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Abstract

Establishing an association between possible food sources and clinical isolates requires
discriminating the suspected pathogen from an environmental background, and distinguish-
ing it from other closely-related foodborne pathogens. We used whole genome sequencing
(WGS) to Salmonella subspecies enterica serotype Tennessee (S. Tennessee) to describe
genomic diversity across the serovar as well as among and within outbreak clades of strains
associated with contaminated peanut butter. We analyzed 71 isolates of S. Tennessee from
disparate food, environmental, and clinical sources and 2 other closely-related Salmonella
serovars as outgroups (S. Kentucky and S. Cubana), which were also shot-gun sequenced.
A whole genome single nucleotide polymorphism (SNP) analysis was performed using a
maximum likelihood approach to infer phylogenetic relationships. Several monophyletic lin-
eages of S. Tennessee with limited SNP variability were identified that recapitulated several
food contamination events. S. Tennessee clades were separated from outgroup salmonel-
lae by more than sixteen thousand SNPs. Intra-serovar diversity of S. Tennessee was small
compared to the chosen outgroups (1,153 SNPs), suggesting recent divergence of some S.
Tennessee clades. Analysis of all 1,153 SNPs structuring an S. Tennessee peanut butter
outbreak cluster revealed that isolates from several food, plant, and clinical isolates were
very closely related, as they had only a few SNP differences between them. SNP-based
cluster analyses linked specific food sources to several clinical S. Tennessee strains iso-
lated in separate contamination events. Environmental and clinical isolates had very similar
whole genome sequences; no markers were found that could be used to discriminate
between these sources. Finally, we identified SNPs within variable S. Tennessee genes
that may be useful markers for the development of rapid surveillance and typing methods,
potentially aiding in traceback efforts during future outbreaks. Using WGS can delimit con-
tamination sources for foodborne illnesses across multiple outbreaks and reveal otherwise
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undetected DNA sequence differences essential to the tracing of bacterial pathogens as
they emerge.

Introduction

Salmonella enterica one of the most common causes of foodborne illness outbreaks. Although
most serotypes are able to cause human disease, only about 20 of the over 2,500 identified Sal-
monella serotypes are typically associated with human disease. [1,2,3]. However, even sero-
types that are infrequently reported can become significant threats to public health. For
example, The Tennessee serovar has historically been uncommon among the Salmonella sero-
types reported from food sources. In fact, the average reported cases of S. enterica Tennessee
infection once represented only about 0.01% of all reported Salmonella serotypes [2]. Between
1994-2004, there were only 52 cases in which S. Tennessee was the main cause of foodborne
infections [2], and only one outbreak of S. Tennessee infection, associated with powdered milk
products and infant formula was reported to the Centers for Disease Control (CDC) in 1993
[4,5].

However, in November 2006, public health officials at CDC and state health departments
detected a substantial increase in the reported incidence of isolates of Salmonella serotype Ten-
nessee. As of May 22, 2007, a total of 628 persons infected with an outbreak strain of Salmo-
nella serotype Tennessee had been reported from 47 states since August 1, 2006. In a multistate
case-control study conducted during February 5-13, 2007, illness was strongly associated with
consumption of either of two brands (Brand 1 and Brand 2) of peanut butter produced at the
same plant [2,4,6,7]. Based on these findings, the plant ceased production and recalled both
products on February 14, 2007 [6,8,9]. The outbreak strain of Salmonella Tennessee was subse-
quently isolated from several opened and unopened jars of Brand 1 and Brand 2 peanut butter
and from environmental samples obtained from the plant. New case reports decreased drasti-
cally after the product recall.

In 2008-2009, a second national outbreak associated with peanut butter occurred. In these
cases the peanut butter was found to have been contaminated with Salmonella Typhimurium.
Larger numbers of children were infected in these later cases [6,10]. Interviews conducted with
infected patients revealed that the outbreak occurred within 3 large institutions (2 care facilities
and 1 elementary school) where the patients ate their meals [6]. Further investigation and
review of food menus revealed a common food source eaten by infected patients [6]. Interest-
ingly, during this outbreak investigation, CDC’s PulseNet identified and confirmed the pres-
ence of Salmonella serotypes other than Typhimurium in both food and environmental
samples. Further investigation determined that an S. Tennessee isolate detected during this sec-
ond outbreak had a pulse-field gel electrophoresis (PFGE) pattern that was indistinguishable
from those S. Tennessee outbreak strains found during the 2006-2007 outbreaks, obtained
from unopened and opened jars of one of the same brands of peanut butter. These findings
suggested a possible association between the two outbreaks, despite being separated by an
approximately two-year time frame [6,10]. Interestingly, the two implicated production plants
are located approximately 70 km from one another. However, in the later outbreak the S. Ten-
nessee strains were not directly associated with human illness [6,10].

If one accepts a common-source hypothesis of the S. Tennessee serovars in these outbreaks,
it demonstrates not only the potential for widespread illness arising from locally contaminated
products which are then broadly distributed, but also the possibility of illnesses arising from
bacterial serovars that have not been previously implicated in major foodborne illness
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outbreaks in the United States. From what is known about the ability of Salmonella to thrive in
particular environments, this hypothesis is reasonable. These organisms may contaminate pea-
nuts during growth, harvest, or storage, and are able to survive high temperatures in a high-fat,
low-water environment [11]. Therefore, although peanut butter typically undergoes heat treat-
ment up to temperatures >158°F (>70°C), such heating may not always eliminate salmonellae
[12]. It is also possible that processed peanut butter may be contaminated by bacteria that
enter the production environment after heat treatment is complete, through raw peanuts or
other sources, such as animals in the production plant. The bacteria may be brought into the
plant on containers, humans from the outside environment, or other ingredients used to make
peanut butter. These outbreaks suggest that the contamination of processed foods can occur
after a heat-treatment step, underscoring the need for additional preventive controls in food-
processing plants, and ongoing food safety surveillance.

Establishing an association between possible sources of food contamination and clinical iso-
lates requires discriminating the suspected pathogen from the environmental background, and
distinguishing it from other closely-related foodborne pathogens [13-16, 17-21]. The accurate
subtyping and subsequent clustering of bacterial isolates associated with a foodborne outbreak
event is important for a successful epidemiological investigation and the eventual traceback to
a specific food or environmental source. However, phylogenetically closely related strains from
a phylogenetic perspective can confound these investigations because of the limited genetic dif-
ferentiation among serovars, such as Salmonella Enteritidis [22-29, 30]. Therefore, to provide
a more rigorous analysis of the diversity found within these outbreaks, we performed the first
whole genome DNA sequence analysis of S. Tennessee outbreak strains, and proceeded to per-
form a detailed phylogenetic analysis.

We performed whole genome shotgun sequencing (WGS) on isolates related to the S. Ten-
nessee-peanut butter outbreak and other isolates derived from the same serovar. Samples of S.
Tennessee obtained from cilantro food sources were sequenced for comparative purposes.
Whole genome shotgun sequencing is an emerging molecular epidemiological tool [30-34].
Recent studies have shown that the voluminous amount of DNA sequence data accumulated
via WGS can be used to distinguish among very closely related isolates, far beyond what close
inspection of PFGE patterns and MLVA typing can reveal [30]. Further, WGS can identify the
nature of the specific molecular difference(s) among sets of isolates, leading to the identifica-
tion of characteristics that can be placed onto phylogenetic trees to show evolutionary relation-
ships among the taxa under scrutiny. The phylogenetic trees can also serve the purpose of
showing, in graphical form, the scale of the evolutionary distances between isolates that have
different PFGE patterns.

In order to evaluate how WGS could assist in the identification of these isolates, we gener-
ated one closed genome sequence and 70 draft genomes of S. Tennessee isolates, including 28
isolates with two different PFGE patterns (JNXX01.0011 and JNXX01.0010) from the peanut
butter outbreak, four related historical clinical isolates, eight environmental isolates with
matching PFGE JNXX01.0011 profiles, three internal isolates, and 28 background isolates to
establish the phylogenetic context of the diversity. Fig 1 shows the genome organization while
Fig 2 depicts the phylogenetic results from these analyses.

Materials and Methods
Growth of bacterial strains, and genomic and plasmid DNA isolation

Genomic DNA was isolated from overnight cultures as follows: each initial pure culture sample
was taken from frozen stock, plated on Trypticase Soy Agar, and incubated overnight at 37°C.
After incubation, cells were taken from the plate and inoculated into Trypticase Soy Broth and
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cultured for DNA extraction. All samples were representative cultures from a full-plate inocu-

lation and were not single colonies. Genomic DNA was extracted using Qiagen DNeasy Kkits.
The cilantro samples were provided through the U.S. Department of Agriculture (USDA)

Microbiological Data Program (MDP). Samples collected in Michigan, Florida, New York,
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Fig 1. Whole genome alignment showing placement of mobile elements (outer rings) in representative samples of this study, GC skew (inner ring)
and GC content by strand (second ring).

doi:10.1371/journal.pone.0146929.g001
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Ohio, and Washington were shipped overnight at room temperature and processed immedi-

ately upon receipt for the presence of S. enterica.
Cilantro was weighed into sterile Whirl-Pak bags, 100 g per sample, and 500 ml of modified
Buffered Peptone Water (mBPW) [35] was added to each bag. The samples were manually
mixed for 2 min and then incubated overnight at 37°C. The overnight enrichment cultures
were subcultured into Tetrathionate Broth (TB) and Rappaport-Vassiliadis (RV) media and
incubated according to the Bacteriological Analytical Manual (BAM) Chapter 5 Salmonella
[36]. Following overnight incubation the TB and RV cultures were streaked onto Hektoen
Enteric (HE), Xylose-Lysine-Tergitol 4 (XLT-4), and Bismuth Sulfite (BS) agar plates and the
plates were incubated overnight at 37°C. Colonies demonstrating typical S. enterica morphol-
ogy on each selective agar plate were subcultured onto 5% Sheep Blood Agar (SBA) plates for

further characterization.

Colonies from SBA plates were confirmed as Salmonella using the Vitek® 2 Compact. The
serotype was determined using the Premitest ® following the manufacturer’s instructions and
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a PCR serotyping method [37]. The PFGE pattern for each isolate was also determined using
the CDC method for S. enterica.

Library construction and genome sequencing

For this study, 71 S. Tennessee isolates from a variety of sources were sequenced. Of these, 42 iso-
lates were shotgun sequenced using the Roche 454 GS Titanium NGS technology [38]. Each iso-
late was run on one quarter of a Titanium plate, producing roughly 250,000 reads per draft
genome and providing an average genome coverage of ~20X. Illumina MiSeq™ was used to
sequence 28 isolates. The remaining isolate served as our reference for mapping; it was used to
prepare a single 10 kb library following the Pacific Biosciences sample preparation methods for
C2 chemistry. That 10 kb library was then sequenced using PacBio RS IT on 4 single-molecule
real-time (SMRT) cells using a 120-minute collection protocol, which provided a closed genome
with an average genome coverage of > 200X. Our taxon sampling also included one S. Kentucky
and one S. Cubana genome (Table 1), which were sequenced using Roche 454 GS Titanium and
Illumina Miseq™ chemistries, respectively. These two Salmonella serotypes, Cubana (Genbank
accession APAG0000000) and Kentucky (Genbank accession AOYZ00000000) had previously
been shown to be close relatives to S. Tennessee [39], and hence served as outgroups in this
study.

Libraries were constructed from cilantro-derived samples using the Nextera XT DNA sam-
ple preparation kit (Illumina, San Diego, CA), and whole-genome sequencing was performed
on a MiSeq™ benchtop sequencer (Illumina, San Diego, CA), using 500-cycle paired-end
reagent kit v2.

Genome assembly and annotation

De novo assemblies were created for each isolate, using Roche Newbler package (v. 2.6), CLC
Genomic Workbench 6.5.1, and SMRT analysis 2.0.1, for isolates sequenced by 454, Miseq™ ™,
and PacBio, respectively. All draft genomes were annotated using NCBI’s Prokaryotic
Genomes Automatic Annotation Pipeline (PGAAP, [40]). The reference genome used for
mapping reads was CFSAN001339, which is comprised of 1 single circular chromosome.
Hence, positional information is specific for the reference. (GenBank accession: CP007505).
Phylogenetic trees were constructed using GARLI [41, 42] under the maximum likelihood
criterion. The phylogenetic tree in Fig 2 was constructed using GARLI under the GTR
+ gamma model of nucleotide evolution. Phylogenetic analyses of the data set, including multi-
ple outgroups, were performed on the concatenated SNP matrix described above.

Phylogenomic analysis

The raw reads of each sample were mapped to the closed reference genome, CFSAN001339,
using Novoalign V2.08.02 (http://www.novocraft.com), and the variants were called using
SAMtools and stored in a VCEF file [43]. A custom Python script was used to read through each
VCEF file and construct a SNP matrix for further phylogenetic analyses, as follows. First, we esti-
mated the site SNP allele frequencies of the strongest non-reference allele [43] and placed them
into a list by collecting all of the instances which met the criteria of being present at positions
in the reference where one or more isolates differed with a read depth >10 and an allele fre-
quency equal to one. Insertions and deletions (indels) in VCEF files were ignored. Second, pileup
files were generated for each isolate based on the above-mentioned list to determine the appro-
priate nucleotide state for positions in the list for each isolate based on the following rules: a) if
there was no mapped reads at a position it was treated as missing data; b) if different nucleo-
tides were called at the position, the one with frequency larger than 50% was the consensus call
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http://www.novocraft.com/

Whole Genome Salmonella Tennessee Serovar

PLOS | one

@

(penupuo))
00€8701+4HS
9¥28¥01d4dS
62€81701dHS
252870 IddS
£ee8¥01d4dS
0S28701H4dS

528701 HHS

85¢8701HHS
€.28¥01d4S
L¥e8y01HdS

81E8Y01HHS

682¢87014HS
1628101HHS

9€€8Y01HHS

0LE8Y01HYHS

§62556HHS

6255644S

VHS

818€8|

0G8€81

Lv8E8I

1G8E8L

878E81

0S8€e8|

/18€81

1G8E8L

818€8|

0s8€e8|

L¥8E81L

1G8E8L

818€8|

058€81

S6999

L78€81

1G8E8L

818€8|

0G8€81

000000000X0OV VA 4°k]

000000004X0OV 617259

103loud
SOM -olg

(s)ou uoissaosoy

1214

12514

14

214

1214

114

1214

12514

1214

214

1214

114

1214

1214

14

1214

12514

1214

1214

1214

oigoed

wJoy
“leid

1000'9¢VXNI

L000'9¢VXNI
L000'92VXNI

1000'9¢VXNI

L000'92VXNI

L000'92VYXNI

(swAzua
Kiepuooas)

usened 394d

0100 FOXXNP
1100 FOXXNP
9200 FOXXNIP
0L00"FOXXNP
L1L0O" FOXXNFP
1100 FOXXNP
1100 FOXXNCP
1100 FOXXNP
1100 FOXXNCP
1100 FOXXNCP
L1L0O" FOXXNFP
1100 FOXXNP
1100 FOXXNCP

L1LOO"FOXXNP

1100 FOXXNP
1100 FOXXNP

1100 FOXXNP

1100 FOXXNP

1100 FOXXNP

1100 FOXXNP

(dwAzua
Krewnd)
usaped 394d

Jaung inuead
punom
a|dwes |00}s
a|dwes |00}s
Jaung inuead
|00}

o|dwes auun
Buissiw

|00}1S

|001s

100}

|100}1S
|EJUBWIUOIIAUS
|EJUBWIUOIIAUS
Jaung inuead

sjo|jed
|Iny ueaq Aos

siiny
pasas Uojod

[eawysy

pazijoipAy
‘leswayles)
Aynod

paseq-que|
‘leswisuoq
pue jesw

[eswysy

20inos
uone|os|

vOivsn

VIN'YSN

VIN:VSN

VIN:VSN

VIVSN

VIEVSN

VIVSN

vIEVSN

VIVSN

vIVSN

VIVSN

vIEVSN

vOivsn

vOvsn

vsn

XLvsn

XL:vsSn

XL:vsn

XL:vsSn

puejesz
MaN

XL1:vsSn

uoneso|

uol
-199]|00

89€L00NVS4O
"JIS 99SSOUUS |

/Z9€100NVS40
PICEEELETIVEN

99€100NVSdD
"JIS 99SS8UUL |

S9E€L0ONVS4O
PICE-EEETTET

SSEL0ONYS4O
"1IS 89sS8uUUs |

YSEL00NVSH0
"J}S 99SS8UUS |

€SE€L00ONVS4O
PICE-EEEETTET

¢SEL0ONYS4D
PICEEELETIVEN

LGELOONYSHO
"J}S 99SSoUUL |

0SE€L0ONVS4O
"JIS 99SSOUUS |

6¥€L00NVYS40
"JIS 89sS8uUUs |

87€1L00NVSdD
"J}S 99SSaUUL |

L¥E€L0ONVS4O
"l}s @9ssouUD |

9¥€L00ONVS4D
"1IS 99sS8UUs |

S¥E€LO0ONVSHO
"JIS 99SS8UUL |

7¥E€L0ONVYS4O
*1}S 88SSBUUB |

€VEL0ONVYS4D
PICEEELETIVEN

¢YE€L0ONVS4O
"J}S 99SSOUUL |

L7€L00ONYS4D
PICEEELETIVEN

0¥€L0ONVS4O
"1IS 99sS8UUs |

6€E€L00NVYS4D
"J}S 99SS8UUS |

urens
pue JeAaolag
eouslUd

-dsqns eouajua

ejjouowies

(8d)VD:¥SN™ 2002 1eung Inuead 89¢ |
(ad)VIN:YSN 9002 [BaIUIID™ L€ L
(8d)VIN:YSN™ G002 [e1UlD 99 L
(@d)VIN:YSN™ 7002 [BAIUIID GOE L

(ad)VI:VSN™ 2002 Jonng inuead GGeL
(ad)VI:VSN 9002 [0 HSEL
(ad)VI:VSN~ 9002 2D €SEL
(ad)VI:vSN~ 9002 [edulD eSeL
(8d)VI:¥SN~ 9002 [eouQ™ LGEL
(ad)VI:¥SN~9002™ €2l 0SE L
(ad)VI:vSN~ 9002 (U0 6¥EL
(ad)VI:VSN 7002 (€20 8YEL

(8d)VD:¥SN™ 2002 [BIUBWIUOIAUT ™ LpEL

(8d)VD:¥SN 9002 [BIUBWIUOIAUT91EL

VSN 2002 Jeung nuead GyEL
(@d)XL:¥SN~ 6002 sielled ™ IINH ™ ueag A0S HE L
(8d)XL:¥SN~ 6002 SINH Pe3S UOHOD EVEL

(8d)XL:'VSN~ 6002 [eaWysId gveL

(@d)X1:'vSN 8002 [esuuayiesd Anod™ LyEL

(gd)puejeazmaN~800¢ [eaN” POSEG-qWET OFEL

(8d)X1:¥SN 8002 [eawuysId 6EEL

1oqe] @ai1L

Apn}s siy} Ul SaJe|0S] YHM Pajeldosse ejepelajy

'sajdwies [edjuljd pue SPooj pajeIdoSSe-}ealdino wolj pauleiqo sajdwes Buipnjoul ‘saainos paALiap-1ang Jnuead ay} WoJj ejepe}aw pue sajejos| °| a|qeL

7/21

PLOS ONE | DOI:10.1371/journal.pone.0146929 June 3, 2016



Whole Genome Salmonella Tennessee Serovar

PLOS | one

@

(penupuo))
S0E8Y0LHYS
9€28701d4dS
61E8¥01HYS
229870 1HdS
G828701HdS
8628701 HHS
SLE8Y0LHYS

0628701 HHS

SEE8Y0 L HHS
L1E8V01LHYS

LEE8Y01LHYS

VAZAS VRS IS )

8€2¢8701HHS
cve8y0IddS
9298701 44S
528701 HHS
cle8yoIHYS

¥€€8Y01HHS

0€€8Y01HHS

€2e8v01d4S

vds

1G8E8L
818€8|
058€e8|
Ly8€E8I
1G8E8L
818€8|
0s8€e8|

Lv8E8I

1G8E8L
818€8|

098€e8|

Lv8E8I

1G8E8L
818€8|
0g8€e8|
Ly8€8I
1G8E8L
818€8|
0G8€81
Lv8E8I

1GBE8L

199loud
SOHM -olg

(s)ou uoissaosay

214

1214

1214

1214

1214

1214

1214

214

214

1214

1214

1214

12514

214

214

1214

114

214

1214

1214

1214

w.oy
1eld

9L00'9CVXNI

L000'9¢VXNI

L000'9¢VXNI

+000'9¢VXNI

100092V XNl

+000'9¢VXNI

(awAzua
Kiepuooas)
useped 394d

1100 FOXXNCI
1100 FOXXNP
0100 FOXXNP
1100 FOXXNFP
1100 FOXXNP
0100 FOXXNIP
1100 FOXXNCI

1100 FOXXNP

6810 FOXXNIP
1100 FOXXNP

1100 FOXXNCP

1100 FOXXNP

L100" FOXXNP
1 100" FOXXNP
1 100" FOXXNP
L100" FOXXNP
1 100" FOXXNP
1 100" FOXXNP
L 100" FOXXNIP
1 100" FOXXNP
L100" FOXXNFP

(awAzua

Krewnd)
uiayed 394d

Jaung inuead
Jaung inuead
Jaunq inuead
[ejusWUOIIAUS
Jaung inuead
Janng inuead
Jaung inuead

Jaung inuead

Japmod uigyoid

a|qeleban
pazAjoipAy

[eaw poojq
Janng inuead
juened

OIS WOl
Janng nuead

juened
OIS WOl
Janng inuead

uewny
o|dwes auun
a|dwes |oois
Janng inuead
Janng inuead
Janng inuead
Janng nuead

|ejusuwiuolinue

224nos
uopnejosj

vOivsn

vovsn

voivsn

vOvsn

vovsn

vOivsn

vOivsn

vovsn

AN:VSN

ANVSN

voivsn

ANVYSN

NL'VSN

NL:VSN

VIN:VSN

VIN'YSN

vovsn

vOivsn

vovsn

vO:vsn

vOivsn

uoneao|

uol
-199]100

68€L00ONVS40
PICE-EECTTET

88€L00NVYS4D
"JIS 99sS8uUUs |

/8E€100NVS40
"J}S 99SSOUUS |

98€L00NVYS40
PICEEELETIVEN

SG8EL0ONVS4D
"1}S 89sS8UUs |

¥8E€L00NVS40
"J1S @9sseuus ]

€8€L00NVYS4D
*1}S 88SSBUUB |

¢8€L00NVYS4D
"JIS 99SS8UUs |

18€L00ONVYS4D
PICE-EECTTET

08€L00NYS4D
"JIS 99SS8UUs |

6.EL00NVS4O
"JIS 99SSOUUS |

8/E100NVS4D
"JIS 99SSaUUL |

L/ELOONVSHO
PICEEELETIVEN

9/E100NVS4D
"JIS 99SS8UUL |

S/EL00ONVS4O
PICE-EECTTET

.E1L00NVS40
"J}S 99SS8UUs |

€LE100NVSHD
"J}S 99SS8UUS |

¢/EL0ONVS4O
PICE-EEEETTET

LZELOONYSHD
PICEEELETIVEN

0/EL00NVS4O
"JIS 99SSOUUS |

69€L00NVS40
"1IS 99sSeuUUs |

urens
pue Jenolas
eou9lud

‘dsgns edLLlus

e|jauowes

(8d)VD:¥SN™ 2002 Jenng Inueed 68€ |
(ad)VD:YSN™ L002 Jeung Inuead 88EL
(8d)VD:VSN™ 2002 Jenng nueed /8E|
(8d)V9D:¥SN 9002 [EIUSWIUOIAUT98E L
(ad)VD:vSN™ 002 Jeung Inuead Ggel
(ad)VO:vSN 002 Jeung nueed v8EL
(ad)vO:¥SN™L00g Jeung nuesd €8el
(ad)VD:¥SN™ £L002 Jeung nuesd ggel

(ad)AN

'YSN~ 0102 1epmod ™ uiejoide|qejebep pezAjoipAHTL8E L

(8d)AN:YSN 0102 [B8NPoolg 08E |

(8d)VD:¥SN~ 6002 Jenng nueed 6/€}

(8d)AM:¥SN™ 2002 usiled woi4 Jeung inuead g/€l

(8dINL:YSN™ 2002 Jusled Woi4 Jaung inuead /€1
(8dINL:VSN 7002 [BOIUND 9L L
(ad)VIN:YSN~ 9002 [BAUD ™ GLEL
(ad)VIN:YSN 9002 [BAUIID PLE L

(ad)VO:YSN™ L002 Jeung nueed /€|
(8d)VD:VSN™ 2002 eung Inueed g/e |
(ad)vD:vSN™L002 Jeung inuesd ™ L/E|
(ad)VD:vSN 002 Jeung nueed 0/EL

(8d)VD:¥SN™L002 [ejusWuUoIAUT 69E |

|eqe] @211

Apnis s1y} ul saje|os] YlIM pajeloosse ejepelsy

(panuyuoD) -1 slqeL

8/21

PLOS ONE | DOI:10.1371/journal.pone.0146929 June 3, 2016



Whole Genome Salmonella Tennessee Serovar

PLOS |one

@

(penupuo))
€.v€€01ddS
795€€01 HHS

18925644HS
7681101dHS
89GEE01HYS
ceEV9L0 IHHS
cv¥9e0ddS
69YEE01L HYHS
9¥6EY0 1L HHS
/8811701HHS
SY6EY0 1L HYHS
E€¥SEE01 HHS
80S€€01dHS
0vSEE0HHS
63S5€€01LHYS

6.92564H4HS
0SSEE01HYS
2/S€E01HYS

er6764HS

£2cv6764dS
10€2L0LHYHS

6€28101d4S

vds

GE098I
GE0981
GE098I
GE098I
GE0981
GE098I
GE098I
GE0981
GE098I
GE098I
Ge0981
GE098I
GE098I
GE098|
GE098I
GE098|
GE0981
GE098I
0g8€e8|
0G8€81
0s8€e8|

Ly8E8L

199loud
SOHM -olg

(s)ou uoissaosay

basipn
basip
basiy
basip
basin
basiy
basip
basip
basip
basin
basip
basiy
basip
basip
basip
basin
basip
basip
basipn
basip
basi

1414

w.oy
1eld

1100 FOXXNCP

1100 FOXXNP

L100"FOXXNIP

(awAzua
Krewnd)
uiayed 394d

onue|lo
oJjue|o
onue|o
olue|o
olue|o
onue|o
onue|o
oJue|o
oue|lo
onue|o
oljue|o
oJue|lo
onue|o
oljue|o
oJue|o
oJue|o
olue|io
olue|io
Janng inuead
Janng inuead
qems Beip—
piay @onpoud

Janng inuead

224nos
uopnejosj

AN:VSN

ANVSN

AN:VSN

AN:VSN

ANVSN

AN:VSN

AN:VSN

ANVSN

ANVSN

AN:VSN

ANVSN

14:vsn

14:vsn

14:'vsSn

I4:vsn

14:vsn

I4'vsn

I4'vsn

AN:VSN

ANVSN

AN:VSN

vOivsn

uoneao|

uol
-199]100

L61E00NVS40
"1}S @9sSBUUD |

96E00NVYS4D
"JIS 88sS8uUUs |

¥6LE00NVS40
"J}S 99SSOUUS |

€6LE00NVS40
"l}s @9sseuus |

¢61LE00NVYS4D
PICEEELETIVEN

L61E00NYSHO
"JIS 99SSaUUL |

061E00NVS40
PICE-EEETTET

681LE00NVYS4D
"JIS 99SS8UUs |

881E00NVS4O
"J1S @8sseuus |

/8LE00NVS40
"} @9sSBUUD |

981E00NVYS4D
"1}S 89sS8UUs |

9/1€00NVS4D
"JIS 99SSaUUL |

S/IE00NVS4O
"1}S @9ssouus |

.LE00NVS40
PICEEELETIVEN

€L1E00NVSdD
"J}S 99SS8UUL |

¢/IE00NVS4O
"l}S @9sseuUs |

LZLE0ONYS4D
PICEEELETIVEN

0£1E00NVS4D
"J}S 99SS8UUS |

61L0E00NVS4O
PICE-EEEETTET

81L0E00NYS40
PICEEELETIVEN

196200NVS40
"JIS 99SSOUUL |

06€L00NVS40
"l}s @9sseuus |

urens
pue Jenolas
eou9lud

‘dsgns edLLlus

e|jauowes

AN:YSN™ LL02 OlUBID L6LE

AN:VSN™ 1102 OAUEID 961E

AN:YSN™ LL0Z OlUBID ¥6LE

AN:VSN™ } 102 OUBIID €61

AN:VSN™ 1102 ONUEBID 26lE

AN:VSN™ L1102 ONUelD L6LE

AN:YSN™ 1102 OluelD 061E

AN:YSN™ L102 OlUB|ID 681E

AN:VSN™ LL02 Olue|lD 88LE

AN:YSN™ LL02 Oue|lD /8LE

AN:VSN™ 1102 ONUEeI) 981E

74:VSN HHOZ OAUBIID 9/LE

14:VSN LE0Z OAUBID SLLE

14:VSN LE0Z OAUBID VLLE

14:VSN LEOZ ONUBID ELLE

14:VSN LE0Z OAUBID 2LLE

14'VSN L0 ONUBID LLLE

14:'VSN LEOZ ONUBIID 0LLE

AN:VSN ™ 2002 1enng Inueed 610€
AN:VSN 002 Jenng inuead 810€
AN:VSN™ZL0Z gems™ Beiq pjel4~eonpoid™ 1962

(ad)vD:¥SN™ £00g 1eung Inuesd 06€E L

|eqe] @211

Apnis s1y} ul saje|os] YlIM pajeloosse ejepelsy

(panuyuoD) -1 slqeL

9/21

PLOS ONE | DOI:10.1371/journal.pone.0146929 June 3, 2016



Whole Genome Salmonella Tennessee Serovar

PLOS | one

@

/S929S64HS  000000009VdY  ¥6€.91

£6255644S

€69670144S

8.96¥014HS

c0€8Y0HHS

Evy9e01ddS

87¥9€01dHS

6.5€€0144S

825€E01HHS

vds

00000000ZA0YV €6999

GE098I
Ge0981
GE098I
GE098|
Ge0981
GE098I

S€0981

199loud
SHM -olg

(s)ou uoissaosay

basip

14°14
basip
basip
basip
basip
basip
basiy

basip

w.oy
1eld

useped 394d

INUO20D
pajeoissap

a|dwes [eoa}

s|oulay

2000° FOXXNI Jamojjuns

L000'9¢VXNI qems

Jes| pue
ylels Aisj@o

SO LOXXNIP
olue|id
oljue|io
oljue|io
oljue|io

(awAzua
Kiepuooas)

(awAzua
Krewnd) @94nos
useped 394d uope|os|

ssuddiiud

vd:vsn

=T)

1n:vsn

a1vsn

HOVSN

HO:VSN

HOVSN

AN:VSN

uoneao|

uol
-199]100

€80L00NVYS40
“1IS eUBQND

LEELOONVSHO
1S Aonuay

¢0E€S00NVS4O
"l}S @9sseuUs |

92¢S00NVS4D
PICEEELETIVEN

981 S00NYS4D
"JIS 99SSaUUL |

€02E00NVS40
"1}S @9sSBUUD |

¢02E€00NYS4D
"JIS 89sS8uUUs |

66E00NVS4O
"J}S 99SSOUUS |

86E00NVYS4O
"J}s @9ssouus |

ulens
pue Jenolag
eou9lud

‘dsgns edLLlus

e|jauowes

100¥ 6269771.0°duod [euinolj, /g1 0} :1op

eueqnd’S €804

Aomuey'sze€1

BUIYD 00T SIBUISY JOMOUNS™ 20ES
1N:VSN™0L0Z 9BMS™ [BIUSWIUOIIAUT 922
VSN LL0Z fee IS AejeD 981G
HO:VYSN 202 onueID £02e

HO:VSN 2102 onuel 20ze

HO:VSN 2L0zg onuey 661

AN:VSN™ L1102 OAUEID 861E

|eqe] @211

Apnis s1y} ul saje|os] YlIM pajeloosse ejepelsy

(panuyuoD) -1 slqeL

10/21

PLOS ONE | DOI:10.1371/journal.pone.0146929 June 3, 2016



@’PLOS ‘ ONE

Whole Genome Salmonella Tennessee Serovar

for that position; and c) if different nucleotides were called at a position but none had a fre-
quency larger than 50%, that position for that individual isolate was coded as missing data.
Third, the mapped consensus base for each isolate at the reference SNP positions were
concatenated in a multiple FASTA file for phylogenetic analysis. The maximum likelihood
(ML) tree was constructed using GARLI [41,42] with 200 ML replicates and 1000 bootstrap
replicates. All GARLI analyses were performed with the default parameter settings and the
GTR+gamma nucleotide substitution model. Detailed descriptions of the data analysis pipeline
is available [44] as well as github (see https://github.com/CESAN-Biostatistics/snp-mutator).

Accessions

The whole genome shotgun accessions (WGS), Bioproject accession numbers, and metadata
for all the isolates sequenced in this study are listed in Table 1. The NCBI accession numbers
for the comparative plasmids discussed herein are: Citrobacter freundii plasmid pCAV1741-
110 (CP011655); S. Typhi plasmid pHCM?2 (AL513384); and Yersinia pestis pMT (CP010021).

Results
Genome Size, Order and Conservation

We present new draft genomes for 73 Salmonella isolates including CFSAN001337, and
CFSANO001083, closely related outgroups, S. Kentucky and S. Cubana, respectively (Table 1).
While synteny and genome organization among these isolates was largely conserved, genome
size differences were observed due to variations in the presence or absence of several phages
and plasmids.

Phylogenomic analysis of the S. Tennessee data set, including multiple serovars, was per-
formed on the set of SNPs obtained from the analysis described in the methods. We used the
resultant phylogenetic trees to make hypotheses about both the evolution of S. Tennessee sub-
types and the outbreak strains and also to support traceback investigations.

A list of genes from which the SNPs that characterize the S. Tennessee clade were derived is
provided in Table 2. A representative SNP from each of these genes is also provided in the table
along with the subgroup that it defines the SNP base pair coordinates. Many of these genes
were annotated previously with assigned names and functions; however, additional regions
that provided signature SNPs are hypothetical and, as such, are cross-referenced by locus tags
only. It is notable that a partial and select set of SNPs from these genes are nonsynonymous,
and many cluster two or more S. Tennessee subgroups together, as shown in Table 2 and Fig 1,
and many are protein-altering in nature. These data are intriguing given an NGS report docu-
menting positive selection among a significant subset of core genes in adapted Salmonella sero-
vars [45].

Genetic Variation within the Tennessee serovar

As shown in Table 1, the isolates derived from the peanut butter-derived sources, including
samples obtained from outbreak-associated foods and clinical samples, were observed to have
distinct PFGE profiles. The S. Tennessee isolates from the 2006-2007 outbreak displayed four
closely related primary (Xbal-derived) PFGE patterns: INXX01.0010, JNXX01.0011,
JNXX01.0026. [2,6,10]. Secondary patterns (BlnI-derived) for PFGE type JNXX01.0011 were
all classified as JNXA26.0001.

A set of non-peanut butter-derived S. Tennessee isolates also exhibited one of the same
PFGE patterns as found in the peanut butter-derived samples: JNXX01.0011. Samples in this
set included isolates from fishmeal (CFSAN001339 and CFSAN001342); lamb from New
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Table 2. Annotation of clade-specific SNPs found in serovar S. Tennessee.

Location

Clade
C1

1361235
Node1
1042280

1486959
248590
4310906

Clade
c2

1261850

1325788
1559936
1659427
2013944
266867

2745712

2967521
2977833
3099086

4290447
4415903
4675774
4779893
4862200
968881

Clade
Cc3

213029
224483
281038

401342
416161

451802
492375
516347
702891
766356
972049
1049743
1065827

1188083
1201717
1255014
1271868

Accession

CP007505

CP007505

CP007505
CP007505
CP007505

CP007505

CP007505
CP007505
CP007505
CP007505
CP007505
CP007505

CP007505
CP007505
CP007505

CP007505
CP007505
CP007505
CP007505
CP007505
CP007505

CP007505
CP007505
CP007505

CP007505
CP007505

CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505

CP007505
CP007505
CP007505
CP007505

Annot.

coding

coding

coding
coding
coding

coding

coding
intergenic
coding
coding
coding
coding

coding
coding
coding

coding
intergenic
coding
coding
coding
coding

coding
coding
coding

coding
coding

coding
coding
intergenic
intergenic
coding
coding
coding
coding

coding
intergenic
coding
coding

Locus_tag

SEET0819_06395

SEET0819_04945

SEET0819_06990
SEET0819_01260
SEET0819_20670

SEET0819_05950

SEET0819_06255

SEET0819_07735
SEET0819_09365
SEET0819_01325
SEET0819_12935

SEET0819_14105
SEET0819_14155
SEET0819_14720

SEET0819_20620

SEET0819_22430
SEET0819_22980
SEET0819_23370
SEET0819_04570

SEET0819_01115
SEET0819_01165
SEET0819_01400

SEET0819_01890
SEET0819_01960

SEET0819_02130
SEET0819_02295

SEET0819_03620
SEET0819_04585
SEET0819_04975
SEET0819_05055

SEET0819_05585

SEET0819_05920
SEET0819_05995

Pos. in
coding

22

14

1203
2258
799

646

711

609
212
77
360

1042
400
358

1930

1074
627

1544
2709

2210
1533
142

57

196
648

777
561
48

429

428

2699
351

Nuc.
change

GAT->TAT

TCG->TTG

CTG->CTA
CAC->CTC
GAA->TAA

CGC->AGC

CTG->CTA
C->T

ATG->ATA
CCG->CTG
CCG->CCA
GCC->GCT

GCT->ACT
TTC->ATC
GGT->AGT

GGC->AGC
T->G
TAC->TAT
CTG->CTA
AGC->AAC
CTG->CTA

GAT->GTT
CTG->CTT
TGG->TGT

GTG->GTA
CTG->CTA

ACG->CCG
TTC->TTT
C->A

A->G
ACC->ACA
GGA->GGT
CTG->CTA
TTC->TTT

TAT->TGT
T->A
GAG->GGG
GGA->GGG

Amino acid
change

D->Y

S->L

L->L
H->L
E->Stop

L->L

M->|
P->L
P->P
A->A

A>T
F->1
G->S

G->S

Y->Y
L->L
S->N
L->L

D->V
L->L
wW->C

V->V
L->L

T->P
F->F

T->T
G->G
L>L
F->F

Y->C

E->G
G->G

Syn/
Non

(7]

nw n =z 2

=z 2

"n 2 nw zZz0n0onu

(7]

nw oo noon

Strand

+ o+ o+ o+

+ o+ o+ o+

Product name

transaldolase

phosphate-starvation-inducible
protein PsiE

chitinase
maltodextrin phosphorylase
hypothetical protein

UDP-N-acetylmuramate:L-alanyl-
gamma-D-glutamyl-meso-
diaminopimelate ligase

multifunctional aminopeptidase A

multicopper oxidase
hypothetical protein
ribokinase

peptide ABC transporter ATP-
binding protein

transcriptional regulator
dimethyl sulfoxide reductase

XRE family transcriptional
regulator

large repetitive protein

S-adenosylmethionine synthetase
disulfide oxidoreductase
DEAD/DEAH box helicase

DNA-directed RNA polymerase
subunit beta

transcription accessory protein
maltose phosphorylase

leucine/isoleucine/valine
transporter permease subunit

hypothetical protein

bifunctional glyoxylate/
hydroxypyruvate reductase B

xylulose kinase
glycosyl transferase

phospholipase A

maltose-binding protein

aromatic amino acid
aminotransferase

fumarate reductase

hypothetical protein
inosose dehydratase

(Continued)
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Table 2. (Continued)

Location

1315853

1403676

1583841
1623141

2002950
2293435

2402138
2462555
2478416
2488851

2547852
2560677

2592656

2693215
2823636
2901526

2902776
2915852
2926925
2990295
3062233

3141458
3166809
3288278
3353430
3461711
3556791
3564805
3631271

3835332
3976686
3977014
3981933
3981936
3981954
3981966
3981968
3998142
4007005
4007065
4007316
4007326
4007341

Accession

CP007505

CP007505

CP007505
CP007505

CP007505
CP007505

CP007505
CP007505
CP007505
CP007505

CP007505
CP007505

CP007505

CP007505
CP007505
CP007505

CP007505
CP007505
CP007505
CP007505
CP007505

CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505

CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505
CP007505

Annot.

coding
coding

coding
coding

intergenic
coding

coding
coding
coding
coding

coding
coding

coding

coding
coding
coding

coding
intergenic
coding
coding
coding

coding
coding
coding
coding
coding
coding
intergenic
coding

coding
intergenic
coding
coding
coding
coding
coding
coding
coding
intergenic
intergenic
intergenic
intergenic
intergenic

Locus_tag

SEET0819_06210

SEET0819_06580

SEET0819_07400
SEET0819_07560

SEET0819_10755

SEET0819_11250
SEET0819_11600
SEET0819_11660
SEET0819_11710

SEET0819_11930
SEET0819_11970

SEET0819_12155

SEET0819_12675
SEET0819_13360
SEET0819_13765

SEET0819_13780

SEET0819_13915
SEET0819_14220
SEET0819_14570

SEET0819_14930
SEET0819_15030
SEET0819_15625
SEET0819_15955
SEET0819_16570
SEET0819_17120

SEET0819_17515

SEET0819_18455

SEET0819_19075
SEET0819_19095
SEET0819_19095
SEET0819_19095
SEET0819_19095
SEET0819_19095
SEET0819_19180

Pos. in
coding

94
1151

275
2526

774

aa7
552
1670
154

537
593

1222

287
692
303

1352

214
633
559

1564
319
248
24
42
110

656

244

177
732
729
711
699
697
105

Nuc.
change

ACC->CCC
CCC->CAC

TAT->TTT
ATG->ATA

T->G
GAG->GAA

GAG->GAC
CTG->CTT
CCT->CTT
CTG->TTG

ATG->ATA
GAT->GCT

GCC->CCC

GTA->GCA
CTC->CAC
GTG->GTT

ATT->AAT
A->G
TAC->CAC
GAC->GAA
ACG->GCG

GTG->TTG
TTT->ATT
CGC->CAC
AAG->AAA
CAG->CAA
ACT->AAT
T->C
ACC->ATC

TCT->GCT
T->C
TCG->TCT
GCT->GCA
CCG->CCA
ACG->ACT
GCC->GCA
GCC->TCC
GGG->GGA
T->G

A->C

C->T

A->G

G->A

Amino acid
change

T->P
P->H

Y->F
M->|

E->E

E->D
L->L
P->L
L->L

M->1
D->A

A->P

V->A
L->H
V->V

I->N

Y->H
D->E
T->A

V->L
F->l

R->H
K->K
Q->Q
T->N

T->1

S->A

S->S
A->A
P->P
T>T
A->A
A->S
G->G

Syn/
Non

nw z0n =2 (2]

=

Z2 2

2 0 n 22 2

wz2000non

Strand

Product name

toxin-antitoxin biofilm protein
TabA

sigma-54 dependent
transcriptional regulator

transcriptional regulator

preprotein translocase subunit
SecA

LysR family transcriptional
regulator

peptidase M15
hypothetical protein
Clp protease ClpX

leucine-responsive transcriptional
regulator

amino acid:proton symporter

paraquat-inducible membrane
protein A

Pyoverdin chromophore
biosynthetic protein pvcC

membrane protein
cyclic di-GMP regulator CdgR

secretion system apparatus
protein SsaU

multidrug transporter

glutathione S-transferase
malonic semialdehyde reductase

TetR family transcriptional
regulator

hypothetical protein
hypothetical protein

peptide chain release factor 1
transcriptional regulator
glycosyl hydrolase family 88
acyl carrier protein

imidazoleglycerol-phosphate
dehydratase

transcriptional regulator

integrase

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

(Continued)
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Table 2. (Continued)

Location Accession Annot. Locus_tag Pos. in Nuc. Amino acid Syn/ Strand Product name
coding change change Non

4007389 CP007505 intergenic A->G

4007514 CP007505 intergenic G->A

4007522 CP007505 intergenic T->C

4007523 CP007505 intergenic A->C

4007528 CP007505 intergenic A->G

4007551 CP007505 intergenic A->G

4007874 CP007505 coding SEET0819_19270 528 GAT->GAA D->E N - replication protein

4008036 CP007505 coding SEET0819_19270 366 TCC->TCA  S->S S - replication protein

4008048 CP007505 coding SEET0819_19270 354 AAC->AAT N->N S - replication protein

4008441 CP007505 intergenic G->A

4008502 CP007505 intergenic A->G

4008537 CP007505 intergenic T->G

4010438 CP007505 coding SEET0819_19300 124 GGC->TGC G->C N + hypothetical protein

4010464 CP007505 coding SEET0819_19300 150 CAT->CAG H->Q N + hypothetical protein

4010470 CP007505 coding SEET0819_19300 156 GTC->GTT  V->V S + hypothetical protein

4010508 CP007505 coding SEET0819_19300 194 TCG->TTG  S->L N + hypothetical protein

4010580 CP007505 coding SEET0819_19300 266 GCT->GTT  A->V N + hypothetical protein

4010593 CP007505 coding SEET0819_19300 279 GGA->GGG G->G S + hypothetical protein

4012278 CP007505 coding SEET0819_19335 45 TTC->TTT F->F S + regulatory protein

4012281 CP007505 coding SEET0819_19335 48 TAC->TAT Y->Y S + regulatory protein

4324886 CP007505 intergenic G->A

4669017 CP007505 intergenic T->A

Clade

C4

1068806 CP007505 coding SEET0819_05080 360 AAT->AAA N->K N - lipoprotein

1935930 CP007505 coding SEET0819_08985 966 AAT->AAC  N->N S + S-adenosylmethionine:tRNA
ribosyltransferase-isomerase

3265625 CP007505 coding SEET0819_15515 211 GGG->AGG G->R N + hypothetical protein

Node2

1001360 CP007505 coding SEET0819_04720 856 GCG->TCG A->S N + isocitrate dehydrogenase

1086809 CP007505 coding SEET0819_05115 8047 GAT ->AAT D->N N + membrane protein

1389803 CP007505 coding SEET0819_06540 1764 ATT->ATC I->1 S - type I restriction-modification
protein subunit S

2186959 CP007505 coding SEET0819_10205 29 TCT->TTT S->F N - LPS biosynthesis protein

314299 CP007505 coding SEET0819_01560 115 GTC->ATC V-3l N + copper resistance protein

331099 CP007505 intergenic G->A

334506 CP007505 intergenic A->T

4620448 CP007505 intergenic C->T

doi:10.1371/journal.pone.0146929.t002

Zealand (CFSAN001340), poultry (CFSAN001341), cotton seeds (CFSAN001343), and soy
beans (CFSAN001344).

Other S. Tennessee serovar isolates included in this study that came from non-peanut butter
sources also exhibited different PFGE patterns; for example: celery (CFSAN005186, PFGE pat-
tern JNXX01.0112); an environmental swab, (CFSAN005226, PFGE pattern JNXA26.0001);
sunflower kernels from China (CFSAN005302, PFGE pattern JNXX01.0002); hydrolyzed vege-
table protein powder (CFSAN001381, primary PFGE pattern JNXX01.0189, a secondary PFGE
pattern of JNXA26.0016; this isolate also carried a 30kb phage PsP3, discussed further below).

The PFGE patterns for all 22 S. Tennessee isolates obtained from cilantro were identical
(JNXX01.0011). Analyses of these whole genome sequences revealed that all 22 cilantro isolates
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of . Tennessee formed a distinct group. Our PFGE and WGS analyses suggest a common
source for these isolates, even though the isolates were collected from 3 states. Cilantro is typi-
cally grown in only 2 or 3 areas of the country and provided to the consumer through a com-
plex distribution network, such that the state of collection for this study may not be the state
where the cilantro was grown. Further examination of this distribution network revealed that
eight of these isolates originated in California, and five originated in Mexico; the origin of the
remaining nine could not be determined.

A recent report on the potential enhanced virulence of the peanut butter-derived Salmonella
isolates [46] led us to compare the genic origin of the SNPs found within the peanut butter-
derived strains in our study to the SNPs found in isolates obtained from non-peanut butter
sources (Table 2). Many of the observed SNP differences were non-synonymous, coding for
amino-acid changes. Further investigation is needed to determine whether or not these coding
changes result in virulence changes.

Cluster analyses also revealed 13 isolates with the same PFGE pattern as the most common
pattern in this outbreak (JNXX01.0011) that do not belong in the outbreak clade. These isolates
include those collected from the 2008 peanut butter outbreak, three clinical isolates from MA,
two clinical isolate from IA, and seven isolates from animal feed. Additionally, eight of the 13
clinical and two of the environmental isolates in this study are in the outbreak clade. None of
the SNPs we identified in this study were specific to clinical or environmental sources. It is
noteworthy that no increases in substitutions were identified among the isolates that passed
through patients compared to their environmental sources. Had there been an increase or
expansion in genetic diversity among the clinical isolates we studied in comparison to isolates
collected from other food and environmental sources, we would have expected that genetic
diversity to have been visible as longer branch lengths among the terminal tree nodes leading
back to the clinical isolates found in the tree.

Phylogenetic analysis

The phylogenetic tree arising from this analysis is depicted in Fig 2. For discussion purposes,
we have identified four intra-serovar clades, C1-C4. C1 consists of 31 isolates, all closely
related, containing both clinical and environmental sources, and each separated by a single
SNP. The node (node 1) defining this clade consists of four unique SNPs. C2 is a small clade of
three isolates defined by 16 SNPs. C3 contains 22 isolates, differentiated by 82 total SNPs. All
of the C3 isolates were obtained from a cilantro food source. Node 2, defining clades C2-C4,
contains 8 unique SNPs. The Tennessee clade is identified by a total of 1,153 SNPs, most of
which (1,061) map to the long branch separating the outgroups from the Tennessee-specific
isolates. Interestingly, the singleton-containing branches consisting of isolate numbers 1381,
2961, and 5226 all contain large mobile elements.

Specific Genes and SNP-based genetic variation defining the
Tennessee serovar

A total of 114 SNPs were found in S. Tennessee genes, and including representatives from each
of the four S. Tennessee clades (Table 2). Although many of these changes are synonymous,
many others are non-synonymous (discussed further below). Similar to earlier studies, we
observed changes in the S. enterica multicopper oxidase gene, (locus tag SEET0819_07735,
position 609), a gene reported to harbor many changes within S. Enteritidis strains. Although
the gene and protein alignments show many of the same non-synonymous SNP differences
that appear in all the S. Tennessee isolates we examined [21], we also identified a change in the
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S. Tennessee serovars at genome position 1659427, resulting in a M-I amino acid change in the
multicopper oxidase gene.

Other non-synonymous SNP changes affected genes involved in redox-type chemical reac-
tions. In particular, we found an F-I change in the dimethyl sulfoxide reductase gene at position
2977833; this is a molybdenum-containing enzyme capable of reducing dimethyl sulfoxide
(DMSO) to dimethyl sulfide (DMS). This enzyme serves as the terminal reductase under anaer-
obic conditions in some bacterial species, with DMSO serving as the terminal electron accep-
tor. At genome position 1261850 there was a change from R-S within the UDP-N-
acetylmuramate: L-alanyl-gamma-D-glutamyl-meso-diaminopimelate ligase gene, a gene
involved in peptidoglycan recycling that reutilizes the intact tripeptide L-alanyl-gamma-D-glu-
tamyl-meso-diaminopimelate by linking it to UDP-N-acetylmuramic acid. At position 136125
we found a change from D-Y in the transaldolase gene, an enzyme of the non-oxidative phase
of the pentose phosphate pathway.

Eleven non-synonymous SNPs fell within hypothetical proteins (at positions 4310906,
2013944, 3265625, 1255014, 3141458, 3166809, 3981968, 4010438, 4010464, 4010508 and
4010580). One SNP mapped to a lipoprotein (1068806), while another fell within a large repeti-
tive protein (4290447).

Many of SNPs resulting in amino acid changes were involved in transcriptional regulation
or DNA structural modifications related to gene expression. These include changes in the XRE
family of transcriptional regulator genes at position 3099086; three generic transcriptional reg-
ulator changes at positions 2967521, 1583841, and 3835332, and a change at position 4862200,
a S-N alteration in the DEAD/DEAH box helicase gene, a family of DNA-unwinding and
RNA-processing proteins (Table 2).

Mobile Elements

Natural selection has been reported in Salmonella and appears to be a major component of the evo-
lution of this pathogen [33, 47]. Some of the variable genes in Salmonella are found in the mobi-
lome, consisting of phages and plasmids, which are often the most promiscuous portions of the
bacterial genomes [31, 30, 48-50]. This evolutionary strategy could provide a mechanism whereby
highly selected genes could be shaped by natural selection, and then be easily distributed among
the members of a serotype and other, more distant, lineages through mobile genetic elements.

We have also identified several new plasmids (Table 3) suggesting that whole genome
sequencing will continue to provide novel information about the Salmonella genome. Genes

Table 3. Mobile elements and plasmids found in the S. Tennessee serovar.

12kb_Insertion 30kb_PhagePsP3 63kb_Insertion 110kb_PhageSSU5 260kb_PlasmidR478
CFSAN002961 + +
CFSAN001365
CFSAN001368
CFSAN001387
CFSANO001381
CFSANO005226 + + +

Notes: The 63kb_Insertion region was found only in CFSAN005226, which is a singleton in the tree.

CFSANO002961 also has a very large plasmid (similar to Serratia marcescens plasmid R478, 274762 bp) that is not shared by any other isolates.
CFSANO002961 is also a singleton in the tree.

CFSANO001365 (2004 MA clinical), 1368 (2007 GA peanut butter), and 1387 (2007 GA peanut butter) are isolates from clade C1, and they seem to share
a 110 kb phage (see text for further discussion), which is found to be similar to Salmonella phage SSU5 (103299 bp).

doi:10.1371/journal.pone.0146929.t003
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contributing to virulence are often carried on mobile elements, therefore it is especially impor-
tant to study these elements in pathogenic strains.

We found five mobile elements within the Tennessee serovar (Table 3). CFSAN001365
(2004 MA clinical), CFSAN001368 (2007 GA peanut butter), and CFSAN001387 (2007 GA
peanut butter) cluster together in clade C1, and they all share a 110 kb phage, which is found to
be similar to Salmonella phage SSU5 (103,299 bp). This phage was originally described in S.
enterica serovar Typhimurium, and its whole genome was sequenced and analyzed [51]. The
double-stranded DNA genome of SSUS5 encodes 130 open reading frames with one tRNA for
asparagine. Genomic analysis revealed that SSU5 might be the phylogenetic origin of cryptic
plasmid pHCM2, harbored by Salmonella Typhi CT18. Our investigation shows that this
sequence shares 77% sequence similarity (query cover) with approximately 99% sequence iden-
tity with the Citrobacter freundii plasmid pCAV1741-110 and with S. Typhi plasmid pHCM2.
Further, it shows some similarity (57%) with 90% sequence identity with the virulence-associ-
ated plasmid pMT from Yersinia pestis. Further investigation is warranted to determine
whether or not this sequence is carried on a distinct plasmid in Salmonella.

Table 3 lists the remaining mobile elements identified here in S. Tennessee, including a 12
kb insertion, a 30 kb PhagePsP3-like element, a 63 kb insertion, the previously mentioned 110
kb phage (SSU5-like), and a 260 kb plasmid R478-like mobile element [52]. Comparison of
Figs 1 and 2 shows the relationship between the mobile elements and the phylogenetic signal
which accompanies each.

Discussion

The phylogenomic analysis of the S. Tennessee serovar samples contained in this study demon-
strates a number of important points that are relevant to foodborne outbreak investigations. First,
these results continue to underscore the power of whole genome sequencing in outbreak investiga-
tions. Although in most cases PEGE patterns will provide sufficient resolution to determine the
relationships between closely related isolates, in some cases additional resolution provides informa-
tion that would not be available from PFGE patterns alone. Second, the power of genome sequenc-
ing leads to the identification of classes of SNPs and mobile elements that help us understand the
molecular mechanisms of pathogen virulence. This knowledge will serve to establish new typing
methods that are focused on particular genetic changes present in genomes, and may also lead to
insights that will affect the development of treatments designed to protect human health.

Like other molecular epidemiology studies of Salmonella employing genomic technologies
[30-34], this work demonstrates that comparative WGS methods can be employed to clearly
augment food contamination investigations by genetically linking the implicated sources of
contamination with environmental and clinical isolates. The genomic evidence herein corrobo-
rates epidemiological conclusions from outbreak investigations based on statistical analysis
and source tracking leads. However, with WGS, one can gain additional detailed micro-evolu-
tionary knowledge within the associated outbreak and reference isolates; thus providing addi-
tional evidence linking implicated sources to some of the clinical isolates but not to others that
might have initially been associated with this foodborne contamination. Moreover, the level of
genetic resolution obtained using WGS methods permits delimiting the scope of an outbreak
in the context of an investigation, even for the most genetically homogeneous salmonellae [30].
Phylogenetic evolutionary hypotheses can help us identify reliable diagnostic nucleotide motifs
(SNPs, rearrangements, and gene presences) for detecting outbreak strains and understanding
the mechanisms that drive the outbreak occurrences. These methods allow both the rapid char-
acterization of the genomes of foodborne pathogenic bacteria and can help to identify the par-
ticular source of contamination in the food supply.
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Using the comparative WGS results and full genomic data reported here we can confirm
that some clinical isolates collected during the time of the peanut butter contamination event
have the same PFGE Pattern, JNXX01.0011, which has been linked to the implicated environ-
mental isolates previously studied. Importantly, while most of the isolates collected during this
time period that share a common PFGE pattern fall into the same clades (Fig 2) with the envi-
ronmental isolates, several strains known to be unrelated to the outbreak, including historical
isolates from earlier analyses, interrupt these lineages, indicating additional potential sources
of contamination.

Our results corroborate those from a previous study [30]. We found no apparent increase in
substitutions among the clinical isolates that passed through patients compared to the environ-
mental clones of those isolates. Fig 2 shows that both clinical and environmental peanut butter
isolates cluster within the same clade, with no apparent differences attributable to human gas-
trointestinal passage.

From the data presented, as well as from other published data on mobile elements, it would
appear that the elements identified herein are not restricted to closely related isolates in the
phylogenetic context. For example, a recently discovered Salmonella plasmid (pSEEE1729_15)
has a DNA sequence similar to an E. coli 0157:H7 strain EC4115 [53], suggesting that parts of
the mobilome may be transferred between enterobacterial species, while raising the possibility
of new acquisitions into the S. Enteritidis pan genome [48]. Consistent with other studies, we
did not find any distinctive differences between isolates recovered from food sources and those
obtained from clinical samples. A further comparative analysis of the structure and gene orga-
nization in the mobile elements in the isolates recovered from peanut butter will be the subject
of a subsequent paper.

Mining the data of these novel S. Tennessee genomes should provide new genetic targets for
pathogen detection by public health laboratories, and support investigations of outbreaks that
consist of closely related Salmonella pathogens. Akin to earlier findings of NGS-based differen-
tiation of S. Montevideo isolates associated with pepper and spiced meats [30-32], the signa-
ture genetic differences uncovered here will provide additional insight into what will likely
remain a common pattern of S. Tennessee associated with the food supply. By identifying
unique genetic patterns that can rapidly distinguish among multiple serotypes of closely related
pathogens and PFGE types, WGS has become an invaluable tool for future molecular epidemi-
ology investigations.

Conclusions

It appears that, at least in the case of Salmonella, the natural variation observed among strains
is both stable and sufficient to allow for high-resolution traceback of food and clinical isolates
using NGS. It will be interesting to see whether ample genomic diversity can drive similar out-
comes in other problematic taxa and closely related Salmonella serotypes. By providing the
phylogenetic context on which to interpret other facile subtyping approaches that focus on
more rapidly evolving genetic markers such as MLVA, rep-PCR, and CRISPRs [6-10, 22] NGS
can provide a novel suite of SNPs that will be critical to partitioning common Salmonella out-
break strains. Combined with phylogenetic analysis, WGS can illuminate the genetic and evo-
lutionary diversity of important serovars of Salmonella and expand our understanding of the
associated epidemiological pathways surrounding specific outbreak strains [28, 29, 31, 32].

Supporting Information

S1 File. CFSAN, strain names, assemblies, and WGS accession numbers.
(XLSX)
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