AEM

Journals.ASM.org

Whole-Genome Sequencing Allows for Improved Identification of
Persistent Listeria monocytogenes in Food-Associated Environments

Matthew J. Stasiewicz,® Haley F. Oliver,® Martin Wiedmann,? Henk C. den Bakker®*®

Department of Food Science, College of Agriculture and Life Sciences, Cornell University, Ithaca, New York, USA?; Department of Food Science, College of Agriculture,
Purdue University, West Lafayette, Indiana, USA®; Department of Animal and Food Sciences, College of Agricultural Sciences and Natural Resources, Texas Tech University,
Lubbock, Texas, USA®

While the food-borne pathogen Listeria monocytogenes can persist in food associated environments, there are no whole-genome
sequence (WGS) based methods to differentiate persistent from sporadic strains. Whole-genome sequencing of 188 isolates from
alongitudinal study of L. monocytogenes in retail delis was used to (i) apply single-nucleotide polymorphism (SNP)-based phy-
logenetics for subtyping of L. monocytogenes, (ii) use SNP counts to differentiate persistent from repeatedly reintroduced
strains, and (iii) identify genetic determinants of L. monocytogenes persistence. WGS analysis revealed three prophage regions
that explained differences between three pairs of phylogenetically similar populations with pulsed-field gel electrophoresis types
that differed by =3 bands. WGS-SNP-based phylogenetics found that putatively persistent L. monocytogenes represent SNP pat-
terns (i) unique to a single retail deli, supporting persistence within the deli (11 clades), (ii) unique to a single state, supporting
clonal spread within a state (7 clades), or (iii) spanning multiple states (5 clades). Isolates that formed one of 11 deli-specific
clades differed by a median of 10 SNPs or fewer. Isolates from 12 putative persistence events had significantly fewer SNPs (me-
dian, 2 to 22 SNPs) than between isolates of the same subtype from other delis (median up to 77 SNPs), supporting persistence of
the strain. In 13 events, nearly indistinguishable isolates (0 to 1 SNP) were found across multiple delis. No individual genes were
enriched among persistent isolates compared to sporadic isolates. Our data show that WGS analysis improves food-borne patho-

gen subtyping and identification of persistent bacterial pathogens in food associated environments.

L isteria monocytogenes is an opportunistic food-borne pathogen
responsible for approximately 250 deaths per year in the
United States (1). The annual costs of listeriosis, including mor-
bidity, mortality, and lost wages, are estimated at $2.8 billion (2).
A 2003 risk assessment attributed 90% of listeriosis cases in the
United States to consumption of contaminated ready-to-eat
(RTE) deli meats (3), and most (>60%) of U.S. listeriosis cases
linked to RTE deli meats were estimated to be due contamination
during retail handling and slicing (4, 5). Consequently, the retail
deli environment is a focal point for listeriosis reduction efforts.

L. monocytogenes can persist in food-associated environments
for months to years (6-8). Persistent strains have been linked to
outbreaks of food-borne disease. For example, L. monocytogenes
that was responsible for an outbreak linked to 29 cases and 4
deaths persisted in the source plant for at least 12 years (9). There-
fore, the food processing industry has implemented the seek-and-
destroy process to identify and eliminate point sources of persis-
tence through enhanced environmental monitoring, sanitation,
and equipment and process design (10).

One challenge for persistent pathogen control is to differenti-
ate true persistence from repeated reintroduction of a given strain
from, for example, an external supplier (11). The term “persis-
tence” has been used in the food-borne pathogen control litera-
ture (6, 8) to describe both (i) long-term survival of pathogens in
various environments, e.g., the host, a food processing facility, and
anatural environment, and (ii) empirical rules to identify when a
pathogen persists. Empirical rules for calling a strain persistent
generally contain two requirements (i) that isolates of a persistent
strain are indistinguishable by a particular molecular subtyping
method and (ii) that isolates from the persistent strain are ob-
served over a sufficiently long time period. Observation of both
strains that truly persist (are continually present) and strains that
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are repeatedly reintroduced can produce environmental sampling
results that satisfy empirical rules for persistence. To improve the
empirical differentiation of persistent from sporadic strains, we
have previously developed machine learning models of expert
opinion (12) that incorporate information into classification such
as the isolation location and the relative frequency of a subtype,
but that use the until-recently gold standard technique of pulsed-
field gel electrophoresis (PFGE) for L. monocytogenes subtyping.
Since whole-genome sequencing (WGS) technology is rapidly
transforming epidemiology (13) and food safety (14), we sur-
mised that WGS could improve subtyping and empirical rules to
identify persistent L. monocytogenes. WGS technology has im-
proved food-borne disease epidemiology of Salmonella (15, 16),
Escherichia coli (17), and L. monocytogenes (18), including tracing
a listeriosis outbreak back to a food processing facility source (19).
In the present study, we utilized data from an existing longitudinal
environmental study of L. monocytogenes from 30 retail delis in
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three U.S. states over 2 years (20) to improve the identification of
persistent L. monocytogenes by PFGE results. Our goals were to (i)
apply WGS-based methods, including single-nucleotide poly-
morphism (SNP)-based phylogenetics to improve molecular sub-
typing of L. monocytogenes from the retail deli environment, (ii)
explore SNP differences as a quantitative metric to differentiate
persistent from repeatedly reintroduced strains, and (iii) identify
genetic determinants of L. monocytogenes persistence.

MATERIALS AND METHODS

Isolate selection. A previously reported longitudinal study of L. monocy-
togenes in the retail deli environment (20) provided L. monocytogenes iso-
lates for the study reported here. Briefly, this previous study consisted of
phase 1, monthly longitudinal sampling of 15 retail delis for 3 months
before the start of daily operations, and phase 2, monthly longitudinal
sampling of 30 delis (including the previous 15) for 6 months during daily
operation. In addition, there were two not-yet-published phases: phase 3,
enhanced standard sanitation operating procedures, and phase 4, a
monthly longitudinal sampling of the same 30 delis for 6 months during
operation. All isolates were previously subtyped by Ascl and Apal PEGE. A
given L. monocytogenes PFGE type was identified as putatively persistent
in a given deli if an indistinguishable PFGE type was isolated on >1 phase
1 or 2 sampling. This approach identified 31 putative persistence events
among 14 of 30 delis, with 19 PFGE types represented.

Details for all isolates selected for sequencing are found in Table S1
in the supplemental material and can be accessed through www
foodmicrobetracker.com (search by reference). Both persistent and spo-
radic (i.e., nonpersistent) isolates were sequenced. For each persistence
event, one random isolate was selected from each sampling day a given
PFGE type was isolated from a given deli; this yielded 139 “persistent”
isolates. For all PFGE types represented among persistent isolates, 1 ran-
dom “sporadic” isolate of the same PFGE type was selected from each deli
where the PFGE type was found on only 1 day; this yielded 29 sporadic
isolates with 11 unique PFGE types from 19 delis. Two sets of comparison
isolates with PFGE types represented among persistent isolates were cho-
sen, including (i) 7 isolates from phase 4 of the same study and (ii) 13
“other” isolates putatively persistent in a seafood plant, sausage plant,
dairy farm, and another retail deli study.

Genome sequencing. Isolates were maintained at —80°C in 15% (vol/
vol) glycerol-brain heart infusion (BHI) medium in a 96-deep-well for-
mat (Nunc U96 PP2ml Deepwell Natural; Fisher Scientific, Pittsburgh,
PA). Prior to DNA extraction, isolates were inoculated into 1.5 ml of BHI,
incubated overnight at 37°C, and pelleted. DNA extraction (using a 96
DNeasy Blood and Tissue kit; Qiagen, Valencia, CA) proceeded according
to the manufacturer’s protocol with a Gram-positive pretreatment in 180
pl of lysozyme at 20 mg/ml for 30 min at 56°C and longer centrifugation
times (e.g., 15 min for lysate binding) at a lower centrifugal force (3,320
relative centrifugal force). DNA was eluted in 50 pl of Tris-HCl at pH 8.0.
Initial spectrophotometric quality assessment (Take3 carriage on the Syn-
ergy H1 microplate reader; BioTek Instruments, Inc., Winooski, VT) re-
vealed an acceptable DNA concentration (median, 40 ng/pl; minimum,
14 ng/pl) and purity (A,,,50 median = 1.87, minimum = 1.75; A 4,53,
median = 2.44, minimum = 2.00) ratios.

DNA samples were quantified with a fluorescent nucleic acid dye (Pi-
cogreen; Invitrogen, Paisley, United Kingdom), and libraries were pre-
pared for sequencing using a Nextera XT DNA sample preparation kit and
an associated Nextera XT index kit with 96 indices (Illumina, Inc., San
Diego, CA). Pooled samples were sequenced with two lanes of a HiSeq
2500 rapid run with 2X151-bp paired-end sequencing. Due to low initial
coverage (<2X), two isolates (FSL R8-5528 and FSL R8-7653) were rese-
quenced with a MiSeq 2X301-bp run with a Nextera Mate pair sample
prep kit.

Automated genome assembly and kSNP tree pipeline. An in-house
pipeline was scripted in UNIX Bash shell modules for preprocessing, de
novo genome assembly, alignment free SNP calling, and phylogenetic
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analysis. Raw read quality was assessed with FastQC (v0.10.1 [http://www
.bioinformatics.babraham.ac.uk/projects/fastqc/]). Illumina adapter se-
quences and low-quality sequence were trimmed using Trimmomatic
(v0.32) (21) default settings. Trimmed, paired reads were de novo assem-
bled using SPAdes (v3.0.0) (22) with the suggested k-mer set for prokary-
oticassembly: 21, 33, 55, 77,99, and 127 bp. Any contig <500 bp in length
or with a <1X average k-mer coverage was removed. Filtered contigs were
used for alignment-free SNP-based phylogenetics using kSNP (v2.0) (23)
and a k-mer size of 19. Here, a diversity set of 44 additional L. monocyto-
genes genomes was added to the analysis (see Table S2 in the supplemental
material). Local support values for the core (present in all genomes) SNP,
maximum-likelihood tree were calculated using FastTree (v2.1.7) (24).
Phylogenetic trees were drawn using the ape package (v3.1-1) (25) for R
(v3.0.1 [http://www.r-project.org/]).

Additional phylogenetic analyses. Isolates classified into genetic lin-
eage I represented the vast majority (179/188) of isolates analyzed. There-
fore, isolates from lineage I and II were analyzed separately to allow for
adapting analytical methods to the large difference in isolate set sizes. The
Cortex variation assembler (26) was used to detect SNPs, insertions and
deletions (indels), and complex variants (e.g., phased SNPs). Primary
analysis used the reference based independent analysis workflow, which
includes only variants with positions present in the reference genome
(lineage I reference genome J1776, GenBank accession number
CP006598.1; lineage II reference genome EGDe, GenBank accession
number AL591824.1). For secondary analysis of accessory genome SNPs,
lineage I genomes were also analyzed with an independent, nonreference
workflow. Nearly all complex variants were phased SNPs. They were fil-
tered out of phylogenetic analysis because they are closely spaced (27), and
their positions corresponded to regions of recombination detected using
Gubbins (28).

The BEAST software package (v2.1.3) (29) was used to estimate sepa-
rate phylogenies for lineage I and lineage II isolates. For lineage I isolates,
a tip-dated phylogeny using isolation dates estimated dates of divergence
from most recent common ancestors (MRCA) after two model selection
steps. First, maximum-likelihood model selection using the default pa-
rameters in MEGA (v6) (30) identified the general time-reversible model
as the best-fitting (lowest Bayesian information criterion) nucleotide sub-
stitution model. Then, model selection by path sampling and calculation
of Bayes factors (31) was used to select between either a strict or relaxed
lognormal clock and either a coalescent constant or Bayesian skyline pop-
ulation model. Model selection used ten steps of 5 to 10 million genera-
tions. The best supported model was computed in ten individual runs of
100 million generations and tracer was used to determine burn-in and
verify convergence and appropriate mixing. There were insufficient lin-
eage Il isolates (n = 9) to estimate a tip-dated phylogeny, so a nondated
phylogenetic tree was estimated from two individual runs of 100 million
generations.

Congruence between kSNP identification of core SNPs and Cortex-
_var identification of high-quality SNPs was tested using Concaterpillar
(v1.8) (32) default settings. Only the lineage I retail deli isolates com-
mon to both trees (171 isolates) were used. Topological congruence
was tested first. Topologically congruent trees were tested for branch
length congruence.

In silico MLST and sigB allelic typing. Short Read Sequence Typer
(v2, SRST2) (33) was used to determine seven gene multilocus sequence
types (MLSTs; downloaded on 3 September 2014 from the Institut Pas-
teur [http://www.pasteur.fr/recherche/genopole/PF8/mlst/Lmono.html]
[34]). Only the first 400,000 quality-trimmed sequencing reads were
mapped, for an average of 30X coverage. Mismatches to existing alleles
were scored as novel sequence types. The discriminatory power of MLST-,
PFGE-, and SNP-based subtyping was compared by using Simpson’s in-
dex of diversity (35).

Comparisons to previous subtyping methods were used to identify,
and exclude, sequence data from when an incorrect isolate was likely
sequenced. SRST2 was used to assign sigB allelic types to each genome
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sequence. If the sigB allelic type for a genome sequence did not match an
isolate’s sigB type previously determined by Sanger sequencing (20), then
this isolate was excluded from analysis (two isolates were excluded: FSL
R8-5744 and FSL R8-5866). In addition, isolate FSL N3-0993 was ex-
cluded because the genetic lineage of the sequenced isolate (lineage II) did
not match the previously determined genetic lineage for the subtype de-
termined from PCR serogrouping (the isolate was previously assigned to
serotypes 1/2b, 3b, or 7 based on reference 36, a finding consistent with
genetic lineage I [37]). The three isolates described above are not included
in the 188 isolates that are discussed throughout the present study
(whereas 191 isolates were sequenced, only 188 are reported on).

Whole-genome alignment. Contigs from selected isolates were
aligned using progressiveMauve (MAUVE, v2.3.1) (38) to identify
genomic regions unique to particular PFGE types. The “—pan_genome-
_matrix” option of cortex_var was then used to screen all sequenced iso-
lates for presence (>70% coverage by 33-bp k-mers) of identified
genomic regions. BLASTn analysis of the three identified genomic regions
found matches to prophage related genes. Therefore, these regions were
submitted to PHAST (http://phast.wishartlab.com/) (39) for prophage
annotation.

Gene presence or absence analyses. To identify genes that may con-
tribute to persistence or may be responsible for PFGE type differences,
ITEP (the Integrated Toolkit for Exploration of microbial Pangenomes)
(40) was used to generate a database of orthologous genes present in a
representative subset of lineage I isolates. To make computation feasible,
the isolate set was reduced to 121 isolates by (i) retaining only phase 1 and
2 isolates and (ii) retaining at most three isolates for each persistence
event, isolates from the first time point, last time point, and a random
isolate from the middle time points of isolation. The reduced set included
92 putatively persistent and 29 sporadic isolates (see Table S1 in the sup-
plemental material). A Fisher exact test with a false discovery rate (FDR)
correction was used to identify genes significantly enriched among groups
of isolates while controlling the overall FDR to 5% of the significant genes.

Quantitative persistence analysis. To quantitatively discriminate
persistent strains from repeatedly reintroduced strains, we computed (i)
the SNP count difference between all persistent isolates with a given SNP-
based subtype in a given deli and (ii) the SNP count difference between the
isolates used for the initial SNP count and all isolates with the same SNP-
based subtype obtained in other delis. These measures are designated as (i)
the “within-persistence-event SNP count” and (ii) the “comparison SNP
count.” Aggregated SNP counts were displayed as box plots using the
ggplot2 (41) package of R (42). These calculations were performed for
core genome SNPs (referenced based workflow in Cortex_var), presented
in the main body of the text, and accessory genome SNPs (independent
workflow), presented in the supplemental material. A permutation-based
statistic was used to determine whether median “within-persistence-event
SNP counts” were significantly fewer than median “comparison SNP
counts” using 1,000 permutations of deli labels. FDR-adjusted P values of
<C0.05 were considered significant. Prior to aggregation, three sets of
PEGE patterns that differed by three or fewer bands were grouped to-
gether as follows: SNP group 1, grouping isolates with PFGE pattern CU-
11-320, CU-8-96, and CU-40-96; SNP group 2, grouping CU-258-322,
CU-258-323 and CU-259-322; and SNP group 3, grouping CU-262-391
and CU-262-79. Each of the SNP groups were treated as unique subtypes
for the within and between group analyses.

Nucleotide accession numbers. Raw sequence data and de novo as-
sembled contigs have been deposited to the appropriate GenBank data-
base (Sequence Read Archive [SRA] and Whole Genome Shotgun) under
BioProject accession number PRJNA245909. Individual genome se-
quencing metrics and GenBank accessions are listed in Table S3 in the
supplemental material.

RESULTS

WGS improves molecular subtyping. A total of 188 L. monocyto-
genes isolates, including 175 isolates from a longitudinal study of
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L. monocytogenes persistence in retail delis and 13 comparison
isolates from other food associated environments, were character-
ized by whole-genome sequencing (WGS). Median genome cov-
erage for these isolates was 94-fold (ranging from 8.0- to 360-
fold), with de novo assembly yielding a median of 26 contigs per
genome (ranging from 12 to 456 contigs) and a median assembled
genome size of 3.09 Mb (ranging from 2.88 to 3.14 Mb; see Table
S3 in the supplemental material).

In an initial analysis, L. monocytogenes MLST data (34) ex-
tracted from the 188 genome sequences differentiated the isolates
into 10 sequence types (STs), yielding a Simpson’s index of dis-
crimination (SID) of 0.74. Previously generated PFGE data differ-
entiated these isolates into 19 PFGE types (SID = 0.91). PFGE and
MLST findings showed a many-to-many relationship (Table 1).
Isolates of the 10 MLST STs were differentiated into 1, 4, or 6
PFGE types for each ST. Isolates of 17 of the 19 PFGE types had
only a single MLST ST for each PFGE type; the remaining two
PFGE types were differentiated into a predominant MLST, as well
as a second ST represented by a single isolate which differs from
the majority ST in only one gene (Table 1).

WGS for all 188 isolates were also used for a SNP-based phy-
logenetic analysis, which incorporated isolate source information
to classify isolates into WGS-based SNP clades. Briefly, WGS-de-
rived SNP data (16,097 core SNPs) were used to first generate a
maximum-likelihood phylogeny of all 188 isolates plus a set of 44
reference isolates (see Fig. S1 in the supplemental material). A
total of 179 and 9 of the 188 isolates classified into previously
reported L. monocytogenes lineages I and II (43). A tip-dated phy-
logenetic analysis was conducted for the 179 lineage I isolates us-
ing 9,376 differentiating SNPs (Fig. 1) and the best-fitting Bayes-
ian Skyline population model with relaxed lognormal clock (see
Table S4 in the supplemental material). The tree using 9,376 SNPs
differentiating lineage I isolates was not topologically incongruent
(P value of >0.05) with the tree (see Fig. S1 in the supplemental
material) from 16,097 core genome SNPs differentiating linage I
and Il isolates. Branch lengths did differ significantly (P < 0.001).

The Bayesian analysis revealed 23 clades among lineage I iso-
lates (Fig. 1), including 167 persistent or sporadic isolates and 6
comparison isolates. A separate Bayesian phylogeny of lineage II
isolates revealed three epidemiologically relevant clades repre-
senting four persistent isolates and five comparison isolates (Fig.
2). A clade was considered epidemiologically relevant if it (i) is
well supported (>90% posterior probability; here, all had 100%
support) and (ii) contains isolates predominantly from either a
given deli or a given state; four clades (A, F, Q, and V) contained
isolates from multiple states but were classified as specific clades
since they represented a single PFGE type (described in more de-
tail below). Three clades grouped isolates from other studies sep-
arately from isolates from retail deli project isolates with identical
MLST and PFGE subtypes. These clades comprise lineage I isolates
from a sausage plant (clade L, Fig. 1) and a separate retail deli
study (clade W, Fig. 1) and lineage II isolates from a smoked sea-
food plant (clade Z, Fig. 2). In addition to the 26 clades, WGS-
based SNP data identified six isolates that each represented a dis-
tinct WGS-SNP group. Based on these 32 groups, the SID for
WGS-SNP-based subtyping was 0.95, compared to 0.91 and 0.75
for PFGE and MLST.

Comparative genomic analyses identify prophage regions
correlated with PFGE pattern differences of three or fewer
bands. WGS-SNP-based phylogenetics (Fig. 1) revealed isolates
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“ Sequence type 257 differs from sequence type 2 only in the Idh allelic type.
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with a given PFGE type either grouped into a monophyletic clade
(e.g., clades A, B, and C) or clustered with isolates representing
one or two other PFGE types (e.g., clade D). Three well-sup-
ported phylogenetic groups included multiple PEGE types:
clade D (PFGE types CU-259-322, CU-258-322, and CU-258-
323), clade I (PFGE types CU-262-79 and CU-262-319), and
clades P to W (PFGE types CU-11-320, CU-8-96, and CU-40-
96, see Fig. 1). Within each of these three monophyletic groups,
isolates had PFGE patterns that differed by three or fewer bands
in each of the two restriction enzyme patterns (Fig. 3).

Whole-genome alignments and subsequent read mapping
(Table 2), as well as gene presence or absence analysis (see Table S4
in the supplemental material), identified 20- to 50-kb prophage
regions that differentiate monophyletic PFGE types. For example,
present in all six isolates with PFGE pattern CU-262-319 but ab-
sent in all isolates with PFGE pattern CU-262-79 is a 47.5-kb re-
gion encoding an intact prophage with 72 of 79 coding sequences
most homologous to Listeria phage B054. Similarly, the presence
of a 21.2- or 45.7-kb prophage correlated to the difference be-
tween patterns CU-8-96 and CU-11-320 or between patterns CU-
258-322 and CU-258-323, respectively. Gain or loss of a prophage
may be responsible for differences in PFGE patterns.

We could not identify a genetic element that could explain the
two band differences between PFGE patterns CU-259-322 and
CU-258-322 or between CU-40-96 and CU-8-96, including by
screening for eight previously described L. monocytogenes plas-
mids (see Table S6 in the supplemental material). For subsequent
analyses, we grouped isolates that represented monophyletic
PFGE patterns into SNP group 1 (PFGE patterns CU-11-320, CU-
8-96, and CU-40-96), SNP group 2 (CU-258-322, CU-258-323,
and CU-259-322), and SNP group 3 (CU-262-319 and CU-
262-79).

WGS-based phylogenies suggest distinct transmission and
distribution patterns of L. monocytogenes clades with recent
common ancestors of <10 years. Initial phylogenetic analysis
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(detailed above) identified 26 clades, three of which were exclu-
sively composed of isolates from sources other than retail deli
study (Table 3) and are not further discussed. All 23 of the remain-
ing clades represented isolates of either (i) a single PFGE type (12
clades; e.g., clades A, B, and C, Fig. 1) or (ii) a single SNP group
composed of 2 to 3 PFGE types (11 clades; e.g., clades D, 1, S, Fig.
1); WGS differentiated distinct clades within a given SNP group
(e.g., SNP group 1 was differentiated into 8 clades). Classifying
clades based on geographic origin of the isolates (Table 4) revealed
(i) deli-specific clades (all isolates from a single deli), (ii) state-
specific clades (all isolates from delis located in a single state), and
(iii) multistate clades (isolates from delis in multiple states).

Isolates in a “deli-specific” clade are found only in a given deli
and not in other delis, providing initial support for persistence in
a given deli. Importantly, WGS-SNP-based clades further dis-
criminated isolates of a given PFGE type. For example, isolates
with PFGE type CU-262-79 were putatively persistent in four delis
(2,23, 28, and 29) and a sausage plant but were differentiated into
two deli-specific clades (H and K), one clade from the sausage
plant (clade L), and one state-specific clade (I, Fig. 1, inset panel).

Classification into a “state-specific” clade indicates that isolates
in a clade are found across multiple delis in the same state but not
in other states. Often, isolates within a given clade represented a
strain that was putatively persistent in one or multiple delis and
also isolated sporadically from other delis in a given state. For
example, the PFGE type CU-57-267 (clade B, Table 4) was puta-
tively persistent (isolated two or three times) in four distinct delis
(4, 10, 16, and 23) and isolated sporadically in delis 7 and 28 but
never isolated from delis in states other than the one common to
these six delis. These findings suggest that certain L. monocytogenes
strains may be present in a given state, or supply chain, and dis-
persed into multiple delis, with subsequent establishment of per-
sistence in some.

Classification into a “multistate” clade indicates that isolates
found in a clade were found across multiple states. Isolates within
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FIG 1 Maximum clade credibility tree from 9,376 core genome SNPs differentiating 179 hneage Tisolates. Node bars indicate the 95% hlghest posterior density
interval for the divergence time for all nodes with >90% posterior probability; the scale is in years. Tree tips are shaded by PFGE type and list isolate metadata:
state number, deli number, PFGE type, MLST sequence type, isolation date, persistence status and timing, and isolate ID number. Tip symbols are shaded by state
(light gray is state 1 or a comparison isolate not from the retail deli study, gray is state 2, black is state 3) and shaped by deli of isolation. The inset panel shows the
higher-resolution details available in this large phylogenetic tree. Clade labels correspond to Table 4.
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FIG 2 Maximum clade credibility tree from 2,993 core genome SNPs differentiating nine lineage Il isolates. A “@” symbol indicates a node with >90% posterior
probability. Tree tips are shaded by PFGE type. Tip symbols are shaded by state (the light gray is state 1 or a comparison isolate not from the retail deli study; the
dark gray is state 2) and shaped by deli of isolation. Clade labels correspond to Table 4.

a given clade represented a strain that was putatively persistent in
one or multiple delis in a single state and also isolated sporadically
from one or more delis in a different state. For example, the PFGE
type CU-294-321 (clade A, Table 4 and Fig. 1) was putatively per-
sistent in three delis (10, 16, and 21) from state 2, as well as spo-
radically isolated from three delis in the same state but also iso-
lated from deli 12, which was located in a different state (state 1).

Bayesian phylogenetic analysis using the isolation dates esti-
mated each of 23 relevant clades to have diverged from individual
most recent common ancestors (MRCA) less than 11 years ago
(Tables 3 and 4). For deli-specific clades, MRCA estimates support
that isolates from a given deli likely emerged within the plausible
lifetime of a deli, a finding consistent with persistence in the deli.
Even the divergence times of clades with statewide or multistate
dispersion are relatively recent, e.g., 1.4 to 4.3 years in the past for
clade A CU-294-321 isolates (Table 4). These recent divergence
times for multistate clades suggest a possible point source that
allows for broad distribution of an L. monocytogenes strain across
different delis (e.g., a national supplier).

SNP counts show that some putatively persistent strains of L.
monocytogenes are more closely related to each other than other
isolates of the same subtype, suggesting that they represent per-
sistent strains. We reasoned that quantitative evidence, based on
WGS-SNP data, could further support persistence in a given deli.
Briefly, one may assume pathogen persistence within a particular
facility is caused by a single introduction of a common ancestor of
the persistent isolates with subsequent replication in a facility.

PFGE-Ascl PFGE-Apal

Under that assumption, SNP counts within a population of per-
sistent isolates (“within persistent event SNP count”) should be
significantly lower than SNP counts between any persistent isolate
and any other isolate with the same subtype from a different deli
(“comparison SNP count”). The strain is (i) likely persistent when
the median within-persistence-event SNP count is significantly
smaller than the comparison SNP count and (ii) repeatedly rein-
troduced from some common source when no fewer SNP differ-
ences are observed. These SNP counts are summarized in Fig. 4
using a permutation-based statistic to determine significant dif-
ferences (P values in Table 4). Overall, 12 of the 25 testable puta-
tive persistence events showed significantly fewer median within-
persistence-event SNP counts (range, 2 to 22 SNPs) than median
comparison SNP counts (range, 8 to 77 SNPs), supporting that
these isolates represent persistent strains.

Among the 11 deli-specific clades, there were six putative per-
sistence events wherein the putatively persistent strain had a sub-
type that did not appear among isolates from any other deli (Fig.
4A), and five where the subtype did appear in other delis (Fig. 4B).
Median within-persistence-event SNP counts ranged from 1 to 13
SNPs (Fig. 4 and Table 4), and pairs of isolates from a single deli
often showed only one, or even zero, SNP differences (Fig. 4, e.g.,
SNP group 1, deli 2). Among the five deli-specific clades with a
comparison group, four showed significantly fewer within-persis-
tence-event SNP counts (e.g., clade K, median 2, and 10 SNPs for
the “within” and “comparison” groups, respectively). The large,
but insignificant, median SNP count difference for clade G, sub-
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FIG 3 Representative PFGE patterns for three sets of PEGE types (i) grouped by WGS-SNP-based phylogenetics into well-supported clades and (ii) differed by
three or fewer bands for each restriction enzyme; these sets were subsequently grouped into SNP groups. In each of the three sets, a single prophage region was
identified (see Table 2) that explains the difference between the top two PFGE patterns in the set; band differences are indicated by arrows. Genomic regions that
could explain the differences in the third PFGE pattern for the top two sets of patterns (CU-40-96 and CU-259-322, respectively) could not be identified.
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TABLE 2 Prophage regions associated with isolate PEGE types”

No. of isolates with a:

21.2-kb prophage with unknown

45.7-kb prophage with homology to

47.5-kb prophage with homology to

b c d
Isolates with PFGE pattern homology LP_030.3 Bos4

(AscI-Apal) No. absent No. present %RP No. absent No. present %RP No. absent No. present %RP
CU-8-340 0 5 96 (96-96) 5 0 <35 5 0 <35
CU-40-96 0 12 97 (91-98) 12 0 <35 12 0 <35

CU-8-96 0 20 97 (94-100) 20 0 <35 20 0 <35
CU-11-320 36 0 <35 36 0 <35 36 0 <35
CU-259-322 5 0 <35 0 5 100 (100-100) 5 0 <35
CU-258-322 7 0 <35 0 7 100 (99-100) 7 0 <35
CU-258-323 8 0 <35 8 0 <35 8 0 <35
CU-258-69 18 0 <35 18 0 <35 0 18 85 (83-97)
CU-262-318 4 0 <35 4 0 <35 0 4 75 (72-83)
CU-262-334 2 0 <35 2 0 <35 0 2 97 (97-97)
CU-262-319 6 0 <35 6 0 <35 0 6 100 (100-100)
CU-262-79 21 0 <35 21 0 <35 21 0 <35
CU-11-282 5 0 <35 5 0 <35 5 0 <35
CU-11-326 3 0 <35 3 0 <35 3 0 <35
CU-294-321 11 0 <35 11 0 <35 11 0 <35
CU-55-266 0 <35 0 <35 0 <35
CU-57-267 12 0 <35 12 0 <35 12 0 <35

“ The numbers absent or present were determined by calculating the percentage of 33-bp k-mers in prophage present in each isolate’s genome. Prophage was considered present if
>70% of the k-mers were present. All calls of absent had <35% of the prophage k-mers. Italicized data indicate PFGE types grouped into SNP groups: SNP group 1 (PFGE patterns
CU-11-320, CU-8-96, and CU-40-96), SNP group 2 (CU-258-322, CU-258-323, and CU-259-322), and SNP group 3 (CU-262-319 and CU-262-79). Boldface data indicate pairs of
PFGE types which differ by =3 bands (Fig. 3) and isolates that differ by prophage presence. %RP, percent region present. %RP values are reported as medians; the corresponding

range is indicated in parentheses.

b That is, a prophage identified in 23-kb contig 38 from the FSL R8-5523 genome. PHAST (www.phast.wishartlab.com/) annotated an intact, 21.2-kb prophage with 26 coding se-

quences (CDS). No single reference phage showed homology to the majority of the CDS.

¢ That is, a prophage identified in 101-kb contig 9 from the FSL R8-7842 genome. PHAST annotated an intact, 45.7-kb prophage with 76 coding sequences. Of those CDS, 43 were

homologous to Listeria phage LP_030_3 (the sequence was reported previously [45]).

@ That is, a prophage identified in 169-kb contig 8 from the FSL R8-5884 genome. PHAST annotated an intact, 47.5-kb prophage with 79 coding sequences. Of those CDS, 72 were

homologous to Listeria phage B054 (the sequence was reported previously [44]).

type CU-262-318 (2 and 102 SNPs, within and comparison, re-
spectively), was caused by the four total isolates giving insufficient
power to show significance.

Among the seven state-specific clades, there were 11 putative
persistence events; for three of these events the within-persis-
tence-event SNP counts were significantly fewer than the compar-
ison SNP counts (Table 4 and Fig. 4C). For example, within clade
I, the 12 SNP group 3 isolates from deli 28 likely represented a
persistent strain (significant SNP count difference), whereas the
two isolates from deli 23 showed no evidence for persistence (non-
significant difference). Among the five multistate clades, five of
the nine individual putative persistence events showed statistical
evidence for persistence (Table 4 and Fig. 4D).

L. monocytogenes nearly indistinguishable by SNP count can
be isolated from multiple delis across states. SNP counts can
characterize isolates of L. monocytogenes that do not appear to
persist in particular delis. For example, for isolates found within
multistate clade A, PFGE type CU-294-321, the median of two to
three SNP count differences for putatively persistent isolates is
identical to the median of two to three SNP count differences
between comparison isolates from other delis, including one iso-
late from a separate state (Table 4). For all three delis where the
strain was putatively persistent, there was at least one isolate of the
same PFGE type from another deli that differed by 1 or even 0
SNPs (Fig. 4). Strikingly, the single isolate from a different state
(FSL R8-7006, from state 1) was found to have 0 to 1 SNP differ-

TABLE 3 Epidemiologically relevant phylogenetic clades of isolates from studies other than the retail deli study reported by Simmons et al. (20)

PFGE type or SNP group 95% HPD for date of No. of median pairwise SNP differences

subtype represented within divergence from Isolate source among isolates of the clade (no. of
Clade ID clade?® MRCA (yr)b (reference) isolates within the clade)
L SNP group 3 (CU-262-79) 7.3-10.5 Sausage plant (62) 2(3)
Y SNP group 1 (CU-11-320 and 5.7-9.2 Other retail deli study 5(3)

CU-8-96) (63)
Z CU-182-173 NE° Smoked seafood plant 24 (5)
(55, 64, 65)

“ A SNP group subtype is comprised of two or three individual PFGE types (indicated in parentheses where applicable). See the text for additional details.

b HPD, highest posterior density. MRCA, most recent common ancestor.

¢ NE, not estimated (the MRCA was not estimated for genetic lineage II isolates due to insufficient isolates to allow for adequate estimation by tip dating).
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TABLE 4 Epidemiologically relevant phylogenetic clades from the retail deli study

Deli ID of isolates Median SNP count differences among isolates of the
putatively: same PFGE type or SNP group:
Among isolates FDR-corrected
95% HPD for from a given P value for
date of clade Within a putative deli and all significantly
Phylogeographic PFGE type or SNP group divergence persistence event  other delis (no. fewer median
clade Clade subtype represented within ~ from MRCA (no. of isolates of isolates in SNP
classification” ID clade® (yr)* Persistent  Sporadic within deli) other delis) differences’
Deli specific M CU-11-282 1.3-4.3 13 NA“ 3(4) NA NA
] CU-262-334 0.8-2.6 23 NA 2(2) NA NA
C CU-55-266 1.2-4.3 2 NA 3(4) NA NA
(€] CU-8-340 1.8-7.0 8 NA 10.5 (5) NA NA
E CU-258-69 1.2-8.4 23 NA 13 (2) 77 (16) 0.025
G CU-262-318 1.0-3.5 21 NA 2(3) 102 (1) 0.357
U SNP group 1 (CU-11-320 2.2-7.0 2 NA 9(11) 24 (53) 0.023
and CU-8-96)
K SNP group 3 (CU-262-79)  1.4-3.7 2 NA 2 (10) 10 (18) <0.001
H SNP group 3 (CU-262-79)  0.9-3.8 29 NA 4(2) 25(22) 0.008
X CU-296-330 NE*° 23 NA 4(2) NA NA
Y CU-182-173 NE 19 NA 1(2) NA NA
State specific N CU-11-326 1.3-3.1 8 11 2(2) 1(1) 1.000
B CU-57-267 1.6-5.6 10 7,28 3(3) 5(9) 0.159
16 0(2) 3.5 (10) 0.071
23 3(2) 4 (10) 0.433
4 5(3) 5(9) 0.784
p SNP group 1 (CU-11-320)  1.5-7.7 13 29 12 (2) 41 (62) 0.082
R SNP group 1 (CU-8-96) 2.6-10.8 16 7 22 (6) 51 (58) <0.001
S SNP group 1 (CU-11-320 1.5-5.1 24 16 4 (10) 18 (54) 0.007
and CU-8-96)
D SNP group 2 (CU-258-323, 1.9-6.6 23 10, 21 7 (18) 9(2) 0.159
CU-258-322, and
CU-259-322)
I SNP group 3 (CU-262-79  1.6-4.4 23 21,24 10 (2) 8.5 (22) 0.784
and CU-262-319)
28 4(12) 9(12) <0.001
Multistate F CU-258-69 2.2-7.8 24 4,10,22,27,28 10(2) 8 (16) 0.808
7 5(9) 8 (9) 0.025
A CU-294-321 1.4-43 10 2,4,7,12 2(3) 2(8) 0.808
16 2(2) 2(9) 0.808
21 3(2) 3(9) 0.959
T SNP group 1 (CU-11-320 2.0-6.8 10 25 6 (10) 20 (54) 0.004
and CU-8-96)
% SNP group 1 (CU-40-96)  1.8-7.0 18 2,3,8,11,26 6 (3) 46 (61) 0.008
29 3(3) 43 (59) <0.001
Q SNP group 1 (CU-11-320)  1.4-5.7 21 12,17 4(6) 22 (58) 0.004

“ Deli-specific clade, all isolates in a clade were isolated from a single deli; state-specific clade, all isolates in a given clade were isolated from the same states; multistate clade, all

isolates in a given clade were isolated from multiple delis across multiple states.

b A SNP group subtype is comprised of two or three individual PFGE types (indicated in parentheses where applicable), See the text for details.

¢ HPD, highest posterior density; MCRA, most recent common ancestor.

9NA, not applicable. A deli-specific clade cannot contain any isolates from other delis.
¢ NE, not estimated (due to insufficient lineage II isolates for tip-dated phylogenetics).
/ Significantly different values are indicated in boldface.

ences from six isolates from five delis in state 2 (0 SNP differences
from FSL R8-6046, deli 10; 1 SNP difference from FSL R8-5402,
FSL R8-7348, FSL R8-7057, FSL R8-6918, and FSL R8-6607, delis
10, 2, 7, 16, and 21, respectively). Overall, in 13 of 25 putative
persistence events a comparison isolate had 0 to 1 SNP difference
from the putatively persistent strain (Fig. 4), including for persis-
tence events with statistical significance (e.g., some comparison
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group isolates show 0 to 1 SNP differences from SNP group 1
isolates from delis 18 and 29).

Importantly, including accessory genome SNPs (see Fig. S2 in
the supplemental material, using 14,846 SNPs, see Fig. S3 in the
supplemental material for a phylogenetic tree) does not change
the result that the nearly indistinguishable L. monocytogenes can
be isolated from multiple delis, although the absolute numbers
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shift toward slightly more SNP differences. For example, the single
clade A isolate from state 1 showed 0 to 1 and 1 to 3 SNP differ-
ences to six isolates from delis in state 2 across the core and acces-
sory genome, respectively. L. monocytogenes with nearly, or even
identical, SNP profiles, thus, can be isolated from multiple delis
across states.

Gene presence or absence analysis fails to find correlates to a
persistence phenotype. Initial gene enrichment analyses con-
firmed that isolates with PFGE types with =3 band differences
that grouped into one of three WGS-SNP groups differed by a
number of genes (see Table S4 in the supplemental material).
Gene enrichment analysis failed, though, to find any genes that
were enriched among isolates initially (putatively) identified as
either persistent (n = 92) or sporadic (n = 29; see Table S4 in the
supplemental material), or when comparing isolates with statisti-
cal evidence for persistence (n = 38) to sporadic isolates of the
same subtypes (n = 16; see Table S4 in the supplemental material).
Separate gene enrichment analyses compared persistent and com-
parison isolates separately for all nine instances with significant
evidence for persistence and at least three persistent isolates. In no
comparison were any genes significantly enriched among persis-
tent isolates (see Table S4 in the supplemental material). In one
case, 10 genes were significantly enriched among nonpersistent
isolates (SNP group 1, deli 16), but these genes were not present in
a conserved region, nor were they annotated with functions re-
lated to establishing persistence or survival in a harsh environ-
ment (see Table S7 in the supplemental material). Taken together,
these data suggest there are no robust gene presence or absence
patterns linked to the persistent strains found here.

DISCUSSION

WGS-based subtyping has improved subtyping of bacterial patho-
gens in a number of contexts, including surveillance of nosoco-
mial and food-borne pathogens (15-18, 46, 47). In addition to
disease surveillance, traditional molecular subtyping methods
have improved our understanding of transmission, sources, and
reservoirs of food-borne pathogens along the food chain, includ-
ing in farms, processing plants, and retail establishments (37).
Here, we specifically used WGS-based subtyping of isolates ob-
tained from a previous longitudinal study of L. monocytogenes in
retail deli environments to obtain insights into L. monocytogenes
transmission. In particular, previous PFGE studies of these iso-
lates (20) revealed a number of findings that complicated inter-
pretation of L. monocytogenes transmission, including (i) isolation
of identical PFGE types across a number of retail delis (e.g., one
PFGE type was found in eleven retail delis in three U.S. states) and
(ii) isolation over time of closely related PFGE types (i.e., types
that differed by =3 bands) in a given retail deli. Overall, WGS-
based subtyping of these isolates (i) showed that WGS allows for
practically relevant improved subtyping over existing molecular
subtyping methods and (ii) yielded evidence for both persistence

WGS Subtyping of L. monocytogenes

and repeat introduction from external sources in deli establish-
ments. Our findings, including the presence of L. monocytogenes
with highly similar WGS-SNP profiles and most recent common
ancestors of <10 years in different retails delis, provide insights
into the transmission and genomic diversity of L. monocytogenes,
which will be essential for food safety applications of WGS-based
subtyping.

WGS improves molecular subtyping over PFGE and MLST
subtyping methods. Here, WGS improved discriminatory power
over both PFGE and MLST and sometimes differentiated isolates
with identical PFGE types obtained from different delis into
WGS-SNP-based clades that were only found in a given deli. These
findings are consistent with the improved discrimination by WGS
of outbreak-associated Salmonella (15, 16), E. coli (17), and L.
monocytogenes (18). WGS also overcame three cases of overdis-
crimination by PFGE due to prophage differences. This overdis-
crimination may occur when L. monocytogenes isolates that share a
recent common ancestor show PFGE patterns that differ by a dis-
tance (three or fewer bands [48]) that can be caused by a single
genetic event such as prophage (18, 49) or plasmid (50) gains or
losses. Here, we found that three sets of PEGE types that differed
by three or fewer bands differed in the presence of an intact pro-
phage regions; these findings clarified that a single L. monocyto-
genes clone presented by two PFGE types can persist in a deli. For
example, we previously reported reisolation of two PFGE types
(CU-11-320 and CU-8-96) in deli 2 (20); WGS showed that these
two PFGE types represent one clone with a MRCA of <7 years.

Unlike existing molecular subtyping methods, WGS-based
subtyping generates primary genome sequence data useful for sec-
ondary analyses, including in silico phage detection (51), plasmid
detection (52), antibiotic resistance profile prediction and viru-
lence gene detection (33), and serovar prediction (53). WGS data
from the present study suggest that it is unlikely there are individ-
ual genes responsible for the persistence of L. monocytogenes in the
retail deli environment. This finding is consistent with the obser-
vation that researchers working with ad hoc definitions of persis-
tence and generally small sample sizes have previously failed to
find robust genetic determinants of bacterial persistence in food-
associated environments (6, 8).

L. monocytogenes contamination at retail represents a com-
plicated scenario with a mixture of persistence and repeated in-
troduction from external sources. A key goal of the present study
was to apply WGS-based subtyping to better understand the
sources and transmission of L. monocytogenes in retail delis, build-
ing on a previous PFGE-based study of L. monocytogenes isolates
obtained during a longitudinal study of 30 retail delis in three
states (20). A specific goal was to use WGS-based subtyping to
differentiate persistent L. monocytogenes contamination in delis
from contamination that likely represents repeated introduction
from an external source. The WGS analysis included multiple
steps, including (i) SNP-based identification of relevant phyloge-

FIG 4 SNP count box plots to identify persistent strains of L. monocytogenes using 9,376 core genome SNPs among lineage I isolates. (A) Within-persistence-
event SNP counts for isolates that form a deli-specific clade where no comparison isolates of the same subtype are available. (B) Within-persistence-event and
comparison SNP counts for isolates that form a deli-specific clade and comparison isolates. (C) SNP counts for putative persistence events for isolates that form
a state-specific clade. (D) SNP counts for putative persistence events for isolates that form a multistate clade. To accommodate a log-scale y axis, counts of zero
SNP differences are plotted just below the 1 SNP difference y axis minimum. An asterisk (*) indicates significantly fewer median SNP count differences for the
within-persistence-event group than for the comparison group (FDR-adjusted P value of <0.05; Table 4). For each box, the solid line is the median SNP
difference count, the box height is the inner quartile range (IQR), whiskers extend to the most extreme value within 1.5 X IQR of the box, and outliers are plotted

as points.
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netic clades and (ii) quantitative comparison of the number of
SNPs differentiating isolates within a deli to the number of SNPs
differentiating isolates between delis.

The SNP difference approach is similar to that used by Leek-
itcharoenphon et al. (16), wherein the range of SNP differences
among isolates within a Salmonella Typhimurium outbreak was 2
to 30 SNPs, whereas SNP differences between outbreak isolates
and background ranged from 15 to 334 SNPs. SNP difference
analysis has also been used in community epidemiology to iden-
tify that Staphylococcus aureus isolates collected from patients
within the same New York City households were more closely
related, with a median of 3 SNP differences, than isolates collected
from different households in the community, with a median of
104 SNP differences (46). The SNP difference counts here were
similar; isolates of the same subtype within a deli had a median of
22 SNP differences or fewer compared to a median of up to 102
SNP differences between delis.

Our previous PFGE-based study reported a number of cases
where the PFGE evidence for persistence was ambiguous. For ex-
ample, three PFGE types (CU-11-320, CU-262-79, and CU-8-96)
were repeatedly isolated in multiple delis (four, three, and two
delis, respectively [20]). In a number of cases, the WGS-SNP data
reported here resolved isolates with a PEGE type into a number of
well-supported clades that (i) included only isolates from a single
deli and (ii) likely diverged from a most recent common ancestor
less than 10 years ago. These findings are consistent with the in-
troduction of a L. monocytogenes strain into the deli from an out-
side source, followed by persistence and short-term diversification
within the deli. Interestingly L. monocytogenes persistence over 10
to 15 years, in food processing environments, has previously been
reported (9, 54, 55).

In the cases reported here, persistence is also supported by
quantitative analysis of SNP difference data; isolates within “deli-
specific” clades showed very limited SNP differences (median of 2
to 11 SNPs, with instances of 0 or only 1 SNP difference). In 12
cases, isolates of deli-specific clades had significantly fewer median
SNP differences between themselves compared to the median SNP
differences between themselves and isolates of the same subtype
from other delis. The permutation-based statistical test of signif-
icant SNP difference, developed here, provides a quantitative as-
sessment of persistence that can be used in future studies.

We also identified well supported clades that were classified
here as “state-specific” or “multistate.” In many of these cases,
there was evidence for persistence of the clone representing one of
these given clades in one deli, along with sporadic isolation in one
or more other delis. For example, nine isolates from deli 7 with the
PFGE pattern CU-258-69 showed statistically significant SNP dif-
ference evidence for persistence, and we also sporadically found
five closely related isolates from delis in two states. Possible expla-
nations for these findings include (i) a clone persisting within a
given deli but being transferred to another deli or (ii) a clone being
introduced into multiple delis from an external source but only
establishing persistence in one (or some) delis. Alternatively, per-
sistence may go undetected in some delis due to imperfect sam-
pling. Scenario i is supported by a previous study that showed
transfer of a persistent L. monocytogenes strain with dicing equip-
ment transferred from one processing plant to another (56). Sce-
nario ii is supported by a previously reported multistate U.S. out-
break of listeriosis linked to turkey deli meat (54) and a
widespread outbreak of listeriosis in Quebec, Canada, linked to

6034 aem.asm.org

Applied and Environmental Microbiology

pasteurized cheese (57). In the former report, L. monocytogenes
identical, as determined by PFGE, to the outbreak strain were
isolated from three delis and subsequently the source of contam-
ination was traced back to persistent L. monocytogenes contami-
nation (over up to 12 years) at a deli meat processor that supplied
each of these delis (54). In the latter report, L. monocytogenes iden-
tical, as determined by PFGE, to the outbreak strain were isolated
from environmental or product samples from 22 retailers, and the
source of contamination was subsequently traced back to a single
upstream producer (57).

Our data also provide evidence for repeat introduction of a
given L. monocytogenes strain from an external source to multiple
retail establishments. Specifically, we identified a number of state-
specific and multistate clades that were well supported, showed an
MRCA < 10 years, and contained closely related isolates from a
considerable number of different retail establishments. For exam-
ple, all 11 isolates with PFGE pattern CU-294-321 from seven
separate delis, across two states and with repeat isolation in three
delis, formed a singled, well-supported clade with an MRCA of <5
years, and all isolates differed by <5 SNPs. These cases suggest
persistence of a strain representing a given clade at an external site,
which serves as a source of introduction into multiple delis. A
strain could persist at a supplier facility and be introduced to mul-
tiple delis through product shipments, as suggested in a 2008-2009
listeriosis outbreak from pasteurized Mexican-style cheese (58),
and consistent with the studies cited above (54, 57). Alternatively,
a given strain with a recent MRCA could be a recently emerged,
evolutionary successful strain found across multiple source envi-
ronments. For example, a New York State bovine-associated clade
of Salmonella Cerro has been estimated to have emerged from an
MRCA in 1998 and has since shown clonal expansion with unique
genomic deletions (59), in addition to being widespread among
dairy herds (60). Importantly, for state-specific and multistate
clades, the WGS and source data available here typically do not
provide sufficient information to determine whether reisolation
of a given clade in a given deli represents either (i) multiple rein-
troduction events or (ii) actual persistence in a given retail deli
environment. Well-designed sampling plans, involving sample
collection after cleaning and sanitation and before introduction of
potential fomites, will remain essential for differentiating reintro-
duction and persistence.

Rapid clonal spread of L. monocytogenes with limited
genomic diversification suggests that the use of WGS-based
subtyping in the traceback of food-borne disease outbreaks and
cases still requires strong epidemiological data. Although our
study showed the utility of WGS-based subtyping to understand L.
monocytogenes transmission in food-associated environments, the
utility of these methods will increase as large WGS data sets of
pathogen isolates, including sample-associated metadata, become
available. Comparison of WGS data to surveillance databases has
found multiple L. monocytogenes epidemic clones and outbreak
subtypes associated with a 2011 outbreak of listeriosis related to
cantaloupe and linked these subtypes to other outbreak-associ-
ated isolates worldwide (49). For environmental pathogen con-
trol, comparison to large WGS data sets on L. monocytogenes iso-
lates from different sources may allow for determination whether
a given state-specific or multistate clade with a recent MRCA rep-
resents a broadly distributed epidemic clone (with introduction
into delis from different sources) or a point-source-specific clone
(with introduction into delis from a specific source, e.g., a national
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distributor). As public databases, such the NCBI GenBank and the
curated subproject GenomeTrakr for food-borne pathogen se-
quences (http://www.fda.gov/Food/FoodScienceResearch/
WholeGenomeSequencingProgramWGS/default.htm), continue to
grow, the ability to classify nationally dispersed L. monocytogenes
strains will improve.

While our study provides further evidence that whole-genome
sequence analysis improves upon existing molecular subtyping
methods for food-borne pathogens, it also revealed some impor-
tant challenges when relying on WGS data to identify outbreak
sources. Our data specifically show that L. monocytogenes with
identical, or nearly identical, genome sequences (0 to 1 SNPs dif-
ferent) and MRCA of <10 years can be obtained from different
deli environments in different states. This clearly indicates that
detection in a food-associated environment of a L. monocytogenes
isolate that shows a high level of WGS similarity to isolates from
human patients does not necessarily establish a causal link be-
tween the food source and human illness. Our findings here are
also consistent data from WGS of human and food isolates from a
1988 listeriosis case and a 2000 outbreak linked to the same pro-
cessing facility and a strain that persisted in that facility over at
least 12 years. The 2000 L. monocytogenes food isolate differed
from the 1988 human case isolate by only one synonymous SNP
(9). When limited SNPs difference are observed between isolates,
one should also note that these SNPs may arise during laboratory
passage, since the two subcultures of the year 2000 L. monocyto-
genes human isolate sequenced differed by a single SNP (9). WGS
does not necessarily allow us to overcome all challenges associated
with use of existing molecular subtyping methods. Specifically,
our data suggest that, similar to findings of identical PFGE types in
two processing plants, both linked to a human listeriosis outbreak
(61), L. monocytogenes isolates with “identical” WGS data can be
found in multiple food associated environments. Hence, WGS-
based subtyping methods are not a substitute for strong context
knowledge and epidemiological data but instead an improved tool
for system-level approaches to tracking and controlling the
sources of food-borne disease.
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