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Abstract

Pistachios have been implicated in two salmonellosis outbreaks and multiple recalls in the
U.S. This study performed an in-depth retrospective data analysis of Salmonella associated
with pistachios as well as a storage study to evaluate the survivability of Salmonella on inoc-
ulated inshell pistachios to further understand the genetics and microbiological dynamics of
this commodity-pathogen pair. The retrospective data analysis on isolates associated with
pistachios was performed utilizing short-read and long-read sequencing technologies. The
sequence data were analyzed using two methods: the FDA’s Center for Food Safety and
Applied Nutrition Single Nucleotide Polymorphism (SNP) analysis and Whole Genome Mul-
tilocus Sequence Typing (WgMLST). The year-long storage study evaluated the survival of
five strains of Salmonella on pistachios stored at 25 °C at 35% and 54% relative humidity
(RH). Our results demonstrate: i) evidence of persistent Salmonella Senftenberg and Sal-
monella Montevideo strains in pistachio environments, some of which may be due to clonal
resident strains and some of which may be due to preharvest contamination; ii) presence of
the Copper Homeostasis and Silver Resistance Island (CHASRI) in Salmonella Senftenberg
and Montevideo strains in the pistachio supply chain; and iii) the use of metagenomic analy-
sis is a novel tool for determining the composition of serovar survival in a cocktail inoculated
storage study.

Introduction

Salmonella has been shown to persist in low-moisture environments and represents a potential
hazard for a wide range of low-moisture foods and ready-to-eat products such as nuts, peanut
butter, spices, and flour [1]. The ability for Salmonella to survive for extended periods of time
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in these low-moisture products and cause clinical infections is a notable public health concern
[2]. Contamination of these products with Salmonella can occur pre-harvest, during harvest,
during storage, or post-harvest (e.g., after a heat-treatment step) [3].

Salmonella enterica subsp. enterica serovar Montevideo (Salmonella Montevideo) and Sal-
monella enterica subsp. enterica serovar Senftenberg (Salmonella Senftenberg) have been
repeatedly isolated from pistachios dating back to 2008. These isolates were identified during
multi-state salmonellosis outbreaks linked to pistachio consumption in 2013 and 2016 [4-8],
as well as multiple product recalls across multiple time periods (e.g., 2009, 2010, 2012, 2013,
2016, and 2018) [9, 10]. A previous study noted that as many as six different Salmonella sero-
vars (e.g., Agona, Liverpool, Montevideo, Tennessee, Senftenberg, and Worthington) have
been isolated from pistachios, and a comparison of the limited number of serovars to the num-
bers identified in surveys of other tree nuts may suggest a narrow and persistent contamina-
tion source [11, 12]. Multiple potential sources of contamination with foodborne pathogens
should be considered in regard to the production of produce, including pistachios. Previous
land use should be considered in regard to total risk, for example, if the current farmland was
known to have previously been used as an animal feeding operation [13]. Adjacent land use
may also be a source of potential biological hazards to consider since there is evidence that
dust and microorganisms can move a short distance into adjacent almond orchards from an
upwind animal operation [14]. Moreover, pathogen-contaminated runoff can occur, and wild
animals can leave waste containing pathogens. Although many of these potential sources
would concentrate on the orchard floor where there may not be any direct contact with the
pistachios due to the use of catch frames during harvest, various farming activities such as cul-
tivation, spraying foliar treatments, and harvest have the potential to aerosolize pathogens and
deposit them on pistachios [13].

The United States is the leading producer and exporter of pistachios in the world [15].
Domestically, approximately 99% of the pistachios consumed in the United States are grown
in California [16]. In 2018, 264,000 bearing acres of pistachios in California resulted in a total
production of 967 million pounds [17]. The harvesting, transportation, wet abrasion (hulling),
float tank submersion, drying, and storage of pistachios all include inherent risks for Salmo-
nella contamination according to a risk assessment published in 2018 [18]. The researchers
were able to model atypical situations and calculate the mean risk of illness from pistachios. In
particular, this study showed an increased risk of contamination due to certain pistachio pro-
duction steps, including use of a float tank and a delay in drying, both of which had the greatest
impact on consumer risk [19].

Multistate outbreaks of salmonellosis in 2013 and 2016 linked to contaminated pistachios
were investigated by the U.S. Food and Drug Administration (FDA), the Centers for Disease
Control and Prevention (CDC), as well as state public health labs [6, 8]. The 2013 outbreak
included 8 clinical cases from six states infected with the same strain of Salmonella Senftenberg
and isolates recovered from pistachio and environmental swabs. The onset of infection was
over a 5-month span (January to May 2013), likely owing in part to the long shelf-life of these
products. The clinical strains and those recovered from the implicated facility were identified
as related by Pulsed Field Electrophoresis (PFGE), producing an identical PFGE pattern. At
the time of this outbreak WGS was not routinely performed but in retrospect three clinical iso-
lates, four pistachio isolates, and 17 environmental swabs were sequenced, and the data was
uploaded to NCBI. The outbreak in 2016 had a total of eleven documented clinical cases iden-
tified by PulseNet (nine cases of Salmonella Montevideo and two cases of Salmonella Senften-
berg), with two hospitalizations in nine states. Onset dates of illnesses from patients covered a
3-month span (January to March 2016). Clinical and food isolates were characterized by
PEGE, as well as whole genome sequencing (WGS). FDA reported raw pistachio samples
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collected at firms supplied by the implicated facility yielded Salmonella Montevideo and Senf-
tenberg, while samples of raw pistachios collected during the investigation of the implicated
facility yielded Salmonella Senftenberg. These Salmonella Senftenberg isolates were nearly
indistinguishable from the clinical isolates based on WGS results [7].

Next-Generation sequencing (NGS) now regularly allows for further investigation into the
genomes of Salmonella enterica that are responsible for illnesses, outbreaks, [20-22] and other
contamination events, including a determination of whether a resident strain may be causing
contamination [23]. Additionally, NGS techniques provide an abundance of data regarding
virulence genes, phages, and antimicrobial resistance gene patterns. The ability to capture all
this data in one assay that can be used for multiple downstream analyses makes it very appeal-
ing. FDA and CDC utilize SNP and cgMLST/wgMLST analysis in the determination of out-
breaks of foodborne pathogens [24]. Although these are different methods, the results are very
comparable. WGS data are essential to fully characterize a bacterial pathogen of interest and
can often assist in finding ways to prevent future contamination [20-22].

In this study, sequence data from Salmonella Senftenberg and Salmonella Montevideo iso-
lates associated with pistachio outbreaks, recalls, and investigations over a nine-year period
(2009-2018) were analyzed to better understand evolutionary relationships among these iso-
lates and, subsequently, to better evaluate their persistence in the pistachio growing and pro-
cessing environment. In addition to analyzing WGS data, in parallel, we also conducted a
storage experiment over a year-long time frame that included the 2016 outbreak strains of Sal-
monella Montevideo and Senftenberg. This latter study focused on the survival rate of these
strains on inshell pistachios stored at two humidity levels typical of low moisture foods (a,, <
0.7) and further underscored persistence phenotypes among these adapted strains. The novel
application of metagenomic sequencing of the cocktail-inoculated pistachios allowed for
simultaneous detection of the five different serovars to determine survivability of the strains
over the storage period.

Materials and methods
Bacterial isolates used for WGS analyses

The isolates used in this study were identified by querying the Pathogen Detection tool
(https://www.ncbi.nlm.nih.gov/pathogens/), a publicly available database curated by the
National Center of Biotechnology Information (NCBI) [25], that routinely updates genomic
sequences from food, environmental sources, and patients. SNP clusters for further analysis
were identified based on the following criteria: serovar “Montevideo” or “Senftenberg”, source
“pistachio”, and location “United States”. A total of four SNP clusters (two for Senftenberg:
PDS000031814, PDS000031739 and two for Montevideo: PDS000027237, PDS000032600)
were identified based on our parameters. All isolates found in the SNP cluster associated with
pistachios, as well as any other isolates that were closely related within the clade of the NCBI
phylogenetic tree, were downloaded for analysis. The metadata (date of collection, source, and
location) were also downloaded from NCBI for use in the analysis. The final data set derived
from the four SNP clusters consisted of 204 isolates (109 Senftenberg and 95 Montevideo)
obtained from clinical, food, and environmental sources; these were sequenced using Illumina
technology. The sources of the 109 Senftenberg isolates consisted of almonds (1), chicken (2),
clinical (10), environmental swab (43), fertilizer (1), pistachios (51), and tahini (1). These iso-
lates were collected from 1987 to 2018. The sources of the 95 Montevideo isolates used for phy-
logenetic analysis consisted of almonds (1), raw intact beef (1), cattle (1), chicken (2), clinical
(30), environmental swabs (9), blend trail mix (4), missing source (2), mixed nuts (9), pista-
chios (35), and swine (1). These isolates were collected from 2008 to 2018. Geographically,
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there were 107 Senftenberg and 89 Montevideo isolates from the United States and 2 Senften-
berg and 6 Montevideo from other countries (including Canada, Mexico, and the United
Kingdom). The 2013 outbreak investigation isolates (3 clinical, 4 pistachios, and 17 environ-
mental) were found in SNP cluster PDS000031739 (Senftenberg). The 2016 outbreak investiga-
tion isolates were contained in SNP clusters PDS000031814 (Senftenberg) and PDS000027237
(Montevideo). There was a total of thirteen pistachio isolates (8 Senftenberg and 5 Montevi-
deo) and 10 clinical isolates (2 Senftenberg and 8 Montevideo) associated with the 2016 out-
break investigation. The complete list of isolates and accompanying metadata can be found in
S1 Table. The isolates were sequenced using the Illumina sequencing chemistry by participat-
ing GenomeTrakr laboratories [26], CDC PulseNet laboratories, or private labs. Raw reads for
all isolates were downloaded from the Sequence Read Archive (SRA) (https://www.ncbi.nlm.
nih.gov/sra) using command line tools from the SRA toolkit available on NCBI. De novo
assemblies were generated with SPAdes v3.13.0 [27] using k-mer lengths of [21, 33, 55, 77, 99,
127], and the options “—careful” and “—only-assembler”.

In silico MLST

Initial sequence analysis of the isolates was performed using an in silico MLST approach, based
on information available at the Salmonella enterica MLST database [28]. Seven loci (aroC,
dnaN, hemD, hisD, purE, sucA, and thrA) were used for MLST analysis to generate a sequence
type (ST).

Genome closure

Five Salmonella Senftenberg genomes and five Salmonella Montevideo genomes isolated from
pistachios were completely closed using long read sequencing technology for this study
(Table 1). These specific isolates were selected as they were sourced from pistachios, readily
available in our laboratory, and had different collection dates. Six of the Salmonella isolates
were sequenced with the PacBio Sequel system (Pacific Biosciences, Menlo Park, CA, USA)
and four isolates were sequenced with the Oxford Nanopore GridION (Oxford Nanopore
Technologies, Oxford, UK). The ten closed genomes were submitted in DDBJ/EMBL/Gen-
Bank and annotated using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) [29].
Eight of the complete genomes were reported with a detailed method description in two sepa-
rate genome announcements [30, 31].

Table 1. Closed genome statistics from this study.

Sample ID
CFSAN000258
CFSAN045764
CFSAN051296
CFSANO005645
CFSANO010209
CFSANO000878

pCFSAN000878
CFSANO045763
CFSANO047866
FSW0104
CFSAN087304

https://doi.org/10.1371/journal.pone.0259471.t001

Serovar
Montevideo
Montevideo
Montevideo
Montevideo
Montevideo

Senftenberg

Senftenberg
Senftenberg
Senftenberg
Senftenberg

MLST ST | Collection Year

ST316
ST316
ST316
ST138
ST138
ST14

ST14
ST14
ST185
ST185

Chromosome/Plasmids Size (bp) | Sequencing Technology | Coverage | GenBank Accessions

2009 4,694,397 PacBio 500x CP029035
2016 4,694,399 PacBio 375x CP029039 [30]
2016 4,694,373 PacBio 204x CP029336 [30]
2009 4,615,193 ONT 103x CP040380 [25]
2009 4,619,529 ONT 73% CP040379 [25]
2009 4,794,849 PacBio 479x CP029036

319,930 CP029037
2016 4,766,139 PacBio 275x CP029038 [30]
2016 4,807,052 PacBio 477x CP029040 [30]
2013 4,820,913 ONT 77x CP037894 [25]
2018 4,819,673 ONT 25x CP037892 [25]
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Gene-by-gene comparison approach

To provide gene-by-gene comparison, we aligned all of our closed genomes based on serovar
using MAUVE aligner version 20150226 using the progressive algorithm with default settings,
and phages were identified using PHASTER [32]. Any unique genomic regions, phages, and
plasmids identified were imported into Ridom SeqSphere™ v. 6.0.2 (Ridom GmbH, Munster,
Germany) [33] and used as a reference to interrogate the 201 short read isolate assemblies
used in this study for presence or absence.

Phylogenetic analyses (wgMLST and SNP)

Targeted core genome MLST (cgMLST) and accessory genome analysis of the isolates was per-
formed using Ridom SeqSphere™ software v 6.0.2 [33] by creating ad hoc wgMLST databases
derived from the closed genomes previously described. Using the cgMLST target definer tool
and accessing our genomes from NCBI, an ad hoc wgMLST scheme for Salmonella Senften-
berg was developed. The scheme was based on the closed reference genome CFSAN047866
(CP029040), comprised of 4,768 genes, and query genomes (CP029036, CP029038, CP037892,
and CP037894) found in Table 1 using the thresholds previously published [34]. The resulting
scheme consists of 4,548 loci (3,908 core targets and 640 accessory targets). The 109 Salmonella
Senftenberg assemblies (54 nuts/seeds, 44 environmental, 10 clinical and 1 poultry) were typed
using this scheme.

The same process was repeated to create an ad hoc wgMLST scheme for Salmonella Monte-
video using the closed genome CFSAN051296 (CP029336), comprised of 4,664 genes, as the
reference and the four other closed genomes from this study (CP029035, CP029039,
CP040379, and CP040380) as query genomes using the same settings to define the core
genome loci. The resulting scheme consists of 4,447 loci (3,876 core targets and 571 accessory
targets). The 95 Salmonella Montevideo assemblies (49 nuts/seeds, 30 clinical, 9 environmen-
tal, 2 poultry, 2 missing source, 1 beef, 1 swine, and 1 cattle) were typed using this scheme.

For each serovar, the alleles identified were used to establish a matrix disregarding missing
allele values. A minimum spanning tree of all common alleles was then constructed to visualize
the results using the Ridom SeqSphere™ software. Clusters were automatically assigned using
the default distant threshold for the software of < 10 alleles.

Due to the large allele differences identified in the wgMLST analysis, phylogenetic SNP
analysis was performed separately on the four different sequence types of Salmonella Senften-
berg and Montevideo using the CFSAN SNP Pipeline [35]. In short, WGS reads were mapped
to the reference genome using Bowtie2 and the resulting files were processed using SAMtools.
The variant sites were identified using VarScan, and a SNP matrix was produced using custom
scripts. Four SNP matrices were generated using the closed genomes CFSAN000878 (ST14),
FSWO0104 (ST185), CFSAN000258 (ST316), and CFSAN005645 (ST138) as references. The
SNP matrices can be found in S2-S5 Tables. Phylogenetic trees were constructed using the
RAxML (Randomized Accelerated Maximum Likelihood) program with 500 bootstrap repli-
cates [36]. All RAXML analyses were performed with the default parameter settings and the
GTRCAT nucleotide substitution model. The trees were visualized using Figtree software (ver-
sion 1.4.4).

Pistachio storage study

A storage study was conducted to evaluate the ability for Salmonella (including Salmonella
Senftenberg and Montevideo isolates associated with the 2016 outbreak) to persist on raw,
inshell pistachios in conditions simulating a range of typical storage conditions. A cocktail
containing four different Salmonella enterica serovars (Anatum, Montevideo, Oranienberg,
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Table 2. Strains used in storage study to assess persistence in pistachios.

Strain
CFSANO076215
CFSANO051296
CFSANO000836
CFSANO076211
CFSAN045763

https://doi.org/10.1371/journal.pone.0259471.t1002

Serovar Source MLST (ST)

Anatum Peanuts 64
Montevideo Pistachio 316

Newport Tomato 118
Oranienburg Pecans 3613
Senftenberg Pistachio 14

and Senftenberg) associated with low moisture food commodities and one strain of Salmonella
Newport isolated from tomatoes was used in this experiment (Table 2). The genomes of all five
isolates were completely closed using Pacbio long read technology [30, 37]. For this study,
organic, raw inshell pistachios were purchased and tested for background microbial popula-
tions using the Biomerieux Tempo AC kit (Biomerieux, Durham, NC, USA), and then inocu-
lated with the 5-strain cocktail. Inoculum was prepared from stock culture as described in
Keller et al. [38] with slight modifications. Briefly, a single colony from each working stock
was transferred to Trypticase Soy Broth (TSB, BD, Franklin Lakes, NJ, USA) and incubated
overnight at 37°C. After incubation, 100 pl of inoculum was spread plated on Trypticase Soy
Agar (TSA, BD) plates. The plates were incubated overnight at 37°C and then bacteria were
harvested by adding 1.0 ml of Buffered Peptone Water (BPW, BD) to the surface of the plate
and gently scraped using an L-shaped plate spreader. Each plate yielded ~0.5 ml of harvested
culture at approximately 10 log CFU/ ml. The stock cocktail was formed by combining equal
volumes of all five harvested cultures and then a high-population cell suspension was prepared
by combining 18 ml of the five-serotype Salmonella stock cocktail with 1,800 ml of sterile
deionized water. A total of 900 g of pistachios were soaked in the high-population cell suspen-
sion bath for 1 minute, and then placed on trays lined with absorbent towels in a biosafety cab-
inet to airdry overnight at room temperature. After 24 h, pistachios were stored in desiccator
cabinets equilibrated to either 35% relative humidity (RH) or 54% RH at 25°C, which were
selected to represent a low and high water activity (a,,) within the range of water activity levels
typical of low moisture foods [39]. Uninoculated control pistachios were held under the same
conditions. To determine the surviving populations, triplicate (10g) samples were removed for
analysis at 0, 1, 2, 4, 6, 13, 27, 55, 83, 180, 270, and 365 days. The water activity was recorded
for the inoculated and control pistachios from the different relative humidity conditions using
an Aqualab model 4TE water meter (Decagon Devices, Pullman, WA). Two random 10 g sam-
ples from the uninoculated control group were tested using the Biomerieux Tempo AC kit to
determine background microbe counts. The triplicate samples of inoculated pistachios were
diluted 1:9 in BPW and appropriate dilutions were plated in duplicate on the differential
media m-TSAYE [Trypticase Soy Agar with Yeast Extract supplemented with 0.05% (wt/vol)
ammonium iron citrate and 0.03% sodium thiosulfate]. After overnight incubation at 37°C,
colonies were counted, and log CFU/g was calculated. A repeated measure analysis of variance
(ANOVA) was performed in R v3.6.1 to determine the differences in log CFU/g over time
between the high and low humidity conditions. The differences in the slopes (or rate of reduc-
tion in log CFU/g) between the two humidity conditions were also investigated using R.

Two methods were used to determine composition of surviving serovars at different time
points, the Luminex xMAP® Salmonella Serotyping Assay (Luminex, Madison, WI, USA) and
metagenomic analysis of shotgun sequencing using the Illumina MiSeq benchtop sequencer
(Illumina, San Diego, CA, USA). For the Luminex assay, 12-16 individual colonies from each
condition were selected from the m-TSAYE plates and DNA was extracted using Bio-Rad
InstaGene™ matrix (Bio-Rad, Hercules, CA) following the manufacturer’s protocol for DNA
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extraction from bacterial cells. DNA was analyzed for molecular determination of serotype in
Salmonella following the protocol published by the CDC [40, 41]. For the sequencing assay,
the initial 1:9 dilution of pistachio:BPW was incubated at 37°C overnight. A 2 ml aliquot of the
overnight enrichment was centrifuged at 6000 RPM for 10 minutes and then DNA was
extracted using the Maxwell RSC Cultured Cells DNA Kit (Promega, Madison, WI, USA)
according to manufacturer’s recommendations with the addition of RNase A after lysis.
Sequencing libraries were prepared using Nextera DNA Prep Library kit (Illumina, San Diego,
CA) following the manufacturer’s protocols. The finished libraries were sequenced on the Illu-
mina MiSeq using v3 600-cycle sequencing chemistry with 2 x 250 paired end reads. Determi-
nation of serovar composition from shotgun sequencing raw reads was conducted using
custom C++ programs developed to compile a k-mer signature database containing multiple
unique 30 bp sequences per species and then identification of each read in the input file using
the 30 bp probes [42]. For each bacterial species or subspecies, each non-duplicated 30-mer
from a reference whole genome sequence was placed into a database. We removed any k-mers
not found in at least 2/3 of a set of additional genome sequences of the same species and we
removed any k-mer found in genomes of other species. The resulting k-mer database used in
this work contains 5,900 target entries, each consisting of approximately 40,000 (range 44 to
80,000) unique k-mers. The database includes 1,100 different bacterial genera, and 3,500 spe-
cies. Normalization is performed to correct for bias due to differing number of k-mers used
per database entry and the results are tabulated as percent of identified reads (contribution to
the microbial population of identified species) for each database entry.

Results and discussion
In silico MLST

In silico seven locus MLST was performed on the 109 Salmonella Senftenberg and 95 Montevi-
deo isolates identified from the Pathogen Detection browser. MLST results for the Salmonella
Senftenberg isolates identified two different STs. The 54 isolates from NCBI SNP cluster
PDS000031814 belong to ST14, while the 55 isolates from SNP cluster PDS000031739 belong
to ST185. The ST'14 group includes seven of the clinical isolates and 39 isolates from pistachios
with a date of collection ranging from 2009 to 2016. The ST185 group contains three clinical
isolates and 12 isolates from pistachios collected between 2013 and 2018.

The MLST results for Salmonella Montevideo isolates also detected two STs. SNP cluster
PDS000027237 is a member of ST316, while SNP cluster PDS000032600 belongs to ST138.
The ST316 group contains a total of 82 isolates, of which 24 were clinical isolates and 33 were
isolates from pistachio sources ranging in collection date from 2009 to 2018. ST316 has previ-
ously been described as the “outbreak” clade due to its linkage with numerous outbreak-associ-
ated plant products including tahini, sprouts, spices, as well as pistachios [43]. The ST138
group of 13 isolates contains 6 clinical isolates and 3 isolates from pistachios. The ST results
can be found in S1 Table and clearly indicate that pistachios have been contaminated by multi-
ple strains of Salmonella Senftenberg and Montevideo.

Comparative analysis of closed genomes

Long Read Sequencing technology was employed to generate 10 closed genomes for 2-3 repre-
sentatives of each ST to use as a reference for SNP analysis, as well as to identify the positions
of mobile elements and assess genetic differences between STs. The Salmonella Senftenberg
isolates ranged from 4.7-4.8 mb in size while the Salmonella Montevideo isolates were ~ 4.6
mb. One plasmid, over 300 kb in size, was found associated with Salmonella Senftenberg
CFSANO000878. The genome statistics for these ten isolates can be found in Table 1.
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Fig 1. Copper and Silver Resistance Island (CHASRI) diagram. Structure of the CHASRI genes in our closed genomes. Protein accessions for
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https://doi.org/10.1371/journal.pone.0259471.g001

The content of the ten closed genomes were compared to each other to find and identify
genomic elements that a clonal strain may acquire or dispose of over time. The closed genomes
were evaluated for conserved genes shared within the same sequence type, as well as between
both serovars (Senftenberg and Montevideo). As expected, the isolates within the same
sequence type showed higher similarity. Interestingly, one unique region was identified to be
shared between the ST14 and ST316 closed genomes but missing in the ST185 and ST138
genomes. This region was determined to be the Copper Homeostasis and Silver Resistance
Island (CHASRI) (Fig 1) and is ~ 21 kb in size [44]. Based on analysis using Ridom Seq-
Sphere™, this island was confirmed in all of the short-read sequence data of isolates associated
with ST14 and ST316 and was not present in the ST185 or ST138 isolates. The island is located
on the chromosome in both serovars and contains the genes pco operon, cus operon, silE, and
silP. The sequence of the CHASRI had a 100% identity intra-serovar and a 99.95% identity
inter-serovar when the region was analyzed with BLAST [45]. The CHASRI has been identified
previously in Escherichia coli, Enterobacter cloacae, Klebsiella pneumoniae, and Salmonella
enterica [44]. This island has previously been shown to increase the ability of a bacterium to
survive in an environment with higher levels of copper and silver, as well as the ability to pro-
vide tolerance during the transition between aerobic and anaerobic environments, affording a
fitness advantage for facultative anaerobes [44, 46]. The use of copper as a growth promoter in
swine and poultry has led to the selection of this island in Salmonella associated with these
sources in other countries [47, 48]. The use of copper as a fungicide and bactericide in agricul-
ture has been reported for many years, and it is generally considered safe for both conventional
and organic produce use [49, 50]. Copper deficiency is reportedly common in pistachios and
the use of copper in foliar and soil treatments has been recommended to the industry [51].
Copper-containing foliar sprays may be applied at various times while pistachios are develop-
ing in the trees [52]. The presence of the CHASRI in the pistachio-associated isolates may be
an acquired adaptation by these specific salmonellae in response to copper stress in the grow-
ing environment.

The IncH12/IncH12A plasmid (CP029037) identified in Salmonella Senftenberg
CFSANO000878, with a length of 319,930 bp, contains multiple heavy metal resistance genes
which confer arsenic resistance (arsB, arsC, arsH), mercury resistance (merA, merC, merD,
merP, merR, merT), and tellurium resistance (terABCDEF), as well as a copy of silE, cusA, and
cusS. The plasmid also contains one antimicrobial resistance gene, MCR-9.1, which confers
Colistin resistance and is of significant public health importance [53, 54]. The plasmid
sequences for the duplicated genes, silE, cusA/czcA, and cusS, differ from the same genes found
in the chromosome with 91.2%, 93.7%, and 95.1% identity, respectively. This plasmid was only
identified in one other isolate (CFSAN016599) from pistachio, also collected in 2009. Since the
plasmid has not been identified in any isolates after 2009, it is plausible that it was lost over
time due to its large size and the genes on this plasmid not being necessary but rather redun-
dant for increased fitness due to the incorporated CHASRI already in the chromosome.
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Phages can encode factors that increase the virulence of Salmonella by enhancing adhesion,
intracellular survival, and host entry [55]. Phages were identified using PHASTER, and those
sequences were then used as references in Ridom SeqSphere™ to interrogate the short-read
assemblies. PHASTER identified a unique intact phage, Salmon_SPN3UB_NC019545, which
was found in one of the closed genomes from ST14. Specifically, this phage was found in the
closed genome of CFSAN047866 (CP029040) as well as in the short-read data from 7 of 54 iso-
lates by analysis with Ridom SeqSphere™. Interestingly, these isolates were not associated with
a single group on the SNP tree. Phages identified in the other sequence types were found in
98-100% of all isolates, and the phages identified can be found in S6 Table.

Phylogenetic analyses using wgMLST and SNPs

Whole genome multi-locus sequence typing (wgMLST)-based methods have been previously
employed for analysis of Salmonella enterica outbreaks and clusters [34, 56] and are less com-
putationally expensive in comparison with SNP analysis. An advantage of using an ad hoc
wgMLST approach is the ability to analyze isolates without the need for a reference sequence.
In this study, two ad hoc wgMLST schemes were created for analysis of the Salmonella Senften-
berg and Salmonella Montevideo isolates. In addition to the wgMLST analysis, the CESAN
SNP pipeline [35] was utilized to perform a reference-based variant detection analysis which is
compatible for isolates that are closely related and allows for higher resolution of these isolates.
This application should only be used on isolates that belong to the same NCBI SNP cluster
[57], therefore the pipeline was utilized here to produce four individual SNP matrices for the
different STs.

Salmonella Senftenberg. A minimum spanning tree produced by analysis of all common
allele calls from both the core genome and accessory genome shows that Salmonella Senften-
berg isolates in ST14 are distinct from isolates in ST185 by a difference of 3,534 alleles (Fig 2).
This allele difference between ST14 and ST185 is meaningful and illustrates that the primary
contamination sources for these isolates are not the same. The analysis separated the isolates
belonging to ST14 into three clusters (Clusters 1, 2, and 3) and the ST185 isolates into one clus-
ter (Cluster 4). Cluster 1 contains the majority of the ST14 isolates, including those isolates
associated with the 2016 outbreak. The pistachio isolates from ST14 have more branching and
allele difference (range of 0-11) over an eight-year period (2009-2017). All the ST185 isolates
associated with pistachios including the 2013 outbreak isolates are located in Cluster 4 and
have low allele differences (0-7) over a five-year period (2013-2018), illustrating genome con-
servation and clonality.

The reference-based SNP analysis of the 55 Salmonella Senftenberg isolates that are typed
as ST14, using CFSAN000878 as the reference, identified 146 variant positions and a maxi-
mum likelihood tree was constructed using RAXML (Fig 3A). Anonymized facility identifiers
were used for those isolates where the source facility was known. The pistachio isolates from
2009-2017 share a common ancestor, and do not form distinct lineages based on the year of
isolation. The isolates, both clinical and those associated with pistachios from the 2016 out-
break investigation, have a median of 4 SNPs and a range of 0-9 SNPs. The outbreak investiga-
tion associated isolates appear throughout the tree, suggesting that multiple subpopulations of
Salmonella strains are potentially contaminating pistachios. Akin to this observation, five
other clinical isolates, that are not associated with the 2016 outbreak, have relatively close rela-
tionships to pistachio isolates. For instance, PNUSA008582 is 1 SNP away from both
CFSANO048429 and CFSAN048427, while the other four clinicals have a minimum SNP dis-
tance of 5-13 SNPs from the nearest 2016 pistachio outbreak strain. The main clade has a total
diversity range of 0-31 SNPs with a median of 7 SNPs. Previous research has shown SNP
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differences in Salmonella outbreaks to be <21 SNPs [21, 26, 58-60] with an outlier in serovar
Agona with 30 SNP differences [61]. From our study, a 2015 fertilizer (bone meal) isolate,
OSF067866, was noted to be 9 SNPs distant from a 2009 pistachio isolate, CFSAN015119.
While a definitive linkage of these two isolates is unattainable, it is notable that the use of pista-
chio and almond hulls as a soil amendment has been explored [62-66]. Additional examina-
tion of soil amendments and fertilizer blends containing tree nut hulls may shed additional
light on potential reservoirs and persistence of Salmonella in orchard soil. The results from
both wgMLST and SNP analysis were comparable and are indicative of Salmonella residence
in the pistachio primary production environment (i.e., orchard) for isolates belonging to ST14.
Further evidence supporting this hypothesis of Salmonella residence in the orchard environ-
ment is that there are isolates collected from five additional facilities (including pistachio and
environmental sources), located in California, and not linked to the 2016 outbreak, over multi-
ple years are found throughout the SNP tree. Finally, the finding that all the ST14 isolates con-
tain the CHASRI island-coinciding with the known use of copper in pistachio orchards which
may be providing selective pressure for this adaptation, as well as previous studies showing
poultry isolates containing this island-adds support that these strains have established resi-
dence in or around the production environment. Although, the initial source of the environ-
mental contamination (e.g., adjacent animal operations, use of biological soil amendments of
animal origin (BSAAQ), water, or wildlife) of this strain cannot be determined, our analysis
shows that it was able to establish residence.

For the second Senftenberg SNP tree, closed genome FSW0104 was used as the reference
genome to analyze the 55 isolates identified by MLST to belong to ST185 (Fig 3B). The SNP
analysis identified 109 variant positions within these isolates. The isolate FSE0085, tahini from
Mexico, was the closest related isolate (75-79 SNPs) to the rest of the isolates (n = 54) which
grouped together to form a single monophyletic clade. The 51 pistachio and environmental
swab isolates in this clade were collected from two different facilities, Facility C and Facility D,
both located in California. The 2013 outbreak isolates (clinical, pistachio, and environmental
swabs) have a median 1 SNP distance and a range of 0-3 SNPs from each other. This outbreak
investigation also includes two isolates of roasted pistachios (FSW0103 and FSW0104) from
Facility C that were shipped to another facility (Facility C*). This outbreak investigation
resulted in identification of deficiencies in Good Manufacturing Practices (GMPs) at Facility
C, which may have contributed to the outbreak [8]. This strain has not only been associated
with the 2013 outbreak but repeated isolation from pistachios has resulted in additional prod-
uct recalls. For example, the pistachio isolates collected in the 2018 recall form a group that is a
median of 4 SNPs distant (range 3-8 SNPs) from those collected in 2013, 2014, and 2015. Both
phylogenetic analyses indicate genome conservation and clonality with very little variability
between the isolates from these two facilities (C and D). The SNP analysis yields a median of 1
SNPs distance and a range of 0-8 SNPs over a five-year period and the wgMLST results illus-
trates a distinct central node within the ST185 isolates with low allele differences (0-7). The
minimal genetic differences of these isolates is indicative of a persistent strain that is not under
stress and experiencing slower than normal evolutionary events [67]. The 2013 outbreak inves-
tigation illustrated how the same strain can move between facilities (C and C*). Therefore,
some theoretical explanations for the presence of Salmonella isolates from Facility C and D
with 0 SNP and allele distances between them include: a) Salmonella establishing residence in
the facilities after both receiving pistachios contaminated by a possible shared grower, har-
vester, or transporter in or before 2013 or b) a business relationship that allows for pistachios
or equipment to be shared or exchanged between the two facilities. It seems unlikely that two
strains with no SNP/allele differences would occur in disparate facilities without some type of
indirect or direct relationship between them. Rather, the small number of genetic differences
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over an extended period would suggest the transmission of the same strain between the two
facilities and therefore a clonal strain taking harborage [23, 68]. Furthermore, the lack of any
measurable SNP distance between the Salmonella isolates from these two facilities suggests
that such residence would be in a setting with relatively low environmental stress, such as an
environment devoid of implementation of more robust sanitation controls.

Salmonella Montevideo. A minimum spanning tree produced by distance calculation for
all common allele calls from both the core genome and accessory genome shows a distinct dif-
ference of 2,428 alleles between the Salmonella Montevideo isolates from ST316 and ST138
(Fig 4). Similar to Senftenberg isolates, these isolates also possess a sizeable allele disparity
between the sequence types, which would be indicative of different sources of the contamina-
tion. Four well-defined clusters were identified, two for each ST (ST316 —Cluster 1 and 2,
ST138 —Cluster 3 and 4). A majority of the isolates from pistachios are in a single cluster for
each ST (Cluster 1 and Cluster 3), whereas those isolates associated with the 2016 outbreak are
in Cluster 1. A single isolate from trail mix (CFSAN015114-19 alleles) collected in 2008, as
well as two clinical isolates (PNUSAS034916-47 alleles and PNUSAS051029-14 alleles) were
found to fall outside of Cluster 1. Interestingly, five clinical isolates from the United Kingdom
were found in proximity to the outbreak Cluster 1 of pistachio isolates (0—4 alleles) (Fig 3).
One of these isolates was collected prior to the outbreak in 2014, and four were collected after
the outbreak (2017-2019). There are two clinicals, PNUSAS041766 and PNUSAS045784, that
are a match to each other and are one allele from the large node of outbreak-associated isolates.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259471 November 4, 2021 12/22


https://doi.org/10.1371/journal.pone.0259471.g004
https://doi.org/10.1371/journal.pone.0259471

PLOS ONE Environmental and resident Salmonella contamination in pistachio supply chain

A) Montevideo ST316 B) Montevideo ST138

23-35 SNPs v Intact Chicken
(BoBSNPs w0 FeIS1700808 2016 USAGA Raw Intact Chicker PNU: 5_Missing_USA‘WY_Catle

FSL_R8-4 G- Missing
o8 OSF077989_2016_USA:CA_Environmental sponge 30 - 47 SNPs 100

A
GFSAN064799_2017_USA Shelled Pistachios Facilty K® PNUSAS044191_Missing_USA_Clinical
100 GESAND16360-2009- USA'CA.roasiod & sallodgarlc/onion pisachios Facilty 8®
cilty B
o

iy
CFSAND164122009 USATCA. Environmental Swab Facilty B®
GFSAND15120-2009USA. Pistachios Facilty B
CFSANO13604-2008_USA-Pistachios
GFSANOTE600 2009 USA_Pistachios Faciiy B ’—< PNUSAS072017_Missing_USA:MD_Clinical ¥

_2018_USA:UT_Beef

315731156 2009 Missing. Pistachios Facilty B®
CFSANCﬂ\gmH 2000_USA Pistachios 30-36 SNPs 100

16601 2009_USA Pistachios Facility 8®
oo CreaNoiS1 42008 USK Blond rai Mix Facity 8@
9 NUSAS007966_2016_USA_Clinical PNUSAS028544_Missing_USA_Clinical?r
44713 2014 United Kingdom_Clincal
| el 5:4916 issing Mising, Mi
5345712 2015 USKIN. Chicken Facliy H 100

| —= OS
= crsanoicrs 2008 U3 Bitachio Focity e
[== GFSAN016376~2000" USATCA. Environmental Swab Faciiy 80 PNUSAS132560_Missing_USA_Clinical

B e i Gl [~ CFSAN010209_2009_USA:CA_Pistachios Facilly A®

ik
CESANGS7640. 2015 USALIL_Shel Pistachios Facilty A®
OSF051202_2016_USA:WA_Pistachios

708223 2019 Urited Kingdom. Clinicaitr

OSF059120. 2016 USAWA Pistachios FSLRY-1449_2013_USANY_Clinical tr
1223 PNUSAS001745_Missing I.ISA Clinicalk

CFSANOTS117 2009, USA. cashew/aimondipistachio blend Faciity B® o ]

S5R0ab87 075 USA CA-s Faciy 6.
CESANO1ST18 2009 USA Blend Trai Mix Faciity 8@ OSF056829_2014_USA:CA_Raw Pistachios Facility | ®
1047168 2016 _USACA_Pistachios Facility A®
GFSANO4T168 2015 USA.GApistachios Facilty A® 1-8SNPs
Sambeltn 0t errs
oA e oS SN 56 OSF067822_2017_USA:CA_Environmental sponge Facilty G®

Lec
= PRUSASO0168E. Missing USK. Cimeark.
[ CEsANG00244 2009 Missing Pstachios Facily 5®
[— OSF056837_2014_USACA_Raw Pistachio 0-16 SNPs "
D e e OSF005645_2009_USACA_Pistachios Facility G ®
[—— OSF069128 2015 USACA Raw Pistachios
[—— PNUSAS136046_Rissing_USA_Ciinicalfx
[—— OSF078698_2016_USA:CA_Environmental sponge [ 12-1128_Missing_Canada_Clinical?r
|———— 378603 2017_United Kingdom_Clinicalte
[——— PNUSAS051020 Missing USA Cinicalzy
AS001648_2016_USA_Clnicalk
5334212018 United Kingdom.Clnicalzy
ted Kingdom_Clinicalty
A Ciinical 7

— 0SF069191_2015_USA:CA_Environmental sponge Facilty G®

PNUSAS0D1724 2016 USA G
685-2016U
CraANGHS104 3016 UKLA, Raw Pistachios Facily A®
PNUSAS002790 2016_USA_Cliicalsy
PNUSAS004962_2016_USA Glinicaly
PNUSASO01723 2016_USA. Clinicalk
OSF088277_2018_USA'CA_Nuts Facilly G®

GrsANO7iss 2016 USA:
CESANOATI6T 2016 USA'CAP
OSF075637_2016_USA'CA_Pistachios

OSFO6905E 2015 USA o Envlmnmanla\ sponge

isTachi
OSFoRs278 2018 USACAT Nt Fa 2oty

0.03

Fig 5. Phylogenetic analysis based on SNPs found in the Salmonella Montevideo strains of this study. A SNP matrix was generated for both sets of
isolates based on ST with the CFSAN SNP Pipeline [35]. The SNP matrix was analyzed using RAXML using the GTRCAT substitution model and 500
bootstrap replicates. Reference strains are highlighted in yellow. Isolates associated with the 2016 outbreak are in bold font. Clinical isolates have a star
symbol; black star = outbreak associated. Facility identifiers are also highlighted on the tree with different color circles A) Maximum likelihood tree
based on SNPs found in the 82 isolates from the ST316 group. B) Maximum likelihood tree based on SNPs found in the 13 isolates from the ST138

group.
https://doi.org/10.1371/journal.pone.0259471.9g005

The ST138 pistachio isolates are found in Cluster 3. Three clinical isolates with 3-4 allele dif-
ferences from an ST138 pistachio isolate are in Cluster 3 with one of these isolates, 12-1128,
located in Canada.

Reference-based SNP analysis identified a total of 107 distinct SNP variants in the isolates
of ST316 using CFSAN000258 as the reference genome. A resultant phylogenetic tree, captur-
ing the relationship among the 82 isolates belonging to ST316, yielded several important find-
ings (Fig 5A). Isolates related to the 2016 outbreak are not associated with one specific lineage
on the tree. Isolates from seven different facilities can be found throughout the tree. The para-
phyletic grouping of the clade breaks down into smaller subclades, with a total SNP distance
ranging from 0-16 SNPs with a median of 3 SNPs. The 2016 outbreak strains have a median
distance of 2 SNPs (range 0-10 SNPs). As observed in the wgMLST analysis, other non-epide-
miologically linked clinical isolates from the United States and the United Kingdom were
found to be closely related to pistachio isolates, with a minimum SNP distance range of 0-11
SNPs and 0-4 SNPs, respectively. With the continued rise in imported/exported goods, the
observation of the large number of clinical isolates that are clustered near pistachio isolates
from both the United States and the United Kingdom further highlights the benefit of global
partnerships in the area of food safety and public health and the need for increased metadata
inclusion and transparency [69].

The presence of a chicken isolate (OSF045712) from Facility H located within the California
nut clade can possibly be explained by the use of a tree nut supplemented animal feed [70-72].
This scenario is supported by domestic pistachio firms advertising the distribution of their
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hulls for animal feed to promote sustainability [73, 74]. The chicken isolate is 2-5 SNPs away
from other tree nut isolates in the clade. This potential connection between a contaminated
component of animal feed and livestock that eventually enters the food supply for humans
illustrates the interconnectedness of many food production systems and the importance of a
“One Health Approach” [75] for food safety. Akin to the Senftenberg ST14 group, the CHASRI
is identified in each of these isolates. The combined findings of CHASRI presence, the
increased changes occurring over eight years, and that the isolates are derived from seven dif-
ferent facilities are consistent with the hypothesis of a persistent strain in the pistachio produc-
tion environment that is most likely co-residing with Salmonella Senftenberg.

A phylogenetic tree was constructed for the 13 Montevideo isolates from ST138 (Fig 5B)
based on a total of 48 distinct SNP variants identified by reference-based SNP analysis using
CFSANO010508 as the reference genome. The three clinical isolates are within 1-8 SNPs
(median 3 SNPs) from the pistachio isolates from three different facilities (Facility A, Facility
G, and Facility I), however, without epidemiological data we are unable to positively link these
illnesses with contaminated pistachio exposure. Three isolates from Facility G, two environ-
mental swabs and one pistachio, also belong to this clade. The SNP distance between the
strains from Facility G (isolated in 2009 (OSF005645), 2015 (OSF069191), and 2017
(OSF067822)) is only 2 SNPs. The wgMLST shows this same relationship with 0 allele differ-
ences between OSF005645 and OSF067822 and 1 allele difference to OSF056829. This observa-
tion points to substantial conservation within the genome over a 5-year period. The pistachio
and swab isolates from three unrelated facilities (Facility A, Facility G and Facility I), that were
collected over a wide timespan (8 years) with low diversity, suggests a single contamination
event with a persistent Salmonella strain. These strains are likely to reside in a lower-stress
environment than in the orchard environment, due to the low SNP/allele distances suggest a
strain that is not undergoing selective pressure and may also have a slower generation time
similar to a resident pathogen [23]. Possible low-stress environments could include shared
farm equipment, transport vehicles, or an intermediate space such as silos.

Storage study to assess persistence in pistachios

To further explore the nature and likelihood of long-term environmental persistence of these
Salmonella, we tested the survival of Salmonella strains in a cocktail after inoculation on raw
inshell pistachios. The strains used in this study were associated with low-moisture food prod-
ucts (peanuts (Anatum), pecans (Oranienburg), pistachios (Montevideo and Senftenberg))
and a strain isolated from tomato (Newport) (Table 2). The Senftenberg and Montevideo
strains used contain the CHASRI and are from ST14 and ST316, respectively (Table 2). The
basis behind using the Newport strain was to determine if there were differences in survivabil-
ity on a low-moisture food based on the initial source of the isolate (i.e., a high-moisture food).
Pistachios were inoculated with a five-serovar cocktail of Salmonella enterica and stored at one
of two different relative humidity levels (35% RH and 54% RH) at 25°C.

Salmonella in the five-strain cocktail was able to persist in pistachios for up to one year (the
length of the study) (Fig 5). There was a ~1 log CFU/g reduction in Salmonella during the
period of desiccation (24 hour drying time) prior to storage. The Salmonella in the inoculated
pistachios stored at 35% relative humidity (mean a,, = 0.3398, stdev = 0.0228) were able to per-
sist for a year with only an additional ~1 log CFU/g reduction after desiccation (a total of ~2
log CFU/g reduction). The Salmonella in the pistachios stored at 54% relative humidity (mean
a, = 0.5337, stdev = 0.0370) showed an additional ~3 log CFU/g reduction over a year. A
repeated measures ANOVA analysis showed the impact of humidity condition (high vs low)
over time. The rate of reduction was higher for the high humidity condition based on the
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enterica stored at 35% RH at 25°C and at 54% RH at 25°C. The regression line for each storage condition is shown as well as the equation and R” value.
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observed difference in the slope (low and high humidity was -0.0026 and -0.0085 per day,
respectively) between the two conditions (p < .0001) (storage data shown in S7 Table). Differ-
ences in log CFU/g between low and high humidity conditions was most pronounced after 6
months (Fig 6). These findings are consistent with those reported in literature 38, 39, 76].
One main objective of the study was to determine if there was a difference in which sero-
vars were surviving within the cocktail inoculum. A previous storage study by Kimber et al.
[77] evaluated the surviving serovars from the cocktail at the end of the storage study, hence
one goal of our study was to analyze the composition of surviving serovars throughout stor-
age, which allows for discrete timepoints of possible serovar elimination. Two methods were
used to determine the serovars present, the Luminex xMAP® Salmonella serotyping assay
and metagenomic shotgun sequencing with data analysis using a custom kmers database.
The Luminex assay identified each serovar except for one timepoint at 35% RH and two time-
points at 54% RH (S1 Fig). However, the results from the shotgun metagenomic analysis
identified all five serotypes present in each of the triplicate samples at every time point for
both storage conditions (Fig 7). Sequencing was conducted post-enrichment, therefore the
serovars identified from the raw reads are from viable bacteria. The limitation of the molecu-
lar serotyping assay is the number of colonies that are selected and tested. Unintentional bias
could be introduced into the results based on colony selection by either over- or under-selec-
tion, whereas there is a higher probability of sequencing all strains that are present above a

PLOS ONE | https://doi.org/10.1371/journal.pone.0259471 November 4, 2021 15/22


https://doi.org/10.1371/journal.pone.0259471.g006
https://doi.org/10.1371/journal.pone.0259471

PLOS ONE

Environmental and resident Salmonella contamination in pistachio supply chain

Relative Abundance (%)

100

75

50

25

100

75

50

25

Taxonomic Hit

HY %S¢

Bacillus species
Enterobacter species

Salmonella species

Salmonella enterica

0 1 2 4 6 13 20 55 83 168 251 365

Salmonella enterica Oranienburg
Salmonella enterica Anatum
Salmonella enterica Newport
Salmonella enterica Montevideo

Salmonella enterica Senftenberg

HY %VS

Time (Days)

Fig 7. Results from shotgun metagenomic sequencing. Relative abundance of Salmonella enterica cocktail and other co-enriching bacterial species for
recovery of Salmonella enterica from pistachio storage study. Taxonomy was assigned using an in-house developed bacterial kmer database.

https://doi.org/10.1371/journal.pone.0259471.9g007

certain threshold with the sequencing method. The Kimber et al. 2012 study used the same
Oranienburg strain as in our experiments, but the researchers did not identify this strain in
the one hundred colonies they tested at the end of their study (14.5 months) [77]. In contrast,
we were able to still recover the Oranienburg strain both in sequencing and by colony picks
at 12 months. Two possibilities for the absence of Oranienburg in the Kimber et al. 2012
study could be that Oranienberg was missed due to the bias that can occur when picking col-
onies for serovar determination or Oranienberg simply did not survive. This could be deter-
mined by using metagenomic sequencing (removes colony pick bias) or by picking colonies
at different time points (identify survival cutoff). The use of the metagenomic/bioinformatic
pathway allows for a robust determination of the cocktail composition while reducing the
bias and time of traditional molecular serotyping. Another interesting finding was that the
primary source of the Salmonella (low-moisture vs. high-moisture environment) may not
necessarily determine the ability to survive in a different environment, as shown with the sur-
vivability of the Newport strain on the pistachios.

This storage study reinforces the capability for Salmonella to survive for extended times on
this low-moisture commodity. The results from our study conclude that the five-strain cocktail
of Salmonella can survive in pistachios and be detected by direct plating methods when stored
at different humidity conditions for at least one year. The extended shelf-life of pistachios com-
bined with our evidence of Salmonella survival for up to a year highlights the importance of
surveillance of this pathogen.
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Conclusions

Pistachios may be contaminated with pathogenic bacteria in the growing, production, and
processing environments and present a hazard due to the ability for Salmonella to persist in
low-moisture environments and foods. During outbreak investigations, epidemiological, tra-
ceback, and laboratory information are used to link illnesses to food sources. Diagnostic
capabilities have been greatly enhanced due to the development and increasing applicability
of WGS, which is now fully deployed as a molecular epidemiological tool to assist in food-
borne outbreak investigations [20-22]. We were able to match clinical and food Salmonella
Senftenberg and Montevideo isolates and define SNP differences between closely related
strains by using WGS in two different phylogenetic analyses. Further, by implementing long
read sequence technology, we identified the presence of the heavy metal tolerance island
(CHASRI) in strains likely associated with preharvest contamination, possibly indicative of
their adaptation to the presence of copper in this niche. Presence of the CHASRI in Salmo-
nella Senftenberg (ST14) and Salmonella Montevideo (ST316) may explain the increased
level of recovery of these strains from pistachios or pistachio environments due to selective
pressure from copper usage, even though previous data has shown a greater diversity of sero-
vars present [11]. Finally, this analysis points to at least three possible pistachio-associated
environments where closely related Salmonella Senftenberg and Montevideo strains could
have been residing as recently as 2018 including 1) multiple environmental adapted strains in
the pre-harvest or orchard environment (ST14 and ST316); 2) a clonal strain at the pistachio
handling facilities which could include storage silos (ST185) and 3) a clonal strain in the
intermediate post-harvest environment (e.g., shared farm equipment or transport equip-
ment) (ST138).

Our storage study demonstrates that Salmonella will survive in pistachios for a minimum
of one year at both high and low relative humidity. The use of a non-nut associated strain,
Salmonella Newport, in our cocktail and its ability to be recovered at the 12-month time
point, showed that the original source may not necessarily have a significant impact of sur-
vival of Salmonella on a low-moisture food. Pistachios may be stored untreated for 12 months
or longer by pistachio handlers and then consumers may store them up to an additional 12
months [78]. The ability of Salmonella to survive long-term in a dry environment highlights
the need for adequate preventive controls in the processing of pistachios. Harris et al. [10]
report that majority of the pistachios sold in the U.S. market are roasted inshell. Identifica-
tion and surveillance of the possible sources of contamination, (e.g., the growing environ-
ment, shared equipment, or processing environment) would likely augment implementation
of specific production changes that could further reduce the risk of contaminated nut
products.

Taken together, this study demonstrates the following: i) evidence of persistent Salmonella
Senftenberg and Montevideo strains in pistachio environments as recently as 2018, ii) presence
of the Copper Homeostasis and Silver Resistance Island (CHASRI) in Salmonella Senftenberg
and Montevideo strains, suggesting an adaption in response to extrinsic pressures in the pista-
chio supply chain, and iii) use of metagenomic sequencing in conjunction with storage studies
using a cocktail of Salmonella strains can identify strains that are surviving over time. This
study further emphasizes the power of WGS in conjunction with metadata, which helps to
define outbreaks and resident strains and possible routes of contamination, as well as give
insights into genetic factors that could lead to fitness in a given niche. Moreover, these findings
underscore the importance of industry in adhering to food safety standards established for this
commodity.
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