report eating chicken outside the home. With consumption
rates this high, identifying chicken as the likely source of a multistate foodborne outbreak is
challenging because traditional epidemiological methods (e.g., comparing foods eaten by ill
people with foods eaten by people who were not ill) often fail to identify an association.
When clusters of illness caused by Salmonella are identified, it can be difficult to attribute
them to chicken because Salmonellais a contaminant of many foods, including chicken (4,
8, 12, 14, 16). Even when epidemiologists suspect chicken, it can be difficult to identify the
specific source company because of the large number of chicken brands available, poor
recall of the particular chicken brand (or lack of brand loyalty) by persons who were ill, and
the fact that many different chicken brands may be produced by the same company. Each of
these challenges arose during investigation of a multistate outbreak of Salmonella enterica
serovar Heidelberg infections in 2014 in the United States.

Investigators were able to overcome these challenges in large part because of research that
continued after the initial investigation. The Centers for Disease Control and Prevention
(CDC) Enteric Diseases Laboratory Branch and the U.S. Department of Agriculture Food
Safety and Inspection Service (FSIS) performed whole genome sequencing (WGS) on a
subset of clinical and food isolates from the outbreak to determine their genetic relatedness
(7, 13, 17, 20, 25). FSIS then provided select metadata regarding companies that operated
the slaughter and processing facilities where the food samples were collected. This follow-
up analysis provided key insights into the probable source of the outbreak.

The present article contains a description of the outbreak investigation and findings from the
follow-up WGS and slaughter facility analysis. It also includes a discussion of the
implications of these findings for this Sa/monella Heidelberg infection outbreak and for
chicken-associated Salmonella infection outbreaks more generally.

Materials and Methods

Outbreak investigation

Most foodborne outbreaks are detected and investigated at the local level. Other illness
clusters, especially those involving individuals in multiple states, rely on PulseNet, a
network of over 80 public health and food regulatory laboratories located throughout the
United States, to identify cases and to help investigate potential sources of the infection.
PulseNet laboratories use a standardized method, pulsed-field gel electro-phoresis (PFGE),
to determine the DNA fingerprint of bacterial foodborne pathogens (6, 19). PulseNet
database managers group isolates with indistinguishable PFGE patterns into clusters and
notify CDC epidemiologists when the frequency of illnesses with any PFGE pattern exceeds
a seasonally adjusted baseline. Among food isolates collected by FSIS during inspection
activities, those that are indistinguishable from the clinical isolates by PFGE also are
included in the cluster investigation. When a cluster is identified, CDC epidemiologists
create a case definition and work with local and state health departments to identify and
interview case patients. In this 2014 investigation, a case was defined as infection with the
Salmonella Heidelberg strain with the PFGE Xbal pattern JF6X01.0051 isolated on or after
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15 May 2014. This pattern accounts for only 4% of Sa/lmonella Heidelberg clinical isolates
uploaded to PulseNet each year.

During the hypothesis generation phase of this outbreak investigation, local and state public
health officials interviewed case patients about foods and environmental exposures occurring
in the 7 days before illness onset. Based on the results of preliminary interviews, a focused
questionnaire was developed that included detailed questions about consumption of poultry,
egg, tomato, pepper, onion, and fresh herbs, how these foods were packaged, and where and
when they were purchased. The proportion of case patients reporting exposure to specific
foods was compared with the proportion of healthy persons reporting consumption of the
same foods in interviews from the Foodborne Diseases Active Surveillance Network
(FoodNet) population survey of healthy adults in the United States conducted during 2006
and 2007 (5). A binomial probability distribution was used to determine which food
exposures reported by case patients were significantly higher than those reported by
FoodNet population survey respondents.

To provide additional clues regarding the source of this outbreak, health departments also
investigated an illness subcluster by conducting a cohort study of persons who were exposed
to foods served at a birthday party. Iliness subclusters consist of two or more unrelated ill
persons who ate or shopped at the same venue around the same time.

When suspected foods were identified during the course of the investigation, state
government officials and FSIS conducted traceback investigations into the source of the
foods. Product information, such as type of food, brand, and date and location of purchase,
was collected. During this investigation, local health department staff also inspected a
restaurant implicated in the illness subcluster to (i) identify restaurant practices that may
have resulted in cross-contamination or undercooking of food and (ii) identify sources of
Salmonella in the facility or its food.

Follow-up analyses

After the conclusion of the initial investigation, the CDC and FSIS technicians used WGS to
determine how closely related a subset of the isolates—both clinical and food or animal—
were to one another. Twenty-seven clinical isolates were chosen based on state of residence
and isolation date. The aim was to select isolates from case patients who lived in different
parts of the country and who were infected at different points during the outbreak. Four of
these isolates were from case patients identified in the illness subcluster. Eight states were
represented: California, Idaho, Minnesota, Nebraska, New York, Pennsylvania, Texas, and
Utah. Twenty-four food or animal isolates were selected from 10 companies (13
establishments) that slaughter and/or process chicken. Nineteen of these isolates were
collected during the outbreak investigation period, and five were collected in the months
before the outbreak was identified.

Genomic DNA was extracted using QIAGEN DNeasy Blood and Tissue Kit (Qiagen,
Aarhus, Denmark). The DNA libraries were prepared using a Nextera XT DNA Library
Preparation Kit (Illumina, San Diego, CA), and the DNA sequencing was performed on a
MiSeq Sequencing System (Illumina) using the 2 x 250 bp sequencing chemistry. High-
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quality single nucleotide polymorphism (hqSNP) analysis was performed using the LYVE-
SET pipeline (1). The closed genome of Sa/monella Heidelberg SL476 (10) was used as the
reference, with prophages removed from the analysis. Read mapping was performed using
SMALT, and SNPs were called using VarScan at >20xcoverage and .95% read support, and
clustered SNPs that were <5 bp apart were filtered out.

A phylogenetic tree was constructed using RAXML (21). Clades containing genetically
related isolates were defined based on the SNP counts (<20 SNPs) and bootstrap values
(>75). Isolates within a clade were considered genetically highly related when the SNP
difference was <5. Each of the main clades in the tree was given a numeric identifier to
simplify description and discussion. Once the phylogenetic tree was produced, FSIS
provided metadata for the food isolates that were sequenced, including presumed corporate
ownership information, which was deidentified and coded alphabetically in the phylogenetic
tree.

Outbreak investigation

From 15 May through 15 December 2014, 146 salmonellosis cases were identified by
PulseNet in 24 states (Figs. 1 and 2). Forty-six percent (63 of 138) of case patients were
female, and their median age was 26 years (range, <1 to 92 years). Forty-two (47%) of 89
case patients were hospitalized, and no deaths were reported. The majority of isolates were
from stool (110 of 145, 76%), with the remainder from blood (25 of 145, 17%) and from
urine (10 of 145, 7%) (Table 1).

During the outbreak period, PulseNet also identified 27 isolates from food samples and 1
isolate from a chicken cecal sample with PFGE patterns indistinguishable from that of the
outbreak strain (Fig. 2 and Table 1). Nearly all of the food isolates (26 of 27, 96%) were
from slaughtered chicken, but one was from a beef sample from a facility that processed
both beef and chicken. These isolates were collected during routine sampling in FSIS-
regulated establishments (Fig. 1).

When local and state epidemiologists collected preliminary exposure information from case
patients, they identified chicken and tomatoes as common food exposures. Sixty percent (39
of 65) of case patients reported eating chicken outside of the home (e.g., at a restaurant) in
the 7 days preceding illness, a percentage significantly higher (= 0.02) than expected
(47%) according to the FoodNet population survey. Case patients also frequently consumed
fresh tomatoes (44 of 70, 63%) and chicken (47 of 69, 68%) at home, but these proportions
were not significantly higher than expected (Table 2). Thirty-two case patients were
interviewed using a focused questionnaire that included more detailed questions on chicken
exposure, but none of the exposures were significantly higher than expected, including those
related to chicken consumption (Table 2).

An illness subcluster of 36 people was identified in Kern County, California, which included
six laboratory-confirmed cases. Thirty-four of the case patients had eaten at a catered
birthday party or consumed leftovers from that party. Two additional case patients with
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isolates with indistinguishable PFGE patterns had consumed food prepared by the same
restaurant that had catered the birthday party on or around the same day. The Kern County
Public Health Services Department conducted a cohort study of 52 persons who were
exposed to food prepared by the restaurant. Chicken prepared by the restaurant was
determined to be the most likely food vehicle: 74% (34 of 46) of those who ate the chicken
were ill, and 33% (2 of 6) of those who did not eat the chicken were ill. The county staff
collected samples of leftover food, including chicken, from two ill party attendees, but
Salmonella was not isolated from these samples. The Kern County Environmental Health
Department inspected the restaurant and noted multiple instances of potential cross-
contamination, including uncovered cooked chicken stored on top of an open container of
raw chicken, raw chicken in direct physical contact with cooked chicken on the grill, and a
severely deteriorated cutting board used to cut multiple types of meats.

Follow-up analyses

The CDC Enteric Diseases Laboratory Branch, FSIS Outbreaks Section of the Eastern
Laboratory, and state health departments performed WGS on clinical and food isolates
associated with the outbreak investigation (Fig. 3). The isolates formed seven main clades in
the phylogenetic tree. These clades were genetically distinct from one another, differing by
dozens of SNPs in some instances, and nearly all of the clades were composed of isolates
that were genetically highly related to one another.

Clade 7, the largest clade on the phylogenetic tree, contained all four clinical isolates from
the Kern County illness subcluster that were sequenced and thus included the case patients
with the strongest epidemiological link to a source in the outbreak. Five of the six case
patients with isolates in clade 7 reported eating chicken; the sixth attended the Kern County
birthday party.

Two chicken isolates in clade 7 were closely related to the isolates in the Kern County cases
(0 to 3 SNP differences) and were from facilities owned by companies C and D. The
restaurant implicated in the Kern County illness subcluster had purchased company C brand
chicken 1 day before the catered birthday party and earlier in the week. Although company
C chicken was not known to have been served at the catered birthday party, the chicken
served may have been cross-contaminated with company C chicken on the restaurant's grill.
No isolates from samples from this company were available for sequencing. Company D
receives chicken from company C. Isolates from chicken from four other companies also
grouped in clade 7, but it is not known whether there were any relationships between these
companies (B, E, H, and I) and the other isolates in the clade.

Isolates from companies C and D also were present in two additional clades in the
phylogenetic tree (Fig. 3). Clade 5 consisted of 10 isolates: 4 clinical isolates and 6 food
isolates from companies C and D and other companies (B and E). Clade 6 contained one
isolate from company C and two closely related clinical isolates.

Several of the food and clinical isolates were not closely related genetically to isolates from
company C or company D and were found in clades 1 through 4. Chicken isolates from
company F came from three different slaughter-processing establishments and were closely
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related genetically to one another (one or two SNP differences, clade 3), which indicates that
the facilities probably shared a common source of chicken contaminated with Sa/monella.
Although comingling of chicken from different farms occurs at slaughter, multiple
companies within a single corporate structure also may share source material during in-plant
processing.

Discussion

Use of WGS following this investigation allowed a large cluster of isolates with the same
PFGE pattern to be broken down into smaller groups of isolates that were more likely to be
connected to a common source. The presence of isolates from company C chicken and its
subsidiary, company D, in clades 5 through 7 of the phylogenetic tree suggests that their
chicken probably played a role in some of the illnesses in this Sa/monella Heidelberg
infection outbreak, particularly in those individuals whose isolates were closely related to
the company C or company D chicken isolates. The results of the epidemiologic and
traceback investigations from the Kern County illness subcluster support this hypothesis.
However, other isolates formed clades 1 through 4. These isolates might be unrelated to the
isolates in clades 5 through 7, and those that were genetically highly related to one another
in clades 1 through 4 could be from different outbreaks.

Chicken samples from four additional companies—B, E, H, and I—also contained isolates
that were closely related to isolates from case patients and to company C and company D
chicken isolates in clades 5 through 7, but whether or how these four companies were
connected to company C and its subsidiary, company D, was not assessed via a traceback
investigation. Company C is a large national poultry producer, and companies B, E, H, and |
are small producers. At least two of these smaller companies make processed chicken foods
in addition to producing chicken. One explanation for the high level of genetic similarity
between chicken isolates from these companies and chicken isolates from companies C and
D is that these larger companies sell raw chicken products to the smaller companies for use
in processed food items containing chicken.

An alternative explanation for the close genetic relationship between isolates from these six
poultry companies is that theses companies obtained live birds for slaughter that share a
common contamination source further up the supply chain. The structure of the supply of
broiler birds in the United States is pyramidal, with pedigree or primary breeders at the top.
This genetic stock of birds is propagated though broiler breeders, which produce large
quantities of chickens for consumption (3, 18, 22). Many poultry companies, particularly
larger producers such as company C, are vertically integrated, meaning that they may control
multiplier or broiler flocks that supply their own slaughter operations (24). Nevertheless,
most large poultry companies initially receive their live birds from hatching breeder flocks
controlled by a small number of companies. Because Sa/monella Heidelberg can be
transmitted vertically from hen to chick (9, 11), sustained intestinal colonization of multiple
generations of live birds in seemingly separate supply chains is a biologically plausible
explanation for the phylogenetic relationships observed in this investigation.
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Although the evidence linking chicken from company C to at least a portion of illnesses in
this outbreak is compelling, only 18% of the clinical isolates and 86% of the food isolates
were included in this hgSNP-based phylogenetic analysis. Other isolates might have
different genetic characteristics and if included could have produced a phylogenetic tree
with a different shape and clade structure.

This analysis demonstrates how WGS, combined with epidemiologic, traceback, and routine
product sampling and testing data, can be used to help identify the source of outbreaks in
situations in which the source is difficult to determine, such as in outbreaks caused by
Salmonella Heidelberg and chicken. This method also might be useful for investigating
chicken-associated outbreaks caused by other Sa/monella serotypes such as Salmonella
Enteritidis and Sa/monella Typhimurium, which can be transmitted vertically from hen to
chick (15). WGS should be used as soon as evidence collected during case patient interviews
identifies chicken as a suspected food vehicle. The greater discriminatory power of WGS
allows heterogeneous clusters of isolates grouped by PFGE patterns to be broken into
smaller groups of illnesses that are more likely to share a common source. Doing so makes it
possible to exclude cases not likely to be a part of the outbreak and to determine whether
one large outbreak is, in fact, a few smaller outbreaks, as might be the case with the outbreak
described here. WGS also provides more confidence in the links between isolates from
humans and those from foods. Routine product testing at slaughter and processing facilities
provides a ready source of chicken isolates from a variety of companies that can be added to
the phylogenetic tree. These isolates are becoming more accessible with the new FSIS
information sharing protocols (23). When a food isolate is determined to be closely related
genetically to an isolate from a case patient or a group of isolates from case patients,
traceback can be quickly focused on a specific company, and outbreak investigators can
simultaneously seek additional epidemiologic links between the case patients and the
suspected foods. These tools used together can help promote timely and accurate outbreak
investigations.
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Figure 1.
Human (A) and food or animal (B) isolates by state of origin, Salmonella Heidelberg

outbreak, United States, 2014.
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Figure 2.
Epidemic curve by week, Salmonella Heidelberg outbreak, United States, 2014.
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Figure 3.
Phylogenetic tree of select human (n = 27) and food (n = 24) isolates, Salmonella

Heidelberg outbreak, United States, 2014. Reads were trimmed using

270 (Chicken, Company D, TX) 0-4 SNPs, excluding 424 (Clade 5)

271 (Chicken, Company E, CA) > 0-17 SNPs (Clade 7)

run_assembly_trimClean.pl (2) with reads less than 50 bp in length removed. LYVE-SET
version 1.1.4e was used with mapping by SMALT. SNPs were called using VarScan at >20x
coverage, >95 % read support, and <5 bp apart. Reference Sa/monella Heidelberg strain

SL476 CP001120 with prophages was detected by PHAST and masked at coordinates
376790 to 417006, 1008480 to 1038446, 1102544 to 1148741, 2000469 to 2022881,
2870372 to 2902633, 3368422 to 3401394, and 4413389 to 4434285. T Food isolates
selected from before the beginning of the outbreak; ¥ includes Kern County illness
subcluster isolates.
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Table 1
Patient demographics and isolate type and source, Salmonella Heidelberg outbreak,

United States, 2014

Variable n %
Sex (n=146)
Female 63 43
Male 75 51
Unknown 8 5
Age (yr) (n=146)
<1-10 45 31
11-20 16 11
21-40 31 21
41-60 25 17
61-80 17 12
81-100 4 3
Unknown 8 5
Hospitalized (7= 89) 42 47
Died (7= 93) 0 0
Isolate type (7= 174)
Human 146 84
Food or animal 28 16

Isolate source

Human (7= 146)

Blood 25 17
Stool 110 75
Urine 10 7
Unknown 1 <«

Food or animal (/7= 28)

Beef 1 4
Chicken 26 93
Cecum (chicken) 1 4

No. of states involved
Human isolates 24

Food isolates 4
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